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Cationic Motions and Order-Disorder Phase Transitions
in Layer Crystals with a Rotator Phase,
(n-CsH11NH3),ZnCly and (n-Cy;H,sNH;3),ZnCl,
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'H NMR spin-lattice relaxation times T} and T} as well as the electrical conductivity were measured as a function of
temperature in (#-CsHiiNH1)2ZnCla and (n-Cy3HasNH3 1 ZnCly, The highest-ternperature solid phase in both compounds
was found to be the rotator phase, where rod-like cations perform uniaxial reorientations about the molecular long axes
accompanied by conformational disordering and translational self-diffusion of the cations within the layer perpendicular
to c-axis. In the rotator phase, the cations are considered to have a non-intercalated double layer structure. These
rotator phases were shown to be quite analogous to those reported in n-alkylammonium chlorides. (#-CsHNH3),ZnCly
undergoes four structural phase transitions, while (#-CizHastNHz):ZnCly exhibits a single transition above ca. 120 K, All

of these transitions were shown to be of order-disorder type.

The rotator phase was first found in solid n-paraffins where
the constituent molecules adopt dynamically disordered ori-
entations about their molecular long axes.! The molecular
mations in this phase, however, could not be fully deter-
mined because this phase is formed in a narrow temperature
range of less than 10 K. Recently, we discovered a quite anal-
ogous phase in n-alkylammonium chiorides C,Hy,. NH;Cl
(n = 3—10, 12) over a quite wide temperature range of more
than 100 K.~ The crystal structure of this rotator phase is
tetragonal (space group P4/nmm) with a lameller-type dou-
ble-layered structure, A new characteristic molacular motion
found in this phase in addition to the uniaxial rotation of al-
kylammonium chains, is two-dimensional translational self-
diffusion in the lamellar plane perpendicular to the molecu-
lar long axis, By comparison with the plastic crystal where
the three-dimensional rotation and diffusion of constituent
globular moiecules or ions take place,” we can name the ro-
tator phase “a low-dimensional plastic crystal” because of
the restricted motions such as 1D rotation and 2D diffusion,
Thermal measurements also suggest that the rotator phase
is a highly disordered crystalline state similar to the plastic
crystal; the melting entropies A8y, observed in the n-alkyl-
ammonium chlorides are smallerthan 20 JK~' mal~! * S re-
ported as one of the conditions for the formation of the plastic
crystal.” At the same time, we note that this highly anisotropic
cystalline state of lamellar-type double layer structure resem-
bles the smectic liquid crystal, although the centers of gravity
of constituent molecules in the layer are disordered in the lig-
uid erystal,

Our present interest is to find rotator phases in systems dif-
ferent from n-atkylammonium chlorides. Recently, we have
found the rotator phase in di-n-alkylammonium bromides

(CyHapy1)2NH Br (#n = 2—4)* which has a crystal structure
of f4/mmm analogous to that of P4/nmm. Di-n-alkylammo-
nium tetrahalogenozincates (n-C,Hz,p NH3):ZnX, (X = C,
Br) are known ta belong to the A;BXy family with the 8-
K350, structure (space group Pnma),>® and we have al-
ready studied some short-chain compounds of them with a
prime interest in their structural phase transitions.'"—" The
crystal structures in these compounds are characterized by
a triple-layered structure that consists of two-dimensional
layers made by isolated BX, tons being sandwiched by
layers of alkylammonium ions. The title compounds, (n-
CsH”NH])zZnCI.; and {n-C['szsNHjhanh, have been
reported to have ASy, smaller than 20 J K~ mol™"." From
these facts, we may expect the title compounds to have rota-
tor phases. In the present study, the cationic dynamics and
structural phase transitions were investigated by the measure-
ments of the temperature dependence of 'HNMR relaxation
times and the electrical conductivity,

Experimental

{n-CsH; 1 NH1)2: ZnCly and (n-Cy3HysNHz )2 ZnCly prepared by the
wethods described in Ref, 15 were identified by X-ray and thermal
messurements as well as by chemical analyses. Anal. Caicd for
(n-CsH; NHa):ZnCly: C, 31.31: H, 7.36; N, 7.31%, Found: C,
313k H, 7.5 N, 7.19%. Calcd. for {(#-CraHsNH3)2ZnCls: C,
49.70; H, 9.75; N, 4.83%. Found: C, 45.84; H, 9.94; N, 4.83%.
X-Ray powder diffraction was measured using Cu Ker radiation
with a Philips X'Pert-MPD and a Rigaku RINT-1500 diffractome-
ter for (n-CsHNH;»2ZrCly and (#-CiaHasNHihZnCly, respec-
tively, Differentinl scanning calorimetry (DSC) was carried out
with a DSC120 calorimeter from Seiko Instruments Inc, DTA
was also perfarmed on {n-CiaHasNH)2ZnCl, using a home-made
apparatus'® over the range 300—480 K. The sample temperatures
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in DTA and the following measurements were determined using
chromel-constantan thermocouples within £1 K.

The "HNMR spin-lattice relaxation time, T\, was messured by
a Bruker SXP- 100 spectrometer at Larmor frequency of 40 MHz
and by a home-made pulsed spectrometer’” at frequencies of 10—
25 MHz, T was determined by a 180°-7-00° pulse sequence. The
'"HNMR spin-lattice relaxation time in the rotating frame, T}, and
the second moment, Ma, of the resonance linewldth were measured
with a Bruker SXP-100 spectrometer at a Larmar frequency of 40
MHz using the spin-locking method'® applying an r.f. magnetic
field of 3.97 G and the solid-echo method'” with a 905-7-90) pulse
sequence, respectively.

‘The temperature dependence of electrical conductivity was mea-
sured at | kHz by the two-terminal method with 4 home-made
apparalus vsing a Yokogaws Hewlett-Packard 4261A LCR meter.
The powdered sample was pressed into a disc of 10 mm in diameter
and ca. 1 mm thick, and mounted on Cu electrodes using graphite
electrodes (Acheson Electrodag 199).

Results and Analysis

{n-CsH;iNH3),ZnCl4. In our thermal measure-
ments, (n-CsH; NH;),ZnCly showed four first-order struc-
tural phase transitions at 141.5, 148, 250, and 349 K, in
agreement with the reported results.”® These five solid phases
are narmed as L, I, [, [V, and V in the order of decreasing
ternperature. Crystal structures in phases I, I, and Il were
reported to be all orthorhombic, their space groups being
Prima for I and P2,2,2, for LW X-Ray powder diffrac-
tion patterns taken at 2931 K in phase Il and at 390%2
K in phase I were well explained using the reported lattice
parameters,'*%

Temperature dependences of 'H NMR T measured at 40,1
and 10.8 MHz2 are shown in Fig, 1. A discontinuity in T
was observed only at the I-1I transition, although four phase
transitions are first-order. The observed T curve gave a
minimum around 150 K and a Larmor-frequency depen-
dence only on the low-temperature side of Ty minimum.
This lemperature depedence is attributable to the magnetic
dipolar relaxation caused by thermal molecular motions, and
can be analyzed by the BPP equation®' using the Arrhenius
relationship between the motional correlation time, %, and
the motional activation energy, £,, as given by

T = Lpexp (%) (1}

The obtained best fit Ty curves are displayed in Fig. 1 and
the determined values of motional parameters are listed in
Table |. The assignment of motional medes was carried
out by calculating M, values,? Since proton positions are
unavailable on the crystal structure data, the calculation was
performed by assuming proton positions using a standard
value for an alkylammonivm ion.

The 7' maximum observed in the high-temperature range
of phase Il suggests the onset of a new motion other than the
NH;* rotation. We assigned it to the 180° flip of the whole
cations about the molecular long axes, because in short alkyl
chain salts such as n-C4HoNH; X (X = Cl, Br, I)*** and
n-CsH | NH;CL,? the 180°-flip or analogous two-site jumps
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Fig. I. Temperature dependences of 'H NMR 7 observed in
(n-CsH2NH3),ZnCls. Solid curves are the best-fitted cal-
culated ones. Broken curves are contributions from respec-
tive molecular motions (see text). Dotted lines represent
the phase transition temperatures,

0,01 il

Table |.  Activation Energies, E., Pre-exponential Factors,
7, and Motional Modes of n-Peatylammonium Cations
in (n-CsH; NH3)2ZnCls Determined by '"HNMR T} and

Tip
En 0

Phase kS mol™! 10725 Motional mode
-V 121 14+1 CH,; rotation

141 0.734:0.07 NH;* rotation
II 3443 180° flip
)1 1812 Axial rotation +

conformational disorder
7247 Self-diffusion
B5+9" Self-diffusion

) Derived from electrical conductivity,

of the entire alkyl chain were found in the low-temperature
phases. We therefore analysed the T, variations in phase I
by a superimpose of 180°-flip and NH;3* rotation, giving the
best fitted curves displayed in Fig. 2.

'HNMR T, observed in phase I is shown in Fig. 3 along
with 7) data. The increase in T, and the decrease in T, with
increasing temperature suggest that two different molecular
motions are effective in the relaxation process in this phase:
one is rapid and the other is slow. The temperature depen-
dence of M3 in the range 308—411 K is represented in Fig. 4.
M, values in phase T were abruptly reduced to less than 2 G2
from ca, 20 G? just below the transition temperature in phase
I, implying the onset of a new motion in phase I that averages
most of the proton dipolar interactions. It is the rapid motion
that is responsibe for this large M reduction, and the motion
is considered to be the axial rotation of rigid cations about
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Fig. 2. Temperature dependences of ‘HNMR 7y in phase
I of (n-CsH;2NH3)2ZnCly. Solid curves are the best-fit-
ted calculated ones, Broken curves are contributions from
respective molecular motions (see text).
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Fig. 3. Temperature dependences of 'HNMR T, and T\,
at an rf magnetic field of 397 G in phase I of (n-
CsH2NH; ), ZnCly, Solid lines are the best-fitted calculated
ones {ses text),

their molecular axes: however, the axial rotation ieads to the
calculated M, value of ca, 8 G*, which is much larger than
the observed value, Hence, the rapid motion is dynamically
more disordersd than the uniaxial rotation and this disor-
der can be attributed to the orientational distribution of the
cationic long axis about the crystallographic ¢-axis and/or
the conformational disorder of the trans—gatche structure in
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Fig. 4. A temperatute dependence of M, of 'HNMR
linewidth in phoses T and I of (n-CsH)jaNH;):ZnCL. A
broken line indicates the phase transition temperature of
349 K.

the alkyl chain. £, of this composite motion was evaluated
from the slope in the log 7y vs. 7' plot, because i the fast
motion limit of the BPP equation T;" is proportional to 7.
The resulting best fit line is represented in Fig. 3 and B, of
the motion was estimated to be 1842 kJ mol~!,

The slow motion responsible for the temperature depen-
dence of Ty, was attributed to cationic translational self-
diffusion. To coafirm this, we measured the ac electrical
conductivity o batween 340 and 420 X this result is shown
in Fig. 5. This clearly shows a marked ionic conduetion in
phase I, In general, the diffusion constant D for moving ions
in crystals can be written by the following Nernst—Einstein

T
380
T

420 400 360 340
E T ] T T I T E

I 1I

T BTN T I BT

| PR VO T (RN R TR

24 55 2.8
10007 1K1

Fig. 5. A temperaiure dependence of ac electrical conduc-
tivity o in phase I of (7-CsH | ,NH1)2ZnCl;. A solid line is
the best-ft Arrhenius relation given in text. A broken line
denotes the phase transition temperature of 349 K,
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equalion;
kTo

D=(—Z—€—)—2—N‘ 2

where Ze and N stand for the charge of the diffusing ion and
the number of these ions in a unit volume, respectively. By
assuming the Arrhenius relationship for the self-diffusion, D
can be written as

D = Dpexp (%) . 3

E, determined from the slope in log (oT) vs. T~ plots was
859 kImo!l~! and the obtained best fit line is depicted in
Fig. 5. Since this compound has a layer structure, the ionic
diffusion is most likely two-dimensional, If this is the case,
T\, can no longer be expressed by the usual BPP-type equa-
tion, The temperature variation of T\, caused by 2D diffu-
sion can be derived from the treatments by MacGillivray and
Sholl,** who calculated the relaxation rates in a 2D square
Jattice. In the limit of slow diffusion and very low con-
centration of vacancies, the T\nqr equation approximately
applicable to the present system is given by
42
i = (0.0745452%%‘5) “, (4

where ), ¥, Cy, Z, and a represent the Larmor frequency
in the spin-locking r.f. magnetic field, the number of pro-
tons taking part in the diffusion, the concentration of Iattice
vacancies, the number of the nearest cationic sites for the
diffusional jumps and the lattice constant corresponding to
this jump, E, of the slow motion was evaluated to be 727
kI mol~* from the slope in log 77} vs. T~ plots using Eqs. 4
and [, Two E, values derived from T, and o are nearly the
same, which confirms that the temperature variation of 7,
can be ascribed to the cationic self-diffusion.

(ﬂ-CnH;sNH;);ZnCL;. (n-CqujNHg)anCh exhib-
ited two heat anomalies, in good agreement with those in
the previous report;'* one was attributed to a structural phase
transition and the other to the fusion. The phases above and
below the phase transition temperature of 362 K are named
high-temperature phase (HTP) and room-temperature phase
(RTP), respectively. An X-ray powder diffraction pattern
taken at 29241 K in RTP was well explained by the reported
monoclinic structure (space group P2,/c).” An X-ray pattern
at 389:£2 K in HTP with no structural data, showed only a
few (00J) peaks.

'HINMR T was mensured as a function of temperature at
Larmor frequencies of 40.2, 23.3, and 12.8 MHz {(89—415
K). The results are shown in Fig. 6. A discontinuity in 7] was
observed at 362 K, consistent with the thermal measurement,
The asymmetric T) minimum observed in RTP was analyzed
by the BPP equation;* these results are shown in Fig. 6 and
Table 2. We see that three thermal motions are effective
in 7. By calculating M, values, the two shallow minima
on the low-temperature side were assighed to the threefold
reorientations of the two crystallographically non-equivalent
CH3 groups.
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Fig. 6. Temperature dependences of '"HNMR 7T, observed
in (#-CinHasNH32ZnCli.  Solid curves are the best-fitted
calculated ones, Broken curves are contributions from re-
spective molecular motions {see text). Vertical broken lines
stand for the phase transition temperatures,

Table 2.  Activation Energies, E,, Pre.exponential Fac-
tors, &g, and Motional Modes of n-Dodecylammoni-
um Cations in {n-Ci2HysNH1)2ZnCly Determined by

"HNMR Ty and Typ
En o
Phase kJmol™' 10™"s  Motional mode
RTP 88409 24402 CH; rotation
{11£0.1 23402 CH; rotation
13+0.1 1.340.!  NH,* rotation
HTP 2342 Axial rotation +
conformational disorder
7618 Self-diffusion
74479 Self-diffusion

) Derived from electrical conductivity.

In the high-temperature region of RTP, T} reached a max-
imum and became short on heating indicating that a new
motion is excited just below the transition temperature. The
temperature dependence of M, of '"HNMR linewidth ob-
served between 294 and 402 K is displayed in Fig. 7. A
gradual decrease in M, over a wide temperature range upon
heating observed in RTP can be attributed to molecular mo-
tions in a potential well with unequal minima.* With refer-
ring to the analysis in (n-CsH; | NH3 ), ZnCly, this motion can
be assigned to the 180° flip of the entire cations about their
molecular axes. Since the phase transition at 362 K is of
order—disorder type, potential wells for this motion of entire
cations are expected to have unequal minima in RTP,

. The temperature variation of 'HNMR Ty, observed in
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Fig. 7. A temperature dependence of Mz of 'HNMR
linewidth observed in (n-Cj2HasNH;3)2:ZnCly. A broken
line indicates the phase transition temperamre of 362 K.

HTP is shown in Fig. 8 together with 7} data, These
results are quite similar to those obtained in phase I of
(n-CsH|;NH3),ZnCl4 given in Fig. 3, suggesting the su-
perimposed motions. M, of ca. 1.5 G? observed in HTP
is nearly the same as those observed in phase 1 of (n-
CsH | NH;3%ZnCly shown in Fig. 4, The temperature de-
pendence of the ac electrical conduetivity « observed be-
tween 350 and 415 K is shown in Fig, 9. The results of
the best fit to the data performed analogously to those in (n-
CsH( | NH3)2ZnCly are given in Figs. 8 and 9 and Table 2,
The temperature variation of 7| was attributed to the uniaxial

TiK

380
T

420 400
T

TiThels

: 10007 1 K1
Fig. 8. Temperature dependences of 'HNMR 7| and
Tip at an r.f. magnetic field of 3.97 G in HTP of (n-
CiaHasNH1):ZnCly, A solid curve is the best-fitted cal-
culated one. Broken lines are contributions from respective
molecular motions (see text).
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Fig. 9. A temperature dependence of a.c, electrical conduc-
tivity o in HTP of (n-Cy2HysNHa ) ZnCly. A solid line is
the best-fit Arrhenius relation given in text. A broken line
represents the phase transition temperature of 362 K.

rotation of rigid cations about their molecular axes, accom-
panied by the orientational distribution of the axes and/or
conformational disorder, The cationic self-diffusion is re-
sponsible for the temperature dependences of T, and o.

Discussion

Phase Transitions. Small transition entropies AS, of 2—
3 JK~! mol~! were observed at V—IV and IV-II! transitions
in (n-CsH | NH3)3ZnCly."**° In phase IIT, both of the crystal-
lographically nonequivalent N atems have five neighboring
Clatoms with N+ --Cl distances of 3.2—3.5 A, suggesting dis-
ordered hydrogen bonds.'” Gomez Cuevas et al, suggested
that these phase transitions could be related with the changes
in the N~H...Cl hydrogen bonds scheme that lead to an or-
dered low-temperature phase.® If this is the case, the ordered
phiase has a potential well with unequal minima for NH;*
motlon, and a discontinuous ¢hange in the potential energy
curve oceurs in the first-order transitions at 141.5 and 148 K.
This should affect the temperature dependence of Ty, as can
be expected from our analysis shown in Fig. [; however, we
could not detect any anomaly in T curve observed around
transition temperatures and in phase V, suggesting that the
NMR result contradicts the above picture.

Thermal and X-ray studies on the structural phase transi-
tion at 250 K in (n-CsH; NH; )2 ZnCly revealed the onset of an
order-disorder transition for the orientation of the rigid pen-
tylammoninm chains which take two disordered sites about
their molecular axes in phase IL'® This was confirmed by our
analysis that the 180° flip of rigid cations about their molecu-
lar long axes 1s excited in phase Il From the present study, it
is shown that this disorder is dynamical. Since the transition
is first-order, the potential curve for the flip motion should be
discontinuously altered at the transition. However, no dis-
continuity in 7| was observed at the II-1I transition; this is
because, as can be seen from the analysis given in Fig, 2, )
around 250 K governed mostly by the NH;* rotation masks
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the [80° fip contribution,

Phase [ in (n-CsH; NH;3)2ZnC), is believed to be in a con-
formationally highly disordered state.® This is consistent
with our analysis that the chain conformations are dynami-
cally disordered. These conformational defects seem to be
kinks and enel-gauche, hecause, if a successive gauche con-
formation were allowed, a wide space should be required in
ab-plane of phase I; however, both a- and b-axes have nearly
the same length in phase T and II. Since four consecutive C or
N atoms are involved in the definition of a torsion angle, -
CsHjyNHa* chain has three independent possibilities to form
either trans and gauche conformations. From the reported
AS; of 26 JK~' mol™'," a conformational entropy per one
C(or N)-C~C-C group is estimated to be 4.3 J K~! mol™!
suggesting that each C{or N}-C-C~C group can be inter-
preted as an independent pseudospin with two equivalent
sites, This means that a rotation about -C~C~ is not free and
chain conformations are not completely melted.

A very large AS, of 133 JK~'mol™! was observed
in (n-CyaHa5NH;);ZnCly.” This transition is character-
ized by both the order-disorder of rigid alkylammonium
cations about their molecular axes and cooperative confor-
mational changes in the alkyl chains.'S These results indi-
cate that HTP in (#-C3HosNH3),ZnCl, and phase [ in (n-
CsH NH)2ZnCl, are quite similar in dynamical state of
cations, There are, however, some differences between the
two phases: the X-ray powder diffraction pattern taken in {n-
C2H35MNH3),ZnCly showed only a few (00f) peaks, while
that for {n-CsH;NH3»,ZnCly showed some more peaks;
a melting entropy ASy of {n-CsHNH;),ZnCly was 33 ]
K~!'mol™!," while that of (n-CiaHasNH;)2ZnCly was 17
J K=" mol="" These results show that HTP is more disor-
dered than phase . The positional order of both cations and
anions seems to remain in both phases, judging from the X-
ray powder patterns taken in phase 1 and HTP, suggesting
that there are periodic arrangements in crystals, Moreover,
the present NMR results suggest that the orientational and
conformational order of the cations in phase I and HTP are
almost the same. Accordingly, it is highly possible that the
difference between phase [ and HTP is caused by the ori-
entational order of ZnCly2~. In our previous study on (n-
CpHapet NH3 ), Z0Cly compounds,” we have estimated the
contributions from the orientational order of the anions to
ASp to be 17 JK~'mol~!, Using these results, we see that
the orientational order of rigid anions is almost lost in HTP
but conserved in phase I, and hence we can conclude that
the phase transition at 362 K in (n-C,3Hys NH3 ), ZnCly is ac-
companied by orientationa] disordering of cations about their
molecular axes and of anions as a whole, and by the coop-
erative conformational melting of alkylammonium chains.
From the observed AS; of 133 JK~/ mol~', contributions
from the orientational disorders of cations and anions should
be subtracted for estimating only the conformational contri-
bution to AS;. Since a hindered rotation of cations about one
axis has contribution of R to entropy and since the orienta-
tional entropy of ZnCl, is estimated to be 17 JK™!' mol~!,
the conformational contribution is evaluated to be about

Cationic Motions in a Rotator Phase

100 J K=" mol~!, Accordingly, the conformational entropy
per one Clor N)}~C-C-C group becomes approximately 5
JK~! mol™!, suggesting disordering between two sites. The
conformational defects, the majority of which seem o be
kinks, move along the chain axis, so that chains are regarded
to be melted. The chains are, however, not completey melted
in HTP and some orders in chain conformations remain partly
even in a liquid phase, at least just above the melting point,

Molecular Dynamics.  From the present experimental
results, it follows that phase I in (n-CsH; NH3),ZnCl, and
HTPin (n-Ci2H5NH;);ZnCl, are the rotator phases, because
the following motions characteristic in the rotator phase
were observed. Namely, the uniaxial rotation accompanied
by diffusion of conformational intrachain defects along the
chain axis and two-dimensional cationic self-diffusion take
place. On the other hand, we notice some differences in
rotator phases of (#-C,Hy(NH3)2ZnCly and n-alkylammo-
nium chlorides (abbreviated to C,C1).** The temperature
ranges of the rotator phases in (n-CsH;NH;):ZnCly and (n-
CiaHasNH;3)2Z2nCly are 350—436 K and 362—438 K, re-
spectively, narrower than those in C,Cl (C5Cl: 256—3503 K;
Ci2Ch: 345—475 K). In the "HNMR relaxation due to the
cationic unjaxial reorientation, the non-linear log T} vs. T—!
curve has been observed in C, Cl except for C,,Cl; however,
log T, vs. T~! plots were linear in (n-CsH;,NH;)2ZnCl4
and (n~Cy3Hy5NH3)2ZnCl,. The self-diffusion of the an-
ions was not observed in phase I and HTP, while it was
activated in C,Cl, E; values of the cationic self-diffusion in
{n-CsH NH3)2ZnCly and (n-C3Hy5NH3),ZnCly are nearly
the same, while those in C,Cl depend on the length of the
carbon chain, We need some more systematic experiments
on (n-C,\Hy, NH3)2ZnCly to conclude that these differences
are generally observed between (n-C, Ha, oy NH3}2Z0Cl4 and
C,Cl. In what follows we discuss only the translational self-
diffusion of alkylammonium ions.

It was reported that (n-CsH;NH;)2ZnCly forms an or-
thorhombic lattice in phase I;* however, detailed structural
data in phase I and HTP are unavailable. According to
Refs. 10 and 20, the crystal structure of phase 1T is orthorhom-
bic with space group Pnma and a = 10,323, b = 7.406, and
£=25.171 A at 295 K; the cell parameters for phase I are:
a=102, b=71, and ¢ =279 A at 349 K. We see that
the lengths of a- and b-axes are nearly the same in both
phases, while c-axis in phase [ increases by approximately
11%. This drastic change in c-axis at the transition can be in-
terpreted as follows,?® The all-zrans and intercalated carbon
chains in phase I transform to the non-intercalated chains
that have shorter length and larger diameter due to kink and
end-gauche structures in phase I, as is schematically de-
picted in Fig. 10, A phase transition from an intercalated to a
non-intercalated bilayer structure was first reported in CjoCl,
which is reconstructive and not reversible,® The I~I and
HTP-RTP ftransitions are however reversible, Such a cell
expansion at a phase transition from the second highest-tem-
perature to the highest-temperature phase was cbserved in
{n-Ci3Hy:NH3)2ZnCly and (n~C4HagNH3 ), ZnCl, with 19%°
and 17.5%" increase in c-axis, respectively, Moreover, our
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Pig. 10, The schematic representation of {a) intercalated and
(b) noo-intercalated layer structures,

X-ray powder diffraction gave ¢ = 51,7 A in HTP increased
by 16.4%. Since it is clear that a non-intercalated structure
is preferable for a diffusion of alkylammonium chains and in
fact phase I and HTP showed a relatively high ionic conduc-
tivity of ca, 10~* Q=" m~' comparable to that in C,Cl, it is
most likely that phase I and HITP have the non-intercalated
structure,

The ionic conductivities in phase I and HTP are expected’

to be anisotropic due to their layer structures. That is, the
self-diffusion constant within the layer, D, is thought to be
different from that along the c-axis, Dy, ln the present case,
D} can be approximately related to the correlation time of
the motion, 7p, by the equation
2
DL=f (5)
where, d is the nearest jump distance. Assuming that ions
jump to the nearest Schottky-type tattice defects, d in phase
1 can be estimated to be 6.0 and 6.7 A based on the crystal
structural data in phase II, because a- and b-lengths scarcely
change at I-1I transition. Since RTP has a =7.409 and b =
10.379 A and it is expected that HTP has nearly the same
a- and b-lengths as in RTPd in HTP is also estimated to be
. 6—7 A. These values are somewhat longer than 5.0—5.2 A
reported for C,CL>* Using Eq. 5, we evaluated zp. Here the

diffusional correlation time extrapolated to the melting point, -

o(Twm), was calculated using 4 = 6.4 A, leading to the order
of 1077 s for phase T and HTP. It has been reported that the
same order of (T, is observed independent of compounds
and melting points for plastic crystals and rotator phases in
c,Cl? _

The activation energies of cationic self-diffusion, £,
in phase I in (n-CsH|NH3)»ZoCly and HTP in (n-
CHasNH;)»ZnCla have similar values of 70—80 kI mol~!,
while those of rotator phases in C,Cl depend on the chain
length, i.e., E, increases with increasing the chain length
(CsCl: 50 kImol™'; Cj2Cl: 100 kYmol~'). This suggests
that inter-chain interactions, Le., van der Waals force, are
very effective to the potential barrier for the diffusion in
C,Cl. At least in C3C], the interactions are seems to be
dominant, The inter-chain interactions, however, seem to
be less effective in (n-CyHause NHi)2ZnCly, because their
inter-chain distances are longer than those in C,Cl. Hence, it
is expected that anion—cation interactions, mainly N-H..-Cl
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hydrogen bonds, arz more important in the potential energy
for the diffusion in (4-C, Mz, NH3)2ZnCly. As described
previously, an orientational order of anions is preserved in
phase [ but is lost in HTP. It appears that this can also affect
E, of the diffusion, i.e., the diserder of anions can weaken
the hydrogen bonds. Accordingly, it is concluded that the
anion-cation interactions are more effective than inter-chain
interactions especially in phase I and the orientational disor-
dering of anions in HTP makes the barrier lower,

Conclusion

Phase T in (n- CsH NH3)ZnCly, and HTP i (n-
C2HsNH3)2ZnCly were found to be rotator phases where
two distinct motions are excited, One is the uniaxial rota-
tion of alkylammonium cations about their molecular long
axes, accompanied by the conformational disorder in the
chains such as kinks. Phase T and HTP are believed to be in
such a high conformational disordere state that chains can
be regarded as melting. The organic chains are however not
completely melted and some ordess in conformations remain,
i.e,, rotations about C-C axes are not free but reorientational
jumps with two equivalent sites,

The other motion is the two-dimensicnal self-diffusion of
the cations moving within the layer perpendicular to the c-
axis, Itismostlikely thatthe alkylchains are non-intercalated
in phase [ and HTP, so that the cationic diffusion Is expected
to be easily excited with the ditfusional correlation time of
the order of 1077 5 extrapolated to the melting point, The
same order values were observed at the melting temperatures
in plastic crystals and C,Cl compounds, N-H:.-Cl hydrogen
bonds affect the diffusional activation energy more than inter-
chain interactions, which are important in C,Cl compounds.
It can be concluded that the rotator phases newly found here
are quite analogous to those detected in C,Cl compounds,
although there are some differences.

In a temperature range between ca. 120 K and the melt-
ing point, (n-CsHNH3)2ZnCly, shows four first-order struc-
tural phase transitions; however, (n-C 3 HasNH3)2ZnCls un-
dergoes .only a single transition. All of these transitions
are regarded as order-disorder type. The I-II, I, and
RTP-HTP transitions are related with disordering of alkyl-
ammonium ions. The [I-II transition is an order-disorder
ane of the rigid peatylammonium ions with two equivalent
sites about their molecular axes, In the I-II transition, the ori-
entational order of cations about the axes is completely lost
and a conformational melting takes place, The RTP-HTP
iransition can correspond to that between phase I and I in
(n-CsH, (NH;), ZnCly, with a difference that the orientational
order of ZnCl,>™ ions is lost in HTP but preserved in phase
I

This work was partly supported by a Grant-in-Aid for
Scientific Research No., (B) 09440234 from the Ministry of
Education, Science, Sports and Culture,
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Studies on 133Cs NMR Spectra and Spin-Lattice Relaxation Times
in Incommensurate CsqHgCly
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133Cs NMR spectra and the spin-lattice relaxation times, T4, in CszHgCly crystals were mea-
sured in the ranges of 160-361K and 160-371K, respectively. The central lines of the spectra
show small splittings characteristic of the incommensurate (IC} phase. The splitting increases
with decreasing temperature. The critical exponent ¢ of 7} at the phase transition from nor-
mal (N) to IC phase wag determined to be 0.615%0.025 in the high-temperature side of the
transition, which is in good agreement with the three-dimensional XY model predicting the
one-dimensional modulation wave in the IC phase. The [requency dependence of T} in the IC
phase can be explained by the Auctuations of phason with a small gap, 0-5 MHz, and amplitudon.

KEYWORDS: 133Cs NMR, Ty, incommensurate, phase transition, critical phenomena, critical exponent

§1. Introduction

Many compounds belonging to the A;BX, family with
the pseudo-hexagonal 8-K380, type structure (Prma)
form incommensurate (IC) phases at low temperatures.
We reported lattice dynarnics in IC phases of Cs;MByy
(M=Cd and Hg) studied by !33Cs NMR.!) The critical
exponents obtained at the phase transitions from nor-
mal to incommensurate (N-IC) phase correspond to the
three-dimensional XY and the mean field models for Cd
and Hg compounds, respectively. This difference seems
to be explained by the ionicities of cesium and halogen
atom, but more practical examples are necessary to dis-
cuss details of dynamical interionic interactions in these
compounds,

HgClZ™ can be considered to be anionic more than
HgBrﬁ_ because of the large electronegativity of chlo-
rine. In the present study, to clarify details of inter-
actions governing the appearance of the IC phase, we
intend to measure '¥3Cs NMR. spectra and spin-lattice
relaxation times in CUssHgCly, and compare its lattice
dynamics around the IC phase with those in the bromo
complexes reported previously.

Characteristic properties of phase transitions and the
IC phase in CeyHgCly have been extensively studied by
X-ray diffraction,>3) birefringence,®5 calorimetric,%7)
dielectric,®1% spontaneous polarization,®1? 35C1 NQR.
frequency,®11:3%) optical? and ultrasonict 5184 mea-
surements and lattice dynamics simulations.' 18] Ae-
cording to the AC calorimetry measurement, CsoHgCly
undergoes seven phase transitions at Tyo = 219, Tg =
193, To1 = 182.5, Tz = 177, Tos = 173.0, Ty = 163.5
and Tos = 120K,7 although the number and the tem-
peratures of the phase transitions are not consistent
necessarily with the other methods. #8190 A crystallo-
graphic study® showed that the symmetry of the N
phase above Tj¢ is centrosymmetric Pnme with displace-
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ment disorders in HgCl3~ complex anions and one of the
crystallographically inequivalent two Cs cations. It has
been presumed that the ferroglectric commensurate (C)
phase below T without centrosymmetry have a point
symmetry mm2,¥) but detailed studies on structures be-
low T have not been reported.

3601 NQR,'? dielectric and Raman scattering® mea-
surements revealed a different result that the IC phase
appears between Tic and Tg;.'¥ From the optical po-
larization measurement, the low-temperature phase im-
mediately below Ti5; is anticipated to be a ferroelastic C
phase analogous to that in Cs;MBry (M=Cd, Hg).

§2. Experimental

CsgHgCly crystals were grown by cooling a molten
mixture containing stoichiometric amounts of CsCl (pu-
rity 99.9%) and HgCls (purity 99.9%) purchased from
Wako Pure Chemical Industries, Ltd. The crystalline
powder obtained was dried in vacuo and then sealed
in glass tubes with nitrogen gas for differential thermal
analysis (DTA) and NMR measurements.

DTA was measured between 120 and 300K fo con-
firm the phase transitions reported previously. The
sample temperature was determined within £0.2 K us-
ing a chromel-constantan thermocouple. The measure-
ment of 1¥3Cs NMR T) was performed with a Bruker
MSL-300 spectrometer at frequency of 39.4 MHgz in the
range 160-371 K and also with a Bruker MSL-400 spec-
trometer at 52,5 MHz in 196-215K. 133Cs NMR. spectra
were recorded by a Bruker MSL-300 using a saturated
CsCl agueous solution as a standard of frequency shift.
The sample temperature was controlled within #0.5K
by Bruker VI-1000 temperature controller and deter-
mined by a copper-constantan thermocouple with the
same accuracy. The uncertainty in the T} measurement
is estimated to be within 5%.

§3. Results
DTA thermograms on heating displayecélendothep
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Fig. 1, 133Cg NMR spectra observed at 293 K in the normal (N)
phase (upper} and 184K in the incommensurate ([C) phase
(lower), Split peaks of central lines in the IC phase are marked
by arrows,
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mic anomalies due to phase transitions at 163.0:£0.6,
172.2:£1.0, 177.340.9, 183.1+0.6 and 219.54£0.8K in
good agreement with the phase transition temperatures
of Tca, Tea, Toa, Tey and Tig, respectively, previously
determined by the AC calorimetry measurement.” The
anomaly reported at 193K (Tg) was not detected, al-
though a large thermal anomaly is usually observed at
the IC-C transition. From these results, we assume in the
following discussion that the IC phase is formed between
To1 and Tig as shown in previous NQR,*?) dielectric and
Raman scattering?® studies.

Quadrupolar perturbed !33Cs NMR. spectra in the N
and IC phases are shown in Fig. 1. The lineshapes ob-
tained are explained by the superposition of two spec-
tva with the 1st order perturbation. This result is con-
sistent with the reported crystal structure containing
two inequivalent Cs jons in a unit cell®) The respec-
tive quadrupole coupling constants e?Qg/h and asym-
metric parameters 7 arg estimated to be 150430 kHz and
0.1+0.1, and 230+80kHz and 0.5+0.2 in the N phase
by referring to the values of '33Cs NMR of single crys-
tals in an analogous compound Cs;HgBry'7) In the low-
temperature range of the IC phase, the two central peaks
show small splittings due to the IC modulation as shown
by arrows in Fig. 1,

The temperature and frequency dependences of 33Cs
NMR T} are shown in Fig. 2. The T} shows a discontin-
wous jump at Ty confirming the previous report of the
1st order phase transition,'® The T| dips are observed
around Tjg and Tz, where 2nd order®® and 1st order
transitions'® have been reported, respectively, No re-
markable T, anomaly is observed at Toa and Tgy. The

T values between Tjg and Tg, are shorter than those in
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Fig. 2. Temperature dependences of 13 0s NMR T1 measured at
39.4 ((O) and 52.5 (@) MHz. Vertical lines correspond to phase
trangition temperatures observed by DTA.

the C phases as well as in the high-temperature region of
the N phase. Such short Ty values are characteristic of
the IC phase.!®) A slight decrease of Ty within the exper-
imental error is observed at 193 K. This may correspond
to the reported transition to the commensurate phase
although T} changes at IC-C transitions more markedly
in most cases.!®

§4. Discussion

4.1 Normal (N) phase

The dip of #3Cs NMR T) observed in the vicinity
of Tic can be explained by the critical fluctuation of
the quadrupolar interaction due to the 2nd order phase
transition, In the present case, Ty in the N phase can
be represented by the sum of contributions from nermal
lattice vibrations (T1r) and critical fluctuation (Th.) in
the neighborhood of the phase transition as

T =T + T (1)

Here, uging a reduced temperature € = (T ~ Tyq)/Ne,
T}, can be expressed as'®

T o™t (2)

where the critical exponent { is given by { =y ~ v(d -
z), in which v and v are the critical exponents of the
static susceptibility concerning with the critical lattice
fluctuation and the correlation length, respectively, d is
the dimensionality of the relevant interactions and z is
the dynamical critical exponent.!®) ¢ can be obtained
from the slope of log T} vs. log € plots in the vicinity of
the transition point, because T}, is expected to be the
dominant mechanism in this temperature region. In fact,
log T} vs. log £ plots gives an almost straight line in the
vicinity of the transition temperature as shown in Fig. 3.

The critical exponent ¢ was determined to be
0.61540.025. This value agrees well with the value
0.62+0.02 veported previously in CsaCdBrs! and is close
to the theoretical value of ¢ = 0.625 for the three-
dimensional XY model.?®2?) Cowley and Bruce predict
that the three-dimensional XY model is acceptable for
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Fig, 3, Critical plots of 133Cs NMR 7y vs. the reduced tem-
perature (¢ = (T — Tig)/Tic) observed above the normal-
incommensurate {N-IC) phase transition temperature (Tig).
The solid line is the best-fitted curve in the range of T' - Tic <
10K, =ee text.

the transition from the normal to the IC phase with the
one-dimensional modulation because the order parame-
ter of this system has two components, i.e., the amplitude
and the phase of the incommensurate modulation.?®) The
present result of 77 in CseHgCly is different from that in
(UsyHgBrg,!) whose behavior could be explained by the
classical mean field approximation due to the long-range
interionic interaction,

4.2 Incommensurate (IC) phase

The short 7} in the IC phase is characteristic compared
with those in N and C phases. This type of NMR relax-
ation in the IC phase was discussed by Blinc in detail.18}
In the IC phase, the fluctuation of the incommensurate
modulation wave can be expressed by two components
with respect to amplitude and phase of the wave 5o called
amplitudon and phason, respectively, The T} in the IC
phase can be represented by the sum of the contributions
from amplitudon and phason given by Ty, and Ti4, re-
spectively, in addition to the usual lattice vibration as

Tyl =T+ T + T (3)

Here T4, is a mode which softens with approaching to
Tic and given by

T} o (To = T) ¢ (4)

In most cases, T}, shows no significant contribution ex-
cept for the very close proximity to Tjg because the am-
plitudon frequency is much higher than the Larmor fre-
quency v,

The phason behavior can be classified into two limit-
ing cases: One is represented by the continuous plane
wave and the other the multi-soliton model. According
to Mischo et al,*%) the contribution from the relaxatory
phason in the former limit is represented as

T o T2/ 1+ (ufp)? + 1), (5)

where vy is the phason gap frequency. On the other
hand, in the mulki-soliton limit, the IC phase is uncer-
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stood by the ensemble of commensurate domains sep-
arated by fluctuating domain walls so-called phase soli-
tons with a steep phase change. Then the phason branch
splits to acoustic and optical parts which correspond to
phase oscillations in the commensurate domains and do-
main walls, respectively.!®) Thus T}, is represented as

T = (Tig)id + (T1)aes (6)

where (T14)sc and (I14)op ave the contribution from
acoustic and optical phasons. For the damping oscil-
lation phason in the multi-soliton limit in the limiting
frequency region of ¥y < 1y, the acoustic contribution
can be written by!#

(Thg o o [, (T — Ter)] 712, (7)

Equation (7) derived from the dispersion relation of the
acoustic phason mode!® indicates that this mode soft-
ens with approaching to some lower temperature 7o,
On the other hand, (T14)op is also proportional to /i
but temperature independent.'® In the opposite limit-
ing case, ¥y » vr, T14 is independent of the frequency
in both plane wave and multi-soliton models.

The frequency dependence of T} values obtained in
the IC phase between 190K and 210K can be vepre-
sented by a relation 77 o P95, Since the phason gap
vy can be estimated to be 0— 5 MHz from eq. {§) by the
fitting assumed the above frequency dependence of T}
in the plane wave limit, the phason gap is considered
to fulfill the condition vy < v1,. However, the behavior
of Ty, which shows a decrease upon cooling in the low-
temperature region of the I} phase, can not be explained
by the plane wave model showing tha opposite temper-
ature dependence. This suggests that the multi-soliton
model is more suitable than the plane wave model in this
temperature region as predicted from the consideration
of thermodynamic potential 2%

The Ty values observed in this phase are fitted by using
eqs. (3)—(7), assuming ¢’ = 0.5 for the amplitudon {chain
ling) and the fitted values are shown in Fig. 4. In this
calculation, temperature and frequency dependence are
reproduced, but the absolute T} values which can not
be obtained from egs. (4), (6) and (7) were avbitrarily
determined to fit the observed data. For the contribu-
tion from the phason, the plane wave limit, eq. (5), is
employed above 210K (bold broken lines) where T in-
creases with decreasing temperature, while eqs. (6) and
(7) for the multi-soliton limit are used below 210 K. From
the fitting, Tor &~ 172K was obtained, although the IC
phase transforms into the C phase before reaching this
temperature. Furthermore, the changing from the relax-
atory phason to the damping oscillation phason in the
IC phase of UsoHgCly implies the occurrence of crossover
from order-disorder to displacive behawvior, which seems
to be connected with the small size of the complex an-
ion, Such a crossover was also reported by Raman scat-
tering measurements in RbaZnCly and RbyZnBr, 28 but
COs4CclBr, and Cs;HgBry did not show such behavior in
our observation reported previousiy.!)

Temperature dependences of frequencies of two central
peaks in the N, IC and C phases are shown iggFig. 5. In
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Fig. 4. Temperaturs and frequency dependences of 133 0s NMR,
T in the incommensurate (IC) phase messured at 39.4 (D)
and 52.5 (@) MHz. Solid lines are calculated by intraducing
phason (broken lines) and amplitudon (chain line) contributions.
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temperatures observed by DTA,

Ter7ar Tic
A I i

6.0r 1
I Fa¥
%5.0_§ £ Ay
S
208914 -
° 9 o,
L0 300
T/K

Fig, 5. Temperature dependances of splittings of two central
peaks observed in 13%Cs NMR specira. Vertical dotted lines
corregpond to phase transition temperatures obsarved by DTA,

the IC phase, the splittings of NMR. lines are caused
by the distribution of the electric field gradient at Cs
nuclei owing to the IC modulation,'®?7") The splittings
become clear in the high-frequency central peak below
about 190 K. We roughly estimated frequencies of split
peaks. These splittings are expected to be related to the
amplitude of the IC modulation. The temperature de-
pendences of the split of the peak frequencies are shown
in Fig. 5. One splitting increases almost linearly with de-
creasing temperature and the other is inappreciably tem-
perature dependlent. Such temperature dependences of
the split peaks wevre discussed well by Brinc et al2") Ac-

(Vol. 60,

cording to their theoretical treatment, the critical expo-
nent § given by Av « (Tig — T)P can be estimated from
the temperature dependence of the splitting width Av in
the case of the plane wave limit.?® The G value estimated
to be ca. 2 is too large compared with § = 0.83228) ey
pected for the XY model. This anomalous # value may
be reduced to following condition: Reliable values of Av
can be obtained only in low-temperature region of the
IC phase where the IC modulation is not characterized
by the plane wave limit but the multi-soliton limit as
mentioned above,

4.8 Commensurate (C) phases

In this phase, we anticipate that the modulation can
no more slide freely and the phason becomes a normal
lattice mode resulting in long 71 as shown in Fig. 2.
The Ty dip around Tgz = 172.2K is attributable to the
contribution from the phase transition.

4.4 Interionic interaction and transition mechanism
In the present study, we showed that the value of crit-
ical exponent of T} in the N phase near the N-IC phase
transition and the T behaviar in the IC phase are quite
analogous to those in Cs;CdBry reported previously.))
We can reasonably expect that the interionic interaction
between Cs cations and complex anions influences the
critical dynamics near the phase transition and the be-
havior in the IC phase. The halogen ionicity can be esti-
mated from e?Qq/h using the Townes-Dailey relation:?%

¢*Qg/h = (1 - 5)(1 - i)(*Qa/h)atom, (8)

where g i3 the contribution from s electrons in the chem-
ical bond and assumed to be 0.15, ¢ is the ionic character
of the M-X bonds, i.e., (1 — ) affords the covalency, and
{(e?Qq/h)atom i3 the e2Qg/h in atomic halogen, Averaged
ionicities of halogen in the complex anionsg are estimated
from eq. (8) to be 0.699 for HgBr2~, 0.783 for CdBr2~
and 0.733 for HgCl,";" from the previous results of the
NQR. frequencies'® %) observed near room temperature
by assuming 77 = 0. We can see that CdBr]~ and HgC12~
have more ionic halogens than HgBrﬁ". This difference
in the halogen ionicity seems to induce the different be-
havior, i.e,, the non-classical three-dimensional XY be-
havior near the N-IC phase transition in CsaCdBry and
CsoHgCly crystals, whereas the classical mean field be-
havior in CsoHgBry. The origin of this difference seems
to be difficult to decide only from the present data., More
systematic measurements and analysis on various IC sys-
tems are required.

§5. Conclusion

The dip of 133 Cs NMR T} observed in UsyHgCly at the
N-IC phase transition is explained by the critical fluctu-
ation driven by the three-dimensional XY type interac-
tion, This result indicates that the distortion wave in
the IC phase is one-dimensional modulation. In the IC
phase, the frequency dependence is approximately given
by T1 « /vi, and the absolute value of T} could be
reproduced by the sum of two contributions of phason
with a small gap, 0-5 MHz, and amplitudon. In the low-
temperature range in the IC phase, the temperature de-
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pendence of Ty could be explained by the IC phase mod-
ulaton of the multi-soliton model rather than the plane
wave.

133(Cs NMR spectra were reproduced as the superposi-
tion of two absorption lines with e?Qq/h = 150430 kHz,
7 = 0.1 0.1 and 230£80kHz, 0.540.2. In the low-
temperature region of the IC phase helow about 190K,
splittings of central peaks could be detected and the
splitting width (Av} increases with decreasing tempera-
ture.

In cur previous study, an analogous result in Cs,CdBry
to the present data was explained by the XY model,
while a different result in CsyHgBr, was attributed to
the classical model. This difference can be explained by
the negativity of halogen atoms.
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BEINQR fre?;mncies and spin-lattice relaxation times T o were measured in p-CIC4H,CO,H(PCBA)

and p-CIC4H,C
llO% i

referring to
temperature dependent NQ

»D{PCBA-d ) at 77333 K. T, in PCBA gave a shatiow minimum of 8.0 ms at ca.
\ whnc{-x could be explained by a double proton transfer mechanism in the carboxylic acid dimer
H NMR data iiving a Ty minimum at almost the same temperature. PCBA-d, showed
frequencies quite analogous to those in PCBA, whereas their T behavi-

our was quite different in its minimum value and its temperatyre as well as temperature gradient. These
results were explained by suppressed deuteron tunnelling and the Ubbelohde effect,

Kay words; C1 NQR; Hydrogen-Bond; Hydrogen-transfer; Tunneling.

Introduction

Intermolecular hydrogen bonds can be seen in many
kinds of compounds which form molecular aggragates
such as dimers, trimers, or 1,2 and 3-dimensional net-
works in solid, liquid and biclogical systems. Intermo-
lecular hydrogen transfer through hydrogen bonds is an
atiractive phenomencn, As an example, the hydrogen ex-
change in solid dimerized benzoic acid has extensively
been studied by "H NMR [1,2]. The NMR measurement
is, however, rather insensitive for this purpose owing to
the small displacement of the H positions in the H-ex-
changing process, which usually requires the measure-
ment of the relaxation times of the order of 10%~10%
[1,2). Here, we intend to detect this motion by the NQR
measurement of chlorine Introduced on the pheny! ring.
This is because a subtle fluctuation of the electric field
gradient throughout the a~electron system caused by a
H-motion even in a remote position can be expected to
be sensitively detected by the NQR technique. In the
present study, the *>C! NQR frequencies and spin-lattice
relaxation time were measured in p-chlorobenzoic acid
and its partially deuterated analogue.

Experimental

Crystalline p-chlorobenzeic acid, p-CIC{H,CO.H
(abbreviated to PCBA) was obtained by recrystallization

of the commercial reagent from acetone. A partially deu-
terated analogue p-CICcH,CO,D(PCBA-d|) was pre-
pared by repeated crystallization of the protonated com-
pound from CH30D.

The *3C1 NQR frequencies and spin-lattice relaxation
time (Tq) in both analogues were measured with a home-
made pulsed spectrometer, described in [3],at 77- 140 K.
A 180°-7-90° pulse sequence was used to determine Tq.
The 'H NMR spin-lattice relaxation time T}y in PCBA
was measured with a homemade spectrometer [4] at a
Larmor frequency of 54,3 MHz at 30-300 K, using the
saturation recovery pulse sequence,

Results

The temperature dependences of the 3*CI NQR fre-
quencies observed in PCBA and PCBA-d, are shown in
Figure 1, The observed frequencies of 34.673+0.001 and
34.674+0,002 MHz in PCBA and PCBA-d|, respective-
ly, at 77 K agree well with 34.673 MHz reported for
PCBA {5]. The resonance frequencies and their temper-
ature dependences in both compounds were quite simi-
far in the whole temperature range stadied, The frequen-
cy difference at 130 K was 2.5 kHz. Upon heating, the
resonance signals in both compounds gradually weak-
ened and disappeared in the noise level at around 140 K,

The temperature dependences of **Cl NQR T, ob-
served in PCBA and PCBA-d, are shown in Figure 2,

0932-0784 /2000 / 0100-0355 § 06,00 © Verlag der Zeitschrift fir Naturforschung, Ttibingen - www.znaturforsch.com
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Fig. I. Temperatre dependences of **CI NQR frequencies (v)
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Fig, 2. Temperature dependences of the *3CI NQR spin-lattice
relaxation times Ty observed in p-CICgH,CO,H (PCDAY (@),
and p-CIC4H COID (PCBA-d,) (A).

A shallow minimum of (8.0+1.0) ms was observed at
ca. 110 K in PCBA, while a deep minimum of (0.80+
0.10) ms was obtained at ca. 130 K in PCBA-d;.

The temperature dependence of 'H NMR Ty, ob-
served in PCBA at 54.3 MHz, is shown in Figure 3. Our
results agree well with data in the high-temperature range
reported by Nagaoka etal. [1, 2]. An asymmetric Tyy
curve with a minimum atca. 105 K was clearly observed
in the present work,
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Fig. 3. A temperature dependence of the 'H NMR spin-lattice
refaxation time T}y observed in p-CICH,COH (PCBAY ni a
Larmor frequency of 54.3 MHz. The solid corve is best-fitted
(see text).

Discussion

'H NMR Spin-Lattice Relaxation Time

The asymmetric temperature dependence of Ty in
PCBA, shown in Fig, 3, is quite analogous to T}y data
reported for crystalline benzoic acid (BA) [1, 2] in which
the double proton transfer between the hydrogen bond-
ed two molecules was shown to contribute to the relax-
ation. Referring to the analysis of Ty in benzoic acid {6],
the steep temperature dependence observed on the high-
temperature side of the minimum can be explained by the

* BPP type relaxation [7] due to the classical random hy-

drogen jumps in an asymmetric double-well potential
formed in the dimer structure. On the other hand, the re-
laxation on the low-temperature side is attributed to guan-
turm mechanical proton tunnelling coupled to crystalling
phonons. We analysed the obtained Ty data using the
theoretical treatment performed on benzoic acid given
in [63:

41

T\<Cc—28 Te . e 1,
! (1+a)? l:l+(m'rc)2 1+4(mrc)2]

(1)
a=exp(A/RT), )
L =kag+kpa 3)
ff.‘
kag=kin-+kip . ksa =kl vk, 4)
kka=kyn(A), kby=kolr(A)+1], (5)
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1

A= A BT

(6)

kly =-exp (=V/RT),

Ap= p( ) -

Kl =L exp [~V - A)/ RT),
0

where A, ko and V denote the potential energy difference,
the tunnelling rate and the barrier height, The definitions
of the other parameters are given in [6]. We fitted (1)~(7)
to the data in Fig, 3, where C in (1), expressing the mag-
netic dipolar interaction modulated by this proton trans-
fer, was estimated from the C value reported for benzo-
ic acid, where we assumed that the ratio of C in the two
compounds is roughly equal to that of the cbserved Ty
minima. This is because no data on H positions in crys-
tals are available for PCBA. The derived best fitted Ty
curve and determined parameters are shown in Fig. 3 and
Table 1, respectively.

The kg in PCBA (2.0x10'% 57" is larger than that in
BA (4.5% 108 57}, indicating that tunnelling in PCBA is
larger than in BA, This is explainable by a stronger H-
bonding in PCBA which results in a short OO distance
of 2.615 A (8] compared to 2.64 A in BA [9]. This dif-
ference comes from the more acidic protens in PCBA
due to the electron attracting effect of chlarine, The re-
markable difference in T\ minimum values in PCBA
and BA, which gave ca. 6 s at 59.53 MHz (1, 2], implies
that the H displacement in the double proton transfer pro-
cess in PCBA is smaller than in BA. This can also be ex-
plained by the difference in the O—0 separations or the
strength of H-bonding in the two carboxylic acids.

YCINOR Frequencies and Ty

The temperature dependence of the **C1 NQR frequen-
cies abave 77 K in both PCBA and PCBA-d,, shown in
Fig. I, is normal and explainable by the Bayer theory
[10}. At around 140 K the signals disappear, The two an-
alogues showed almost the same frequencies in the whole
temperalure range, suggesting that the average electric
field gradients at the Cl nuclei are almost unaffected by
the deuteration in the carboxyl group,

The facts that T in PCBA has a minimum at almost
the same temperature of ca. 105 K as T, and also the
slope of T\ of ca. (0.78+0.3) kJ mol™' on the low-tem-
perature side of the minimum is close to 0.98%
0.2 XI mol™ in T}y, indicate that the relaxation mecha-
nisms in Tiq and Ty are the same, i.e., a double proton
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Table |, Motional parameters of the proton transfer in car-
I‘aoxylic acid dimers determined in p-chlorobenzoic acid from

H NMR relaxation data together with the reported values in
benzaic acid.

Vikl . s AR kst st
mol™! mol™!
p-chlora- 822  1.3x107'2 0.98+0.2 2.0x10'° 2.40x10’
benzoic
acid
(PCBA)
benzoie 5.5 3.3x10772 072 4.5x10% 2.84x10%
acid (BA)
(5]

transfer in the dimer. A marked difference for PCBA and
PCBA-d, was observed in the T\q temperature depen-
dences shown in Fig. 2, where a shallow minimum of ca,
8.0 1.0 ms was observed in PCBA around 110 K, while
a deep minimum of 0.80£0.10 ms in PCBA-4| at ca.
130 K. This indicates that the observed T' o temperature
dependence is closely connected with the hydrogen trans-
fer process in carboxylic acid dimers. The markedly
smaller 7' values obtained in NQR than in NMR imply
thatthe H-transfer in these systems can be observed much
more sensitively in NQR than in NMR studies,

An interesting result in the T data is that the deuter-
ated and undeuterated analogues exhibited a quite differ-
ent T g behaviour, even though they showed quite anal-
ogous resonance frequencies in a wide temperature
range. An important characteristic of H-transfer in
PCBA-d, is the much smaller tunnel interactions than
that in PCBA because of the marked mass effect on tun-
neliing which resulls in quite small tunnelling probabil-
ity in deuterated systems [11]. If we can ignore the con-
tribution from the tunnelling to T in the deuterated an-
alogue, the steep T slope observed on the low-temper-
ature side of the minimurn is mastly explainable by the
classical H-jumps. The fact that the minimum tempera-
ture of T in PCBA-d is higher than in PCBA can be
understood by the shorter O-D, that is longer Q-0 dis-
tance in the deuterated dimer, the so-called Ubbelohde
effect [12], resulting in a slower jumping rate of D than
that of H.

Aremarkable difference between the two analogues is
that Ty in PCBA-d, is about ten times shorter than in
PCBA. This can be explained by considering the tunnel-
ling which enables quantum mechanical proton delocal-
ization by overlapping two protonic wave functions im-
plying that the tunnelling process is not a motion but a
state giving no marked fluctuation of the electric field
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gradient. Since, in PCBA, the efg fluctuation at Cl nu-
clei at high temperatures made by the exchange
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g NMR spin-lattice relaxation times(T}) in crystalline Cs;Cdly were measured at 225 -
373 K, The critical exponent { of T} observed near the normal-incommensurate transition in the
normal phase was determined to be 0.62 X 0.03, in good agreement with the predicted value for
three-dimensional XY -model. The frequency dependent T} in the incommensurate phase could
be explained by the fiuctuation of amplitudon and small gap phason.

Key words: '*3Cs NMR; T'; Incommensurate; Phase Transition; Critical Exponent.

Introduction

Many compounds of the A,BX, family with a
pseudo-hexagonal 8-K;SO, structure (Pnma) have
been reported to have a normal (N) to incommen-
surate (1C) phase transition at low temperatures [1].
The critical behaviour of most of these compounds
around the N-IC phase fransition ¢an be described by
the XY -model [2]. In [3] we have reported results of
133C5 NMR observed in Cs;HgBry crystals and found
a critical exponent ¢ of the spin-lattice relaxation rate
that is different from the expected value from the XY~
maodel but rather close to the classical value. In this
compound, the dynamics of the IC phase modulation
wave could also be described by the classical plane-
wave-ap proximation in all tetnperature range of the IC
phase [3]. In the present study, we selected Cs;Cdl,
reported to form an IC phase below 259.6 K [4], and
intended to reveal the mechanism of the N-IC phase
transition by comparing NMR results with those ob-
tained for Cs;CdBry and Cs;HgBry [3].

Cs,Cdl, forms two modifications, A and B atroom
temperature, depending on the conditions of crystal
growth, The modification A (orthorhombic Pnma)
is obtained from a fused stoichiometric mixture of
Csl and Cdly, while the monoclinie modification B
(P2)/m) crystallizes from the aqueous solution [5]. B
undergoes no phase transition below room tempera-
tuze but transforms to A at ¢a, 420 K, On the other

hand, A undergoes successive phase transitions [4]:

Term183,4K
commensurate{C') —“——— commensurate(C)

P Z=1 Poin; 2 =4
Te=29.8K incommensurate(IC) Te=32IK normalNy,

B L
P Pnma; Z =4

The N and C phases were shown to be isomor-
phous with corresponding phases in Cs;HgBry [6],
while a modulation wave vector in the IC phase
(g1c = 0.26a*) [4] is different from that in the bromo
compound (qc = 0.15a*) [7].

Experimental

Cs;Cdly crystals were grown by slow evapora-
tion of an aqueous solution containing stoichiometric
amounts of Csl and Cdl,. The obtained crystalline
powder was kept in vacuo at 450 K to be transformed
to the modification A, then sealed in a glass tube with
nitrogen gas for differential thertnal analysis (DTA)
and NMR measurements,

X-Ray powder diffraction and DTA were mea-
sured to confirm the complete transformation to the
modification-A. The sample temperature was deter-
mined by a chromel-constantan thermocouple within
40.2 K. The '*3Cs NMR measurement was performed
with a Bruker MSL-300 NMR system at a Larmor fre-

uency of 39.4 MHz in the range 225 - 373 K. The
133Cs NMR T} in IC phase was measured by a Bruker

0932-0784 /00 / 0100-0339 $ 06.00 @ Verlag der Zeitschrift fiir Naturforschung, Tiibingen - www.znaturforsch.com



340

T|/S -

10%

o]
(0]

] J L P b 11}

1

T T F T 11110

101 R

e
350

Fig. I. Temperature and frequency dependences of *3Cs
NMR T at 39.4 MHz (o) and 52.5 MHz (A). Solid lines
are caleulated values for the contributions from amplitudon
{chain line) and phason (broken lines). The vertical dotted
lines corresponds to phase transition temperatures observed
by DTA measurement.

MSL-400 system at 52.5 MHz in the range 266 -
317 K. The sample temperature was controlled within
0.5 K by a Bruker VT-1000 temperature controller
and determined by a copper-constantan thermocou-
ple within +0.5 K. The error in T} was estimated to
be 5%.

Electric charges on isolated HgBri~, CdBr~ and
CdI5™ were calculated by the semi-empirical method
PM3 assuming a regular tetrahedral structure with the
reported bond-length [8], without structural optimi-
zation.

Results
X-Ray Powder Diffraction and DTA

X-Ray powder diffraction peaks in neat crystals ob-
tained from aqueous solution and after heat-treatment
at 450 K were well explained by the reported struc-
tures [5, 9] of the modification B and A, respectively.
In all following experiments, we used the heat-treated
specimens.

DTA thermograms measured on heating displayed
endothermic anomalies due to phase transitions at
183 + 1, 259.3 &+ 0.6 and 331.6 £ 0.7 X, in good
agreement with the reported transition temperatures,
Tor, Te and Tye [4, 10, 11], respectively.

133Cs NMR Spin-Lattice Relaxation Time Ty

The temperature dependence of 3Cs T} is shown
in Figure 1. The observed T} showed a sharp decrease

K. Suzuki et al. - A3 Cs NMR Spin-Lattice Relaxation Study
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Fig. 2. A temperature dependence of critical "Cs NMR 7}
inthe normal phase near the N-IC phase transition. The solid
line represents calculated values for the critical exponent
¢ = 0.62,

and a jump near the N-IC and the IC-C phase transi-
tion point, respectively. T revealed a weak frequency
dependence, T o w®*, on the high-temperature side
of the IC phase,

Discussion

Normal (N) Phase

The T} dip observed near the phase transition tem-
perature is attributable to the critical fluctuation of
quadrupole interaction due to the second order phase
transition. In this case, T can be represented by the
sum of two mechanisms as

Tt =Tt + Ty, )

where T\, and T, are contributions from the criti-
cal fluctuation and non-critica! [attice vibrations, re-
spectively, Near the phase transition temperature, T{;’
shows an exponential divergence [12],

T e, )

where ¢ = (T — T1¢)/Tic and ¢ are the reduced tem-
perature and the critical exponent, respectively, T}
is expected to be negligible in the total T, because
Ty = 100 s can be estimated from the observed T
at 370 K, ¢ was obtained, from the slope of log T}
vs. loge plots, to be 0.62 & 0.03 in a temperature
range of 7 K above the transition (Figure 2). This
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value coincides with that obtained in CsyCdBry [3]
and agrees wel] with the theoretical value of 0.625
{13] calculated for the three-dimensional XY -modei
with which the driving interaction of the N-IC phase
transition is predicted [2]. The deviation of the ob-
served T} values from the calculated ones at temper-
atures higher than 7 K above the phase transition is
attributable to the contribution from 77,

Incommensurate (IC) Phase

The T, values in this phase, smaller than in the
N and C phases, sharply decreased around the N-
IC transition point. This behaviour is explainable by
considering two characteristic lattice modes, ampli-
tudon and phason, which represent the fluctuations
of IC modulation [14]. The total T} is then represen-
ted by,

T =15+ 17! +T1-¢‘, (3)

where Ty, and Ty are the contributions from the am-
plitudon and the phason, respectively. Since the T}
values observed in the IC phase were one order shorter
than those in the N and C phases (Fig, 1), the contri-
bution from normal lattice modes 7} is assumed to
be negligible,

In the plane wave limit, the contributions from am-
plitudon and phason are given by

753! o (Tie ~ 1), “

and

-1
Tﬁ,z o T2 (1 /14 (wL/w¢)2 + 1) ) (5)

{15, 16], where {' is the critical exponent of T} on the
low-temperature side of the phase transition point and
wy is the phason frequency or gap. In the frequency
region wy < wy the Ty is proportional to |/, The
experimentally derived frequency dependence of T}
in this phase, T} o< w®*, approximately agrees with
the predicted relation T) o¢ /. This implies that
the phason gap is small enough compared with the
Larmnor {requency.

Based on the above discussion, we fitted the ob-
served T in the IC phase by a superposition of T},,
and T}y, as shown in Figure 1. In (4), we assumed
the classical value {' = 0.5 because the contribution

4

from the amplitudon was shown to emerge only in the
neighbourhood of Tic (3] and could not be separated
from the total T7,

A small deviation of the calculated line from the
observed T in the low-temperature region of the IC
phase is explainable by the breakdown of the plane-
wave approximation for the IC modulation. This T}
behaviour is analogous to the results obtained for
Cs;CdBry [3].

Commensurate (C} Phase

In the C phase, '3 Cs T is governed by normal
lattice vibrations because the IC modulation wave is
locked in a commensurate wave [1, 14]. The observed
T, was longer than in the IC phase and the high-
temperature region of the N phase, and showed a
moderate dependence on temperature. No anomaly
was observed near the first-order C-IC transition at
183 K.

Interionic Interaction and Transition
Mechanism

In the present study we showed that the value of
critical exponent of T} in the N-phase near the N-IC
phase transition and T behaviour in the IC phase are
quite analogous to those in the previously reported
Cs,CdBry [3]. We can reasonably expect that the in-
terionic interaction between Cs cations and complex
anions influences the critical dynamics near the phase
transition and the behaviour of IC modulation wave.
Here, we attempt to explain the relation of the dynam-
ics around the transition and in the IC phase using
interionic electrostatic interactions. The ionicity of
halogen can be estimated from the observed e?Qq/h
using the Townes-Dailey relation [17}:

e'Qq/h = (1 - 8)(1 - iXe*Qq/hatem,  (6)

where g is the contribution of s electrons in the chem-
ical bond and assumed to be 0,15, ¢ is the {onicity
of the halogen and (e2Qq/h)uom is the €2Qq/h of
atornic halogen. The averaged electric charges per a
halogen in the polyanions were calculated from (6) to
be —0.71 ~ ~0.66 for HgBr2~, —0.79 ~ —0.76 for
CdBr}~ and ~0.74 ~ —0.71 for CdI3~ from the re-
ported NQR frequencies [6, 18] observed near room
temperature by assuming 1 = 0. The ionicities of
isolated polyanions, obtained by PM3 calculations,
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were —0.676 for HgBr:~, —0.836 for CdBr}™ and
—0.835 for CdI5~, The NQR frequencies and PM3
calcutations yield quite analogous results: CdBri~
and CdI5~ are more ionic than HgBry~. This dif-
ference of the halogen ionicity seems to induce the
different behaviour, Le., the XY -interaction near the
N-IC transition and the multi-soliton 1C-modulation
work in CspCdly and Cs,CdBry crystals, whereas the
classical behaviour prevails in Cs;HgBry crystals.
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!H NMR spectra, second moments of line and spin-fattice relaxation times were measured for triethylamine
(TEA) adsorbed in aluminophosphate (AIPO,-5} and silicoalurninophosphate (SAPQ-5) molecular sieves in the
temperature range 90 K to room temperature, Two modes of motions, molecular reorientations about the
pseudo-C, axis and the isotropic rotation were observed in both systems. The fact that the former motion in
SAPOQ-5 is hindered more than in AIPO,-5 was attributed to the hydrogen-bond formation between Bronsted
acid sites and lone-pair electrons in TEA. This difference in interaction was shown to be the origin of the
disteibution of the motional correlation time (z) in SAPO-5 less than in AIPO,-5 in which the presence of
molecular C, axes in micropores oriented more randomly than in SAPO-3 result in a marked v distribution,

Introduction

AlPQ,-5, & typical aluminophosphate molecular sieve, lorms
microporous crystals having one-dimensional- homogeneous
channels with & pore diameter of 0,73 nm.!? Because of its
simple and cylindricel pore structure circumscribed by 12T{P,
Al) as well as the moderate pore size, molecules adsorbed in
micropores can form one-dimensional molecular arrays which
are expected to exhibit new structural and dynamical proper-
ties different from two or three dimensionally aggregated
molecular crystals,

In the present study, our interest is in one-dimensional mol-
ecules intercalated in AIPO..5, as well as in SAPQO-5
(silicoaluminophosphate) in which some of the P (and Al
atoms are replaced by Si, and hence, Brénsted acid sites are
created on the pore surface.*® In preparation of these two
molecular sieves, we employed triethylamine (TEA) molecules
as a structure directing agent (SDA: template). Here, we
intend to reveal dynamic properties and orientations of one-
dimensionally arcanged TEA molecules adsorbed in AIPQ,-5,
and also to study the effect of Bronsted acid protons formed
in SAPO-5 to molecular motions and arrangements in the
one-dimensiona! channels by measuring temperature depen-
dences of 'H NMR spectra and spin-lattice relaxation. As an
analogous  system, dynamic properties of  tetra-
propylammonium cations occluded in the synthesis in a sili-
ceous MFI-type (ZSM-5) zeolite were studied by NMR.5 We
tcy to compare differences in the effects of molecular sizes on
maobilitics, and also interactions with the pore sutface
expected in these two kinds of molecular sieves.

Experimental

AlPO,-5 and SAPO-5 were synthesised by an analogous
method reported previously’™ using TEA as the SDA by
keeping gel mixtures of Al,O,, P,Oy, 810,, TEA and H,O
with ratios of 1:1,03:00:15;600 for AIPO,-5, and
1:103:01: 1.5; 600 for SAPO-3 at 450 K in a Tefon-lined
stainless steel autoclave for 72 h. Fine crystals, ¢a. 100 um
long, were obtained and were dehydrated by heating to 413 K
in vacuy,

DOI: 10.1039/2908952d

X-Ray powder diffraction and metal microanalysis on cal-
cined crystals were conducted for identifying the samples
obtained with a Philips X'Pert PW3040/00 diffractometer and
a JEQOL JXA-8621 electron probe microanalyser (EPMA),
respectively. 'H MAS, 3C CP-MAS, 'H, 2H and N NMR
spectra were recorded with a Bruker MSL-300 spectrometer
at room temperature for **C, "*N and *H, and in the range
125-295 K for the other nuclei. The second moment (M) of
the '‘H NMR line was measured with a Bruker SXP-100
spectrometer by applying a solid echo pulse sequence'® at 40
MHz in the range 90-295 K. The measurement of the spin—-
lattice relaxation time T, was carried out with a home-made
puised spectrometer*! using the inversion recovery method at
Larmor frequencies of 21.0 and 42,0 MHz in the range 85-430
K for AIPO,-5, and 40.1 and 68.6 MHz in the range 90-440
K for SAPQ-5.

Results

X-Ray powder diffraction patterns recorded at rocom tem-
perature were indexed well with tetragonal lattices with
parameters ¢ = 1372 +0.005, ¢=0.843+ 0006 nm for
AlPO,-5, and a = 1371 £0.009, ¢ =0.852 + 0,005 nm for
SAPO-3 in agreement with the reported data,!-*!? [t wag
shown from EPMA that ca. 9% of phosphorus in atomic ratio
was replaced by silicon in SAPO-5. Combining this resuit and
that of the elemental analysis, the number of Brénsted acid
sites in SAPO-5 was estimated to be 1.0-1.2 times that of
TEA molecules trapped in the capillaries. AIPO,-5 prepared
by using *H,O as a starting material gave no *H NMR signal,
but S8APO-5 analogously prepared showed a broad signal
which is attributable to 2H in Brénsted acid sites formed on
the inside wall of capillaries. These results imply that the
water content in capillaries is ignorable after keeping above
400 K in vacuo. A '*C CP-MAS NMR spectrum on AIPO -5
shown in Fig, 1 gave two lines at 9.0 and 47.3 ppm assignable
to CH, and CH, carbaons, respectively, indicating the presence
of tristhylamine molecules in capiflaries without decomposi-
tion after heating up to above 400 K,

Temperature dependences of 'H NMR spectra in AlIPO,-5
and SAPO-5 are shown in Fig. 2. AIPO,-5 gave an almost

Phys. Chem. Chem. Phys,, 2000, 2, 1865-1865 1865

Thia lauewal o M Tha Ownar Qantatios WD



100 0 -100
& (ppm)

Fig. 1 A '*C CP-MAS NMR specirum observed at room tem-
perature for TEA adsorbed in AIPO,-5.

temperature independent half-height width of 3.4 + 0. kHz at
295 K and 3.7 0.1 kHz at 130 K, while SAPO-5 showed a
marked temperature dependence: the width of 8.0 4 0.2 kFz
observed at 295 K increased to 14.5 4 0.3 kHz at 150 K. Tem-
perature dependences of M, of the *H NMR line measured on
both samples are shown in Fig. 3. Upon heating, an M, of
(3.8 + 0.4) x 1072 mT? (Gauss?) observed in AIPO,-5 a1 90 K
gradually decreased to (0.5 1 0.1) x 10”2 mT* above 210 K,
while, in SAPO-5; a wide line of (8 4+ 1) x 10™2 mT? observed
around 100 K became {1.2 4 0.2} x 107* mT? above 220 X.
‘H T, temperature dependences in AIPO,-5 and SAPO.5 are
shown in Figs. 4 and 3, respectively. Two T, minima were
observed in AIPO,-5 at ca. 139 and 280 K, and at ca, 150 and
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Fig. 2 Temperature dependences of ‘H NMR spectea observed for
TEA adsorbed in AIPO,-5 (a) and SAPO-5 (b).
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Fig. 3 Temperatura dependences of the second moments (M;) of the
'H NMR line observed for TEA intercalated in A{PO,-5 (@) and
SAPO-5 (@),
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Fig. 4 Temperature dependences of the spin—lattice relaxation time
(T,) observed for TEA intercalated in AIPO,-5 at 42.0 (®) and 21.0
MHz (A). The best fitted caleulated curves expressed by solid lines are
the sum of two T} components given by dotted lines.
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Fig. 5 Temperature dependences of the spin-lattice relaxation lime
(T) observed for TEA intercalated in SAPO.5 at 68.6 (W} and 40.1
MEz (¢). The best fitted calculated curves expressed by solid lines
are the sum of two T; componenis given by dotted Jines,
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Fig.6 A “N NMR spectrum observed at room temperature for
TEA adsorbed in AIPO,-§,

280 K in SAPO-5, "N NMR spectra observed at room tem-
perature gave narrow lines with peak-to-peak widths of
40 + 2 and 150 £ 4 kHz in AIPO,-5 (Fig. 6) and SAPO-5
respectively, The '"H MAS NMR spectrum of TEA in AIPOQ,-
5 observed at room temperature is shown in Fig. 7 (spinning
rate = 3 kHz),

To get information of possible phase transitions in TEA-
adsorbed AIPO,-5, we performed the measurement of differ-
ential thermal analysis repeatedly in the range 120-290 X, but
no thermal anomaly could bes observed, ’

Discussion
Second moment (M,) of "H NMR line

As the structure of a TEA molecule used ag SDA, we assumed
a molecular conformation of C; symmetry which was shown
to be a stable form in the gaseous state.!*~'* A molecular
structurs projected along the Cs-axis is given in Fig. 8. This
conformation was assumed because the pore diameter of ca.
0.73 nm in the present molecular sieves in close to 0,77 om
estimated for the long diameter of a TEBA molecule in this
conformation, We calculated 'H M, values in four kinds of
probable motional states of molecule using the above confor-
mation; the results oblained are shown in Table 1, In this
calculation, we tentatively ignored the contributions from
intermolecular magnetic dipolar interactions becauss of smail

T ; T 1 }
10 5 ¢ -5 -10
vIkHz
Fig.7 A 'H MAS NMR spectrum obssrved at room temperature
for TEA adsorbed in AIPO,-5 at a spinning rate of 3 kHz. Satellites
on both sides of the central line are spinning side banda,

Table 1 Second moments (M,) of the 'H NMR line calculated for
various motional states in tristhylamine (TEA)

Motional mode M,/1072 mT?
Rigid 221
Methyl ratation 119
Pseudo-C, rotation 13
Isotropic rotation 00

Fig. 8 A projection along the C,-axis for a TEA moleculs with the
conformation of C, symmetry.

1-D interactions in capillaries. The comparison of observed
and calculated M, values indicates that the CH; reorientation
about C-C bonds contributes to M in both systems even at
90 K. An M, of 0.3 x 107? mT? observed at room tem-
perature can be explained by the isofropic reorientation,
although this mode should give vanishing M, for intramole-
cular interactions. The observed finite value can be attributed
to the contributions from 27Al and 3'P nuelei in the wall of
capillaries and neighbouring TEA molecules. Our rough cal-
culation for these origins gave ca, 0.22 x 107* mT? at the
centre of a capillary. The same motion is expected at room
temperature in SAPO-5 which afforded a large M, of
12 x 10?2 mT? explainable by the theoretical value of
1.1 % 1072 mT? including the contribution from protons in
Bronsted acid sites on the wall. To get experimental support
for the above explanation, we measured 'H MAS NMR
spectra of TEA-adsorbed AIPO,-5 at room temperature. As
shown in Fig. 7, the observed central line consists of two
peaks assignable to CH, and CH, protons in TEA molecules,
By comparing the 'H spectrum in the same system observed
without MAS at 295 K shown in Fig. 2(a), we can clearly see
the spectrum narrowing by the MAS measurement indicating
averaged dipolat interactions with Al and P nuclei in the wall.
The isotropic reorientation of TEA molecules at rcom tem-
perature could be confirmed from **N NMR spectra observed
at room temperature with widths of 40 + 2 and 150 £ 4 kHz
in AlPO,-5 and SAPO-5, respectively, The quadrupole coup-
ling constant (qcc) in a free TEA molecule was reported to be
4.8 MHz from the analysis of microwave rotation spectra.'®
Quite small qec values of ca. 80 and 300 kHz in the present
systems can be explained by the almost vanishing electric field
gradient (efg) averaged only by the isotropic rotation of the
whole molecule. The finite qec values observed can be attrib-
uted to an efg made by electric charges of the capillary wall,

'H NMR spin-lattice relaxation time T,

The spin-lattice relaxation caused by averaging magnetic
dipolar interactions due to molecular motions is usually
expressed by the BPP equation:!™'8

- T, 4t
o= thM’(l e R 3) &

where y, AM,, 1, and @ are the magnetogyric ratio of a
proton, the M, reduction through the motion, the correlation
time of the motion, and the Larmor frequency, respectively. ¢,
can be expressed by the Arrhenius equation given by

E,
T =10 oxp =% @
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Here, 7, and E, denote the correlation time in the limit of
infinite temperature and the activation energy of the motion,
espectively. The 7, minimum observed at ca. 300 X in TEA-
adsorbed AIPO,-5 was analysed with eqns. (1) and (2) by
assuming a symmetric BPP-type T, curve. The other T,
minimum observed in the low-temperature range was unex-
plainable by the BPP equation given by eqn. (1) owing to the
following three reasons: The first is that an asymmetric T,
minimum in the plot of log T, vs. T"! was observed, The
second reason is that the frequency dependence of T, observed
below ca. 150 K couid not be expressed by the w® rule given
in eqn. (1) int the range e, » 1. The last is that the chserved
T, minimum value of 50 ms is much longer than 29 ms at 42
MHz caleulated by the CH, reorientation model derived from
the M, analysis given above. All of these disagreements can be
explained by introducing the Cole-Davidson type 1,
distribution’® which can be expected from the random orien-
tations of TEA molecules in micropores. Cotner has
reported?® that this type of asymmoetric minimpm can be
explained by introducing distributed <, of the Cole-Davidson

type given by
sinfin/ © Y
= =
g(‘l‘) P (To — T) TR Tu

=0 t>1, )

where # (0 < p < 1) shows the distribution amplitude. Using
eqn. (3), T; is given by

-l 2.2 1, sin(f tan ™" ar)
T, I AM z{ oL+ s

2t, sin(f tan™! 2mt)
ort,(l + 4wt

)

The minimum in the low-temnperature side was fitted by eqns.
(2)-(4), and the total T, ! was expressed by superimposed
two T', ! values given by eqns. (1) and (4). The best fitted T,
for AIPO,-3 and the determined motional parameters are
shown in Fig. 4 and Table 2, respectively, We assigned the
minima obgerved at eq, 140 and 280 K to the molecular reosd-
entations about the pseudo-C, axis and the isotropic rotation,
respectively, because the M, of less than 4 x 107 mT?
observed at 90 X indicates the onset of the C, reorientation,
and the 'H M, and N spectrum at room temperature were
explained well by the isotropic molecular rotation, The values
obtained for # and AM, are discussed aflterwards.

T, data obiained in SAPO-5 were analogously analysed to
those in AIPO,-3 given above. The high- and low-temperature
minima were fitted by a BPP-type eqn. (1) and a Cole-
Davidson-type eqn, (4) with a 7 distribution, respectively, The
fitted results are shown in Fig. 5 and Table 2. The low- and
high-temperature minima were also assigned to the C, reori-
entation and the isotropic rotation, respectively.

The ¢ distribution applied for the TEA Cy reorientntion in
both molecular sieves can bs understood by the highly aniso-
tropic crystal field where TEA molecules are located. It is also
supparted by the M, temperature dependence in SAPO-3

which showed a gradnal decrease upon heating from ca. 90 to
220 K corresponding to the onset of the C, reorientation. A
stow M, decrease over [00 K including the T} minimum tem-
perature observed in SAPO-53 iz unusual for the normal
Arrhenius-type excitations and can ba well explained by the t
distribution model, The same discussion seems to be applic-
able to M, of AIPO,-5 for which low-temperature data are
lacking.

The fact that the extent of the ¢ distribution § = 0.3 for the
pseudo-C, reorientation in AIPO,-5 is wider than § =07 in
SAPO-5 is attributable to the difference in the inner-wall
structure of capillaries. In the low-temperatute range, the
lone-pair electrons in TEA molecules in SAPO-5 are expected
to interact with Brénsted acid sites with a concentration
higher than that of TEA in capillaries. This weak interaction
restricts TEA molecules to rotation about the axis nearly per-
pendicular to the pore axis. On the other hand, molecules in
AIPO,-5 rotate in a homogeneous cylindrically symmetric
field which ennbles molecular reorientations about axes with
no specified orjentations, This can afford a ¢ distribution in
AlPO,-5 wider than in SAPO-5,

We can see that the best fitted theoretical T; shown in Figs.
4 and 5 could not give 1 good fit in the high-temperature
range of the respective T, minima for the Cj-rotation in
AlPO,-3 and SAPO-§, both showed a slight frequency depen-
dent T; above the minimum, but no dependency in the calcu-
lated values, This implies that the Cole~-Davidson model is
incomplete for the present results, but we need a mixing of the
other distribution model to some extent, for example, the
Cole-Cole-type model'*2! having a symmetric ¢ distribution,

AM, of 130 % 1072 mT? reduced through the excitation of
the pseudo-C, reorientation determined from the 7, minimum
value in AIPO,-5 is much larger than 7.18 = 1072 m'T? for the
same motion in SAPO-S, whereas AM, = 0.59 x 1072 mT?
for the onset of the isotropie reorientation in AIPQ,-5 is much
smaller than 2.94 x 10™* mT? in SAPQ-5. The observed AM,
of 13.0 x 1072 mT? in AIPQ,-5 larger than 10.8 x 1072 mT?
theoretically calculated for this molion can be explained by
the onsst of the tumbling of the pseudo-C, axis together with
the molecular Cy-teorientation. The large motional freedom
obtained in the low-temperature range in AIPO,-5 results in a
small AM, value for the isotropic rotation,

Comparison of metional states of tetrapropylammenium (TPA)
cations in MFI-zeolite

In the present molecular sieves, we observed the overall iso-
tropic rotation of TEA molecules above ¢a. 120 K in AIPO,-3
and eca. 200 K in SAPO-5. On the other hand, such high
mobilities were unobserved in TPA ions used as a SDA in the
MFT-zeolite® where reorientations of propyl groups were
reporied to be the highest freedom motion observed up to ea.
450 K, although the moticnal [reedom in the zeolite was
shown to be larger than in bulk bromide salt below room
temperature. The high mobility in the present systems are
attributable to smaller molecular size and smaller electrostatic
interactions with the pore surface. In the analysis of T,

Table 2 Activation enerpies (E,), reductions of *H NMR second moment (M), correlation times at infinita temperature {7o) and parameter
expressing the distribution of correlation time (8) for melecular motions derived from ‘I NMR spin-lattice relaxation times observed in

tristhylamins (TEA) ndsorbed in AIPO,-5 and SAPO-5

E,/k] mol ! AM/E0™? mT? /107 8 ] Motional mode
AIPO,-S(TEA) 150 + 0.5 0,59 + 0.2 590 - Tsotropic rotation
10.5 £ 0d 130+ 0.5 0,544 0.30 FPaeudo-C, rotation
SAPQ-3(TEA) 14.7 4 0.3 294 % 0.3 500 — Tsotropic rotation
8.0 4 04 116 1 04 6.20 0,70 Pseudo-C, rotation

1868 Phys. Chem. Chem, Phys, 2000, 2, 18651869



observed in all of these zeolites, the introduction of the distrib-
uted rnotional correlation time t was required. Our data were
explained by applying the Cole-Davidson-type distribution,
while those in TPA-MFI zeolite were analysed by the
Williams-Watts model. These results imply that molecules in
these types of molecular sleves take generally distributed
otierttations in micropores. This tendency is more marked in
systems with a homogeneous pore structure like AIPQ,-5 with
many possible orientations with different potential energies to
each other.

Conclusion

In the temperature range of 90 K to room temperature, the
'H NMR spectra and T, ol TEA molecules adsorbed in
AIPO,-S and SAPO-5 could be explained by the same
motional meodes, fe, molecular C; and isotropic reorien-
tations, but they showed different temperature dependences in
the former mode, The fact that the C, reorientation in AIPO,-
5 is hindered less than in SAPQ-5 is explained by the forma-
tion of a hydrogen bond between the lone-pair electrons in
nitrogen and the Bronsted acid sites on the pore surface in
SAPO-5, This interaction favouring TEA molecules with the
orientation of the €, axis perpendicular to the pore axis
results in the ¢ distribution for the C, reorientation being
smalter (larger f) than in AIPO,-5 in which the TBA mol-
ecules can take random orientations of the molecular C, axis
in the pore more than in SAPO-S giving a wide variety of the
% values (smaller f) in AIPO,-5.

It is noted in the present molecular sieves that the template
molecules showed high mobilities such as the isotropic molec-
vlar reorientation in micropores. On the other hand, we
observed a remarkable characteristic that the template mol-
ecules are stable and stay in micropores even heated up to 450
K in vacuo, This result seems to be related with pore struc-
tures in a long range or conditions of crystal suefaces. To
discuss this phenomenon in detail, we need analysis on more
strictural data for various adsorbed molecular sieves,
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Adsorption and Electronic Properties in
Tetramethylbenzidine-Intercalated
Tetrasilicicfluormica
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Adsorption and electronic properties in tetramethylbenzidine-intercalated tetrasilicicfluor-

tica were investigated by powder X-ray diffraction, ESR, TG, and DC-electric conductivity
measurements.

Keywords: tetrasilicicfluormica; tetramethylbenzidine; XRD; ESR; T'G; conductivity

INTRODUCTION

Colour reactions of clay minerals with aromatic amines are known as amine
oxidation in the interlayer space of clays!'. 3,3’5,5“Tetramethyl-benzidine
(TMB) exhibiting this reaction shows the molecular arrangement dependence
on the adsorption level in the interlayer space of hectorite®: A fow adsorption
level gives yellow free radicals whose molecular plane is parallel to the clay
surface, while green m-n charge-transfer complexes with the molecular axis
vertical on the surface are formed at high adsorption levels.
In mica, which is a higher charged clay than hectorite, the density of

charge transfer complexes in the interlayer space increases, the overlapping of

their m orbitals is expected to spread over many amine molecules. At the

[1113)/305
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same time, this system can be expected to be a development of new pillared
clays®4 with characteristic adsorption and interlayer environment. In this
study, we examined the adsorption and electronic properties of TMB-
intercalated tetrasilicicfluormica (TSFM) by thermo-gravimetry (TG), and

measurements of electron spin resonance (ESR) and DC electric conductivity.

Experimental

Synthetic tetrasilicicfluormica (Nag;Si;Mg,/Fng0H,,0,) was kindly gifted
by CO-OF Chemical Co. Ltd. Dihydrochloride (TMB*2HC!) of TMB was
recrystallized from an HCl solution of TMB (Tokyo Kasei Co. Ltd). Inter-
calation compounds were obtained by following procedure: An aqueous solu-
tion of TMB*2HC] was poured to Na-TSFM suspensions in distilled water and
stirred for 30 min. and another solution for 12 hours, where the final suspen-
sions was shown to contain TMB* jons 0.45 times Na* ions in original TSFM.
The suspensions were centrifuged and washed by distilled water. The appar-
ent colour of dried precipitations is yellow in the specimen after the stirring of
30 min. and dark yeilow after 12 hours stirring. The specimen stirred for 30
min, was stable for more than several weeks, while the colour in the latter was
immediately changed to deep green in moist air. They are abbreviated to
TMB-TSFM(y) and TMB-TSFM(g) in the same order in the following discus-
sion.

TG curves were recorded on a Seiko EXSTAR6000 TG/DTA, ESR
spectra on a Bruker EMX-T spectrometer, and DC conductivity was measured
by using an ADVANTEST R6144 programmable DC voltage generator and an
Iwatsu model 7411 digital multimeter. The crystal (001) spacing in interca-
lated compounds was measured with a Philips Xpert PW3040 diffractometer.

All measurements were carried out on powdered samples.
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RESULTS AND DISCUSSION
Elemental Analysis, X-Ray Powder Diffraction and TG

The results of elemental analysis are shown in Table 1.

[1115)/31]

Calculated values

were obtained on the assumption that all TMB* ions in the suspensions ex-

changed Na* jons in TSFM. From Table 1, it was found that both C and N

contents are almost 90 % of calculated values in both TMB-TSFM(y) and

TMB-TSFM(g) (the rest seems to be Na* ions), 4., the adsorption process was

mostly completed within 30 min. An increase of H contents in TMB-

TSFM(g) implies the existence of adsorbed or coordinated water,

TABLE1

Results of elemental analysis

specimens C(%) | B(%) | N(%)
TMB-TSFM(y) [12.2 1.72 1.83
TMB-TSFM(g) | 12.6 2.10 1.87

cale, 14.0 2.23 2.04

-

Na-TSFM
3 _/_/—’\/\ TMB-TSFM(y)
' ___/K; TMB-TSFM(g]
— {015

20(Cu-K,) / degree

FIGURE 1 X-Ray reflections from (001) in powdered Na-TSFM,

TMB-TSFM(y) and TMB-TSFM(g).

X-ray powder diffraction data revealed expansion of d-spacing for (001)
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by intercalation. Broad and dispersed peaks imply inhomogeneity in the in-
tercalation compounds, Observed several broad peaks suggest that the ob-
tained samples contain some mixtures with different d-spacings, but they were
used without farther purification in this study. The main peak corresponds to
13.3 A spacing for (001) in TMB-TSFM(y) while 20.1 A in TMB-TSFM(g).
This suggests that TMB* ions were adsorbed as flat on the clay surface at first
then they rearranged to vertically to the surface™. The TG measurement on
TMB-TSFM(g) showed a weight-loss attributable to the desorption of water in
a wide temperature range above room temperature, while TMB-TSFM(y)
showed no considerable loss. The amount of water adsorbed on TMB-
TSFM(g) was estimated from the weight-loss to be ca. 2.4 molecules per
TMB' jon. These facts imply that the water molecules adsorbed in micro- or
mesopore in TMB-TSFM(g).

ESR spectra

TMB-TSFM(y) .~

TMB-TSFM(g)
dried

TMB-TSFM(9g)

A

[| " 1 it ] k 1
3300 3320 3340 3360
HIG
FIGURE 2 ESR spectra of TMB-TSFM complexes observed at
room temperature.

. L -}
3380 3400

ESR spectra were measured at room temperature in a specimen of TMB-

TSFM(y) and two of TMB-TSFM(g): one of green specimen was dried in
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vacuo and, in the other, water was adsorbed in moist air (Fig. 1). A broad

300 250 200 T/K 150
10 H T T —
9" - O 1
8[- -
7"‘ O -3
6F o -
o 5t o -
& 4- ]
3k _
2 - 1 . | 1 . 1 . : N
3 4 5 6 7 8 9
1000x77 / K

FIGURE 3 Temperature dependence of the ESR line-width

(Av) in moist TMB-TSFM(g). The solid line represents a
best-fitted line.

ESR absorption line observed in TMB-TSFM(y) indicates that TMB ions are
adsorbed as free radicals®), In desiccated TMB-TSFM(g) giving dark yellow
colour, the absorption line was broad, whereas nmamrow in the moist green
specimen. This implics that the charge transfer between TMB ions was as-
sisted by adsorbed water molecules.

The ESR line-width of the moist TMB-TSFM(g) was increased with
decreasing temperature (Fig. 3) and coincided at 120 K with that of the dried
specimen at room temperature. This temperature dependence corresponds to
an activation process of electron transfer and the activation energy of this proc-

ess can be roughly estimated to be ca, 9x1 kJ mot” from the slope.

DC electr Juctivi

It is expected in this system that the charge transfer occurs not onty in pairs of



JL4/(1118) SHIN'ICHI ISHIMARU et al,

TMB ions but over many ions arranged vertically in the interlayer space. DC
electric conductivity was measured at room temperature to confirm the delo-
calization of electrons. Because of the large resistance, conductivities could
not be obtained in TMB-TSFM(y) and dried TMB-TSFM(g) where TMB is
intercalated as free radical, for their large resistance. On the other hand, moist
TMB-TSFM(g) showed a time dependent conductivity of ca. 10° S m™" at im-
mediately after starting the measurement, then it decreased continuously to a
constant value of ca. 107 S m’, within ca. 10 min. The time dependent
component is assignable to the polarization of ammonium protons in TMB?*
ions associated with the intercalated water, and the constant component is at-
tributed to the electron conduction.

Because the electric conduction is limited in the 2-D interlayer space, the
observed conductivity was low in our powder experiments. To get a higher

conductivity, we need a measurement of oriented films.
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Dynamics of n-Octylammonium Jons Intercalated
in Saponite

MIHO YAMAUCHI, SHINICHI ISHIMARU and RYUICHI IKEDA

Department of Chemistry, University of Tsukuba, Tsukuba 305-8571, Japan

(In final form June 23, 1999}

Dynamlc behavior of n-octylammonium ions intercalated into sapomte was mvestlgated by
2 and 'H solid NMR method. Obtained data indicate distributions in the rate of cationic
axial reorientations characterized by the heterogeneity of charge distribution in the saponite
layer plane. Above ca. 400 K, in-plane random reorientations of cations were observed as a
new kind of motion in the 2-D ionic system.

Keywords: solid state NMR; n-cctylammonium; saponite; T; quadrupole coupling constant
INTODUCTION

It has been reported! that n-alkylammonium jons can be intercalated into
layered clay minerals carrying negative charges in the wall, and, in clays with
a low concentration of layer charges such as smectites, cations are arranged
with their long axes paraliel to the sheet. Since anionic sites in the wall are
randomly located in clays, obtained alkylammonium systems can be regarded
as two-dimensional cationic aggregates with randomly distributed positions as
well as orientations. Our interest is the dynamic behavior in such two-

dimensional systems and, in the present study, we intend to inv

[111934315
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EXPERIMENTAL

Intercalation of n-octylammonium ions into Na-saponite (a reference clay of
the Clay Society of Japan, JCSS-3501) was performed by the ion exchange
method. Obtained n-CgH,,NH;-saponite, and a deuterated analog, n-C,H,,ND,-
saponite, are hereafter designated C8-SP and CB84,-SP, respectively.
Identification of C8-SP was carried out by elemental analysis and powder X-
ray diffraction (XRD). *H NMR spectra in C84,-SP were observed at a Larmor
frequency of 46.05 MHz with a Bruker MSL-300 NMR system. 'H NMR spin-
lattice relaxation times (7)) in C8-SP and C84,-SP were determined with a

home-made apparatus at 50.4 and 23.5 MHz, and 48.9 MHz, respectively.

RESULTS AND DISCUSSION

We in C8-SP obtained by subtracting the layer thickness
0.96 nm® from d-spacing of the (001) peak of XRD patterns observed in C8-
SP was 0.40.1 nm, indicating that n-octylammonium ions are intercalated
into saponite and arranged their long axes parailel to the clay layers.

The elemental analysis in C8-SP showed that 58 % of Na in Na-SP
was exchanged with n-octylammonium cations implying that the available area
for a cation was ca. 0.75 nm®  Since the area of a flat-lying n-
octylammonium ion, ca. 0.60 nm® is close to 0.75 nm®, we can presume that a
two-dimensional phase of densely packed n-octylammonium ions was formed

between the saponite layers.

NMR Measurements

’H NMR spectra observed in a temperature range 116-480 K were shown to
consist of superposed broad and sharp components. With increasing
temperature, the broad component narrowed gradually and the proportion of
the sharp one increased. This fact suggests the presence of several kinds of n-
octylammonium ions in different motional states, namely, the sharp and broad

components in the spectra originate from mobile and restricted ions,
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respectively. Quadrupole coupling constants
(QCC) determined from the linewidth of the
broad component of *H spectra are shown in
Fig. 2. The QCC of 5015 kHz obtained at
116 K was smaller than 58 kHz calculated for
rotating ND," groups about the C, axis
derived from 173 kHz observed in rigid
C,H,ND,"! indicating that this motional
mode has already been excited below 116 K.
Over a wide range 116-400 K, QCC gradually
decreased from 50 to 20+ 10 kHz being
smaller than 22 kHz calculated for the model

of the cationic uniaxial rotation about its long

1

(d)

(a)

(b)

(c)

LLIIILJ_..LLil

30

-50

kHz

FIGURE 1 *H NMR spectra
in C8-8P at 480 K(a), 380 K(b),
340 K(c) and 116 K(d).

axis. This unusually gradual reduction suggests that the reorientational

correlation time of the uniaxial rotation is widely distributed. Above 400 X, it

is expected that a large amplitude motion of the whole ion in the two

dimensional interlayer space is excited together with the axial rotation because

of the narrowed width of ca. 5 kHz observed in this temperature region.

The 'H NMR spin-lattice relaxation times (7,) measured in C8-SP and

C84,-SP are shown in Fig. 3. We observed a broad and a sharp minimum

around 150 and 450 K,

respectively. The 7, data in C8- 60 [~
SP and C84,-SP were nearly the 50 _E
same in the whole temperature g 40 =
range studied except for the §30 B
range 160-300 K, where 7| in 20~
C8d,-SP was longer than those in 10 m

]

C8-SP. This implies that the 100
broad T, minimum consists of

two minima: one in the high-

200
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T7/K

400 500

FIGURE 2 Temperature dependence
2 .
of "H quadrupole coupling constant.
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FIGURE 3 'HNMR spin-latticerelaxation times T, observed

at 50.4 MHz(®) and 23.5 MHz (A ) in C8-SP, and at 48.9 MHz
(O) in C84,-SP. The lines denote values calculated by introducing

distributions in correlation times, See text.

temperature region, which was affected by the deuteration, is attributable to a
motion of NH,™ groups, while the other in low-temperatures can be explained
by the CH, rotation. Taking into consideration of the QCC decrease in the
range 116-480 K, The 7, minimum observed around 450 K was assigned to the
uniaxial rotation of n-octylammonium ions about the long axis. In case T,
relaxation is caused by a molecular motion, the BPP-type equation” with a
single correlation time ¢ has been shown to be an acceptable approximation',
It is noted, however, that observed 7| values around the minima are [onger
than those estimated from the simple BPP theory: the 7, minimum values
observed around 160 and 400 K were ca. 0.17 and 0.075 s, while those
calculated for NH,'- and uniaxial rotations are 0.13 and 0.021 s, respectively,
Here, we introduce a distribution in the correlation time t to explain these
shallow minimum values and, at the same time, the gradual reduction of QCC.
Assuming the Cole-Davidson type distribution!”! given by

sinfie( < ‘
T) = T=<T,,Of =0 1T>x 1
g = — (To_r] : (1)
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where B(0<B=1) is a measure of the distribution and , is the long limit of ¢,

we can obtain T, written as

L 204 {"‘nsin(ﬁtan"mo} 2rnsin(ﬁtm42m°)} (2)
H

7 3! wr {1+ o't)¥?  wr,(1+ 40t
where v, AM ,, and w are the gyromagnetic ratio of a proton, the reduction
in M, of the '"H NMR line-width by the onset of the motion, and the angular

Larmor frequency, respectively. Here, we assume an Arrhenius-type activation

process given by

T = r,,exp[%} (3),
where E, is the activation energy and v, is the correlation time in the limit of
infinite temperature, The observed 7, data in C8-SP were fitted by the
superposition of three theoretical curves calculated by using Egs. (1)-(3), as
shown in Fig. 2, where dotted and broken lines are respective 7, components
calculated at 50.4 and 23.5 MHz and the sums are expressed by solid lines.
The motional parameters determined by the fitting are shown in Table 1. It can
be seen that T, calculated by introducing the < distribution reproduces the
experimental 7, data, and AM, values obtained in this calculation agree well
with those calculated for the CH;-, NH;*- and uniaxial rotation as shown in
Table 1. It is noted that the intramolecular motions as weli as the overall
uniaxial rotation are characterized by the distributed correlation times. £, of 27
kJ mol” for the uniaxial rotation in C8-SP is much larger than 5-18 kJ mol"
reported for rotator phases in n-alkylammonium salts' ", where the axial
rotation of the whole cations is excited. These results can be explained by the
dif‘t‘egrences in space available for the cationic motion, i.e., the spacing between
clay sheets is ca. 0.4 nm in C8-SP, while the spacing for the rotation in the
rotator phase has been reported ca. 0.55 nm in n-dodecylammonium chloride!™,

The heterogeneity observed in n-octylammonium motions expected {o
be caused by the inhomogeneous charge distribution in clay layers. This result

and the high £, for cationic rotations imply that dynamic properties of n-
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octylammonium ions in saponite are strongly influenced by clay’s nature. On
the other hand, the *H spectra observed above 400 K in C84;-SP are narrowed
to ca. 5 kHz, being smaller than ca.15 kHz observed in the rotator phase of
deuterated n-dodecylammonium chloride!”. This implies that the order
parameter giving the degree of dynamic distribution of the cationic axis
orientation becomes ca. 0.23 in the present system much smaller than ca. 0.6 in
the rotator phase of C,,H,NH,C!. This in-piain cationic reorientation can be

regarded as a characteristic new mode of motion in the layered clay minerals.

TABLE 1 The fitting parameters of 'H NMR spin-lattice relaxation time. The
values in parentheses show those calculated by BPP theory.

Motional Mode E /kImol' AM,/G’ B
CH;-rot 8.0%+04 27+0.2(2.5) 0402
NH,'-rot 13405 3.6+0.4(3.7) 0.3%02
uniaxial-rot 27+2 121(10.5) 0.7x£0.1
Acknowledgment

This work was partly supported by Grant-in-aid for Scientific Research No.
(B)0944023 and (C)10640554 from the Ministry of Education, Science, Sports
and Culture, Japan. The authors are grateful to Chemical Analysis Center,
University of Tsukuba, for elemental analysis.

- References

(1] G.Lagaly, Clays Clay Minerals, 27, 1(1979).

[2] T. Endo, T. Sato and M. Shimad, J. Phys. Chem. Solids, 47,7799(1986).

(3] M.I Huntand A. L. Mackay, J. Magn. Reson., 15, 402(1974),

[4] N.Bloembergen, E. M. Purcell and R. V. Pound, Phys. Rev., 73, 679 (1948),

[5] D.W. Davidson and R. H. Cole, J. Chem. Phys, 19, 1484(1951).

[6] S.Fukuda, R. Ikeda and D. Nakamura, Bull. Chem, Soc, Jpn., 57, 2802 (1984),

{71 S. Tanaka, N. Onoda-Yamamuro, S. Ishimaru and R. Ikeda, Bull. Chem. Soc. Jpn., 70,
2981(1997),



Tonic plastic phases in trimethylammoniom trifluoroacetate studied
by 'H and *°F NMR spectroscopy, X-ray diffraction and thermal

measurements

¥oji Kuchitsu,” Hiroshi Ono,” Shin‘ichi Ishimaru,” Ryuichi Ikeda® and Hiroyuki Ishida*®

 Department of Chemistry, University of Tsukuba, Tsukuba 305-8371, Japan
b Department of Chemistry, Faculty of Science, Okayama University, Okayama 700-8530, Japon

Received 25th May 2008, Accepted 11¢th July 2000
Published on the Web 7th August 2000

'H and *F NMR, differential scanning calorimetric and X-ray powder diffraction measurements were carried
out in solid trimethylammonium trifluoroacetate, (CH,)y NHCOCCF,. Two solid—solid phase transitions were
observed at 307 and 330 K. The structures of the solid phases obtained above 330 K and between 307 and 330
K are CsCl-lype cubic and tetragonal, respectively. In the two phases, both eations and anions perform

self-diffusion and isoteopic rotation, From the dynamic behaviour of the ions together with thermal data, both

phases are assignabls as ionic plastic phases.

Introduction

1t is known that various methyl-substituted ammonium salts
consisting of simple monovalent inorganic anlons, such as
C]o“—’l—ﬂ Nos—-ll,Q I-'m.u Br—]lz—ld SON~ 13,16 and
BF,",!"® [orm a novel mesophase just below theic melting
or decomposition temperatures, the structure of which is
CsCl- or NaCl-type cubic. In this phase, both cation and
anion groups perform isotropic rotation, resulting in orienta-
tional disorder as in plastic phases of molecular crystals,!?-3°
Further, the ionic self-diffusion of the ions was detected on the
NMR time-scale. Recently, we have extended studies on the
mesophase to salts containing bulky cations such as tei-
sthylammonium,?!  trimethylethylammonium,>*=?*  piper-
idiniem®%2% and pyrrolidinium,?” but counteranions have
been limited to the small inorganic ions given above.

In this investigation, we wundertook studies on tri-
methylammonium trifluoroacetate, (CHLL,NHCOOCE,, with
the expectation of oblaining the ionic plastic phase containing
bulky organic anions. The detection of such a phase enables
us to characterize more ¢learly the ionic plastic phase. For this
purpose, we performed differential scanning calorimetry
{DSC) and X-ray powder diffraction and measured ‘H and
19F NMR spin—lattics relaxation time {T)), spin-spin relax-
ation time (T;) and second moment (M) of the 'H and '°F
NMR linewidths.

Experimental

(CH,NHCOOQOCF, was prepared by neutralizing tri-
methylamine with trifluoroacstic acid. The crystals obtained
were recrystallized twice from propan-l-ol. Anal. Caled. for
(CH;),NHCOOCF, C, 34.69; H, 5.82; N, 8.09%. Found: C,
32.79; H, 6.00; N, 1.57%.

Before making DSC and NMR measurements, the samples
were dried under dynamic vacoum (ca. 0.1 Pa} at room tem-
perature for 24 h. DSC was carried out on a Seiko DSC 120
calorimeter with a heating rate of 1 K min~! from 150 to 430
K. X-ray powdar patterns were taken at ca. 300 and 380 K
using a Philips X'Pert PW3050/00 diffractometer with Cu Ku
radiation,

DOI: 10.1039/b004193

The second moments of the 'H and *F NMR spectra were
cbiained with a Bruker SXP 100 spectrometer by applying the
solid-echo method.?® 'H and "9F NMR T and T; values were
measured on ithe same apparatus; the inversion-recovery
method was used for the determination of T; and Hahn’s spin-
zeho method?? for T,. The experimenial uncertainty was eski-
mated to be within 10% for T, and T,. The sample
temperature was controlled by the N, gas flow method with
an accuracy of 1 K.

Resuits and discussion

Two solid-solid phase transitions and the melting tem-
perature were recorded by DSC measurements at 107, 330 and
379 K, respectively. The solid phases revealed were designated
Phases I to [f] in order of decreasing temperature. The X-ray
powder patterns showed the crystal structures of Phass [ and
IT to be CsCl-type cubic and tetragonal, respectively. The
transition temperatures (7.), the associated enthalpy and
entropy changes (AH and AS) and the structural parameters
are presented in Table 1 togsther with the data for
(CH ), MHCHD,? and {CH,),NHBF, '™ for comparisen,
these salts are known to have thres solid phases and to form a
CsCl-type ionic plastic phase in the highest temperature solid
phase, The cobic structure in Phase I implies that both the
cation and anion are highly disordered and behave like sphes-
ical iens in the crystal. High disorder is also indicated by the
observed melting entropy A5 of 17 J K™! mol™}, which,
being lass than 20 J K™™' mol™?, meets the accepted criterion
for the formation of the plastic phaose in molecnlar crys-
tals.)?3® The radius of the rotating CF,COO" jon is esti-
mated to be 2.62 using the radius of the rotating
(CH,);NH* ion of 2,71 A, which is derived from the structu-
al data for Phase 1 in {CH,),NHCIO, and (CH,),NHBF,,
assuming the rotating radii of ClO,~ and BF,” jons to be
2.36 and 228 A, respectively.®*

Although the structures of Phase II in the three salts are
tetragonal, (CH,},NHCOQCF, is not isomorphous with
(CH,),NHCIO, and (CH;),NHBF,, as seen from Table L.
This difference in Phase 1I can be made clear by comparing
the 4,5 values of (CH3)NHCOOCE,, {CH,),NHCIO, and

Phys. Chem. Chem. Phys., 2000, 2, 38833885 3883
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Table 1 Structural parameters, transition temperatures (K), enthalpy changes (kJ ol 1), and entropy changes (J K=' mol ™"} for (CH,);NHX

(X =CF,C007, CI0,” and BF,7)

CF,C00" clo,"* BF,™*
Phase I (cubic
afA feubier= 6.15(5) 5,845(1) 5.772(4)
viA? 232(6) 199.7(2) 192.3(4)
/Mg m™? 1.24 1.327 1.26%
Z 1 1 1
Phase I (tetragona,
afA (eiragonal= 8.54(5) 9.912(4) 9.815(5)
/A 531(5 7.01(2) 6.895(5)
VA \ 387(9) ss?(gz‘ 66?(3')]
D m” 148 . .
zJMB 2 4 4
Thermal data—
T 37%1) ~ 5§55 489(1)
A H 6.5(1) {decomposition) 9.5(2)
A S 171} . 19(1)
o — 330(1) 480{1) 453(1)
o L1 3.96(5) 3.36(5)
admom 3203 8.3(1) 7.4(1)
a1 30 396(1) 384(1)
wHatm 60(1) 10(2) L1{2)
S - A 2.5(5) 25(5)

* Rel. 7. Ref. £7 and 30,

(CH,),NHBF,. The large A, Sqq—m of 20 J K™' mal~! and
the small 4,8y 0f 3.2 T K= mol ™! in (CH,),NHCOOCF,
indicate that both the cation and anion have a large extent of
orientational freedom in Phase IL. The entropy change is
approximated as A,,S = R In{n,/n,), where n,/n; is the ratio
of the number of orientational freedoms of constituent mol-
ecules in the high and low temperature phases, respectively,
assuming that the configurational entropy is the most domi-
nant contribution.?? A ratio of 11 is obtained for 20 J K~!
mol™! and this valug is believed to account for the change in
the number of orientations of both ions &t Ty, On the
other hand, the ions in (CH,),NHCIO, and (CH,);NHBF,
are considered to wndergo little change in orientational
freedom at T, qp from 8, Sy of ca. 3 7 K74 mol™*,
much smaller than A, 8, of ca. 8J K™ mol™!,

Fig. | shows the temperature dependenees of the 'H and
1F NMR M, values (abbreviated to M,; and M.,
respectively) observed in (CH,),NHCOOCF, in the range
200-340 K. A sudden change in M,y and M,y was observed
at Tyyu-wy @nd they became less than 005 x 10°* mT? in
Phases I and II. This indicates that both ions change their
motional modes from a hindered reorientation to the isotropic
rotation at Ty, in agreement with the above DSC
results, Furthermore, the M, data imply the occurrence of

0 S
200 250 300

T

Fig. 1 Sccond moment (M,) of *H {(Q) and **F (A) NMR linewidths
obsecved in (CH,),NHCOOCF,. Broken lines show the phase tran-
sition temperatures determined by DSC,

3884  Phys. Chem. Chem. Phys., 2000, 2, 1833-3885

translational self-diffusion of both ions, because M, calculated
for the isotropically rotating cation and anion is 0.68 x 102
mT? for M,y and 0.63 % 1072 mT? for M, hence the experi-
mental values being smaller than these values can be
explained only by the onset of self-diffusion, In the M, calcu-
lation, the *H and *°F nuclei of the fons are assumed to be at
the lattice point of the CsCl-type cubic lattice determined for
Phase I. Hence, we can conclude that both Phases IT and I of
(CH,);NHCOOCF, are plastic phases from the thermal data,
i, the small Ay, § and the large A, Sy, and the dynamic
behaviour of the ions,

Fig. 2 shows the temperature dependences of the '"H NMR
T, and T; values (abbreviated to Ty and Ty observed at a
Larmor [requency of 40.5 MHz, and the '°F NMR T, and T,
values {T}p and T3¢} at 38,1 MHz in the range 250-380 K,
From the M, results, we can assign the increase in Ty and
the decrease in T,y with increasing temperature in Phase II to
the cationic and anionic self-diffusion, respectively. Here the
icnic rotation detected from M, messurement is assumed to
be much faster than the self-diffusion; in other words, the
correlation time of rotation (v, ) and that of sell-diffusion

350 TiK 300 250
10 T T
Aad a AA A, A
it} fol, e
\'ﬁ:w 0
6153 @ Q g
2 °© 0o 4
& 01 ~
[N
0 F B&Q&% _
i “ \%lﬁbﬁ ]
001 Ly
3 4
1007 K

Fig.2 'H and "*F NMR spin-lattice (T,) and spin-spin (T}) relax-
ation times observed in (CH),NHCOOCF,: T,; at 40.5 MHz (O},
Typ 0t 381 MHz (A), Ty, 8t 40.5 MHz ([} and Ty at 38.1 MHz ().
Solid lines are the best-fitted values, Broken fines show the phase
transition terperatures determined by DSC.



{t,, aie) of each ion (i = H and F for the cation and the anion,
respectively) [ulfill the conditions wg, ., « | and ey 4> 1,
where wy and wy are the Larmor frequencies of proton and
fluorine nuclei, respectively. From the gradient of Ty, vs. T4
plots, we evaluated the activation energy (E,) of cationic self-
diffusion ag 56 4+ 3 kJ mol~!. For the anionic setf-diffusion we
obtained E, of 58 £ 6 kJ mol ™! from the Tjr vs. T~ ! plots,

In Phase I, Toy and Typ are longer than 1 ms and increases
in Tpy and T, with temperature are attributable to the
cationic and anionic seli-diffusion, respectively, The E, values
of self-diffusion were evaluated to be 42 £ 2 and 55+ 5 kJ
mol™! for the cation and the anion, respectively, from the
slopes of Ty and Tye. The temperature dependence of Ty
and Tip in Phase I ¢an be explained from the anionic self
diffusion using the BPP-type equationg: ¥

Tin™" = Cusl{t/[L + (g — 0221 + 3241 + o,
+ 6t/[1 + {wy + wg*s?])
Tir~! = Ceplt/(l + wp?c?) + 411 + dw,%17)]

where 'H-'?F and '""F-'*F magnetic dipole interactions are
taken into account for Ty, and Ty, respectively, and Cyy and
Cpp are the motional constants, The best fitted valuss using E,
obtained from T}, and T, are shown in Fig 2.

The E, values obtained in Phases 1 and II show that the
anjonic self-~diffusion is more hindered than the cationic diffu-
sion, suggesting that the molecular weight has a greater effect
than the molecular size on the self-diffusion. The same result
was obtained in the ionic plastic phase of (CH,),NHClO,.
the E, of 55 kI mol™! for the cation is smaller than the 64 kJ
mol™! for the anion with a size much smaller than the
cation.® Moreover, the influence of the molecular shape on the
self-difusion is derived from the fact that the E, values of both
ions in {CH,),NHCOOCF, consisting of a heavy and bulky
anion are smaller than those in (CH,), NHCIO, . This can be
explained by the non-spherical shape of the constituent ions,
that is, in (CH,)sNHCOOCF, the rotating cation and anion
can diffuse sasily when each of the neighbouring ions has suit-
able orientations for ionic jumps,

Conclusion

We have found that (CH,},NHCOOCF, crystallizes in a
CsCl-type cubic lattice above 330 K and a tetragonal lattice
between 309 and 330 K. Isotropic rotation and sel{-diffusion
of the cation and the anion were observed in both phases.
Since the dynamic properties of the ions in these phases are
analogous to those in the plastic phase found in molecular
crystals, these mesophases can be assigned to the fonie plastic
phase, To our knowledge, this is the first example of an ionic
plastic phase containing organic anions and also having a
tetragonal structure. To obtain information on ionic rotations
in Phases [ and II, we are planning to perform neutron quasi-
elastic scattering measurements.
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Abstract

35CI NQR frequencies and spin-lattice relaxation time (Tiq) and 'H NMR relaxation times (7T\4) in 4 H-bonded three
molecular system, chloranilic acid-1,4-diazine (1:2) were measured to reveal H-motions in a symmetric two H-bonds in
solid, A single ¥Cl NQR frequency observed implies that the time-averaged structure of chloranilic acid is roughly
monovalent in accordance with pX, values in both acid and base. 7|y temperature dependence was explained by a single
relaxation mechanism due to the correlated H-transfer in two H-bonds, while that of Tg yielded two relaxation
processes. One of these undetected by 'H NMR was explained by the uncorrelated H-transfer, © 2000 Elsevier Science
B.YV.

1. Introduction

Entermolecular H-bonding plays an important role in forming anisotropic interactions in condensed
systems in which the hydrogen transfer through H-bonds between molecules enabling charge and energy
transfers in solid and biological systems has been intensively studied in connection with ferro- and anti-
ferro-electrics [1), dipolar glasses [2] and molecular solitons {3]. In our previous study [4], we reported for
the first time that NQR can be used as a quite sensitive technique to detect the H-transfer by applying this
method to p-chlorobenzoic acid forming a H-bonded dimer structure in crystals [5). In that study, the 3Cl
NQR relaxation measurement even at a position remote from H-bonds can provide an effective probe much
more sensitive than the familiar 'H NMR technique. This is because a marked fluctuation of electric feld
gradient (efg) at resonant nuclei far from the hydrogen atoms can be made through m-electron systems in
case the molecular charge is changed by H-transfer between molecules. On the other hand, 'H NMR re-
laxation due to the fluctuation of magnetic dipolar interactions caused by hydrogen transfers can provide

" Corresponding author, Fax: +81-298-53.6503,
E-mall address: tkeda@chem,tsukuba,ac.jp (R, Tkeda).

0009-2614/004% - see front matter © 2000 Elsevier Sciencs BV,
PILS0009-2614{00)00985-4
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only a small contribution to the total relaxation because of a small displacement of H-atoms in jumping
processes,

In the present study, we intend to detect new hydrogen transfer modes applying the NQR method to a
H-bonded three molecular system, (chloranilic acid)~(1,4-diazine) 1:2 complex. In this system, three kinds
of different jonic structures of chloranilic acid can be formed by H-transfers in two hydrogen bonds in this
molecular system, where we can expect more complicated H-motions compared with the previous
p-chlorobenzoic acid dimers [4].

2. Experimental

A molecular complex of chloranilic acid (C;0,Cl;(OH),) with 1,4-diazine (C4H,N,) with a ratio of 1:2
was prepared according to the literature [6] and obtained dark purple crystals were recrystailized from
methanol, A partial deuterated analogue Cs0,Cl;(OD},-(C;H4N,), was obtained by repeated crystalli-
zations of the protonated compound from CH;OD.

*Cl NQR frequencies were measured with a Dean-type external quenching superregenerative spec-
trometer with Zeeman modulation {7] in a temperature range 77 K to room temperature. The ¥Cl NQR
spin-lattice relaxation time (71q) was measured with a home-made pulsed spectrometer reported elsewhere
(8] in the same temperature range for the protonated sample and 77-130 K for the deuterated analogues. A
[80°-7-90° pulse sequence was used for determining Tio. 'H NMR spin-lattice relaxation time (Tiy) in the
protonated sample was measured with a home-made pulsed spectrometer [9] at a Larmor frequency of 54.3
MHz in a range 85-300 K applying the saturation recovery method.

3. Results

Temperature dependences of **Cl NQR frequencies observed in C40,Cl(OH),~(CsHyN;), and
Cs0,CL(0D),~(CsHyN,), are shown in Fig. 1. A single resonance frequency was observed at

36, | T T
AA%AA
6.4 v ey, .. J
V/MHz | e, R
] ..
36.% *a ]
[ ] . .
[ ]
a
36.9F 1
1 ke [ e
3645700 200 300
T/K

Fig. |, Temperature dependences of *Cl NQR frequencies observed in CsQ:Cli{OH),~(CiHiN1)y(0), and C50,CL{OD),~
{CaHal),(a) .
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Fig. 2. Temperature dependences of the *Cl NQR spin-lattice relaxation times Tig observed in Cs02C1;{OH),~(CyH Ny}, (o), and
Cs0:ClL(0D),~(C,HyN2), (A). The filled curve is the best-fitted, caleulated values expressed by the superposition of two components
(dashed curves).

36.3997 £ 0.0005 and 36.466 2 0.001 MHz at 77 £ 1 X for the protonated and deuterated analogues, re-
spectively. These results agree with the crystal structure of the protonated complex that all chlorine atoms
in crystals are equivalent at room temperature [6]. Upon heating, these resonance frequencies were grad-
ually decreased and weakened, and disappeared in the noise level at ca. 300 and 120 K in protonated and
deuterated analogues, respectively.

Temperature dependences of *Cl NQR spin-lattice relaxation time (7}q) observed in both analogues are
shown in Fig. 2. On heating the protonated salt from 77 K, Tiq was decreased, and showed a shallow
minimum of ca. 600 ms at ca. 120 K. Upon further heating to room temperature, T)q again decreased down
to ca, 100 ms. On the other hand, the deuterated salt showed Tq longer than in the protonated salt in the
temperature range studied, where it decreased on heating and became ajmost temperature independent
above ca. 110 K,

A temperature dependence of 'H NMR spin-lattice relaxation time (7}y) observed in the protonated salt
at 54.3 MHz is shown in Fig. 3. A single long Tjy minimum of ca. 45 s was observed at 135 XK.

4. Discussion
4.1, 3CI NQR frequencies

NQR frequencies gradually decreased upon heating from 77 K in both salts shown in Fig, 1 and can be
explained by the normal Bayer-type lattice vib:rations f10l.

NQR frequencies in chloranilic acid {(C40,Cl(OH),) and its sodium salt {C40,Cl,{ONa),) observed at
77 K were reported to be 37,15, and 35,538 and 34.853 MHz [11], respectively, If we assume the formal
charges on chloranilic acid and its sodium salt to be zero and —2, respectively, then we can see that the
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Fig. 3. A temperature dependence of the 'Hf NMR spin-lattice relaxation time Ty observed in C0yCla (OH)y~(CaHalMa), 2t a Larmaor
frequency of 54.3 MHz. Solid lin¢s are dravm to obtain activation energies,

frequency (36.4 MHz) observed in the present salt at 77 K comes to almost at the centre (36.2 MHz) of
frequencies in the compounds with the two extreme structures. This result implies that chloranilic acid in
the present system is partially ionized and its formal charge is close to —1. Since the presence of inversion
symmetry in all chioranilic acid motecules in crystals was shown from X-ray diffraction at room temper-
ature (6], we can expect that the equal contribution from the following formulas I and II are the most
probable time-averaged structure at low temperatures:

/N cl ¥
A il O-H
¢l 0" N

I | 1

The formation of these ionic structures can be supported from the fact that chloranilic acid and 1,4-
diazine act as moderately strong acid and base with pK,, values of 0,76 and 0.57, respectively, in aqueous
solution [12~-14].

4.2. 'H NMR relaxation time (Tin)
The long Tix minimum of 45 s observed in the protonated salt at ca, 135 K was attributed to the av-

eraging of magnetic dipolar interactions due to the H-transfer motion O-H---N < O™---H-N* by the
following reasons: first, 'H NMR Ty observed in the partially deuterated salt with OD groups around the
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Tiy minimum temperature range gave 7,y values much longer than 500 s. This indicates that motions of
protons in the hydrogen bond contributes to this relaxation. Second, we performed a rough calculation of
the decrease in the second moment (AM,;)} of 'H NMR line which can be connected with Ty by applying the
BPP-type relaxation mechanism to be {15]

Tol = 2/3)?2AMz[r/(1 + wht?) + 4t/ (1 + dedir?)), (1)

where y, 7 and wy are the 'H magnetogyric ratio, the motional correlation time and the Larmor frequency,
respectively. Using the X-ray result [6] of the O-H distance (1.06 A} and assuming the usually accepted
N-H distance of 0.95 A in aromatic N~-H, we estimated intramolecular contributions to AM,, which gave a
7\w minimum of ca. 20 s at the same Larmor frequency. This value is almost the same order of magnitude
for the observed T1x value of 45 s. Third, quite analogous long Ty minimum values were reported in same
temperature range in crystalline benzoic acid and its derivatives {4,16], which have been shown to perform
the H-transfer in the H-bonded dimer structure in solid, As the motional mode of the H-transfer, we can
expect the proton exchange between the two structures I and I shown above. This is because monovalent
chloranilate (C40,Cl:(OH)O™) is presumed to be the most populated structure from the foregoing NQR
frequency analysis. The onset of this H-motion is consistent with the X-ray diffraction study [6] reporting
large displacement parameters of H-atoms attributable to disorder of H-atoms in the H-bonds. The ob-
served Tiy shown in Fig, 3 exhibits a little asymmetric temperature dependence different from the theo-
retically expected BPP-type temperature dependence given by BEq. (1), This asymmetry is atiributable to the
contribution from the tunnelling proton exchange in the low-temperature side of the minimum as already
discussed in detail in solid benzoic acid [16] and p-chlorobenzoic acid [4], The evaluated activation energies
(#,) from the high- and low-temperature sides of the minimum were 3,9+ 0.5 and 3.2 £ 0.5 kJ mol™!,
respect'wely The obtained E, in the high-temperature side, which corresponds to the barrier for the classical
jumping motion of protons between the two structures, is acceptable because it is comparable to
5.5 kJ mo}~! [16] obtained for the proton exchange in the H-bonded benzoic ,acid dimer in solid, These
results are consistent with O-H---X (X: O or N) distances reported to be 2.633 A (X:0) in benzoic acid [17]
and 2,590 A {(*oN) in the present system [6} being close to each other,

4.3. Cl NQR spin-lattice relaxation time (Tiq)

The temperature dependency of Tiq shown in Fig. 2 is assumed to be expressed by the superposition of
the following Debye-type relaxation and the Arrhenius-type activation equations [18];

Ty = Cla/(1+ k)] )
and
1, = tgexp(E,/RT), (3)

where C, ., @q, To and £, denote the motional constant, the motional correlation time, the NQR angular
frequency, the correlation time in the limit of infinite temperature and the activation energy, respectively.
The observed Tiq data were fitted by superimposed two relaxation mechanisms given by Eqs. (2) and (3)
and the best-fitted cutve is shown in Fig. 2. In this fitting calculation, we ignored the contribution from
lattice vibrations which seems to be present in the background of the observed Tiq temperature dependence.
Since the 7o minimum observed around 120 K can be taken to correspond to the Ty minimum at 135 K,
by taking into account the difference in applied frequencies in these two measurements, we used the E,
determined in Ty analysis as the fitting parameter for the low-temperature Tjq minimum, The determined
motional parameters are shown in Table 1. In accordance with 7iy analysis, the low-temperature minimum
is attributed to the correlated hydrogen exchange between structures I and II.

_68 —
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Table 1

Moetional parameters in H-transfers determined in (chloranilic acid)(ld-diazine} 1:2 complex CzO:Chy{OH),~{C.HN;), from
derived 35C NQR relaxation data

Correlated H-tranafer Uncorrelated H-transfer
C (s 59+0.0 x 100 ~d0x 10
7 (8} 220,10 % 10m0 ~ 40 % 10710
£y (kJ mot™) 32405 72£20

' Determined from 'H NMR Tig.

Upon heating, the protons in two O-H groups in a chloranilic acid are expected to move indePendently
between O and N sites, This motion enables the formation of divalent chloranilate ions (Cy04Cli") and at
the same time neutral chloranilic acid molecules, The structure changes in the correlated and uncorrelated
H-transfer models are given by Fig. 4. The uncorrelated H-transfers of I(or 1)« 111, and I(or N e TV
shown in the figure yield the structure changes between mono- and divalent ions, and also between
monovalent ions and neutral molecules, respectively, indicating marked changes in electronic structures
which should results in the fluctuation of efg at resonant chlorine nuclei. The occurrence of these motions
can be supported from Ty data which showed no marked relaxation processes in the range of the high-
temperature 7o decrease. This can be explained by considering that, once the magnetic dipolar interactions
are averaged by the simultaneous H-exchange between the structures I and II, the further average from the

cl
o 0
A

Fig. 4. H-transfer models, The correlated transfer model I~ 11, where two hydrogen atoms jump simultanecusly, The uncerrelated
transfer model I(or 11) «» 11 and L{or 1) « IV, whera two hydrogen atoms move independently,
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uncorrelated motions of almost the same displacements by the same hydrogen atoms is guite small and
should give much longer Tiy values than those from the correlated motion. We roughly evaluated the AM,
value caused by the uncorrelated H-transfers excited after being averaged by the correlated motions be-
tween [ and 11 by assumning the same H-positions used in the foregoing section. The Ty evaluated from AM;
by the uncorrelated H-transfers became ca, 400 times longer than that from the correlated motion implying
that T,y from the uncorrelated motion is too long to be detected. On the other hand, the uncorrelated
motions gave finite probabilities of the divalent and neutral structures in chloranilic acid which can
markedly contribute to the NQR relaxation. From the present Tiq data showing only a monotonous de-
crease on heating without any minima at high temperatures, we cannot identify the contributed relaxation
mechanism possible to be H-exchanges I (and II) ~ III, I (and II) ~ IV, or both shown in Fig, 4.

The deuterated salt gave Tiq values with a gradual decrease on heating from 77 K and a flat value of ca.
1.9 s around 120 K, where the T\ minimum in the protonated salt of ca. 800 ms was observed. The longer
Tiq in the deuterated salt indicates that the fluctuation of efg is decreased by the deuteration. This result is
unexplainable by the general trend of the smaller tunnelling in deuterated compounds as observed in
p-chlorobenzoic acid {4]. In the present stage, this increase of Tiq is attributable to the Ubbelohde effect
[19-22] resulting in a longer O-N distance, 1., the larger crystalline unit cell caused by the deuteration,
This effect can be expected to decrease the fluctuation of efg from intermolecular origing and give the
shallower T\q minimum.

5. Summary

From the temperature dependences of *3Cl NQR Tiq in (chloranilic acid)—(1,4-diazine) 1:2 salt, we
succeeded to obtain a new motional mode of the H-transfer which could not be detected by 'H NMR, The
observed Tiq values were much shorter than Tiy in the whole temperature range studied indicating that the
NQR method is a highly sensitive technique to detect subtle motions of H-bonded protons which result in
formation of molecules with different electric charges.
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3CI NQR frequencies and spin-latiice relaxation time, and
'H NMR spin-lattice relaxation time were measured on (chioranilic
acid)-(1,2-diazine) 1:2 molecular complex to detect H-transfer
motions in the H-bonded three molecular system. Only a single
H-jump mode was observed by 'H NMR, whereas three kinds of
H-transfer modes were obtained in ¥Cl NQR in good agreement
with the prediction,

We reported double H-transfer in solid p-chlorobenzoic acid!
containing a dimer structure? by the 33Cl NQR technigue, and
showed for the first time that the NQR relaxation can be a quite
sensilive probe for detecting H-transfer in H-bonded systems
compared with conventional 'H NMR relaxation studies, As an
application of this technique, we tred to find H-motions in a new
three-molecular H-bonded system, (chloranilic acidy—(1,4-diazine)
1:Z complex? {(C¢Cl1,0,(0H),)}-(C;N,H, )] (abbreviated to 1,4-
complex} in the previous study,! and succeeded in observing two
kinds of modes of H-transfer motion, one of which was a new
kind of mocle undetected by the 'H NMR method. [n the analysis
of the H-bonded structure in 1,4-complex, we predicted three
kinds of H-transfer modes, namely, H-jumps between two equiva-
lent monovalent chioranilate(1-) ions, between (1-) and (2-) ions,
and between (l-) ions and neutral chloranilic acid(0) molecules.
We could detect the first mode by both NQR and NMR relaxation
measurements in the low-lemperature range, but nothing in NMR
and only a single relaxation increase in NQR at high-tempera-
tures. This disagreement conld provide some doubt on the sensi-
tivity of NQR and also the validity of our H-transfer models,

In the present study, we intend to solve this problem and
measure NQR and NMR in a three-molecular H-bonded system,
(chloranilic acid)-(1,2-diazine)1:2 complex [(C,Cl,0,(0H),)-
(CyN,H,), T (abbreviated to 1,2-complex). Analogously to 1,4-
complex, 1,2-complex crystals contain almost isolated three
molecular units bonded by OH—-N type H-bonding with a short
O---N distance of 2.582 A’ where a chloranilic acid molecule is
located on an inversion center and only one of two N sites in a
1,2-diazine molecule takes part In the H-bending. If we consider
that pK,; in 1,4-diazine is 0.57,5 while 2.24 in |,2-diazine,% and
pK,, and pK,, in chloranilic acid are 0.76 and 2.72,5 respectively,
we can expect that the stability of chloranilate fons with high ionic
charges increases in 1,2-complex compared with in |, 4-complex.
This implies the easier formation of chloranilate(l-) and (2-)
ions, suggesting that the above three kinds of H-transfer motions
can be observed below room temperature,

3CINQR frequencies observed in a range 77-265 K in 1,2
complex are shown in Figure |, [ts temperature dependence
showed an anomalous positive temperatire coefficient in the low-
termperature range?7-160 K, which is unexplainable by the con-

ventional Bayer theory’ taking into account of the influence from
lattice and molecular vibrations. The origin of this unusual behav-
ior will be discussed at the end of the paper. It should be noted
that **C1 resonance frequency 34.940 + 0.001 MHz observed at 77
K is much lower than 36,40 MHz obtained in the foregoing 1,4-
complex,? Tt has been reported that 3C] NQR frequency in crys-
talline chloranilic acid(C40,Cl,(OH),) is 37.15 MHz at 77 K.
while its divalent sodium salt containing [C40,C1,0,]* ions gives
an averaged frequency of ca. 35.20 MHz (two lines ; 35.538 and
34.853 MHz) at 77 K.® From these frequencies, we can expect
that the present 1,2-complex contains chloranilic acid with a for-
mal charge close to 2— in crystal at 77 K. This contrasts with the
result in the previous 1,4-complex* in which the mongvalent chlo-
ranilate(1-) was shown to be the most populated species at low
temperatues from the observed 33Cl frequency. The present result
in I,2-complex can be supported by pK, value in 1,2-diazine
much larger than in [,4-diazine favoring the formation of the H-
transferred -N-H* structure in 1,2-complex.
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Figure 1, A temperature deperdience of *C1 NQR frequencies{y} cbserved in solid
chiomnilic acid-1,2-diazine (1:2) complex.

A temperature dependence of 'H NMR spin-lattice relaxation
time (7)) is shown in Figure 2. The very long Ty, observed in the
whole temperature range studied and a single shallow minimum of
45 s around 110 K are quite analogous to reported results in 1,4-
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complex.* Applying the same discussion as in 1,4-complex, we
can reasonably assign this T,y minimum observed in |,2-complex
to the fluctuations of the magnetic dipolar interactions caused by
the H-transfer between chloranilic acid and two 1,2-diazine mole-
cules H-bonded with each other, As an H-transfer model averag-
ing H-H dipolar interactions, H-jumps between the divalent and
manovalent chioranilate ions can be accepted, because H-motions
should be excited from the most populated chloranilate(2-), and in
this case, the next stable form is monovalent chloranilate{l-),
Accordingly, starting from the chloranilate(2-) ion, H-jumps,

Il and I«>I01 shown in Figure 3 are expected to take place with -

the same rate and contribute to the 'H relaxation at low tempera-
tures, where two stuctures, II and III; were assumed to be equiva-
lent from the crystal symmety of 1,2-complex.’

A temperature dependence of 3Cl NQR spin-lattice relax-
ation time(T)q) is shown in Figure 4, The observed 7\, pave &
complicated temperature dependence compared with that of Ty
and is explainable by the superposition of at least three T\ mini-
ma. Here, for simplicity, we assume the Debye type relaxation
process as abserved in 'H NMR and the Arrhenius-type activation
equation as used in the previous study on 1 4-complex.* We fit-
ted superimposed three relaxation curves on Ty and the best fitted
caleulated values are shown in Figure 4, In the fitting for the low-
est-temperature minimum, we used the Ty slopes obtained in the
Ty curve and the minimum temperature after adjusting the fre-
quency difference in the NQR and NMR measurements, In the
present study, we could clearly observed separated three relax-
ation processes assignable 1o three kinds of H-transfer modes we
predicted.! The lowest-temperature relaxation was explained by
the two equivalent modes LI and BT shown in Figore 3 tak-
ing place with the same probability as derived from the above dis-
cussion of Ty, As for the two other mechanisms expected in the
high temperature range, one is the symmerric H-exchange keeping
the chloranilate(1-) structure named the correlated motion in the
previous study* given by [[«+>1II in Figure 3. The other sheuld be
the H-transfer between chloranilate¢(-) and (0) expressed by
[lesIVand eIV in Figure 3. We can assign the former to the
relaxation giving the minimum around 160 K, and the Falter to that
observed around room temperature, This indicates that the latter

Figure 3, H-transfer modeld in erystalline chloranilic ackd-1,2-dlazine (1:2) complex.
“The mast stable stracture at low lemperatures js given by I containing chloranilate(2-) loas.
ShucnucnandmmmisﬂngofaquivakmdenDalaﬂ-)hmapfomﬂdwimﬂmal
axcimtion of L. At high temperatiuces, the less stable ehlorandlic acld(D) malecales TV are
made from I and [T by H-transfier.
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i pot k!
Figure 4 A {emperamre dependence of ¥C1 NQR, spin-Jattice miaxation time (T)q)
obsesved in soid chloranilic add-2+dazine (12} complex. Broken lines show three
relaxation processes and the solid line i the best-fited calculated values,

process has g higher barrier than the former, because, in the pres-
ent 1,2-complex, the time averaged structure of chloranilic acid
was shown to be close to 2— implying a high barrier for getting a
neutral molecule. This can also be shown from the consideration
of a marked difference in pK, (= 0.76) and pK,a(= 2.72)¢ of chlo-
ranilic acid and also pK,,(= 2.24)% of [,2-diazine in solution.

"The reason why the marked *Cl NQR relaxation, but no 'H
NMR Ty change was observed in the high-temperature range is
explained by the facts that H-transfer once excited affords a little
further Auctuation of the magnetic field at 'H nuclei, whereas
remnarkabte changes in EFG at Cl nuclel are formed by the change
of formal charges on chloranilic acid molecules.

The positive temperature coefficient of the NQR freguencies
observed in a range 77-170 K unexplainable by the conventional
Bayer-type lattice motions” can be attributable to the effect of H-
transfer described above, Upon heating from 77 K,we can expect
that the population of chloranilate(2-) ions decreases, while that of
(1-} ions increases. Since tha NQR frequency is determined by the
time-averaged EFG at the resonance nuclei, the increase in the
number of chloranilate(1-) jons which affords & higher frequency
than {2-) ions can explain the increase of efg with increasing tem-
perature. The frequency decrease observed on further heating can
be explained by considering that contributions to the EFG decrease
from lattice vibrations increase more than from the H-transfer.

This works was partly supported by Grant-in-Aid for scientif-
ic research No.(B) 12440192 and (C)10640554 from the Ministry
of Bducation, Science, Sports and Culture,
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‘H and *H NMR and thermal measurements were performed on crystatline [Pt{en),][Ptl,{en); XCLO,), in
which protonated and partiatly deuterated sthylenediamines H,N(CH,);NH,, D,N(CH_),ND, and
H,N{CD,),INH, were used as the ligand “en™, A metastable crystalline phase of [Pt{en),][PtBr,(en), 1(ClO,),
with conformational disorder of the en chelate rings was shown to have a different phase transition at ca. 380
K to the stable crystalline form of the ordered structurs, NMR spectra and relazation times showed that the
distribution of the en conformation is not static but dynamic in both I and Br complexes where & puckering
motion of en chelate rings was shown to take placs between asymmetric potential wells,

1. Introduction

Halogen-bridged mixed-valence complexes [M%(en),]-
[M™X,{en)}; J(ClO,), (en: ethylenediamine; M: Pt, Pd; X: Br,
Cl, 1) with a one-dimensional ~X-M-X-M"V-X~ structure
have been intensively studied from optical,! magnetic? and
structural® points of view, and characteristic electronic excita-
tions in mixed valence states® and charge and spin migrations
along the 1-D chains® have been revealed, The above Cl and
Br complexes were shown to have a structural phase tran-
sition in the range 269-298 K where the conformations of en
chelate tings having two possible conformations & and ) in
the M({en), moieties are changed from 5A (A3) in the low-
temperature monoclinic phase (P2,/m) to A\ (63) in the high-
temperature orthorhembic phase (I bam).>” Recently, 2 new
modification of [Pt(en);][PtBr,{en),](ClO,), was found, by
crystallizing from aqueous solution at temperatures below the
phase transition point (T;,), and shown to be & monoclinic
form {C 2/m) with disordered en conformations® It is noted
that this structure is isomorphous with the room-temperature
phase of [Pt(en),][Ptl,{en),)(CIO,),* which was suggested to
transform into the ordered form (C 2/c) in the range 150160
K upon cooling, as shown by a neutron diffraction study of
deuterated crystals.!?

In the present study, we intend to reveal the phase diagram
closely connected with en conformations and molecular
motions at the transition in these crystals by measuring the
thermal behaviour and 'H and 2H NMR speotra and spin-
lattice relaxation.

2. Experimental

[Pt(en),1[PtI,{en),}(CIi0O,), (abbreviated to Ptl) was prepared
according to a literature method'! and recrystailized from
water at room temperature. Partially deuterated analogues,
[PHNH,(CD,),NH,), J[PEX,(NH,(CD,},NH,},](C10,), (PiI-
CD) and [PHND,(CH,);ND,),][PtX,(ND,(CH,),ND,),]-
{ClO,); (PtI-ND} were obtained by using deuterated ethyl-
enediamine, (NH,(CD,);NH,) as the starting material, and

t Present addrese: Department of Chemistry, Faculty of Education,
Wakayama University, Sakaedani 930, Wakayama 640-8510, Japan,

1778 Phys. Chem. Chem. Phys., 2001 3, 17781781

repeated  crystallizations from  DD,0,  respectively.
[Pt(en), ][ PtBr,(en),)(ClO,), (PtBr) synthesized analogously
to Pt way recrystallized from water st ca. 10°C to obtain the
monoclinic crystalline form,® isomorphous with PtL

Phase transition temperatures wers determined with a
homemade differential thermal analysis (DTA) apparatus and
a Seiko differential scanning calorimetry (DSC) 120 calorime-
ter using scaled aluminium vessels, 2H NMR spectra and
spin-lattice relaxation times (T},} were observed with a
Bruker MSL-300 spectrometer at a Larmor frequency of
46,051 MHz in the range 140-370 X using a VT-1000 tem-
perature controller. The quadrupole pulse sequence'* for
observing an echo signal after two n/2 pulses with a r/2 phase
difference, where a m/2 pulse width was 3.5-5.0 ps, was
employed for the spectrum measurement and the inversion
recovery method was used for the T determination.

The '‘H NMR spin-lattice relaxation time T, and the
second moments (M,} of the resonance lines were determined
with a home-made pulsed spectrometer*® at 29,0 and 54.3
MHz using the inversion recovery method, and with a Bruker
SXP-100 spectrometer at 543 MHz by employing the solid
echo method,!* respectively.

3. Resulis and discussion

Thermal measurements

In the DTA measurements with Ptl, we observed a weak and
broad anomaly with a peak at 157 + 5 K accompanied by a
long tail on the low temperature side. This temperature agrees
well with the phase-transition temperature of 150160 K esti-
mated from the neutron diffraction study.}®

DSC thermograms recorded on PtBr of a monoclinic struc-
ture reported to be C 2/m® are shown in Fig, 1. When crystals
grown at cd. 283 K were cooled, no heat anomaly was record-
ed down to ce. 170 K. Upen heating this sample, an endo-
thermic anomaly was observed at 381 + 1 K with a transition
enthalpy A, H = 8 41 kJ mol™*, Upon cooling ffom above
the temperature, an exothermic anomaly was observed at 295
K with A H =10 kI mol™! and, on heating the low-
temperature phase again, an anomaly at 300 £ 1 K was
obtained while nc anomalies were observed around 380 K
where the transition was observed in the virgin sample, Since

DOT: 10.1039/b009646f
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Table 1 Activation encrgies (E,), potentinl energy differences (AE), jump angles (26), reductions in ‘Bl NMR second moments (Ad,) and
correlation times at infinite temperature (v ) of the puckering motion of Ptfen) chelate rings in asymmetric potential wells in Pt and its partiaily
deuterated analogues PtI-CD and Ptl-ND, together with PtBr, determined by “H and *H NMR relaxation studies. Figures in parentheses are

values obtained from *H spectrum anelysis

Compound EJXJ mol™! AEfk) mol™* 26/degrees AM,/mT? /10714 5
Ptl 3.0+ 05 45+ 1.0 —_ 0.12 1 0.02 48 + 05
PU-CD 2405 29 + 0.3(2.0 £ 1,0) 65 -+ 268 + 2) —_ 8.0+405
PL.ND 348+ 05 31105 28 3 2030 % 4) — 8.2+ 1,0
Pibr 31,005 32 +05 —_ 0,12 + 0.02 44 41,0

Exo.

Endo.

Fig. 1 Thermograms recorded in DSC measurements on PtBr, On
heating the metastablo monoclinic phase (C 2/m), the stable orthor-

hombic form (I bam) was obtaincd above the transition temperature
at

BILK

the transition temperature of 300 K agrees well with that in
orthorhombic PtBr,S these thermal data imply that the mono-
clinic form, metastable at room temperature, transforms into
the stable orthorhombic form at 381 K, acd the frat-order
phase transition observed at 300 K is between two stable
orthorhombic forms of I bam and F2,/m for the high and low
temperature forms, respectively.

TH NMR spectra

*H NMR spectra observed [n PtI-CD and PtI-ND are shown
in Fig, 2. Below ca 200 X, both complexes showed spectra
with a small asymmetry parameter (y) for principal values of

(a) 1]
—
MOK e 320K

300 K prm—ry_ BOOK
270K p— 270K
250 K

2
L

m Y ot 260 K

pramaid] 200K gt 200K

’L,,. J‘ 145 K Ay 140K
M A A

I " 1 —. A Il R R T 1
200 0 =200 200 0 200
vikHz vikiHz

Fig.2 Temperature dependences of “H NMR spectra observed in (a)
PtI-CD and (b) PtIND, The top and bottom spectra shown in (a) and
() are simulated for the highest and lowest tempoerature spectra
observed, respectively,

the eclectric field gradient (efg) temsor, We esvaluated
1 = 0.05 & 0.02 for both complexes below 200 X and quadru-
pole coupling constants (gec) of 180+ 5 kHz (145 K) and
190 + 5 kHz (140 K) for PtI-CD and PtI-ND, respectively, by
comparing with sirnulated spectra shown in Fig. 3, These
results indicate the pressnce of the rigid CD; and ND, groups
in orystals by reference to previously reported date.!®*¢ Upon
heating, the gez values of both analogues gradually decrsased,
while n increased slowly. The increase in » implies the onset of
two-sita jumps of the C-D and N-D bond directions!? being
consistent with the X-ray diffraction study of PtI revealing the
disordered orientations of ethylenediamine molecules in the
high temperature phase,?® if the dynamic disorder model is
assumed, From the analysis of *H T, and M, of 'H NMR
sbsorptions described below, we can expect that this jump
motion takes place between asymmetric potental wells, We
simulated *H spectra for two-site jumping of C-D and N-D
bonds between two directions at an angle of 28, and between
two potential wells with an energy difference of AE by apply-
ing the statlc Qg and 5 values determined from the low-
temperature spectra. Here, we assumed that the jumping rate
around 300 K is rapid compared with the observed linewidth
because further increase in temperature above 300 K gave
almost no spectrum change, as shown in Fig, 2. The simulated
spectra are shown in Fig. 3, By comparing observed and gimu-
lated spectra, we obtained the best-fit values of 26 and AE at
300 K to be 684 2° and 2 & 1 k¥ mol™!, zespectively, for the
C-D jumping and 28 of 30 4 4° for the N-D motion, as
shown in Table 1, Here, it is noted that we could not deter-
mine AE for N-IJ, because almost no spectrum change was
obtained even when scanning AE in a range 1-5 kJ mol™!,
probably because only 2 small spectrum ehange was caused
by the motion.

Theee angles can be sxplained by the onset of the conforma-
tional change of the ethylenediamine chelate ring, because
jump angles due ta the conformational change between A and
& were estimated to be ca. 60 and ca, 30° for the C-D and
N-D bond directions, respectively, using the structural data,®
This motional model is consistent with the results of X-ray
and neutron diffraction studies®*? as well as the present DSC
studies indicating the presence of an order—disorder phase
transition at ca. 160 K associated with & and & conformations
in ethylenediamine skeletons.

t») L]
| kJ oot fiy TN i

14 I e N
5 kJ mol* Ll 14
- | A | - 'l SR | e, 1 L ] 1
200 Q =200 200 1 ~#00 200 a =200
wiHE wiHE miHz

Fig. 3 *H NMR spectra simulated in (a) PtI-CD for various poten-
tiel differences (AE) between two C-D jump directions (left} and
varlous jump angles (26) {right), and (b} PL-ND for changing jump
angle 20 values,
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1H aud *H NMR absorptions 2nd spin-lattice relaxation time

The temperature dependence of the second moment (M) of
the 'H NMR absorptions observed in Ptl is shown in Fig. 4.
Upon heating from ca. 170 up to 300 X, an unusually gradual
decrease of M, from 0.22 to 0,15 mT* was observed, This M,
decreage due to the onset of some motion can be compared to
the narrowing of *H NMR spectra due to ethylenediamine
motions observed in the same temperature range for the par-
tially deuterated salts,

In Fig, 5, we show the temperature dependences of the 'H
NMR spin-lattice relaxation time (T};) observed in Ptl and
PtBr in the metagtable monoclinic phase, and the *H NMR
relaxation time (7,p) in PtI-CD and PtI-ND. All the observed
Ty and Tj, values decreased with increasing temperature in
the range 250~350 K, and gave & minimum around 350 K.
These T, decreases are also attributable to the puckering
motion of the ethylenediamine molecules. We should note that
the frequency dependence of *H Ty, in Ptl is unexplainable by
the BPP {Bloembergen Purcell Pound) theory!® requiring the
w® dependence of Tjy; on the low-temperature side of the
minirmum, but the Tj; values observed are proportional
roughly to e'%, These results together with the M, deerease
observed over the quits wide temperature range of 100 K, can
be explained well by introducing a model of jumping between
asymmetric potential wells'® for the two conformations of eth-
ylenediamine molecules, Since the X-ray diffraction study of
PtI? showed a crystal structure with disordered orientations
of § and L conformations of ethylenediamine molecules in the
high-temperature phase, we assume that these two orenta-
tions are mot equivalent but have different energies, For the
two-site jumps between the two unequal potential wells shown

4430 300 200
0.4 i T 1
03 r ~
v ,
E 02 | . N
E“ e **
01 p E
o L N 1 1 R 1
3 4 8 8
1000 71K

Fig.4 Temperature dependence of the second moments (M) of 'H
NMR spectra observed in PtI, The solid curve is calculated by the
maodel of two-site jumps In the asymmetric potential wells (see toxt),

™ K
400 350 300 250 400 350 300 250
E T T _
3 {I “/' F T T T
r oA - s
1 ".’ + rd
I s 1 r & 1
F .', f' ] E A‘,‘
: s * p L L}
AP LN
. g 0.1
E:“.,-'" ] e 3
T-lnla Ll r :
0.0t 4 00ik .
L 1 L i "

-l 1
2.5 3 a5 4 4.5 2.5 3 .5 4 4.5
1000T-1/K" 1000T-Y/K
Fig.§ 'H NMR spin-lattice relaxation time (T),;) observed in Pt at
Larmar frequencies of 29,0 (@) and 54,3 MHz (O), PtBr {x) and 'H
NMR spin-lattice relaxation times {T},) in PtI-CD (W) and PtI-ND
{02). Broken and solid lines ave the best-fit theorstical data (ses text),
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AE

-

Fig. 6 Asymmetric potential curve used for the two-site jumps of
C-D and N-D bonds,

in Fig. 6, T,y due to magnetic dipolar relaxation {s expressed
agl?

2 4a T 47
Tod o 93 AM 1
1 3?H 11+ a)? [1+m§r’+l+4mﬁr‘] W

where 3y, AM, and @, denote the proton magnetogytic ratio,
the reduction of the M, value due to the onset of the motion
and the angular Larmor frequency, respectively, a is the popu-
lation parameter given by

a= sxp(%) )

where AE is the energy difference between the two unequal
potential wells shown in Fig, 6. The correlation time 7 is
written as

1 E,
=172 To exp(R—-T) &)
Here E, is the activation energy shown in Fig. 6, Eqn. (1)-(3)
were fitted to the observed Tiy data in Fig, 5, and the best-fit
theoretical values and the determined parameters are shown
in Fig, § and Table 1, respectively.

The theoretical *H NMR M, values before and after the
onset of ethylenediamine puckering motions were evaluated
with the Van Vieck equaticn®® for the rigid ethylenediamine
molecules, and the following equation for the M ,(mot) for the
two-site jumps of the H-H veetor directions®! given by

+3¢os’ rx,—-l] I

9 1 1
Mj{mot)y = — i flz[-"g— + — 3
FiaTnn

20 M e
where M,(mot), and r,,, ry, and « are the motional M,
contributed from the dipolar interaction between the jth and
kth protons, the inter-proton distance in A and B conforma-
tions and the two-site jump angle of the vector between jth
and kth protons, respectively. Using the crystal structure
data®!? and the standard values of bond angles and distances,
we obtalned M,(rig) = 0228 £0.01 mT? and M,(mot) =
0.108 +: 0,005 mT? The differance between these values
AM = 0.120 mT? agrees wel! with the 0,12 1 0.02 mT? evalu-
ated from the T}y fiiting given above.
We also fitted *H NMR T, temperature dependences
observed in PtI-CD and Ptl-ND shown in Fig. 5 using the
equation given in ref, 22:

1 4da  [3%Qq,,\*
ot SO Y ekl
Tio 10(1+a)’( 44 )

T, 47
1.2 2 3] 4]
X sin 9[1 ol Ty 4mgzg:| ®
where £*Qq,,, tp and op are the quadrupole coupling con-
stant in the rigid lattice given by the reported values of 180

and 190 kHz for rigid C-D** and N-D*¢ groups, respectively,
the motional correlation time assumed to be given by eqn. (3)



and the angular NQR frequency, respectively. Applying eqn.
(2), (3) and (5), we got the best-fit T, values given in Fig. 5,
and the parameters in Table |, The jump angles of 26 = 65°
and 28° obtained for PtI-CD and PtI-ND, respectively, from
the present *H T, data agree well with the 68° and 30° values
obtained from the *¥ specirom analysis given above, implying
the adequacy of the presant analyses. The obtained values of
E, = 342-348 and AE = 29-3,1 kI mol“" ate in good agree-
ment with the values of 31.0 and 4,5 kJ mol™?!, respectively,
determined by the T}, fitting.

We also performed the same fitting calculation for the 'H
T, observed in PtBr in the metastable monoclinic phase

shown in Fig. 5. The obtained best-fit T, curve and motional

parameters are shown in Fig. 5 and Table 1, respectively. The
large AE value obtained in PtBr compared with those in {odo
complexes is attributable to the shorter Pt-Pt distance, le.,
the interactions between neighbouring chelate rings in PtBr
are stronger.

These results indicate that the disordered structure as for
the ethylenediamine conformations revealed in the high-
temperature phase in PtI by X-ray diffraction'® is dynamic
and the conformational change between L and & forms takes
place in an asymmetric potential with a difference of ca. 3 kJ
mol™!, Using the determined values of activation parameters
given in Table 1, we evaluated correlation times (t) of the two-
site jumps of C-D and N-D bond directions, At 300 K, =
values (the inverse of the jump rate) were 1.7 % 107 3 for PtY
eveluated from Ty, data, and 1.7 x 107" 3 for P1I-CD and
2.0 % 1079 3 for PtI-ND from Ty, data. These results support
the hypothesis that the rapid motion limit assumed at 300 K
in the 2H apectrum analysis is acceptable,

The asymmetric {votential model we used can be supported
by the analysis of *H M, observed in PtI, shown in Fig, 4.
The observed M, change over a wide-temperaturs range of
over 100 K cannot be understood by the simple Arrhenius-
type activation process but is explainable by the jumping
between nonequivalent sites, Assuming the game asymmetric
potential given above, the temperature dependence M;(mot) is
expressed ag*!

, 1
M{mot) = 3, Ma(rig)y T ae

% [a? + (3 cos? 28, — 1y + 1} {6

where M,(rig) is the rigid lattice M, value and 8, is the jump
angle of the internuclear vector for two protons j and k. Sub-
stituting calculated jump angles f; obtained from 28 = 65
and 28°, AE = 3 kJ mol~? determined in the *H T, analysis
and the caleulated M,(rig) into eqn. (2) and (6}, we evaluated
the M, temperature dependence shown in Fig. 4. We could
not get a good agreement with experiment, but the qualitative
feature of the gradual temperature dependence could be
reproduced,

Summary

The monoclinic phase with the space group € 2/m obtained in
Pt-Br was shown to be a metastable phase which transforms
into the stable orthorhombic phase (Ibam) at 381 K.

From 'H and *H NMR messurements, the puckering
motion of Pt{en) chelate rings between & and A conformations
was detected in [Ptlen)][PtX,(en), C1O,), (X: 1, Br) in the
monaclinic phase in which the presence of disordered confor-
mations in chelate rings was known from X-ray and neutron
diffraction studies. The obtained temperature dependences of
'H and ?H NMR apin-lattice relaxation and the second
moments of 'H NMR spectra were explained well by the
model of two-site jumps between two asymmetric potential
wells with energy differences of 3~5 kJ mol ™!, indicating that
the disordered structure is dynamic between the nomequiva-
lent lattice sites,
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Abstract

IC magic-angle-spinning NMR spectra in solid were measured in mixed-metal 1-D complexes {Ni.PdX(chxn),]X; (X: Cl, Br;
0.0sx <1.0) where the antiferromagnetically coupled paramagnetic ~X-Ni*-X-Ni**- chains are formed at »=0.0, while the
mixed-valence —X-Pd*-X-Pd* - state is made at x=1.0, Upon increasing x from 0.0, *C spectra In the C, position in the chxn ligand
was broadened and shifted from original Pd* and Pd** positions indicating the fluctuation of Pd valency in mixed states. A marked
spectrum broadening observed in Cg is also attributable to the effect from the partial mixing of paramagnetic Pd™sites in consistent

with reporied ESR results,

Keywaords; Nuglear Magnetic Resonance Spectroscopy

1. Introduction

Halogen-bridged  quasi-one-dimensional  complexes
(MX(chxn),}X;  {chxn: 1R,2R-cyclohexanediamine,
CeHyo(NH;);; X: Cl, Br) have been reported to form a
mixed-valence diamagnetic -X-M*"-X-M*- structure for
M=Pd [1], whereas an averaged paramagnetic
-X-M?*-X-M**- structure for M= Ni[2), Recently, crystals of
mixed-metal complexes [Ni..PdX(chxn);]X; consisting of
homogeneously mixed crystalline lattices of the two kinds
of metal complexes with an isomorphous structure(1222)
were prepared by applying the electrochemical oxidation
technique[3]. The X-ray diffraction study on Br-bridged
complexes showed continuously changing fattice constants
from 5=51.67(x=0.0) to §2.92 am{x=1.0) corresponding to
the M-M distances in the whole range 0.05x<1,0, On these
series of complexes, the x dependence of ESR spectra was
measured{d] and revealed a continuos change of
spectrum-width with x. A marked result was that the
evaluated spin susceptibility showed no linear relation with
x, but almost constant up to x =~ 0.6, This suggests that most
of diamagnetic Pd** and Pd* metal sites behave like
paramagnetic at concentrations lower than x = (.5, The
change of the Pd valence was also observed in IR spectra[3]
of the N-H stretching bands in both Pd™ and Pd* units
which showed a gradual shift to that in the Ni** unit, An
analogons shift was also reported[3] in the measurement of
the Pd-Br siretching band in Raman scaftering with
decreasing x,

*Corresponding author, Tel & fax;+81-298-53-4250,
E-mail:tkeda@chem.tsukuba, ac.jp

These studies imply the instability and fluctuation of
the Pd valency in the Prasent 1-D systemn where the energy
difference between Pd™* and Pd* is small compared with the
other kinds of mixed-valence halogen-bridged complexes of
Pd and Pt.

From “C NMR measurements, we can get local
magnetic structures and magnetic field fluctuations on
ligand carbons. In the present study, we intend to measure
PC MAS NMR in [NiPdX(chxn)]X, (X: Cl, Br;
0.05x<1.0) and discuss the local electronic structure in this
system,

2. Experimental

Crystals of mixed-metal complexes [N, Pd.Br
{chxn);]Brz(0.0sx<1.0) were prepared by electrochemical
oxidation of monomer complexes [M(chxn),]Br; (M: Ni,
Pd) according to literature[3]. [Ni.xPdCl(chxn),]
CL(0.0<x<1.0) were synthesized analogously to Br
complexes at ca. 320 K by flowing a dc current of ca, 15
uA for one month using tetramethylammonium chloride as
a supporting electrolyte, The concentration of metals in
measured specimens was determined by ICP emission
spectrometry,

A Bruker MSL-300 spectrometer was used for the
measurement of ’C MAS-NMR spectra at a Larmor
frequency of 75.468 MHz and sample spinning rate of 2-4
kHz at room temperature. TMS and solid adamantine were

0379-67T79/01/% - sen front matter © 2001 Elsevier Science B.V. All rights reserved,
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used as external standards of chemical shift, The 'H NMR
spin-lattice relaxation time was measured at 54.3 MHz by
the inversion recovery method in a range of 100 - 300 K
using a home-made spectrometer described elsewhere[5].

3. Results and Discussion

The x dependences of observed "C MAS NMR spectra
at room temperature for [NijPd.Cl(chxn),]Cl; and [Niy,
Pd,Br(chxn),|Br, are shown in Figs. 1 and 2, respectively,

ina

~ LN
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x=0.00 ¢ Y

xr.%w«‘/\"‘/\“m
X’M
x=10.58

<100 J\_ el

1 1 P I
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Fig. I BC MAS NMR spectra observed In [Nit.Pd,Cl{chxn}]Cl and
carbon positions in a eyclohexanediamine ligand in a M(chxn) chelate
ring(M: Pd,Ni), :

X & r . } . 8, v B

70 60 5% 40 30 20
/ ppm
Big 2 "C MAS NMR spectra observed in [Niv.PdBr{chan}]Be;

cyclohexanediamine(chxn) ligand were observed as
separated peaks, We can see that C,and Cj signals showed
marked metal and x dependences, while C, remote from
metals gave almost independent shift values in both Cl and
Br complexes, Inx= 1.0, two C,, carbon signals observed are
assignable to Pd** and Pd" sites, while a single C, line in x
=0.0 shows the formation of the averaged Ni** state[6].
With increasing x from 0.0, the C,and Cp signals gradually
decreased thier intensity st the same shift values, This
implies that Ni atoms are always In the trivatent state

In both Figs. land 2, three kinds of carbons, C,, Cg and C,

regardless of Pd concentrations. On the other hand, C, and
Cp signals in Pd chelate rings observed in x= 1.0 were
markedly weakened and broadened with decreasing x. This
indicates that valency states of Pd** and Pd* become
unstable in the presence Ni** sites in the neibourhood.

We tried to separate C, signals observed in the Cl
complex in the mixed metal range into two components
corresponding to Ni and Pd sites. By this separation, we
obtained small shifts and broadening of Pd carbons
suggesting the fluctuation of Pd** and Pd*" valences
atiributable to the mixing of the paramagnetic Pd** state,
This explanation agrees well with the Spin susceptibility
data obtained from ESR measurement of Br complex{4]
reporting the formation of paramagnetic Pd sites in the
presence of Ni** in x>0.6,

We can expect that quite analogous discusston is
possible in Br complex. In the Br complex of x= 1.0, since
the energy difference between Pd* and Pd" is much
smaller than in the CI complex, the spectrum splitting
between them {s small implying the valence mixing in Pd
easier than that in the Cl analogue. Similar results were
reported from Raman spectra[3] showing a pradusl intensity
decrease in the Pd-Br stretching band with increasing x
which was explained by the Pd valence fluctuation, i.e., the
formation of Pd™,

We measured 'H NMR spin-lattice relaxation time T,
in some of this mixed metal system. At x <0.13, T, values
and its temperature dependence observed above ca, 100 K
were ahmost independent of x. Since the 7| temperature
dependence at x= 0.0 was explainable by a strongly coupled
antiferromagnetic 1-D chain model, this result suggests that
this chain structure still retains in mixed crystals implying
formatlon Pd™, At x=1.0, a gradual decrease T, observed
upon heating from ca. 100 K was explained by the diffusion
of spin solitons formed by the impurity order of P[]
With a Jittle reduction of x from 1.0, T3 showed marked
changes that its value increased several times and its
temperature dependency was reversed being close to that in
=00, This suggests the strong effect from paramagnetic
spins which are present as NI** even at low concentrations,

This work was partly supported by Grant-in Aid for
scientific research No.(B) 12440192 from the Ministry of
Education, Science, Sports and Culture,
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Abstract

31p MAS-NMR spectra and spin-lattice relaxation time T in solid were measured on A4[PtI(P;05H,)4]-nH,0 (A: Cs, Rb, K, Naand LI ).
Continuous spectrim changes in both line and splitting widths were observed with changing the cation size and the number of crystalline
water. Complexes with A; Cg (n=0) and Rb (#=2) afforded two kinds of 1P regonance lines with chemieal shifts close to those in the Pt and
PE* monomer complexes indicating a mixed valencs structure, On the other hand, complexes with Az Na (r=2) and Li (n=4) yielded a broad
single line suggesting the formation of paramagnetic Pt sltes with an averaged valence of Pt**, An analogous continuous change was
observed in 'P 7} In consistent with the above analysis. The observed spectra and T depending on the cation size and the H;O number
suggest valence fiuctuation dug to spin jumps in and between Pt-Pt units sensitively influenced by crystal packings and hydrogen bonding.

Keywords: (Nuclear magnetic resonance spectrascopy)

1. Introduction

Halogen-bridged complexes with the quasi-one-
dimensional chain structure of altemately arranged
metal-halogen units have been shown to form the mixed
valence state -M?"-X-M"-X- in M: Pt, Pd; X: 1, Br, Cl [1],
and the averaged valence state -M**X-M**.X- with a strong
antiferro-magnetic spin structure in Ni complexes 2],

As a new type of halogen-bridged complexes, MMX
type chains consisting of binuclear metal units in
quasi-one-dimensional structures were reported [3-6]. In this
system, following four possible oxidation states of the
one-dimensional chain structure can be proposed:

(A) - MP.MP. X - M M- X -
(B) - M2+_ M]i-_ X - M1+_ M:H" X.
©) -M* M X - MM K -
(D) - MMM X - MR M. X .

So far, two types of MMX chains have been reported,
i.e., APLX(P,0sH4]'nH;0 (A: K, NH,; X: I, Br, C1) [3,
4] and [M(CH;CS2)]) (M: Pt, Wi ) [5, 6). We have shown
[7] that the valence struchire in (NH) [Pt X(P,04H;)4] can
be explained well by the model A from "'P solid NMR
measurement. Recently, the I-bridged complexes with
various alkall metal lons A, A,[PtI{P,05H;))nH;0 (A: Cs,
Rb, K, Na, Li ) were prepared [8], and the valence structure
on the chain has been discussed baged on the studies of
Raman and XP spectra [8]. We intend in the present study to
measure *'P MAS-NMR spectra and spin-lattice relaxation

*Corresponding author, Tel ; +81-73-457-7385; fax: +81-73-457-7513;
B-matl: nkimura@csnter.wakayams-u.ae.jp

which can afford accurate information of Pt valences from
the chemical shift and 7} in ligand atoms,

2, Experimental

APHI(P,0:H;)l:nH,0 (A: Cs(r=0), Rb(#=2), K(n=2),
Na(#=2) and Li(n=4}) were prepared according to literature
[38]. A Bruker MSL-300 specirometer was used for the
measurement of *'P MAS-NMR spectra at a Larmor
fraquency of 121,496 MHz and room temperature. A
spinning rate of 3 - 8 kHz was employed and an 85 %
aqueous solution of HyPO, was used as the gxternal standard
of chemical shift. The spin-lattice relaxation time was
measured by saturation recovery method in the temperature
range of 200 - 300 K.

3. Resulits and Discusston

31p MAS-NMR spectra observed at room temperature
in Ay[PtI(P,05H,),]-nH20 (A: Cs(r=0), Rb(n=2), K(n=2),
Na(n=2) and Li(#=4)) are shown in Fig. 1. In these spectra,
we can see a continuous change of patterns with changing
the cation size and also the number of H;O molecules; A
gradual broadening of spectrum width was observed with
decreasing cation size and increasing water, At the same
time, multiplet spectra were seen in complaxes with large
cations, while only a singlet was observed in small cation
complexes and gradual increase in splitting was obtained
with enlarging cations and reducing water,

0379-8779/014$ - se= front matter © 2001 Elsevier Science B.V. All rights reserved,
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In our previouws study [7], we showed from *'P
MAS-NMR measurements on & polymer com?]ex (NHy)4
[Pt,I(P,O,H,),] and corresponding PE and Pt monomer
complexes containing [Pty(P,OsH,))* and
[P, Xa(P,0sH) 1" (X: 1, Br, Cl ) fons, that *'P in P,OsH,
ligands bonded to Pt** and Pt™* sites afford chemical shifts of
65 + 5 and 20 £ 5 ppm, respectively, and hence, the 1.D
chain in the NH, salt has A siructure. The centres of two
doublet peaks in the present Cs and Rb salts being 60 and 26
ppm for Cs, and 58 and 26 ppm for Rb are explainable by
Pt and P, respectively. These results imply that Cs and
Rb salts consist of Pt*" and P* mixed valence 1-D chains.

On the other hand, L and Na salts gave only a broad
singlet line at ca. 42 and ca. 45 ppm, resFectively, being
almost at the centre of shift values of I'P on P** and
Pt™sites, This result suggests that 1-D chains in Li and Na
salts have the averaged D structure. Since NMR time scale is
raher slow, it is possible that we observed a dynamically
averaged structure, in case electron spins perform rapid
jumps between Pt** and Pt™ sites.

We also measured Y'P NMR spin-lastice relaxation
times in these complexes. We can evaluate contributions
from paramagnetic spins by the relaxation measurement,
because the effect by magnetic fleld fluctuation from
unpaired spins to NMR relaxation is expected in the preset
system where the marked molecutar motions contributing to
relaxation are absent in the rigid 1-D molecular chains. *'P
spin-lattice relaxation times(7}) observed at room
temperature were ca, 0.7 s (Cs), 0,1-0.9 s (R}, 0.1 s {K), 70
ms {Na), and 70 ms (Li). This order is also the same as that
in spectrum width given above, The short T; of 70 ms in Li
and Na salts implying contribution from electron spins is
consistent with D model with an averaged valence state of
PE+**. This model for Li salt can be supported from Raman
and XP measurements[8] which showed the presence of a
single Pt site in thess measurements of the high frequencies
unaveraged even with rapid spin motions.

As a possible valence structure for Cs and Rb salts, we
may agsign the diamagnetic structure A because of their
rather long Ty values. This explanation is consistent with the
resuits of Raman and XP studies[8]. These 7| are, howaver,
not long enough compared with 7 in Pt** and Pt"* monomer
complexes amounting to the order of 10 s, This suggests that
the dynamical mixing of the other structures B-D with
paramagnetic sping cannot be ignored in Cs and Rb salts,
We can see this effect more markedly in K salt showing
intermediate values in all of linewidth, splitting and T} that
are explainable by the mixture of A-D. The continuous
changes in spectrum widths and T, cbserved with the
cationic size and the H;O number seem to be associated with
the onset of spin jumping in and between Pt-Pt units
resulting in partial mixing of valence structures A-D. The
observed clear dependency on the cation size and the H,0
number suggests that interactions between 1-D chains made
by crystal packing and hydrogen bonding play important
roles to determine the valence struciure.

This work was partly supported by Grant-in Aid for
scientific research No.(B) 12440192 from the Ministry of
Education, Science, Sports and Culture,

References

[1] N. Matsumoto, M. Yamashita and 8. Kida, Bull, Chem. Soc,
Jpn,, 51(1978) 2334,

[2] K, Toriumi, Y. Wade, T. Mitani, 8, Bandaw, M. Yamashita and
Y. Fujit, J.Am, Chem. Soc.,111(1989) 2341

[3] C.-M. Che, F.H. Herbstein, W.P. Schaefer, R.E, Marsh and H.B,
Gray, J, Am. Chem. Soc., 105 (1983) 4604,

[41 S, Jin, T. Tte, K. Torlumi and M, Yamashita, Acta Crystaliogr,,
C45 (1989) 1415,

{51 C. Bellitto, A. Flamini, L. Gastaldi and L. Scararnuzza, Inorg,
Chem., 22 (1983) 444,

(6] C. Rellitto, G. Dessy and V. Farss, Inorg, Chem,, 24 {1985)
2815, '

[7} N.Kimura, H.Ohki, R, lkeda and M. Yamashita, Chem, Phys,
Letters, 220 (1994) 40,

[8) M. Yamashita, S. Miya, T. Kawashima, T. Manabe, T.
Sonoyama, H. Kitagawa, T, Mitan, H, Okamoto and R, Tkeds, J,
Am, Chem. Sec., 121 (1999) 2321.



Proc. [nt. Sympesium on Advances in Neutron Scattering Research, Tokai, 2000

I. Phys. Soc. Jpn. 70 (2001) Suppl. A pp. 103-105

Magnetic Structure in a Halogen-Bridged 1-

D S = 1/2 Heisenberg

Antiferromagnet [NiBr(chxn),]Br,
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The presence of a strong one-dimentional(1-D) antiferromagnetic interaction was shown by the
inelastic neutron scattering(INS) measurement on a polyerystalline sample of halogen-bridged
complex [NiBr(chxn)]Bry (chxn:1R,2R-cyclohexanediamine), In which paramagnetic Ni(III)
atoms were shown to form a -Br-Ni-Br-Ni-Br- type 1-D structure, The INS measurement was
performed at 23 X with an inelastic neutron chopper spectrometer(INC) combined with the
pulsed neutron source installed in Neutron Science Laboratory(KKENS) with incident neutron
energles, F; = 20,9 and 31.4 meV, Scattering-angle dependences of the powder average spectra
were observed at scattering angles from 5.5 to 80.6°. The intensity difference between scatter-
ing angles including and excluding the antiferromagnetic superlattice point was obtained. This
result affords the first direct experimental proof of the presence of antiferromagnetic 1-D chains

in this system,

KEYWORDS: Inelastic neutron scattering, 1-D antiferromagnetie, halogen-bridged Ni complex

§1. Introduction

A series of halogen-bridged metal complexes hay-
ing a one-dimentional(1-D) mixed-valence -X-M".X-
MIV.X- structure where M = Pt, Pd and X = Cl,
Br, I have been extensively studied as a Peierls dis-
torted linear chain system with a strong electron-
lattice interaction resulting in the halogen pesition on
the 1-D chain off-centered from the midpoint between
neighboring metal atoms'?), Recently, a new type
of halogen-bridged complexes [NiX(chxn)s]Xa (chxn:
1R,2R-cyclohexanediamine, CgHyo(NHa)a; X: Cl, Br)
have been shown to crystallize in a quasi one-dimensional
gtructure with -Be-MNi-Br-Ni-Br- in which all Ni atoms are
crystallographically equivalent®) implying the formation
of § = 1/2 paramagnetic chains of Ni(IIf). The reported
magnetic susceptibility and EPR measurements®) sug-
gested the presence of antiferromagnetic Heisenberg 1-D
chains of a quite large exchange interaction amounting
to J = 3600 K¥, but the accurate magnetic structure is
not settled.

In the present study, we intend to measure scattering-
angle dependences of INS at low-temperatures to confirm
directly the presence of & strongly coupled 1-D antiferro-
magnetic inferaction in the present complex by observing
the magnetic excitation in the § = 1/2 Heisenberg sys-
tem.

§2.

Crystals of polymer complex [Ni'''Br(chxn)y]Bry were
prepared by the slow diffusion of Bry gas into a solu-
tion of monomer complex Ni''Bry(chxn)s dissolved in 2-
methoxyethanol. We used non-deuterated ligand, cyclo-
hexanediamine because of complicated processes of the
deuteration of this ligand containing two optical active

Experimental
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carbon atoms. Prepared crystals were identified by the
elemental analysis and X-ray diffraction patterns. Caled
for [Ni"!Br(chxn)y|Bry: C, 27.36; H, 5.37; N, 10.64 %.
Found: C, 27.55; H, 5.56; N, 10,57 %. X-ray powder pat-
terns recorded at room temperature were well indexed
with the reported lattice constants: a = 23.587, b =
5.161, ¢ = 7.121 A%, About 8 g of polycrystalline sam-
ple was used for the present measurement,

The INS measurement was performed with an inelastic
neutron chopper spectrometer(INC) combined with the
pulsed neutron source installed in KENS of High En-
ergy Accelerator Research Qrganization®, Pulsed poly-
chromatic beams generated at the neutron scurce were
monochromatized by a mechanical chopper synchronized
with the repetition of neutron pulses(20 Hz). Scattering
neutrons were received at the detector covering a wide-
range of scattering angles form 5 to 130°, The energy
transfer was determined from the time-of-Right method.
In the present measurement, we applied incident neutron
energies, By = 20.9 and 31.4 meV and all measurements
were carried out at 23 K. The energy resolution in the
scan with E; = 20.9 and 31.4 meV was determined to be
1.0 and 1.6 meV at full width at half maximum(FWHM),
respectively, by measuring the energy width of the inco-
herent elastic scattering.

3.

Figure 1 (a) shows the observed inelastic spectrum
from [N Br({chxn)s}Brs with E; = 31.4 meV, where the
sum of observed intensities at detectors located at scat-
tering angles between 5.5° and 7.3° and that between
11.0° and 21.7° are plotted. We observed increase in
the inelastic intensity at the high angles. The inten-
sity of the inelastic neutron scattering is proportional
to the dynamical structure factor S(g, ), where ¢ is

Result and Discussion
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Fig.1. The inelastic spectra observed in ranges of 11.0° - 21,7°

(including the point) and 5.5° - 7.3° (excluding the point) for
E| = 31.4 meV(a) and 17.7° - 23.6° {including the superlattice
point) and 5.5% - 7.9° (excluding the point} for B = 20.9 meV(b)
in [NUIBr{chxn)g]Brs.

the component of the gcattering vector (Q) parallel to
the crystallographic 1-D direction (b-axis for the present
complex) and F is the energy transfer given by & - Ei
(the difference between the incident and the scattered
neutron energies). For a polycrystalline sample of a 1-D
magnetic system, the magnetic scattering intensity is an
averaged S(g, E) over q as follows®

Q
Ine(@ ) = /@5 [ SwBda ()
2Q J_g
where f(Q) is the magnetic form factor of unpaired glec-
trons, This shows that all (g, B) points with |¢] < @ will
contribute in the energy spectrum. In a 1-D antiferro-
magnetic system, S(g, E) exhibits a maximum at the su-
perlattice point, g = m/b, while it vanishes at g = 2nw/b
with n being an integer. Therefore, a marked intensity
can be expected at Q > /b, while no intensity is ex-
pected at @ < w/b, In the present complex, the su-
perlattice point is given by 0.61 A=Y, and, in the scan
with B = 31.4 meV, for instance, the scattering angle
(¢) corresponding to the superlattice point is 8.9° at E
= 0. Figure 2 shows the scan loci for detectors on the
INC spectrometer around the superlattice point, with
an antiferromagnetic dispersion curve, Since an inten-
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Fig.2. The scan loci for detectors on the INC spectramaeter for Ej
= 1.4 meV with spin-wave dispersion in 1-D antiferroamagnetic
(NilllBr{chxn}o|Bra with b = 5,16 A and by assuming J=300
meVY, [q] < @ (lelt parts of curved solid lines) contribute 1o the
energy transfer speckrum at respective scattering angles.

sity observed at @ is the integrated S(q, E) over |¢| < @
as mentioned above, an intensity of the inelastic mag-
netic scattering should be observed at low energy trans-
ferg at detectors with ¢ > 8.9°, The low angle data
(¢ =85.5° =7.3°) at E= 0 exclude the superlattice point
and the high angle data (¢ = 11.0° — 21.7°) include it.
The observed intensity difference shown in ¥ig. 1 (a)
suggests to be assoclated with the antifercomagnetic in-
teraction. A similar intensity difference was observed
with B; = 20.9 meV as shown in Fig. 1 {b), in this con-
dition, the superlattice point corresponds to ¢ = 11.0°,
Mext, in order to elucidate whether the origin of the
observed intensity difference is the 1-D antiferromagnetic
interaction, we plotted in Fig. 3 the integrated intensi-
ties in the energy transfers between 0.5 and 2 meV as
a function of ¢. In this energy range, the intensity dif-
ference was clearly observed ag shown in Figure 1. Dus
to a coarse energy resolution of INC, a tail of a strong
Bragg scattering at (200), of which scattering angle is
expected to be 9.6° and 7,9° for E; = 20.9 meV and 31.4
meV, respectively, was detected in this inelastic region.
We assumed that the scattering function is given by

I(Q;E) = AImag(Q:E) + B&(Q — QO)E(E) +C, (3'2)

where 4, B and C are adjustable parameters. The sec-
ond term in eq. (3.2) represents the Bragg scattering
at (200) and thus Qq = 0.53 A~1, also, a constant back-
ground was assumed in the third term. We tried to fit the
observed ¢ -dependence with the resolution-convoluted
I(Q, E) integrated over E between 0.5 meV and 2 meV
on the scan locus for a given ¢ |, where S(g. E) in eq.
(3.1) was assumed to be the following classical dynami-
cal seattering function:

5(a.B) = (n(B) + 1)| tan(ba/DIS(E - By}, (2.3
where (n(E)+1) is the temperature factor, (exp(E/kT) -
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1)~1+1, and £, is the dispersion relation of the magnetic
excitations, 45J]sin(bg)| (Hamiltonian: 2JE8:5i41)8.
The magnetic form factor in eq. (3.1), f(Q), was taken
from the calculated value of the Ni''! free ion™. The res-
olution functions for ¥ and @ were assumed to be Gaus-
sian. The resolution width in E, AE, was measured as
mentioned above, and that in @, AQ, was taken from
the calculated value from the angular resolution of the
geometrical configuration of the spectrometer as well as
AE®), In the present (@, E) region, AQ (FWHM) was
calculated to be 0.17 A~ and 0.14 A~! for B = 20.9
meV and 31.4 meV, respectively. The value of J was in-
sengible to the present calculation, because it can be esti-
mated to be several hundred meV from the susceptibility
and EPR measurements® and this value is much larger
than the present energy range, and therefore, J was fixed
to be tentatively 300 meV in the present calculation. It is
appropriate that the quantum dynamical structure fac-
tor is used because the present complex is expected to be
an § = 1/2, 1-D system. The present energy range for
the analysis is too small to discuss the functional form
of S(g, E) with a very large value of J. In fact, such an
integrated quantity with very low energy ranges shown
in Figs. 1 and 3 waas insensible to the functional form
of 5(g, E). The purpose of the present calculation is to
show whether the observed inelastic scattering is of mag-
netic origin, and therefore, we used the simplest model
for S(g, E) in the present analysis. The solid line in Fig.
3 is the calculated curve, and the observed ¢ - depen-
dence of the integrated intensity was in good agreement
with the calculation. This indicates the existence of a 1-
D antiferromagnetic interaction in the present complex,

§4. Conclusion

The increase of the scattered neutron intensity from
excluding to including the superlattice point was ob-
served. And the scattering angle dependence of the in-
tegrated intensity was well fitted by summation of com-
ponent of 1-D magnetic excitations, Bragg scattering at
{200) and a constant background. These results appar-
ently indicate the presence of 1-D antiferromagnetic in-
teraction along the paramagnetic -Ni-Br-Ni- chains.

This work affords the first direct experimental proof
for the presence of the antiferromagnetic 1-D chains in
the present complex. At the same time, we could pro-
vide an example of polycrystalline 1-D magnetic systems
without deuteration of protons studied by INC in XENS.

To determine the quantitative J value, the measure-
ment with single crystals is essential. Along this purpose,

new methods for growing single crystals are now under
developing.

This work was partly supported by Grant-in Aid for sci-
entific research No.(B) 12440192 from the Ministry of
Education, Science, Sports and Culture.
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The present paper deals with a rare platinum(m) complex
containing the k-I; iigand, which is an unusual example of a
six-co-ordinated octahedral platinum(ir) complex.

Platinum(n) strongly demands a square-planar co-ordination
geometry and very few six-co-ordinate complexes have so far
been characterized.! Trans-[Ptly(diars),] (diars = o-phenyl-
enebis{dimethylarsine)) has been the only example of a six-co-
ordinate platinum{r) complex determined by X-ray study.l®
However, Pt-I bonds in this complex seem ta be weak because
of long Pt-I distances of 3.50 A, Here, we present a novel
octahedrat platinum{m) complex, (Pti(dmpe)a(x-I;))1s (dmpe =
1,2-bis(dimethylphosphino)ethane) in which the neutral molec-
ular iodine co-ordinates to the platinum{u) ion, This is 2 quite
rare example of the platinum(u) complex having clearly short
Pt-I bond distances.

Treatment of [Pt{dmpe);](SCN), 12 with a 3 molar amount of
iodine gave bluck needle crystals formulated as [Ptl(dmpe)a(x-
I)113 2 (Scheme 1, yield 21%).t

The molecular structure of complex 2 is displayed in Fig, 1,
with partial labeling,3 Complex 2 is a mononuclear complex
with Ptl, 11, 12, and I3 atoms located on a crystallographic
mirror plane that is coincident with mirror symmetry of the
complex, The I4, 5 end 16 atoms of I;~ anton are located on a
crystaliographic miror, The co-ordination geometry around the
platinum atom is octahedral with 4P and 2I donor atoms, with
two iodine atoms having trans geometry, The bond distances
between platinum and iodine atoms are 2.811(1) and 2.817(1) A
for Pt1-Il and Ptl-I2, respectively, These values are con-
siderably shorter than those in the complex trans-[Ptly(diars),)
3 (here the bond length of Pt~ is 3,50
complex 2 can be undoubtedly considered to be a six-co-
ordinate octahedral platinum() complex. Furthermore, it is
worthy of note that the neutral molecular iodine co-ordinaes to
the platinum(n) ion by snd-on type (Pt1-12-13 = 171.58(3)"),
and the 1213 bond distance of 3.061(1) A is much longer than
that of 2,715(6) A in free diiodine molecules, This means that
the electrons on the central platinum(u} flow into the k-I
ligand, which is attributable to a d2 (Ft) to o (I;) donation4

2+ - -

HsG, Fhs HaC, i CHy
HJt—’F-." w F‘f GH; H —.:/F'-- » P\“ CH3

\:-,- ppt 3N 32\3‘ 'mm'Pl“"“‘ £y

HSC‘,P/ \P‘%H: Hy(J ELOH Hs J,p/ I\P\ Hs

HaC CHy he CHy
L ' n

Scheme 1
1642 Chem, Commun., 2001, 16421643

A).!# Compared to0 3,

Van Koten and coworkers have reported five-co-ordinate
platinum(n) complexes containing the k-l ligand,
[PHI{ CoH3(CHaNMen),-2,6}(k-12)] da and [Pt(k-I1a)(x-T.H{ Ce-
Ha(CH,N(t-Bu)Me);-2,6}1 4b.5 The Pi—I; bond distances of
2.895(1) and 2.906(2) &in4a and 4h, respectively,™ are longer
than 2.817(1} A in 2, showing thet a stronger platinum-
molecular iodine bond is realised in 2, The I-I bond distances in
these complexes show a marked difference: the I12-13 distance
of 3,061(1) A In 2 is much longer than that of 2,822(1) and
2.793(1) A in d4a and 4b, respectively, This elongation is
attributable to the existence of the ligand on a srans position of
the k-I; ligand. The bond distances between platinum and co-
ordinated phosphorus in 2 are 2.369(2) and 2.374(2) A for Pt1-
Pl and Pt1-P2, respectively, These values are longer than that
if starting square-planar complex 1 with a PP of 2,317(1)
5

The formal oxidation state of the platinum ion in 2 is expected
to be +2, To confirm this, X-ray photoelectron spectroscopy
{XPS) measurements were performed.§ Binding energies of the
Pt4£ region given in Table | were determined by a conventional
deconvolution procedure, The XPS spectrum of 2 shows a
doublet, whose binding energies are coincident with the values
of Pt(n) binding energies. %7 From XPS measurements, the
platinum jon in complex 2 was found to have the +2 oxidation
state.

Fig, 1 The structure of 2, Sebested bond distances (A) and angles (%): Pt1-11
2811(1), Pti-I2 2.817(1), PU-P1 2363(2), Btl-P2 2374(2), 1213
3.061(1), P1-C1 1.82(1), P1-C3 1.80(1), P1-C4 1.80(1), P2-C2 1.82(1),
P2-03 1,82(1), P2-C6 1.80(1), C1-C2 1,52(1); T1-Pt1-I2 177,75(3), 11~
Pti-Pi 89.73(5), 11-Pti-P2 92.45(5), 12-Ft1-Pl 91,78(5), 12-P11-P2
86.04(5), P1-P11-P2 84.46(6), Pr1-12-13 171.58(3),

DOL: 10.1039/b103648n
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Table 1 Binding energies (eV) for the 4f region of ptatinum

Compound 4isp dfa

1 76.0 7.7
2 76.0 72.6

The 3IP MAS NMR spectral data for 1 and 2 in the solid state
and in CD+CN or D,0 solution are given in Table 2, Tn the 3P
MAS NMR spectrum of 2, a signal appeared at §11.9 ppm with
satellites due to the coupling with 94Pt (1758 Hz). The smaller

coupling constant e p in 2 compared with 2173 Hz In 1, is

explained by the difference in the co-ordination number.? *Jp, o
of 2173 Hz in 1 is a normal value compared with analogous
platinum() square-planar co-ordinate complexes,? On the other
hand, in CD,CN solution, the observed Lp,.p of 2172 Hz in 2
was very close to 2162 Hz observed in D20 solution for 1, This
result indicates that complex 2 has a square-planar geometry
caused by the dissociation of iodine in CD3CN solution,

Table 2 3P NMR spectroscoplc data

Compound  Snp/ppm LF(195Pt31P)/Hz
1 32,754 21 2734

J3.06¢ 21628
2 11,85« 17584

28,95¢ 2172¢

= MAS NMR spectrutm in the solid state with a sploning rate of 4-3 kFHz. b In
Dy, =In CD;,CN solution,

This work was partly supported by Grant-in Aid for Scientific
Research No.(B) 12440192 from the Ministry of Education,
Science, Sports and Culture, The authors are grateful to Dr Y,
Yokoyama and Mr H. Nakazono, the Chemical Analysis
Center, University of Tsukuba, for JEOL EX-270 NMR spectral
and elemental analysis measurements, We thark Dr H, Kuma
gnad Dr T, Kawamoto, Osaka University, for discussion of X-ray

ta.
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+ In this reactlon, two electrons are gained, but the fully balanced equation
was not understoad, The authors considear that the reaction is related to the
redox systems of Pi{n) with Pt(iv) and of 21~ with 2.

t Crystal data for 2: CiaHaaIPyPL M = 1256.8, orthothombic, Prima, a =
B.6TIB(), b = 10.7317(3), ¢ = 30.9849(3) A, U = 2883.6(3) AL D, =
2.89 g em—3, Z = 4, F(000) = 2240, u(Mo-Kee) = 11,51 mm!, graphlte
monochromatar, room temperature, 4533 reflections measured, 2734
ohserved {7 > 3a(f)], 115 parameters, Empirical absorption corrections (y~
scan) wers applied. Final R facter = 0.033, R, = 0.040, Hydrogen atoms
wets Included in fixed positions with isotropic thermal parameters, while all
other atoms were refined by anisetropic thermal paramsters,
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Dynamics of Water Molecules in Micropores of AIPQ,-5 and SAPO-5 Studied by TH NMR
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Dynamics of water molecules in one-dimensional microp-

ores AIPO,-5 and SAPO-5 frameworks was studied by measur-

ing 'H NMR spectra, second moment M, of line-width and
spin-lattice relaxation time Ty. Although the presence of two
kinds of water molecules free and bound on the capiliary wall
were reported in AIPO,-5, our NMR T results imply the
absence of two kinds of H,O motions, but the motional rate dis-
tributes from slow to fast jumps in both AIPO,-5 and SAPO-5,

AIPQ,-5, one of typical aluminophosphate microporous
crystals forms a one-dimensional homogeneous channel structure
with a pore diameter of 0.73 nm. SAPO-5 has an analogous
structure to that in AIPO,-5, but a part of P (and Al} atoms in
channel walls are replaced by Si, and hence, Bronsted acid sites
are created on the pore surface. Molecules adsorbed in AlPQ,-3
and SAPO-5 can form one-dimensional molecular arrays which
are expected to exhibit new structural and dynamical properties
ditferent from two or three dimensionally aggregated molecular
systems.

From the measurement of 2H NMR spectra of 2H,0 in
AIPO4-5,'2 Goldfarb et al. teported the presence of two kinds of
water molecules in pores: one is free and the other is fixed on the
wall, To study dynamics of H,O motions affected by the wall
structures in AIPQ,-5 and SAPO-5, we measured '"H NMR spin-
lattice relaxation times (7)), second moments of resonance lines
{(M,} and spectra of H,0 adsorbed in AIPO,-5 and SAPO-3.

AlPO,-5 and SAPQ-5 were synthesized according to the
reported method.? Obtained fine crystals of ca, 100 pm long
were calcined at ca. 990 K for 48 b and kept in vacuo at 393 K
- for 2 days, then exposed to saturated H,O vapor. These speci-
mens abbreviated to AIPO,-5(H,0) and SAPO-5(H,0) were
used for measurements.

X-Ray powder diffraction on calcined crystals were con-
ducted for identifying the obtained samples. The Si/P atomic
ratio in SAPO-5 was determined by a JEOL JXA-8621 electron
probe 'microanalyser(EPMA) tobe9x1/91 %1, The water
content in AIPQ,-5(H,0) was obtained by thermo-gravimetry
affording & weight loss of 22% at 360-370 K corresponding to
the water desorption, Comparing this value with 21.96%*
reported, micropores in AIPO,-5 are presumed to be almost
filled with water molecules,

" As shown in Figure 1, '"H NMR spectra in AlPO,-5(H,0)
and SAPO-5(H,0) observed by a Bruker MSL-300 spectrome-
ter exhibited a single peak with a width of 2,0 £ 0.1 kHz above
room temperature. This implies that water molecules in both
systems ‘perform mostly the isotropic rotation in this tempera-
ture range. This result seems to be inconsistent with the report-
ed ZH NMR spectra? showing a doublet structure even at 353 K.
An almost temperature independent small splitting also
observed in our *H NMR measurement is attributable to the
electric field gradient formed by charges on the pore wall. Our

@) JLL ok ® k 360 K
205K 295 K
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_k 240 K. JL 240K
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Feure 1. Tempemiure dependences of observed 'HNMRspecim
in H;Oadsorbed In (a) APQ,-5 and (b) SAPO-5,

rough calculation based on the point charge model supported
this explanation, Upon cooling, a gradually growing broad
component with a width of ca. 60 kHz appeared accompanied
by a slowly broadening narrow peak suggesting two kinds of
walter molecules as reported.!

Figure 2 shows A, observed by the solid echo method with a
Bruker SXP-100 spectrometer in AIPO,-5(H,0) and SAPO-
5(H;0). M, of ca. (30 £ 5) x 1072 mT? observed at ca, 100 K
agreed with 33.7 x 107 mT? calculated for the rigid water mole-
cule, Above ca. 200 K, the echo signals in baoth systems showed
barely separable two components in consistent with the foregoing
'H spectra showing the superimposed broad and narrow signals.
We could determine large M, components in both specimens and
the small component of SAPO-5(H,0). A small M, of (0.5 +G.1)
% 1072 mT? in SAPO-5 above 220 K implies the onset of the H,0
isotropic rotation, and the large component showing a width of ca,
2,5 % 102 mT? in both systems at room temperature is atiributed to
the restricted water, It is noted that the gradual M, change over
150 K observed in both systems is unexplainable by the usual ther-
mal activation process of molecular motions.

]
30d, i
1%

S o] L
R
510+
: luiol&
Aannagg

100 150, 200 250
Pigure 2, Temperature dependences of the second moment (M)
oFobserved "H NMR absorptions in H,0 adsorbed in AIPO,-5

(broad [O) component) and SAPC-5 (broad (W] and sherp {A]
components),

The small and the large M, observed below room tempera-
ture in both systems can correspond to the observed two ‘H
spectrum components together with the reported narrow and

Copyright © 2001 The Chemical Society of Japan
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broad 2H spectra.! These results imply the presence of free and
fixed two kinds of H,0 molecules in micropores in accordance
with the result reported by Goldfarb et al.!

The recovery of 'H magnetization in 'H NMR 7T, measure-
ment with a Bruker SXP-100 spectrometer showed nonexponen-
tial decay in the T| measurement. We divided this decay curve
into two T, components, where the ratio of the short component vs
the whole T, was ca. 1/10, Figure 3 shows the temperature and
frequency dependences of only the long T\. The long T\ compo-

nent was assigned to H,0 adsorbed in micropores, while the short.

is atributable to H,O lacated near trace of amounts of paramag-
netic impurities formed in the wall which was observed by ESR,

(®) 390 200 7/K
- ) 1

100 ® 3002007/K 100
F LI 4

1 L ] I

& ;8 410 4 6 8 10
IOOOT 'S 10001 I K™
Hgure . Tenpenture dependences of obacrved 'HNMR
apin-lattice relayation times (7)) of H,0 adsorbed in (a) AIPO,-5
(b) SAPO-S, at 54,1 MHz[#®] and at 14.1 MHz (W], Solid lines
ate the best-fitted caloulated velues supemosed by two T)

components expresaed a8 dotted and chain lines.

We tried to fil the observed long T, data by superposed
two BPP-type minima originating from reported two kinds of
H,0 molecules in pores, but could not obtain satisfactory fit,
T\ observed in both systems below room temperature could not
be expressed by the @ rule expected from the conventional
BPP theory’ in the range @7, >>1. Moreover, the T, minimum
of 21 ms observed at 14 MHz was much longer than 3.9 ms cal-
culated for the isotropic rotation model derived from the above
M, analysis. These results together with the gradual M,
decrease observed over 150 K as noted above, can be explained
by assuming the Cole-Davidson type 7, distribution® which can
be expected from the presence of several kinds of water mole-
cules with different environments in micropores, Conner has
reported’ a distributed 1, given by

sinfie T &
LY (N R )
g [rc _‘1] KL

r
=) T>%

where 713 the correlation time of the motion and 8(0< < 1)
shows the distribution amplitude, Substituting eq 1 into the
BPP equation, T, is given by

T u-z-r’AMZ T sln(p tan™! nm) 21, sin(B tan™ 207, )
? 6T 1+OJ’1'c )% an' l+4m’r‘)n/

where % AM, and @ are the protonic magnetogyric ratio, the M,
reduction by the motion, and the Larmor frequency, respective-

@
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ly. The Arrhenius equation for the cut-off time T, is assumed by

E
T, =1, exp-R—% : (3

Here, E, denotes the activation energy of the motion.

The observed values were fitted by superimposed two
motional modes: the high-temperature mode 1 was assumed to
have a 7, distribution given by eq 1, while the low-temperature
mode 2 is expressed by the BPP-type relaxation for simplicity.

‘We assigned mode 1 to the H,0 isotropic rotation because M,

less than 3 X 10-2 mT? above 250 K in AIPO,-5(H,0) was
explained by this motion. Mode 2 was assigned to the 180°-flip
because of the small AM, of 0,38 x 102 and 0.2 x 10 mT?
observed in AIPO4-5(H,0) and SAPO-5(H,0), respectively,
This model is consistent with the reported 2H spectrum at 148
K! with a narrow component explainable by this motion of a
part of H,O in pores. The best fitted 7| and determined motion-
al parameters are shown in Figure 3 and Table 1, respectively.

Table 1. Motional parameters of water molecules detived from T)
data,

E,/ AM, !

Sample  Mode Wmo 10+ rr,\'l“ rols g
AlPOSS 1 S0k4 335:£2  40X10 g1s+003
{H,0) 2 30+05 03801 BOX10M 1(BPP)
SAPD-S 1 403 2032  40X107M 0,17+0.03
(H,0) 2 30:%05 021E01 65%I0M  1(BPP)

It is noted that we obtained small B values of 0.15 £ 0.03
and 0.17 + 0.03 in AIPO,-5(H,0} and SAPO-5(H,0), respec-
tively, indicating the presence of quite a wide 7, distribution of
the isotropic reorientation. This implies that the barrier for
water rotation, i.e., the rotational jump rate is widely spread in
capillaries, This conclusion is consistent with temperature
dependences of M, in the present study and also reported *H
spectra’ exhibiting a gradual change in a wide temperature
range. We showed from the '"H NMR specira the presence of
two kinds of water, free one in the central part in capillaries and
the other fixed on the wall, Here, we have to say, however, that
H,0 in micropores above ca. 200 K cannot be divided into the
two groups, but they distribute between these two extreme
states, namely, freely rotating and fixed in both molecular
sleves,

Any detectable difference on H,0 dynamics in SAPO-5
from in AIPO,-5 was not observed in all NMR measurements
despite of the existence of acid sites on the surface of microp-
ores, The number of water molecules much larger than the acid
site seems to smear out the effect of the site,
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Abstract

We studied dynamic behavior of acetonitrile molecules adsorbed in molecular sieves AIPO,-5 and SAPO-5 by 'H and
*H solid state NMR methods and compared the result with that in bulk acetonitrile, The isotropic rotation of molecules
is observed in AIPQ,-5 above 200 K. but they are bound to Brensted acid sites on the wall in SAPO-5 even at room
temperature. An anomalous frequency dependency of 'H NMR Ty observed in acetonitrile in SAPO-5 implies a large
distribution of the environment around the molecules. This distribution of environment is attributable to the random
arrangement in positions of acid sites and acetonitrile molecules. It was shown that molecules in AIPO,-5 are movable
compared with those in bulk although the interaction with the pore wall seems to hinder motions. @ 2002 Elsevier

Science B.V, All rights reserved,

Keywords: Aluminophosphate; Molecular sieves; Acetonitrile; Solid state NMR; Molecular dynamics; Spin-lattice refaxation

1. Introduction

AlPQy-5 and SAPO-5 are molecular sieves
having one-dimensional micropores with an effec-
tive diameter of 0.73 nm [1]. They crystallize in an
isomorphic structure Pé/mec in which SAPO-5 [2]
is formed by substituting some P or Al atoms in
AIPQ,4-5 by Si resulting in the formation of ~OH
groups on the wall, Previously, we reported NMR
observations of triethylamine molecules included
in AIPO,-5 and SAPO-5 as template in the process
of crystal formation [3]. It was implied that amine
molecules are pinned to acid sites in SAPO-5,

* Corresponding author, Tel.: +81-298-53-4250; fax: +81-
298-53-6503,
E-muail address: ikeda@chem.tsukuba.ac.jp (R, Ikeda),

while those in AIPQ,-5 orientate more randomly
than in SAPO-3.

In the present study, we intend to investigate
dynamic behavior of acetonitrile molecules ad-
sorbed in AIPQy-5 and SAPQ-5 to characterize
molecular orientations and motions in micropores
in connection with those in bulk crystals by the
measurements of *H NMR spectra, second mo-
ment (M) of '"H NMR lines, and spin-lattice (T})
and spin-spin (73) relaxation times. Acetonitrile
which has often been used to evaluate the acidity
of zeolite compounds [4,5], is expected to be a
better probe than triethylamine to investigate
catalytic properties of molecular sieves, This is
because the molecular size is comparable with ac-
tual reactants, and the simple and polar structure
of the molecule is suitable to clarify the interac-
tions with the host wall,

1387-1811/02/% - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Experimental

AlPQ,-5 and SAPO-5 were synhthesized by an
analogous method to that reported by Demuth
et al, [6]. Gel mixtures containing Al, 03, P20s, SiO;,
triethylamine and H,O with ratios of 1.0:1,03:0.0:
1.5:600 for AIPO;-3 and 1.0:1.03:0.1:1.5:600 for
SAPO-5 were kept at 450 K in Teflon-lined

stainless steal autoclaves for 72 h, Obtained fine .

colorless crystals of ~100 pm long were calcined
at 1000 K for 24 h under an oxygen flow to
remove triethylamine included as the template.
Measurements of X-ray powder diffraction and
electron probe microanalysis (EPMA) were con-
ducted for confirmation of samples by a Philips
X'pert PW3040/00 diffractometer and a JEOL
JXA-8621 microanalyzer, respectively. Air and
water included in the pores were removed by
keeping the sample in vacuo at 400 X for 24 h, and
then, acetonitrile with the saturated vapor pres-
sure was loaded to a glass tube containing the
sample at room temperature, Deuterated aceto-

nitrile (CD3CN) was also adsorbed by an analo-

gous procedure. These specimens were sealed with
a normal pressure of He gas for NMR measure-
ments. Amounts of adsorbed acetonitrile were
determined by a thermogravimeter (Seiko EX-
STARG000 TG/DTA in Chemical Analysis Center,
University of Tsukuba) as 1.3+ 0.1 and 1.6 +:0.1
molecules per unit cell of AIPOy-5 and SAPO-5,
respectively.

2H NMR specira were recorded with a Bruker
MSL-300 system at a Larmor frequency of 46,1
MHz below room temperature. The 'H NMR
measurement was performed by a Bruker SXP-100
spectrometer at Larmor frequencies of 27 and 39
MHz for both systems in a temperature range 4.2-
295 K. ' NMR T; and M) were measured in the
AIPQO,-5 system by spin-echo and solid-echo
methods, respectively, at 54 MHz in a range 107-
295 K. \

3, Results and discussion
X-Ray powder diffraction patterns recorded at

room temperature were indexed well with hexa-
gonal lattices with a = 1.372 £ 0,005, ¢ = 0.843 &+

0.006 nm for AIPQ4-5, and «a =1.371 £ 0.005,
¢ = 0.852£ 0,005 nm for SAPO-5 in agreement
with the reported data [1,2]. It was shown from
EPMA. that ~9% of P in atomic ratio were re-
placed by Si in SAPO-5,

Temperature dependences of *H NMR spectra
of CD;CN included in AIPQ4-5 and SAPO-5
abbreviated to AlPQ4-5(CD;CN) and SAPO-
5(CD;CN), respectively, are shown in Fig. 1. The
spectra showed a typical Pake-pattern with quad-
rupole coupling constants (QCC) and asymmetric
parameters (y) of 50 £ 1 kHz and nearly 0.0, re-
spectively, for AIPO,-5(CDiCN) at 130 K and
534 1 kHz and ~0.0 for SAPO-5(CD;CN) at 150
K. These QCC values agree well with 53.2 kHz at
77 K reported for bulk crystalline acetonitrile {7]
containing molecules rapidly rotating about the
molecular axis (CH, rotation), At these tempera-
tures, acetonitrile in pores of both systems can,
accordingly, be described as a solid-like state, be-
ing analogous to that in bulk crystals observed in
the same temperature range where the same mo-
tion was observed [7]. With the temperature in-
crease in AIPO,-5(CD;CN), the line shape became
vague and the line width rapidly decreased. In a
range 230-293 K, the spectrum showed again a
Pake-pattern with a very narrow line width of 1.8
kHz attributable to the onset of the isotropic ro-
tation. The observed small doublet pattern corre-
sponding to QCC ~ 2 kHz can be attributed to the
axially symmetric electric field gradient along the
pore axis made by charges in the wall, and mole-
cules in the pore always feel this field gradient even
they perform the isotropic rotation.

On the other hand, the H NMR line width in
SAPO-5(CD,CN) showed a gradual decrease in a
wide temperature range 130-293 K on heating, but
its vatue remained at about 10 kHz even at 293 K.,
This reduced line width is too large to attribute to
the overall reorientation, This difference between
AlIPQ4-5 and SAPO-5 systems suggests that the
hydrogen bond between adsorbed molecules and
—~OH groups on the channel wall markedly affects
the molecular motion. The decrease of QCC in
SAPO-5(CDyCN) is probably attributed to the
activation of the fluctuation motion of the mo.-
lecular axis pinned to the wall by the hydrogen
bond between the —CN group and an —QH group.
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Fig, 1, Temperature dependences of *H NMR spectra of acetonitrile-d; in (a) AIPO4-5 and (b) SAPO-5.

The gradual reduction of QCC ¢an be explained by
a distribution of the hindrance barrier for the
motion, The fact that the number of —OH groups
and acetonitrile molecules per host unit cell is 1.1
and 1,6, respectively, implies that not all molecules
can form the hydrogen bond, but it is probable
that the excess acetonitrile molecules are mobile
more than those fixed on the wall, Furthermore,
—QH groups distribute randomly on the pore wall.
From these facts, we can expect that the distrib-
uted potential barrier for molecular motions in the
pores.

Information of molecular motions can also be
derived from 'H NMR M,, A temperature de-
pendence of M, observed in AIPQ4-5(CH,CN) is
shown in Fig. 2. A M of (3.9 £0.1) x 102 mT?
observed at 100-120 K smaller than 5.2 x 1072
mT? calculated for a molecule with the axial ro-
tation indicates the onset of this motion. M; de-
creased rapidly with the temperature increase and
almost vanished above 200 K implying that mol-

1 T
6l- |
“i_‘ N
Na 4 -
5 ‘o
=~ ®
¥, |
°
o
0 % 3%
T/K

Fig. 2. Temperaturs dependence of the second moment (My) of
'H NMR absorption lnes,

gcules obtain both rotational and diffusional free-
doms. These facts imply that the acetonitrile
molecules already undergo the axial rotational
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motion at about 100 K and the isotropic reorien-
tation and the local diffusion above 200 K. From
these results, we can say that molecules obtain
motional freedom as in liquid above 200 K. This
expectation is in consistent with the *H NMR
spectra analysis,

Dynamic behavior of adsorbed molecules more
in detail could be obtained from data of '"H NMR
Ty and T3. Two T, components were observed in all
temperature range for both systems. We assigned
the long major 7) component to acetonitrile ad-
sorbed in the pores. The origin of the short T;
component is not clear. Because of its small mag-
netization of 10-20% of the long one, one may
attribute to molecules outside micropores or effect
from paramagnetic impurities formed on the wall
which was observed in HyO adsorbed AIPO4-5.
Figs. 3 and 4 show temperature dependences of the
long T} component observed in AlPQ,-S(CH;CN)
and SAPO-5(CH,CN), respectively, Observed T,
values in AIPQ,-5 system are also shown in Fig, 3.

In case the relaxation is governed by the fluc-
tuation of magnetic dipolar interactions between
'H nuclei caused by molecular motions, it obeys
BPP-type relations [8]:

-1 __ T 4t
4 —C{l+m212+l+4w2tz} ()

and

1 T 2T
=<3 2
? 2C{ T+l+w11:2+1+4w212}’ @
where C, e and t are the motional constant, the 'H
angular Larmor frequency and the correlation
time of the motion, respectively. 7 can be expressed
by the Arrhenius equation given by

T = 19 €Xp (%) (3)

Here 7y and E, denote the correlation time in the
limit of infinite temperature and the activation
energy of the motion, respectively. These equa-
tions imply that a 7] minimum is observed at
wt ~ 1 and T} values are proportional to w? in the
low-temperature range fulfilling et 1. The 7|
observed in both systems given in Figs. 3a and 4a
showed 4 shallow minimum near room tempera-
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Fig. 3. (a) Temperature dependences of 7y in A1PO,-5(CH;CN)
observed at 27 (@) and 39 MHz (Q) and T; at 54.3 MHz (&),
(b) T, data in the high-temperature region. Dashed lines rep-
resent best-fitted curves using Bys. (3){5) in text.

ture but their frequency dependences observed at
low temperatures were unexplainable by the above
@® law. This kind of anomalous frequency de-
pendence has often been observed in inhomoge-
neous systems such as intercalation compounds
[9,10] and explained by introducing some distri-
bution in v caused by inhomogeneous environment
around the adsorbed molecules as described in the
foregoing 2H NMR analysis, The Ti behavior ob-
served in our systems can be explained by intro-
ducing the Cole-Davidson type  distribution {11]
given by

g(’!‘)={;nnn(n—'—t)p TS T {4)

T> T
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Fig. 4. (a) Temperature dependences of T} in SAPQ-5(CH;CN)
abserved at 27 (@) and 39 MHz (O}, (b) 7} data in the high-
temperature region, Dashed lines represent best-fitted curvas
using Eqs. (3)~(5) in text.

The limit of 8 = | corresponds to a single t in all
over the sample and the distribution amplitude
increases with f decrease. Using Eq. {4), the
modified BPP equation is written by {12]
77t = ol & sin (ftan™! a;;;)

wt. (1 + o)

2t sin (ftan~! 2w1.)

+ ("
W1, (1 -+ 4wzt§)

(3)

The observed T, data given in Figs. 3 and 4 were
fitted by Egs. (3)~(5). The obtained best-fitted
curves are plotted in these figures and the fitting
parameters are listed in Table 1.

Table |

Motional constants (), activation energies {£,) and parameters
expressing the degree of distribution of correlation times ()
derived from '"H NMR 7; and 7> of acetonitrile adsorbed in
AlPO,-5 and SAPO-5

Cl’s ) E (kImol-') g  Motional
mode
CH,CNin 25£02 (2+1(1) 0.7
AlPOy-5 -~ 1L+ 1(N) Isotropie
rotation
CH;CNin -~ 0.2 £0.05 - Axial
SAPO-5 rotation
19402 13+£2 0.3 Fluctuation
motion

Referring to the analyses of *H NMR spectra
and 'H M; the gentle 7| change observed below 80
K in AIPO,-5(CH,CN) shown in Fig. 3a and a
minimum near 6 K in SAPO-5(CH,CN) given in
Fig. 4a were attributed to the axial rotation of the
acetonitrile molecules, The motional parameters
are not clear except for the E, for SAPO-
5(CH,CN) because tunneling rotation cannot be
ignored in this temperature region. The other
minima observed at 200-250 K in respective sys-
tems seen in Figs. 3b and 4b were attributed to the
isotropic rotation of acetonitrile molecules for
AlPQ,-5(CH;CN) and the fluctuation of the mo-
lecular axis in SAPO-5(CH;CN), respectively, The
C of 25%x10° s detetmined for AlPQO,-5-
(CH;CN) coincides well with the calculated value
2,51 x 10° 572 for the isotropic rotation of a single
acetonitrile molecule using ry.z = 1.800 x 10!
nm determined in the crystalline phase [13]. The
E, of this motion was alsc estimated from the
temperature dependence of T3 shown as 1141
kImol~! which agrees well with 1231 kImol™
obtained from 7| analysis shown in Table |, The
small B value 0.3 observed in SAPO-5 system
indicates a large distribution of environment of
molecules as discussed in the above *H NMR
analysis,

It is noted that, in bulk crystals, cnly the mo-
lecular axial rotation (CH, rotation) was observed
in the T, measurement [14] and no relaxation due
to the overall rotation or the fluctuation of mo-
lecular axes observed in the present systems was
detected up to =180 K. Moreover, the activation
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energy for the axial rotation in bulk reported to be
8.8 kJmol~' seems to be much higher than those
in the present systems, These results imply that
acetonitrile molecules in the micropores are much
free to move, that is, they packed in the pores more
loosely than in bulk,

The difference of the averaged number of mol-
ecules per unit cell of AIPO4-5 and SAPO-5 given

by 1.3 and 1.6, respectively, can be also explained

by the pinning effect. The excluded volume of
acetonitrile molecules is reduced by pinning in
SAPO-5 and more molecules can be adsorbed than
AlPQ4-5.

Jacobs et al. discussed the orientation of aceto-
nitrile molecules in SAPO-5 from polarized IR
spectra [15]. They reported that the CN axis, ie.,
the corresponding transition moment of acetonit-
rile molecules adsorbed on acid sites is perpen-
dicular to the pore axis. This result agrees well
with the present NMR analysis that the direction

of molecular axis fluctuates with the CN group:

fixed on the Brensted acid site,

4. Conclusion

From 2H and 'H NMR observations, acetonit-
rile adsorbed in one-dimensional pores of AIPQ4-5
and SAPO-5 is expected to show solid-like be-
havior at =130 K. With increasing temperature,
the isotropic rotation is activated and become
liquid-like around 200 K in AlIPO,-5. Acetonitrile
molecules in the micropores in AIPO4-5 were
shown to be much movable compared with those
in bulk crystals, but the interactions with atoms on
the pore wall seem to prevent the overall and self-
diffusional motions at low temperatures.

Molecular motions in SAPO-5, on the other
hand, are restricted even at room temperature.
This difference is attributable to the ~OH groups,
forming the hydrogen bond with acetonitrile in
SAPO-5. Small £, values of 11 and {2 kImol™!
evaluated from 'H T} and 7; data, respectively, for
the isotropic rotation of acetonitrile in AIPO,-5

are attributable to the fact that only a few mole-
cules interact with each other in the narrow
one-dimensional pore. A large distribution of
1 (f =0.3) observed in acetonitrile in SAPO-5 is
explained by random mutual arrangements of
—OH groups on the crystal wall and adsorbed
molecules.
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Complex-Plane Impedanée Study on a Hydrogen-
Doped Copper Coordination Polymer: N,/N'-bis-
(2-hydroxyethyl)dithiooxamidato-copper(1l)
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AC conductivity measurements with an impedance analyzer were
carried out for a hydrogen-doped coordination polymer, N, N’-bis-
(2-hydroxyethyl)dithiooxamidatocopper(Il), in order to estimate the
protonic conductivity (6,). The log o, was linearly increased from 2.6 X
107 to 2.2 x 10° S em™ with relative humidity (RH) from 45 to 100 %
at 300 K. A slight hysteresis of protonic conductivity was observed
upon increasing and decreasing RH, which implies that H;0" is
generated by a reaction between water molecufe and acid-base polymer
near RH ~ 100 %.

Keywords: protonic conduction; coordination polymer; AC
conductivity measurement; hydrogen doping; electronic conduction;
inorganic-organic hybrids

INTRODUCTION

Inorganic-organic hybrids are one of the most promising materials

89
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because they |possess a wide variety of inorganic and organic
functionalities!'!. Protonic conduction is one of the unexplored and most
attractive functionalities .in inorganic-organic hybrids.

N,N'-bis-{2-hydroxyethyl)dithiooxamidatocopper(IT), (HOCwH.;)z-
droaCu, is a two-dimensional coordination polymer (Figure > 23 In the
previous work, this polymer was revealed to be a protonic conductorI ]
The electronic conductivity of (HOC,Hy)adtoaCu is increased b about
nine orders of magnitude as the hydrogen doping proceeds”. The
hydrogen is doped to (HOC:HihdroaCu according to the
proton-coupled redox property, as shown in Figure 2. The hydrogen
doped to the coordination polymer reduces Cu(ll) to Cu(l), and bonds
the nitrogen sites of the ligands as a proton. The protonic conductivity
of hydrogen-doped (HQC:H,hxdtoaCu is expected to be higher than that
of the non-doped one. In this paper, we report on proton transport
properties of the hydrogen-doped polymer by AC conductivity
measurements.

FIGURE 1  Proposed structure of (HOC;H ) dtoaCul™,

+

T ok
/ﬁl N Y
» \N.-CU\.N/"“--... - H e -‘N.-Cu.\ P

FIGURE2  Proton-coupled redox property of (HOC;H;)dtoaCu.
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EXPERIMENTAL

The title coordination polymer was prepared by a simple stoichiometric
mixing of 5 % C;H;OHag solution of (HOC:H,)adtoa and CuSQaag.
Hydrogen doping was electrochemically performed by generated
hydrogen gas on the cathode’s surface with a KCI solution of 0.1 mol/]
under vigorous stitring for 3 hours, The qualities of samples were
checked by powder X-ray diflraclion measurements. The X-ray
diffraction patterns were measured with synchrotron radiation at the
BL-IB in the Photon Factory of High Energy Accelerator Research
grganizatian (KEX-PF). The X-ray wavelength A used was 0.8500(4)

For AC conductivity measurements, the powdered sample was
processed into pellets of 0.57 mm thickness and 2.5 mm ¢ under
pressure (~ | GPa) and vacuous condition. The impedance measure-
ments were carried out by a conventional quasi-four-probe method
using gold paste and gold wires {25 um ¢) with an Agilent Technologies
4294 A impedance analyzer in the frequency range of 40 Hz — 4 MHz at
300 K. Relative humidity (RH) was changed in the range of 45 — (00 %
by using water and saturated solution of salts, generating an atmosphere
of a defined RH®, The measurements were carried out with decreasing
RH from 100 to 45 % (the first series), and then with increasing it from
45 to 100 % (the second series).

RESULYS AND DISCUSSION

Figure 3 shows the X-ray diffraction patterns of hydrogen-doped
(HOC:Hy)2dtoaCu and non-doped one. The two-dimensional framework
of the coordination polymer is maintained during hydrogen doping
because main intense peaks are unchanged. The lattice of non-doped
(i-IOCgH‘;)gdtoaCu is tetragonal with constants of # = 8,54 and ¢ = 9.85

The protonic conductivity was obtained by the complex-plane
impedance plots. Figure 4 shows the real (Z°) versus imaginary (Z7)
parts of the complex-impedance data for the hydrogen-doped
(HOC:H,)dt0aCu under RH of 100 % in the first series. The plots con-
sist of a depressed semicircular arc followed by a low frequency tail.
The bulk resistance of this polymer is directly given by the intersection
of depressed semicircle with the real axis. The conductivity estimated in
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this manner is 2.2 x 10 8 ecm™, which is in principle the sum of the
protonic (op) and electronic (o,) contributions. The o, is 2.0 x 1079 8
cm’® measured by DC electrical conductivity, which is negligible
compared to the o,. So the protonic conductivity is determined to be 2.2
% 10° S ol

i Lydm+en-d¢lped aioczﬁ ) AgaCu

o~
—

Fa)
..%-: AV \J\.W-\_u e
- A non-ddped (IOC,H ) dthaCu

5 10 15 20 25 30 35 40
26/ degree

FIGURE 3  X-ray diffraction patterns of the hydrogen-doped
and non-doped (HOC,Hs)adtoaCu.
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FIGURE 4  Complex-plane impedance plots of hydrogen-doped
(HOC,Hy)2dtoaCu under RH of 100 % and 300 K.
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Figure 5 shows the RH dependence of protonic conductivity for
the hydrogen-doped (HOC:H,),dtoaCu. The log o, are linearly
decreased from 2.2 x 10° to 2.6 x 10° S cm™ with decreasing RH from
100 to 45 % (the first series), The conductivities in the second series are
a little lower although the conductivity is 2lmost equal to that in the first
one under RH of 100 %. This implies that H3O" is generated near RH ~
100 % by a reaction between water molecule and the hydrogen at NH
bonds of the acid-base polymer. The protonic ' conductivity of
hydrogen-doped (HOC;H,)dtoaCu is Jower by about two orders of
magnitude than that of non-doped one under RH of 83 %!, which is
due to the larger pK, of hydrogen-doped (HOC;Hg).dtoaCu than
non~doped one.

The concentration of water molecules included in the non-doped
(HOC;H,)dtoaCu was also found to increase with RH™), This fact
implies that the protonic conductivity depends on the quantity of water
molecules containing in the polymer. The lattice constant ¢ of
(HOC Hy)2dtoaCu was found by the X-ray diffraction measurements to
become slightly longer with RH™, It is reported that the proton
conductor “Nafion®, which is used as solid electrolyte in the fuel cell,
also contains much water clusters and these make .pathway of the
protonic conduction®®?), This coordination polymer is gupposed to have
the same mechanism. Detailed investigation on the mechanism of the
protonic conduction of this polymer is in progress.
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FIGURE 5 Log (protonic conductivity) vs. RH plots of hydrogen-
doped (HOC;HyydtoaCu at 300 K. o the first series;
r: the second series (See EXPERIMENTAL).
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CONCLUSION

In this work, AC conductivity measurements were catried out for the
hydrogen-doped coordination polymer, N,N’-bis-(2-hydroxyethyl)-
dithiooxamidatocopper(Il). The protonic conductivity was found to
increase from 2.6 X 10” t0 2.2 x 10° $ em™ with RH (45 - 100 %). A
slight hysteresis was observed, which implies that H,0" is generated by
the reaction between water molecule and acld-base polymer near RH ~
100 %. '
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(hydroxyethyl)dithiooxamidatocopper(1l),
(HOC;Hy),dtoaCu
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Hydrogen doping was electrochemically performed on the title coordi-
nation polymer, catena-u-N,N "-bis-(hydroxyethyl)dithiooxamidatocop-
per(ID), (HOC2Hs),dtoaCu. From X-ray photoeleciron spectroscopy, the
oxidation state of Cu(Il) in (HOC;Hg).dtoaCu was revealed to be re-
duced to the Cu(l,II) mixed-valence slate on hydrogen doping. While
the spin susceptibility increases during initial hydrogen doping, it de-
creases and then shows no temperature dependence as the hydrogen
doping proceeds. The temperature-independent behavior is supposed to
be derived from Pauli paramagnetism.

Keywords:  Coordination polymer; Hydrogen doping; Spin suscepti-
bility; X-ray photoelectron spectroscopy.

INTRODUCTION

Recently, carrier doping into molecular materials has received a renais-
sance through its physical properties such as conductivity, magnetic
property and dielectlic property. In particular, some of the alkali
metal-doped fullerenes indicates superconductivity, in which the alkali
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metal acts as an electron donor to the fullerene. Taking into account the
doping effect on the physical property, it is able to create novel func-
tional materials such as switching device, capacitor and sensor by
means of carrier doping, -

The copper(II) complex, catena-u-N,N -bis-(hydroxyethyl)di-
thicoxamidatocopper(Il), (HOC,H);dtoaCu (Figure 1), is an amor-
phous two-dimensional coordination polymer with Cu-dimeric unitst+!,
The electrical conductivity of (HOC;H,)2dt0aCu is increased by about
nine orders of magnitude durin% hf;drogen doping®*l. This polymer
also indicates proton conduction Electron and proton conductive
properties are derived from a dibasic-acid character of the ligand (Fig-
ure 2)® and a proton-coupled redox property. The electron-proton cou-
pling like this plays an imporiant role of energy metabolism in
biological system. By the use of these properties induced by the
hydrogen doping, a new type of functional material would be devel-
oped. In this work, X-ray photoelectron spegtroscopy (XPS) and mag-
netic susceptibility measurements were carried out in order to reveal the
electronic state of hydrogen-doped (HOC;Hy).dtoaCu.

R

\i?"lxy(f {/“‘9 3
,f" ',

[V

FIGURE1 Two-dimensional coordination polymer ( R = C;H4OH ).

?zH.OI-I flizH40H ?quOH
s\-—< s\>c——c -l—‘- 3—
N *H Ny
HGJZH‘ HOCZH, HOCzH,

FIGURE?2 Dibasic-acid character of the ligand.
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Synthesis

The title coordination polymer was prepared by a simple stoichiometric
mixing of ethanol solution of (HOC,H,),droa with aqueous solution of
copper(Il) sulfate'?], The synthesized sol was washed with water and
ethanol several times and separated from the supernatant fraction with
the centrifuge. The qualitics of obtained samples were checked by the
elemental analysis and powder X-ray diffraction measurement.

Hydrogen doping

Hydrogen doping was performed by electrolysis of water with a con-
ventional electrochemical cell. The 0.1 mo)/1 KCl solution was used as
electrolyte. A Pt working electrode, a spiral of Pt-black wire as a count~
er electrode and a saturated calomel reference electrode were employed.
The electrolyte was purged with Ar prior to use and blanket of Ar was
maintained over the solution during the experiment. The applied poten-
tial to cathode was between —1.0 to ~0.7 V. The colloidal (HOC,Hy)2-
dtoaCu dispersed into the electrolyte was exposed to generated hydro-
gen gas on the cathode’s surface under stirring at room temperature.
Hydrogen-doped samples were taken out of the cell at hourly intervals.

Measurement

X-ray photoelectron spectroscopy (XPS) measurement was performed
using an Ulvac Phi 5600ci photoelectron spectrometer with a mono-
chromated Al-Ka X-ray (h 1=1487 e¢V) as an excitation light source
al room temperature. Magnetic susceptibility measurements were per-
formed with samples dried in an evacuated desiccator. The samples
were wrapped with diamagnetic materials. The temperature depend-
ences were measured in the temperature range 2 — 300 K on a Quantum
Design MPMS-5 SQUID magnetometer. The total diamagnetic contri-
butions were subtracted afier the measurement.

RESULTS AND DISCUSSION

XPS measurements _
XPS measurements were made on (HOC:Hy)dtoaCu to examine the

oxidation state of Cu during hydrogen doping. Figure 3 shows the XPS
spectra of Cu 2pyyz region for (HOC;Has)dtoaCu. In the spectrum of the
hydrogen-undoped sample, a peak centered at 934.2 ¢V was observed,
which is a typical binding energy of Cu(il). As the hydrogen doping
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proceeds, a new shoulder peak centered at 932.2 ¢V appears, which is
derived from a signal of Cu(I). The hydrogen doped coordination
polymer, therefore, is considered to reduce the Cu(Il) into the Cu(l,1I)
mixed-valence state. The broad peak centered at 943-545 eV is a satel-

lite peak derived from Cu(lI).

e + * — ——

undc)p;aci B
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940 L XH
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FIGURE3 Hydrogen-doping time dependence of XPS spectra.
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Magnetic susceptibility measurements

In order to confirm the reduction of Cu(II) into the Cu(L,1I) mixed-va-
lence state by hydrogen doping, the temperature dependences of molar
spin susceptibilities per dimer unit of the coordination polymer were
measured, as shown in Figure 4. From the theoretical consideration of
spin susceptibility of hydrogen-undoped sample!”, the observed
antiferromagnetic susceptibility, in which the estimated J value is -594
K, is considered to be due to the intradimer superexchange interaction
between Cu(II} iohs via ligands. The spin susceptibility for the three-
hours hydrogen-doped sample increases compared to the undoped one
in the whole temperature region, This can be explained as follows. As
the Cu(Il) fons proceed to be reduced to Cu(I), the canceiled spins by a
large negative J become revived on losing the opposite spin. The spin
susceptibility for the twenty-hours hydrogen-doped sample decreases
from that for the three-hours one, which indicates no temperature de-
pendence. This temperature-independent behaviour is supposed to be
derived from Pauli paramagnetism.

Temperature /K

FIGURE 4 Temperature dependences of spin susceptibility
of (HOC,Hy)adtoaCu, ( hydrogen doping time
®:undoped, A:3 hours, [1:20 hours ).
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CONCLUSION

The hydrogen doping was electrachemically performed on (HOC;Hy)z-
dtoaCu, The oxidation state of Cu(Il) in (HOC;Hy)dtoaCu was revealed
from XPS measurement {o be reduced to the Cu(l,]I) mixed-valence
state on hydrogen doping. While the spin susceptibility increases during
initial hydrogen doping, it decreases and then showed no temperature
dependence as the hydrogen doping proceeds. The tempera-
ture-independent behavior is supposed to be derived from Pauli para-
magnetism. In this coordination polymer, it is possible to control physi-
cal properties continuously by hydrogen doping, which is achieved by
the proton- coupled redox property of this system.
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Relaxation Process of CT Exciton State
in a One-Dimensional MX-Chain Compound
[NiBr{chxn),|Br;
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Luminescence spectroscopy measurements were performed in a
one-dimensional  halogen-bridged  iransilion-metal compound
[NiBr(c/xn)a]1Bra (chxn: 1R,2R-cyclohexanediamine) and its mixed-metal
compound [NijPdiBr(chxn):]Br; with x = 0.005, 0.05, 0.33. The broad
peaks were observed at 1.3 and 1.4 eV for [NiBr(chxrh]Br, which are
attributed to a relaxation of LMCT exciton state and a hot luminescence,
respectively. No Stokes shift of the luminescence at 1.3 eV was observed,
which shows the electron-lattice interaction (.5} is weak in this system,
From the temperature dependence of luminescence spectra, it was
clarified that the relaxation process is continuously changed from
luminescence to thermal relaxation. The luminescence peak at 1.3 eV is
remarkably quenched with increase of x for [Nij..PdBr{cAxn)]Bra,
implying that the LMCT exciton is trapped to in-gap states caused by
doped Pd™,

Keywords MX chain; luminescence; charge-transfer exciton; mixed
valence

INTRODUCTION

A series of one-dimensional halogen-bridged(X) transition-metal{M)
complexes (MX-chains) have been studied as a Peierls distorted system
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with a strong electron-lattice interaction resulting in mixed-valence state.
Recently, a new type of MX-chain complexes [NiX(chxn)]X, (chxm:
IR,2R-cyclohexanediamine; X: Cl, Br) have been shown to crystallize
with no Peferls distortion implying the formation of §' = 1/2 spin chain of
Ni™. From an optical conductivity for [NiBr(chxn)]Bro, an energy gap of
this complex was measured to be about 1.3 eV[”, and the on-site Coulomb
repulsion (/) was determined to be 5 eV from X-ray photoelectron and
Auger spectroscopies[2]. Since the optical energy gap was much smaller
than U, this material is recognized as a charge-transfer insulator, Thus, the
peak at 1.3 eV is attributed to a charge-transfer transition from
bridging-halogen to metal (LMCT) F), Although relaxation processes in
Peierls-distorted (mixed-valence) MX-chain compounds have been
extensively studied®®), the processes in [NiX(chxn):]Xa are not clarified.
In this paper, we report on luminescence properties of the non-Peierls
MX-chain system [NiBr{chxn),]Bra.

EXPERIMENTAL

Single crystals of [NiBr{chxn);]Br, were prepared by a slow diffusion of
Bry vapor into a solution [Ni(chxn)]Br; dissolved in methanol. Single
crystals of a mixed-metal MX-chain system [Ni;<PdBr{chxn):]Br, were
prepared by an clectrochemical oxidation method described clsewhere!,
The concentration of metals in measured specimens was determined by
ICP  cmission spcctrometry. The Iuminescence — spectroscopy
measurements were performed using a DIOLOR-JOBINYVON-SPEX
spectrometer with He-Ne (1.96 eV) and Ar ion (2.41 eV) lasers as
excitation light sources. Incident laser was polarized parallel to the chain
axis (E // b).

RESULTS AND DISCUSSION

Figure | shows the luminescence spectra of [NiBr(chxnh]Bry at 2 K for
the excitation energy of 1.96 and 2.4]1 eV. Large and small broad peaks
were observed at 1.3 and 1.4 eV, respectively. It is reported that an intense
band was observed at 1.3 eV in the optical conductivity spectrumm, being
accounted to be a LMCT transition (Br, Ni** — Br’, Ni**). The
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luminescence peak observed at 1.3 eV is, therefore, considered to be a
relaxation of LMCT exciton state (Br’, Ni** — Br, Ni’"). This
luminescence exhibits no or little Stokes shift, showing that the LMCT
exciton is not easy to be relaxed ‘into a self-trapped state, This is a good
contrast to a relaxation process of the CT exciton state (M>*, M** = M*,
M**) in Peierls-distorted MX-chain system of M =Pd, Pt. These materials
show large Stokes shifts due to the strong electron-lattice interaction
because bridging halogen ion X are quite sensitive to the charge of metal
ions, On the other hand in [NiBr{(c/xi);)Bry, the bridging bromine, which
is ncutral (Bro) when the LMCT occurs, is insensitive to the charge at Ni
ions, so that the electron-lattice inleraction(S) of this system is small. The
very small S in [NiBr{chxn)]Br; supports the validity of description of
electron state in this system with extended-Hubburd model!'®, The small
broad peak at 1.4 eV would be attributed to a hot luminescence.

I ! I l i
E, =196eV

= %5
3
8
= E,.=24leV
g 3
i% x10

I L I i =

1.20 1.25 1.30 1.35 1.40 1.45 1.50
Energy/eV

FIGURE 1. Luminescence spectra of [NiBr{chxn), |Br, at 2 K. for the
excitation energy of 1.96 and 2.41 eV.

Figure 2 shows the temperature dependence of luminescence spectra with
excitation energy Fe = 1.96 eV. The peaks at 1.3 and 1.4 eV are gradually
disappeared with temperature, This shows that the deactivation process is
continuously changed from luminescence to thermal relaxation. The peak
at 1.3 eV slightly shifis to low energy with temperature. This slight shift
might be accounted as follows. The Ni-Br distance is expected to become
longer with temperature, resulting in a decrease of the separation of Br’
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FIGURE2 Temperature dependence of luminescence spectra in

[N Br(chxn), ]Br, with excitation erergy £, = 1.96 eV,

3p. and Ni** 34. orbitals.

The

luminescence  spectra of mixed-metal complexes

[Nij.PdyBr(chxn):]Bra (x = 0,005, 0,05, 0.33) at 2 K for the excitation
energy of 1.96 eV are shown in Figure 3. The luminescence at 1.3 eV is
remarkably quenched with increase of x. It is reported that the Pd ion in
[Ni|PdyBr(chxn)]Br exists as Pd** in the range of 0 <x < 0.6 2]

Intensity (arb. unit)

! ! [

X= 0.33 l ' . 1 41——-—'""-—’_-——'—‘_

12 1.3 1.4 1.5
Energy / eV

FIGURE3 Luminescence spectra in [Ni,  Pd Br(chxn),]Br, withx=0,

0.0035, 0.05, 0.33 for the cxcitation cnergy of 1.96 eV at 2 K,
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Therefore, the impurity level of Pd* is considered to quench the
luminescence at 1.3 eV. From optical conductivity measurements in
[Ni|.deNBr(cle)z]Brg['3], broad LMCT band shifts to the low-energy
side with increasing x. This result implies that the energy level of .
orbital of Pd* is located between the 3p: band of Br” and upper Hubburd
band (UHB) of Ni**, An expected schematic electronic structure is shown
in Figure 4, The disappearance of luninescence can be accounted as
follows, The LMCT exciton is trapped to the in-gap states, formed by 4.2
orbitals of Pd™*,

£}
NiUHB C

| / A
Pd 4d= 2 Ml traPPEd ECT= 1.3eV

Bripz R

/
NiLHD k
»

DOS
FIGURE4 Schematic electronic structure for
[Ni..PdBr{chxnh]Bra (x &)

U=35¢eV

CONCLUSION

We have investigated the relaxation process of [NiBr{chxn)]Br: and
[Nij.cPdBr{c/en)2]Bra by means of luminescence spectroscopy. In
[NiBr(c/en):]Bra, LMCT exciton state is not deactivate via self-trap
exciton state, and this process is changed from luminescence to thermal
relaxation with temperature. On the other hand in [NixPd\Bt(c/txn);]Bra
(x = 0.005, 0.05, 0.33), the luminescence is almost quenched even at 2 K,
because the LMCT exciton state is trapped to the in-gap states, which is
formed by 4d,” orbitals of Pd™,
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Electronic State of a Halogen-Bridged
Mixed-Valence Binuclear Complex, Niz(dta), I
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The electronic state of a halogen-bridged mixed-valence binuclear
nickel complex, Nix(dta),I (dta = CH;CS;'), has been investigated by
optical and magnetic measurements. The X-ray photoelectron spectrum
of Ni 2psp region is reasonably fitted with two components. Under the
time scale of X-ray photoelectron spectroscopy {( 1076 s), the charges
of nickel ions in Niy(dta),] were detected as Ni?* and Ni**, The strong
absorption band was observed at 0.65 eV, which is attributable to an
interdimer (dyv>dy+) transition. This band was clearly split below 100
K, implying a charge ordering in the one-dimensional -Ni-Ni-I- chains,
such as - NZ*-N*~I-N{*-Ni** .1 .NP#**-N#**.. 1, This distortion is
also suggested by the spin concentration ~1/3, the splitting of u(Ni-Ni)
mode, and the activation of v(Ni-I) mode in Raman spectra at low
temnperature,

Keywords:  1-D chain compound; Mixed-Valence; MX chain; MMX
chain; Interdimer transition; Raman spectra

INTRODUCTION
Halogen-bridged(X) one-dimensional(1-D) transition-metal(M) com-

plexes, the so-called MX chains show unique physical properties relat-
ing to a 1-D electronic system!™ ), One of the most important features
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of MX-chain materials is that their electronic states can be controlied
by varying their constituents of the metal ions, the bridging halogen
jons, the ligands, the counter fons and also by the external field of light
Or pressure.

Recently, attention has been directed to MMX chains in which
1-D  -M-M-X-~M-M-X~ chains are formed*%, According to our re-
cent works!""!¥], the Pty(dta)l (dfa = CH3CSy') was found to exhibit
metallic conduction around room temperature, which is the first obser-
vation of a metallic halogen-bridged 1-D transition-metal complex.
Such a 1-D mixed-valence polynuclear unit-assembled conductor is
expected to a spin-charge-lattice coupled system, In addition, novel
electronic phases were found, such as -X. M*-M*-X.. M¥*-M*-X....
(charge-polarization state) and - X--M*M**-X-M*-M*.. X .. (alter-
nate charge-polarization state). On the other hand in the Ni analogue,
the physical properties have not been enough investigated except a few
reporis’®*%l, A strong on-site Coulomb repulsion (U) is expected to in-
teract between the Ni spins (S = 1/2), different from the Pt system.

From these interests, the electronic state of Niy(dta)sl was inves-
tigated by X-ray photoelectron spectroscopy (XPS), optical absorption
spectroscopy, polarized Raman spectroscopy, and SQUID magnetome-
try measurements.

EXPERIMENTAL

This complex was prepared by the method previously reported®l, The
single crystals were grown by the diffusion technique in CS; solution
which contained Nij(dta)s and I, The qualities of obtained crystals
were checked by elemental analysis and X-ray diffraction.

The XPS measurements were carried out on an Ulvac Phi 5600ci with a
monochromated Al-Ko X-ray source (1487 eV) at rt.

For optical absorption spectra, powdered samples ground down
from single crystals were diluted with KBr and then the mixtures were
processed into pellets. The UV-VIS-NIR absorption spectra were re-
corded in the temperature region 4.0-302 K by a Jasco-V570 spec-
trometer with an Oxford Optistat®™. IR spectra were measured in the
temperature region 4.0-302 K by a ThermoNicolet NEXUS 670 FT-IR
spectrometer with an Oxford Microstat™,

The polarized Raman spectra of single crystals were measured in
the temperature region 3.2-300 K by a Jasco NR-1800 subtrac-
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tive-dispersion triple polychroma-
tor using a microscope with an
Oxford Microstat®, A Spec-
tra-Physics model 2017 Ar* laser
provided the exciting line (514.5
nm). Wavenumber calibration was
effected by reference to the emis-
sion of Ne lamp.

The magnetic susceptibility
measurement of unoriented single
crystals was performed in the
temperature range of 2-300 K us-
ing a Quantum Design MPMS-5
SQUID magnetometer.

RESULT AND DISSUCUSSION

The crystal structures of Nix(dta),]
was reported®® as shown in Fig-
ure 1, in which each metal-dimer
unit [Niz(dta),] is uniform.

The oxidation state of nickel
ions has been investigated from
XPS. Figure 2 shows the XPS
spectra of Ni 2psp region for
Niy(dta}d and Ni(I) complex
Niy(dtay. As shown Figure 2b,
Niy(dta)s was fitted with one com-
ponent of Ni**, On the other hand,
for the iodine-bridged Niz{dia)l,
the spectrum was reasonably fitted
with two components of Ni** and
N** (Figure 1a). Binding energies
and full widths at half maximum
(fwhm) of the components were
given in Table 1. Under the time
scale of XPS ( 10" s), the
charges of nickel ions in Nix(dta)l
ate detected as Ni** and Ni**.

FIGURE 1

Crystal structure
of Niz(dta).d.

Intensity (arb. wmits)
g 1 .

LEL] 56

854 832 350

PBinding Energy / eV
FIGURE 2  XPS spectra of Ni

2psn region at rt;
(a) a fit for the ob-
served spectrum of
Niy(dra)sl, (b) the
Ni(Il} complex
Nig(dta).;.
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TABLE 1 Binding energies (eV) for

the Ni 2psp, region.
2psn
complex  Ni** Ni**
(fwhm) _ (fwhm)
Niy(dta)s 853.8
(1.8)

Niy(dta)sI  854.0 855.0

(1.8 {1.8)
Optical absorption spectra are shown in Figure 3. One of the
most important features in Niy(dta)sl is a strong absorption with a
maximum centered at 0.65 €V, which is absent in the Ni(Il) complex
Niy(dta)s. This strong band is considered to be attributable to an inter-
dimer (dy+—>dg+) transition. The transition energy is roughly equal to
the U of dge in the [Niy(dta)s] dimer units. The splitting of this band
was clearly observed below 100 X as shown in Figure 4, which implies

some distortion occurring in the 1-D -Ni-Ni-I- chains.

o Ny
. T

4K
10K
8K
K
75K
10K
10K
Tl I 0K
i i . 3ZK
0s

Absorbance (arb. unifs)
Absorbance (arb.units)

o 1 05 %6 07
Photon Energy / ¢V Photon Energy / ¢V
FIGURE3  Absorption specira FIGURE 4  Temperature depend-
of Niy(dta)s] and ence of the interdimer
Niz(dta)s. charge-transfer band.
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Raman spectroscopy has been
widely used to study the vibrational
and structural properties, since Raman
modes are very sensitive to the sym-
metry of metal complexes™, Tem-
perature dependence of Raman spectra
in the low-frequency region for
Niz(dta)s1 is shown in Figure 5, The
stretching mode of v(Ni-Ni) around 90
em” shows a shoulder at the higher
wavenumber side at 300 K, although it
was reported that [Nix(dta)s] units
were uniform!®®, This v(Ni-Ni) mode
was clearly split into a doublet and
shified slightly to the high-frequency
side at low temperatures. In addition,
the Ni-I stretching mode u(Ni-I)
around 125 cm™” was gradually acti-
vated below 100 K, which would be
Raman-inactive if the jodine ions were
centrally placed between [Nix(dta)]
dimer units. The splitting of the
v(Ni-Ni) mode and the appearance of
the v(Ni-I) mode also imply a distor-
tion of the 1-D chains,

Tatensity (axb. units)

15 10 ]
Raman Shift / em !
FIGURE 5 Temperature
dependence of
Raman spectra
(£ // Chain) of
the Ni-Nj
stretching mode
in Niy(dta)4l.

To clarify the spin state of Niy(dta)sl, the temperature depend-
ence of magnetic susceptibility was measured. The spin concentration
of Nix(dra)sl was estimated to be ~ 1/3 from Curie constant or Bon-
ner-Fisher equation. From the optical and magnetic measurements, a
model for the distorted 1-D chain can be led as shown in Figure 6. Two
structurally independent sites of [Niy(dta)s] units should exist in 1-D
chain. Considering the spin concentration ~ 1/3, two thirds [Niz(dta)s]
units must be dimerized, resulting in spin-singlet being formed and one

L@,@@J@@;@L

= three-fold unit cell =}

FIGURE 6 A proposed model for 1-D charge-ordering state of

Niz(dta)ql.
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third spins surviving. In the present model, the unit cell would be
three-fold. To examine this model, X-ray diffuse scattering measure-
ments are underway.
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Structural and Optical Properties of Pty (drp),Br;
(dtp = dithiopropionato)
and its Halogen-Replacement Effect
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Japan and
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A novel binuclear P{TTT) complex, Pla(dip)yBra (dip = CH;CHACSy',
dithiopropionato), was synthesized by a reaction of Pt(dp)s and Bry
in refluxing toluene, which could be used as starting material for a
new MMX-chain system such as a possible mixed-valence Pta(dp).Br.
The title complex has been characterized by X-ray single-crystal
structurc analysis, UV-Visible-NcarIR, IR, and polarized Raman
spectroscopies. The Pty(drp)sBra crystallized in monoclinic P2)/a and
this structure is almost same as Pty(dip)sl;, Halogen-replacement effect
from X = I to Br on Pta(d#p)4 X2 has been examined. The Pt-Pt distance
in X = Br is slightly shoiter than that in X = 1. Raman peak of the
v(Pt-Pt) mode is slightly shified to higher wavenumber from X =1 to
Br. These changes are considered to be mainly caused by the
difference of electron densities of antibonding d,+ orbitals.

Keywords MMX chain; mixed valence; diplatinum(Itl) complex;
binuclear complex

INTRODUCTION
Halogen-bridged (X) one-dimensional (1-D) binuclear-metal (MM)

complexes (MMX-chain complexes) have drawn much attention
because of their interesting physical properties such as metallic

s
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conduction, metal-insulator transition with 1-D charge ordering, and
so on [1]. MMX-chain complexes are classified to two systems with
the terminal ligand, the dra (dia = dithioacetato; CH3CS2') and the pop
(pop = HaP:05%; diphosphonato) systems [2]. In the dta system, there
are three main structural compbnents, centric metal, terminal ligand,
and bridging halogen, Until now, there have been several repotts on
the dra system with X = I of which alkyl-chain of terminal ligand is
lengthened [31, but no report on this system using bromide or chloride
as a bridging halide ion. The halogen replacements from X =1 to Br or
Cl in MMX-chain would bring significant change of physical
propertics, because the bridging halogen plays an important role in the
superexchange or supertransfer interaction between the metal dimers,
From these reasons, we have synthesized a Pt(lll) complex,
Pta(dtp)yBra (drp = dithiopropionato; CH;CH,CSa”) which could be
used as starting material to obtain a new MMX-chain complex with X
= Br. In this paper, we report on the structural and optical properties of
Pta(dltp)aBra and the halogen-replacement effect from X =T to Br by
X-ray single-crystal structure analysis, UV-Visible-NearIR, IR, and
polarized Raman spectroscopies.

EXPERIMENTAL

SYNTHESE

Pty{dip)sBr; (1): Tetra-dithiopropionato-diplatinum(il), Pta{dip)s [4],
(170.1 mg, 0.213 mmo!) was dissolved in 50 ml of toluene under
reflux in argon atmosphere, To this strong reddish orange solution was
added a solution of bromine (0.43 g, 2.7 mmol) in 10 m! of toluene.
The mixture was refluxed for 30 min, with stirring. On cooling, bright
red needle crystals with metallic luster separated from the resulting
light red solution were collecled by suction [iltration, washed with
toluene, and dried in vaccuo (yield 102.2 mg, 50 %). IR (KBr, cm™):

- 2970(s), 2922(m), 2864(m), 1450(s), 1373(m), 1326(vw), 1263(w),

1159(s), 1087(m), 1038(m), 972(s), 936(m), 763(vw), 543(vw). Anal.
Caled for C;aHagSsPtBra: C, 14.85; H, 2.08. Found: C, 14.88: H, 2.05.
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Pta(dtp)sl, (2): The Pty(dip)yl, was prepared accordmg to the
procedure reported [3] .

X-RAY CRYSTAL STRUCTURE DETERMINATION

Intensity data of (1) were collected on an Enraf Nonius CAD4
diffractometer with graphite-monochromated Mo Ko radiation (A=
0.71069 A) at 293 K. The structure was solved and refined by using
the Crystal Structure software package [5]. Crystal data; crystal
dimensions 1.20X0.20% 0.10 mm’, C);HxBr,Pt:Ss, fw = 970.76,
monoclinic, P2i/a, Z=4, T=293 K, a=9.755(7), b = 15.67(1), c =
15. 87(2) A, B=185.03(9)2 ¥ =24173(33) A, (Mo Ka) = 155.1
em~!, F (000) = 1784,00, 10372 reflections measured (20 = 52. 7°)
of WhICh 10163 were independent and 2202 were observed with I >
3o(I), 239 refined parameters, R = 0.073, Rw = 0.078,

ELEMENTAL ANALYSIS
Elemental analysis was performed by a Perkin-Elmer 2400 series T

CHNS/O analyzer at the Chemical analysis Center, University of
Tsukuba,

OPTICAL MEASUREMENTS

UV-Visible-NearIR spectra of the complexes as KBr pressed disks and
toluene solution were recorded on a Jasco V-570 spectrometer. IR
spectra were recorded as KBr pressed disks on ThermoNicolet
NEXUS 670 FT-IR spectrometer. Polarized Raman spectra were
recorded with a Jasco NR-1800 subtractive-dispersion triple (filter
single) polychromator using a microscope. A Spectra Physics model
2017 Ar" laser provided the exciting line (514.5 nm), Detection of the
scattered radiation was made by a cooled Photometrics CC200 CCD
camera system with operating temperature of 153 K. Wavenumber
calibration was made based on the emission lines of Ne lamp.
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RESULT AND DISCUSSION

The ORTEP and packing diagrams of (1) are shown in FIGURE I.
The complex (1) crystallized in the monoclinic P2y/a. Two platinum
atoms of the complex are bridged by four dip ligands. Each platinum
atom is six coordinated in a tetragonally distorted octahedral geometry
and being surrounded by four sulfur atoms in an approximately
square-planar arrangement and a bromide and the other platinum atom
in apical positions. The two PtS, planes are twisted by the angle of ca,
25.6° from the eclipsed Dy structure, The structure of (1) is almost
equal to that of (2) [3]. The Pt-Pt distance of 2.572(4) A in (1) is
slightly shorter than that in (2) (2.582(1) A) [3]. This is due to the
difference in the clectron densitics of antibonding d,. orbital, that is
the difference in the o -donations from axial halide p, orbital. The
Br-Pt-Pt-Br scquence is almost lincar. The two Pt-Br distances
(2.573(5) and 2.578(5) A) are the same within standard deviations.

FIGURE 1 (a) ORTEP diagram of (1) with 50% thermal

ellipsoids. (b) Packing diagram projected along the a axis for (1).

Electronic spectra of (1) and (2) are shown in FIGURE 2. The
spectra of two complexes are very similar both in solid and solution
state. An important feature of the absorption spectra is the intense
band at ca, 2.5 cV. These bands are assigned to LMCT (Ligant-to-
Metal Charge Transfer) transition, p(X) — d,«(M). The energy of
LMCT band is higher in (1) than that in (2), because the energy level
of p{X) is shifted to lower energy with changing X from I to Br,
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The observed bands around at 3.5 and 4.2 eV are also assigned to
de(M) — d{M) and de(M) — p.(M) transitions, respectively.

------ Pl{dtp)yla e Phludip)lz
Py, f ——Plidiphbry
g &

—

] L L L L L 1 L L] L ] ]

3 4 5 1 3 4 5
Photon energy / eV Phuton energy / eV
(a) (b)

FIGURE 2  Electronic spectra of (1) and (2) in KBr disk (a) and
in toluene solution (b).

Ply(dtp),Bry

Intensity (arb.units)

Piy(dtp)yl,

700600 500 400 300 200 100
Raman shift / em™
FIGURE3  Polarized Raman spectra of (1) and (2).

Polarized Raman speetra of (1) and (2) arc shown in FIGURE 3,
The peaks at 154 and 300 em™ in (1) are assigned to v(Pt-X) mode
and its overtone, The strong peak at 114 and 226 cm’ "in () is also
assigned as well, which is sluﬂ:ed to lower wavenumber than that in
(1). The weak peaks at 86 em™ in (1) and 81 em™ in (2) are assigned
to the v (Pt-Pt) modes. This slight shift is due to the difference in the
electron densities of antibonding d.- orbitals of (1) and (2).
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A temperature dependence of *C CPMAS NMR was measured for
revealing the local electron spin structure in [Rhy(acam)sCl],
{Hacam=acetamide). Observed two sharp peaks were assigned to
carbons of crystallographycally nonequivalent CH; groups and a broad
one to C in the C=O group. A large high-field shift of -125 ppm was
abserved in C (C=0), indicating a negative spin polarization on this
catbon. From the temperature dependence of Fermi contact shifts, the
hyperfine coupling constant of each carbon was determined. By
considering hyperfine coupling constants, it is found that a marked
amount of electron spins are distributed on C (C=0) with the negative
polarization, and a small (positive spin exists even on the terminal
carbons in methyl groups. '"H MAS NMR spectra can be explained by
the superposition of different shift lines, implying that spln polarization
is also generated on hydrogen atoms.

Keywords:  Rhiodium complex; Acetamldato complex; Dinuclear
complex; Electron spin polarization; C CPMAS NMR; Hyperfine
coupling constant

INTRODUCTION

Halide bridged tetrakis(acetamidato)dirhodium cation radicals

321
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[Rhy(HNCOCH3)¢X], (X=Cl, Br, I) have a 1D zigzag chain structure
supported by hydrogen bonds between ligands in neighboring dimers as
illustrated in Figure 11, These complexes have unique features: (1)an
odd spin exists on a Rh,** unit dimer, and SOMO (singly occupied
molecular orbital) is supposed to be the ds» molecular orbital in a metal
dimer("], (2) the zigzag alignment of dimers gives rise to an overlap
between SOMO’s,, (3) the dpe SOMO is symmetry-allowed to
delocalize onto tlie % system of the bridging ligand®., By comparison
with 1D metal complexes with local d; HOMO, it can be presumed that
interdimer magnetic interaction is small, in other words, variable by a
slight change of their chain structures. I is also likely that the
distribution of electron spin on the ligands is relatively large. From
these reasons, their magnetic property is expected to be sensitively
changed with temperature, and governed not only by the metal-metal
interactions but also by the interaction through ligands.

In this study, to understand the struoture of electronic spin in
these rhodium complexes in detail, the distribution of electron spin on
the ligand were investigated by the measurements of temperature
dependence of *C CPMAS NMR and 'H MAS NMR spectra in
[Rha(HNCOCH3}Cl].

Cl 1*)

FIGURE 1  Zigzag chain structure in [Rh(HNCOCH;)4CI, !

EXPERIMENTAL

[Rhe(HNCOCH;)4Cl], was obtained by the method previously
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reported(’], The **C CPMAS NMR spectra were measured at 75,6 MHz
with a BRUKER MSL 300 NMR spectrometer with a 5t/2 pulse of 5 ps
long and a contact time of 1 ms. The magic angle spinning rate was set
between 5 and 7 kHz in a temperature range 175-330 K. 'H NMR
spectrum was measured in the same NMR system as mentioned above
at a frequency of 300.13 MHz with a spinning rate of 6 kHz at 300 K.

RESULTS AND DISCUSSION

3C CPMAS NMR Spectrum

A temperature dependence of *C CPMAS NMR spectra is shown in
Figure 2. In the spectrum at 300 K, two relatively sharp and a broad
peaks were observed. Two sharp peaks observed at 91 and 46 ppm are
attributed to two crystallographically nonequivalent methy! groups in
the ligand, but one-to-cne correspondence, between them cannot be
determined at present stage. The broad peak of -125 ppm can be
atiributed to the carbon in C=0 group, which is located close to Rh.
The broad width comes from the effect of much fast paramagnetic
relaxation of an electron spin on the Rh dimer. The most remarkable
result is that a quite large high-field shift of -125 ppm was observed in
the C=0 carbon. This value differs by several hundred ppm from the
common shift of +200 ppm in diamagnetic compounds. From the
comparison of electronic structures with various dirhodium complexes,

« 0
25K
15K
i 1 [ L L L
00 100 0 100 20 G0 A0 500

‘ B/ ppm
FIGURE 2 Temperature dependence of "C CPMAS NMR  spectrum,
The peaks marked with * are spinning side bands.
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it was proposed that the matal-ligand bond contains % overlap between
the Rh ds and the ligand pq orbitals'"). Taking into consideration of
these facts mentioned above, it is likely that a considerable amount of
electron spins is distributed on the C (C=0), and its spin is negatively
polarized. -

The observed shifts & is descried by a sum of the
temperature-dependent Fermi contact Spermi ! and psendo contact Opseudo
shift['”, and temperature independent diamagnetic shift Sdia 3

8 = Brermi + S pseudo + Odia -
ZisoHB A

Svermi = . ,
Ferml =y /om 3kl
2
8pseudo = (ggnrn ‘gg'erp)él'ﬁ,‘. 3 cos® 9“1)/1‘3,

where 4 and vy are the hyperfine coupling coustant and the
gyromagnetic ratio of Be, Zparas Zperpy AN Ziso are parallel, perpendicular,
and isotropic value of g-tensor, The magnitude of 4 is directly related
to the spin polarization, At first, Sueus shifts of respective “C were
determined by the method reported in [3]. In this estimation,
experimentally determined gpwm and g in the frozen solution of

[Rha(acam)Cly]™  were used!, Then, Opermi +4ia values were obtained

by subtracting Syseudo from 3, 800 dpermi +dcia values were plotted versus
reciprocal temperature in Figure 3. Here, one peak of methyl carbon
with a higher shift than the other was related to the carbon with larger

150
50 Ve 2 Rs, © <
g
=50 =
K0 - .
_]50 | &I | | [ 3
0 1 ~2 3. 4 5 6x10
& T /K

FIGURE 3 Temperature dependencies of Fermi contact shifts of
the peaks assigned to carbons in CH; (® ,© ) and C=0
(4 . The solid lines are fitted by S T
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Bpsends value, and the average By, value for two kinds of C (C=0 )
was used as dpseudo for C (C=0), The Bperu values® of carbons (CHs)
increased linearly with 7, while that of C (C=0) decreased, implying
that spin polarization on C (CHa) is positive, on the other hand, that on
C (C=0) Is negative. The negative and rather small value of A of the C
atom. (C=0) is consistent with the model that the odd electron on ds is
delocalized onto the HOMO of the acam ligand. Finally, A and 84,
values were detgrimined from the slopes and the y intercepts of dgem
variations, respectively. Obtained values are tabulated in Table 1. The
presumed spin polarization on the ligands is given in Figure 4. '

FIGURE 4  Spin polarization presumed from hyperfine coupling
constants,

TABLE 1  Hyperfine coupling constants (A) , and diamagnetic shifts
(Bais). C2 and C4 follow the notation in Figure 1.

A/MEz Oun / ppm
C2 (CHa) 0.41 ' 45
C4 (CHa) . - 0,15 29
C (C=0) 3.2 220

The estimated du, values are in the common range of values reported in
diamagnetic compounds. :
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'H MAS NMR Spectrum
A 'H MAS NMR spectrum observed at 300 K is shown in Figure 5.

The spectral shape is asymmetric and expanding to the high-field,
indicating that there is several kinds of 'H with different shift. This
result implies the presence of spin polarization on hydrogen atoms.

I ] ] | ]
600 400 200 0 -200 -400 600

&/ ppm
FIGURES 'HMAS NMR spectrum at 300 K.
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The 'H NMR spin-lattice relaxation time 7} in a spin 1/2 1-D
antiferromagnetic complex [NiBr{chxn)a]Br: was observed
down to [.8 K. The observed 7| temperature dependence was
well reproduced by the Sachdev’s treatment giving an exchange
interaction energy (J) of ca. 2500K. 1-D spin migration
assignable to paramagnetic electrons in impurity amounts of
Nill sites was observed at low temperatures.

Halogen-bridged one-dimensional (1-D) metal complexes
with a chatn structure of -X-M"-X-MV.X- (M: Pt, Pd; X: Cl, Br,
1) have been shown to form an almost isolated 1-D structure in
which mixed valence states of metals M(II) and M(1V) are formed
owing to strong electren phonon interactions characteristic in this
system. Recently, new halogen-bridged !-D complexes
[NiX(chxn);]X; (chxn: 1R, 2R-cyclohexanediamine; X: Cl, Br)
were prepared! and shown that bridging halogen atoms are
located at the center between two neighboring Ni atoms
soggesting the formation of an averaged valence structure
(Mott-Hubbard systern) consisting of 1-D chains of paramagnetic
Ni(III) expressed as -X-NiI.X-Nill.X-, To reveal its magnetic
structure, the magnetic susceptibility measurement on the Br
complex has been performed? and obtained results were tried to
explain with the Bonner-Fisher model® of an antiferromagneti-
cally coupled 1-D system. It is noteworthy that the analyzed result
suggested a quite large exchange internction energy (Jf) amount-
ing to ca, 3600 K.2 However, this result is nat clear because sucha
large J value is difficult to be determined from data observed in
the low-temperature range up to 300 K. If this reported J value is
acceptable, this system would be the 1-D system having the
strongest antiferromagnetic interaction so far reported.

It has been shown that 1-D systems consisting of §= 1/2
paramagnetic spins with antiferromagnetic interactions cannot
form an ordered state at low temperatures, but it has a Auctuated
spin state of quantum mechanical origin. From this effect, we can
anticipate the non-vanishing NMR spin-lattice relaxation rate in
the limit of the low temperature, By assuming the Heisenberg-
type interaction, Sachdev proposed* that the spin-lattice relaxa-
tion time T in the range of T'/J < 0.5 is expressed as

T o 20/ 7) (1

where J is defined by H, = 2/ 58, - §4 giving finite T) at low
temperatures. We confirmed this prediction in the low-tempera-
wre range by measuring 'H T} in [CuBra(AdH*Y)1Br (Ad:
adenine)® which has been shown to be an antiferromagnetically
coupled S = 1/2 1-D system with J = 52.6 K.

In the present study, we intend to reveal the magnetic
structure and dynamic electron-spin behavior of 1-D chains in
[NiBr(chxn)2]Br» and obtain the information of magnetic

interactions expected to be quite strong by measuring the
temperature dependence of the 'H NMR spin-lattice relaxation
time at low temperature range and discussing the obtained da in
connection with the above relaxation theory.

We prepared crystalline samples of [NiBr(chxn}; ] Br2 forthe
NMR measurement by two methads which gave quite different
results, Starting from a monomer complex [Ni{chxn};]Bra
containing Ni'' prepared according to literature,! the polymer
complex [NiBr(chxn),]Br; was obtained in the first method by the
oxidation of the monomer complex dissolved in methoxyethanol
by slowly diffusing Br gas, Fine plate like crystals were obtained
in a week. The second method was performed by the recently
developed electrochemical oxidation technique.” Using 2 metha-
nol solution of the monomer complex containing tetra-n-
butylammonium salt as a supporting electrolyte, several mm size
single crystals were appeared on the Pt electrode in 2—-3 months
with a current of ca. 10 [tA, The crystals obtained by 1st and 2nd
methods are hereafter named Sample 1 and 2, respectively. We
confirmed that both Sample 1 and 2 have the same crystal
structure.

The  HNMR spin-lattice relaxation time 7' was measured by
8 Bruker SXP100 pulsed NMR spectrometer using the inversion
recovery methed with a homemade temperature controller in a
range 100-300 K. A home made pulsed spectrometer applyingthe
same pulse sequence was used in a range 4.2-100K using an
Oxford CF1200 cryostat, For the measurement below 4.2 K, an
NMR spectrometer and a cryostat made in Hokkaido University
was used. The sample temperature was controlled and determined
within =1 and £0,1 K, above and below 100 K, respectively. For
detecting possible phase tramsitions taking place at low
temperatures, we carried out single crystal X-ray diffraction
measurements on Sample 1 using a low-temperature X-ray
imaging-plate (IP) system (DIP320V, Mac Science Co., Ltd.)
with a graphite monochromated Mo Ko radiation and a
continuous He gas-flow cryostat. The crystal structure deter-
mined at ca, 20K (F222, a = 23.469(3), b=5.138(1), ¢ =
7071(2) A, Z = 2) showed the same isomorphous nondistorted
1-D chains as determined at room temperature' and no diffused
scattering pattern was observed, These results imply that no spin
Pelerls type transition is expected down to ca, 20K,

In the NMR relaxation measurement, the 'H magnetization
observed after a 7r/2 pulse plotted against the pulse interval T
showed a nonexponential decay in both samples. We roughly
evatuated 7, from the initial linear part of the decay, This shont T,
component was ca. 90% of the 'H magnetization in the whole
temperasure range studied. At first, we measured 'H T} in Sample
1 and obtained data shown in Figure I exhibiting a T} expansion
upon cooling to 1.8 K. This result was inconsistent with the above
theoretical prediction by Sachdev.* The recently prepared Sample

Copyright ® 2002 The Chemical Society of Japan
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Figure 1, 'H NMR spin-lattice relaxation time 7' observed in
[NiBr(chxn);]Br, prepared by Bra diffusion method (Sample 1)
and electrochemical oxidation (Sample 2). Solid and broken
lines are theoretically calculated by Sachdev’s treatment,

2, however, showed a quite different relaxation from in Sample 1
as given in Figure 1, where no 7} expansion was observed below
4,2 K, The observed T) in 2 was ca, 10 times longer than in 1 and
gave almost temperature independent values in both high- and
low-temperature ranges except for a minimum observed ca, 30 K.
Quite different relaxation behavior observed in Sample 1 and 2
suggests marked influences from chain ends, impurities and other
lattice imperfections being expected more in Sample 1, The T,
temperature dependence observed in Sample 2 can be divided into
two companents: the simost temperature-independent flat part
and the minimum at ca, 30K affording a marked Larmor
frequency dependency as shown in Figure 2. The temperature
independent part of T, tending to a finite value in the low-
temnperature limit is now consistent with the theoretical expecta-
tion and its temperature dependency could be fitted by Equation
(1) and fitted curves are shown in Figure 1, From the fitting, we
could evaluate the exchange interaction energy J = 25004
1,000 K, This value is comparable to 2700 == 500 K estimated
from the spin susceptibility data obtained by ESR measurements?
and also a recently reported value of 1700K derived from the
Bonner-Fisher fitting of the magnetic susceptibility.’ It is
noteworthy that these J values are almost the same as 2200K in
8Sr2Cu0;'° that has been reported to be the antiferromagnetically
coupled 1-D system having the highest J value so far reported.
Figure 2 shows Arrhenius plots of Ty having a marked
Larmor frequency (w) dependence, This indicates the presence of
time-dependent relaxation mechanisms different from the
fluctuation of antiferromagnetically coupled 1-D electron spins
in Ni"® sites that gives the flat part of Ty, The fact that a 7
minimum was observed at ca. 30K indicates the presence of
another relaxation with a fluctuation rate close to the Larmor
frequency atca, 30 K by considering the T minimum condition of
@7 7 1,0 where 7 is the correlation time given by the reciprocal
of the jumping rate, We assigned the origin of this mechanism to
some spin motions associated with impurities formed along 1-D
~ chains, because Sample 1 containing more impurities gave a more
remarkable relaxation than in 2. The most probable impurity
expected in the present system is paramagnetic Ni'l sites having

— 132~

[=r)
tn
~J

1 I T I | ] I LI I 1 I 1 ’ Ll 1 T T

® 60 MHz (Sample 1)
© 34 MHz (Sample 2)
O 45 MHz (Sample 2)
A 36 MHz (Sample 2)

oﬂAQ Y %

1 1 14§01

Tlls o]

A

1 IIP'IHI

0.1

1 IIlHIl

T L 1 L I | ] E I N | l ] 1 i
50 100 150 200

10007 1K

Figure 2. Arrhenius plots of temperature and Larmeor
frequency dependences of 'HNMR T, in [NiBr{chxn),]Br,.

0.01

an extra electron movable to neighboring normal Ni™ sites
through Br 4p, orbitals. This model can be supported by the
reported high electrical conductivity of 7 x 10~*Sm™"! at room
temperature,” which was also explained by the effect of Nill
impurities.” From the present NMR results, we could determine
the rate of random jumping of electrons in Ni" sites along the
chain to be 10%/s at ca, 30 K.

The observed temperature and Larmor frequency depen-
dences of T given in Figure 2 were both unexplainable by the
conventional BPP theory,!! Since expected Ni'! impurities could
be formed not only near cationic impurities, but at chain ends,
several kinds of Nill sites with various concentrations and
jumping activation energies seem to be possible, The observed
asymmetric T data are attributable to the superimposed effects
from these impurities on the relaxation,

This work was partly supported by Grant-in Aid for Scientific
Research No. (B) 12440192 from the Ministry of Education,
Culmre, Sports, Science and Technology of Japan,
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Abstract

The 3C1 NQR spin-lattice relaxation times 7Tjp in paramagnetic
Mn(H,0)¢SnCl; and Co(H,0)SnClg crystals were measured as a function
of temperature, Using the T, values observed, the comelation times v of
eleciron-spin flip-flops and exchange parameters J were estimated, The J
vatue in Mn salt was found to be smaller than those found for Co and Ni
salts. It is inferred from the J values that the indirect interaction whete some
chemical bonds (including OH.- - «C1 hydrogen bonds) intervene is dominant in
the exchange interactions between the paramagnetic ions in M(m{H> 0)eSnCls
{M(m) = Mn, Co and Ni),

1. Introduction

Measurements of nuclear spin-lattice relaxation times in paramagnetic Insulators can give
dynamical information of unpaired electrons through the magnetic hyperfine interactions.
When an atom of the resonant nucleus is not directly bonded to any paramagnetic atoms, it
is an excellent approximation for nuclear spin relaxation te take into account only magnetic
dipole~dipole interactions between the nucleus and unpaired electrons. Since it is easy to
estimate magnetic dipolar interactions as long as the exact geometrical information is available,
values of electron correlation times obtained from nuclear-relaxation measurements are quite
reliable,

In our previous papers [l,2], we measured the temperature dependence of the 3¢l
nuclear quadrupole resonance (NQR) and 'H nuclear magnetic resonance (NMR) spin-lattice
relaxation times in paramagnetic Ni(H;0)4SnClg crystals, and estimated the correlation time
for electron-spin flips and exchange interactions between the paramagnetic ions. These
investigations showed that in measuring electron-spin dynamics an NQR method can afford
some advantages: a resonance signal can be observed even in nuclei close to paramagnetic

3 Author to whom any correspondence should be addressed.
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(a) (b

Figure I. The crystal structure of Ni(H20)s5nClg drawn by ORTEP with 50%-probability-
displacement ellipsoids [6]. (a) Trigonal unit cell (b) projection of the unit cell onto the ab-plane.
Double and single dotted lines indicate OH. - .Cl hydrogen bonds along the c-axis and on the
ab-plane, respectively,

atoms, and resonance signals can be one-to-one corresponded to nonequivalent lattice sites
in crystals. As a result of these benefits we were able to measure precisely the electron
correlation times in paramagentic crystals, The NQR method has another advantage. A very
small exchange parameter of around 1072 K can be estimated without measuring at very low
temperatures. In our former studies [1,2], all relaxation-time measurements were carried out
only above 77 K and an exchange parameter of 0.019 K was obtained,

In the present investigation we measure the 33Cl NQR spin-lattice relaxation time T\g
in isomorphous Mn(H;0)¢SnClg and Co(H»0)sSnCls crystals, and discuss weak exchange
interactions in M(m)(H20)8nClg (M(m) = Mn, Co and Ni).

2. Experimental

The polycrystalline samples were prepared by the same method as described in [1], The
temperature variation of the Cl NQR To was measured with a homemade pulsed NQR
spectrometer described in [3]. The sample temperature was controlled and determined within
+1 K. Tip was measured by a 180° — v — 90° — ¢/ — 180° pulse sequence with a fixed t’ of
110-150 ws through the whole T, measurement,

3, Results and analysis

Mn(H0)s8nCls and Co(H;0)sSnCls have been shown to be isomorphous with
Ni(H;0)sSnCl; [4], which forms a trigonal crystal with space group R3 and a slightly distorted
CsCl-type structure with o = 96°45’ consisting of [Ni(H,0)5)%* and [SnCls]*~ octahedra [5].
The unit cell of Ni(H,0)6SnClg is shown in figure 1 [6]. Each chlorine atom is surrounded
by five 1120 molecules, while each [Ni(H,0)s)** ion is in contact with 12 chlorine atoms at
4.2-44 A,

A single 33CI NQR signal has been detected for the both compounds [7] in agreement with
the above crystal structure. The temperature dependences of the 33Ct NQR T)g in Mn and
Co salts are shown in figare 2. We find marked differences in the magnitude and temperature



NQR studies on wenk exchange interactions between paramagneric fons in M(T}H20)e5nClg 1087

/
300 40 20 8 g K
100 gt

—

[Co(H0)s][SnCls] ®
[Mn(H;0)s){SnCls] =

w
=]
&
|
- * . [
100 150 250

200
1000 K

Figure 2. Temperature dependence of 3C) NQR Tyg in Mn(H;0)48nClg and Co{H20)s5nClg
crystals,

dependence in Tyg between the two salts, That is, T in Mn salt is almost constant over the
whoale temperature region investigated, whereas in Co salt it increases rapidly on heating. We
shall see, however, that both of them are governed by electron-spin dynamics, except for the
rapid decrease above room temperature observed in Co salt, which is attributed to electric-
field-gradient (EFG) fluctuation at the chlorine sites caused by the {SnCls]*~ reorientations
with an activation energy of 69 & 10 kI mol~! [8]. Although the same relaxation mechanism
must exist in the Mn salt, it is masked by the paramagretic relaxation.

When a resonant quadrupolar nucleus with 7 = 3/2 expedences a fluctuation in the
magnetic field caused by the motion of electron spins S, T ¢ is expressed as [9]

- 2.0 2 Te
Ty = W78  uaS(S+1) Z;: A,W.

Here y;, g and pta indicate the gyromagnetic ratio of *Cl nucleus, the g factor and the Bohr
magneton, respectively. wg and 7, are the resonance frequency of the NQR line measured and
the electron-spin correlation time, respectively. The geometrical factor A; is given by

A= _l_lilFf(O)lZ + lF|(l)|.2 + %lFi(Z)Ing‘ (2)

(L

Hera F,(“')(q = 0, 1,2) are the spatial parts of the dipolar Hamiltonian between the nucleus
and the fth electron spin and are given by
|FOP2 = (1 -3 cos* @)% /rf
lFim [ = sin? 6, cos? Bg/rf ' 3)
|F®|? = sin® 6;/r}.
Here g, represents the angle between the principal axis of EFG at the resonant nucleus and the

interspin vector 7. Since ¥Cl NQR frequencies in Mn and Co salts were observed around
16 MHz, the condition w} 7} <1 is fulfilled and hence we have

Tig = Wi uds(S+1) ) Arze. (4)
i

We see that the relaxation rate TE![ is proportional to .
The electron-spin correlation time 7, is given by the electron-spin-lattice relaxation time
Ty and the correlation time #¢ of electron-spin flip-flops as follows [10]

=Tt ey (5)
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Since the electron-spin flips are caused by the exchange interaction between neighbouring
electron spins, 77 is independent of temperature. On the other hand, Tie is ascribed to spin—
phonen interactions and depends on temperature T as follows [11]:

hve Ul 4
Eﬁ'-) Ty exp(A/kT) -1

The first term represents the direct process where v, is a Larmor frequency of the magnetic ion.
The second term corresponds to the Raman process and the exponent n can take numerical
values depending on the electronic states of the magnetic ion. The last term describes the
Orbach process where transitions between two low-lying states of the magnetic ion occur via
an excited state whose energy is less than the maximum phonon energy and also higher by A
than energies of the two ground states.

1! = Booth ( (6)

3.1 Mn{HzO)ﬁSnCls

The T} values observed in Mn salt shown in figure 2 were almost temperature-independent,
suggesting that T is govered by electron-spin flip-flops. The correlation time 7 can be
evaluated from the observed Tyg value using (4) and (5). Since the effective Bohr magneton
value u.y and detailed data on the crystal structure are unavailable for Mn salt, we used the
tegr value for Mn?* in (NH,):{Mn(H»0)5]1(SO4), for the former [12], the lattice parameters
in table 2 [4] and assumed the chlorine positions for the latter to estimate v;, We finally
obtained 7 = 1.1 x 10719 5 by substituting pteg = 5.88 pp and ¥ A = 2.42 x 10% em~¢,
where contributions from the paramagentic ions within 117 primitive cells around the resonant
nucleus were summed up.

On the basis of Kubo and Tomita [13], Moriya [14] derived the following equation for the
exchange frequency wex on the assumption of the nearest-neighbour interaction:

2 J?
where z is the number of nearest neighbours of the paramagnetic jon and J is the exchange
parameter that appears in the following Hamiltonian of the isotropic exchange interaction

Ha=Y 758 ®)
i<}
Using the relation [13]
ws, = T 9
e 2,[':_:, ( )

the exchange parameter J can be evaluated from t¢, Moreover, since the paramagnetic Curie
temperature @ is given by

zJ
0=3356+1) (10)

in the mean-field approximation [15] ® can also be evaluated from 7,

The values of J and © obtained from 7 are listed in table 1. Since J and/or @
values determined experimentally for Mn salt by no other methods have been reported, the
paramagnetic Curie temperature Ggp, determined from the adiabatic magnetization curves
observed in the isomorphous complex Mn({H,0)sSiF; is listed for comparison [16).
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Table 1, Observed Ty values, the correlation time 1y of electron-spin flip-flops, exchange
parameter J values between nearest neighbours and the paramagnetic Curie tamperature values ©
for Mn(Ha®)SnCls and Co(H2 0)s$nCls.

Compound Tigus) w00 J02em=") O((K) Op(K)P
Mn(H30)sSnClg 1967 LI 0.4 028  0.11-0.12°
Co(H10)sSnCls 51030 097 1.6 022  0.15-0.19°

% Bgus is the absofute value of the paramagnetic Curie temperature deterrnined in the isomorphous
Mn(H20)48iF5 and Co(H,0)5SiFs arystals.

b Mn{H,0)5SiF; [16].

¢ Co(H20%SiFs [16],

Table 2, Exchange parameter J values between the nearsst neighbours, the lengthe of the a- and
c-axes of the unit cell {d] and elecronegzativities [22) for Mm{H;0)55nCl4,

Compound J10%em™) a(A) c(A)  Electronegativity
Mn(H:0365nCls  0.84 9.87 1025 1.5
Co(H20)5SnClg 1.6 10.69 1091 L8
Ni{Hz0)8nClg 1.3 10.60 1074 18

3.2. Co(H,0)eSnCls

Figure 2 shows that Tjp observed in Co salt below room temperature decreased gradually
on cooling and at temperatures below 40 X it became constant as in the Mn salt. This
temperature dependence seems to be explained by the fact that 7, is dominated by T, below
room temperature and by 77 at lower temperatures, Using the assumption that the Orbach
process is most effective in Ty, the best-fit caleulstionleads to the energy difference A = 550K
(350 cm™!) between the ground and the first-excited states of Co®*, with this value being
compatable to reported values in several compounds [10, 17-20]. According to {11], the
parameter ¢ in (6) is estimated to be 10*A® in K units for the rare-earth group. Using this
value, 777" is calculated to be 1.5 % 108 5~ for SO K, 3.7 x 10'0 5~ for 100 K, and 1.5x 1012 s~1
for 300 K, which are very reasonable values compared with the 7r value given below,

From the temperature-independent part of Tjg, we estimated 7¢ using (4) and (S).
By substituting pt.q = 4.61up observed for Co™ in CoCly-6H,O [(2], and " A; =
1.57 x 10% em™% calculated with lattice parametets in table 2 [4] and assuming chlorine
positions in the equation, we obtained 7z = 0.97 x 10~10 s, The values of J and © obtained
from 17 using (7), (9} and { 10) are listed in table 1 along with ®,p, determined from the adiabatic
magnetization curves in isomorphous complex Co(H20)s5iF; [1€].

4. Discussion and conclusion

The J value decreases in the order of Co, Ni and Mn, as does the unit-cell volume. Since the
calculstion of the J value includes some approximations and/or hypotheses, it is difficult to
discuss the differences in the J values between the Co and Ni salts. However, the J value
in Mn salt is certainly smaller than the values in the other two salts, Hence it is concluded
that the exchange interaction between the paramagnetic ions in Mn salt is weaker than that in
the others and the J value has no correlation with the lattice size in the present system. This
suggests that the exchange interactions in the three salts are made indirectly through some
chemical bonds in such a path, M(t)—OR: + .Cl-Sn~Cl- - HO-M(m), rather than directly. This
path has two M(u)-O bonds and two O-~H- . -Cl hydrogen bonds. The order of J values in the
three compounds seems to be explained by differences in these bond characters.
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The frequencies of M(m)-O stretching and M(m)-OHa wagging vibrations are reported to
be 405 and 645 cm™", respectively in Ni(H20)sSiFs, while those in Mn(H,0)sSiFs are 395
and 560 cm™!, respectively [21]. If the Ni-O bond in the present system is stronger than the
Mn-0 bond, Ni salt can have a larger J than Mn salt, Electronegativities of Mn, Co and Ni
are listed in table 2 [22]. Since Co and Ni are more electronegative than Mn, the O-H. ..Cl
hydrogen bonds in Co and Ni salts are stronger than those in Mn salt, leading to J values in the
former being larger than those in the latter. Therefore it is concluded that the direct exchange
interactions between the paramagentic ions have a minor effect compared with the indirect
interactions in M(m)(H;0)sSnClg (M(z) = Mn, Co and Ni), and the small J value in Mn salt
can be explained by a relatively weak Mn—O bond and a small Mn electronegativity making
the O-H. . .Cl bonds weak.

References

[1) Horiuchi K, Asaji T and Ikeda R 1994 Phys, Rev. B 50 6169
(2] Hotiuchi K 1994 Phys. Status Solidi b 186 519
[3] Miyoshi B, Horluchi K, Sakagami N, Okamoto K and Tkeda R 1998 Z Nanuforsch, a 53 603
[4] US Dept of Commerce, NBS, and the Joint Committee on Powder Diffraction Standards, USA 1973 Crystal
Data Determinative Tables vol 2, 3rd edn Inorganic Compounds
(51 Pauling L 1930 Z Kristallogr 72 482
{6] Sukihara A [999 Master Thesis University of the Ryukyus
{7] Horiuchi K, Sasane A, Mori Y, Asaji T and Nakaroura D 1986 Bull. Chem. Soc. Japan 59 2639
[8] Horuchi K 1994 Z Naruforsch, a 49 286
[9] Mizuno M, Asaji T, Nakamura D and Hotiuchi K 1990 Z Narurforsch. a 45 527
{10) Birkelond A and Svare T 1978 Phys, Sen 18 154
[11) Abragam A and Bleany B 1970 Electron Paramagnetic Resonance of Transition lons (Oxford! Clarendon)
(12} Koenig B 1966 Landolt-Boernstein New Series Group II: Atomic and Molecular Physies vol 2, ed K H Hellwege
and A M Hellwege (Berlin; Springer) p 63
[13] Kubo R and Tomita K 1954 J. Phys, Soc, Japan 9 888
{14) Moriya T 1956 Prog. Theor Phys. (Kyoto) 16 23
Moriya T 1956 Prog. Theor, Phys, (Kyote) 16 641
(15) Stanley H E 1971 Introduction to Phase Transitions and Critical Phenomena (Oxford: Clarendon)
[16) Ohtsubo A 1965 J, Phys. Soc, Japan 20 82
(17} Zversv G M and Peteling N G 1962 Sov. Phys.~JETP 15 820
[18] Pryce MHL 1965 Proc, R, Sac. A 283 433
[19] Reger H 1984 Z Namrforsch, a 39 111
[20] Mizuno M, Asaji T, Tachikawa A and Nakamura I3 1991 Z Naturforsch, a 46 1103
[21] Nakagawa [ and Shimanouchi T 1964 Spectrochin. Acta 20 429
[22] Pawling L 1960 The Nature of the Chemical Bond 3rd edn (Ithaca, NY: Cornell University Press)




Joumnal of Molecular Structure 608 (2002) 63-69

Journal of

MOLECULAR
STRUCTURE

www.eisevier.com/locate/molstruc

Thermochromism in nickel(Il) complexes: thermal, solid state
'H NMR and single crystal X-ray analysis of
bis-(N,N-dimethyl-1,2-ethanediamine) nickel(II) perchlorate

Subratanath Koner®*, Masaru Tsutake?, Isoroku Nagasawa®, Ryuichi Tkeda®,
Pratap K. Saha®, Alok K. Mukherjee®, Surajit Banerjee®
*Depariment of Chemistry, University of Tsukuba, Tsukuba, Iharakt 305-8573, Japan

bDepamﬂem of Chemistry, Jadavpur University, Jadavpur, Calcaita 700 032, India
“Department of Physics, Jadavpur University, Jadavpur, Calcutta 700 032, India

Received 31 July 2001; revised 24 October 2001, accepted 24 October 2001

Abstract

The complex bis-(NV,N-dimethyl-1,2-ethanediamine) nickel(IT) perchlorate undergoes a first-order thermochromic phase
transition at ca. 476 K, changing its color from orange to red. The room temperature X-ray crystal structure determination
showed that the nickel ion pussesses a square-planar geometry with two five membered chelats rings, in the A conformation,
forming the NiN, chromophore. The broad-line 'H NMR indicates the onset of a dynamic disorder of diamine chelate rings at
the phase transition temperature region, while T) measurement of 'H affords the activation energy of the puckering metal
chelate rings to be 26 kI mol™!, The electronic spectrum revealed that a weakening of ligand field around the nicke] is
associated with the phase transition. @ 2002 Elsevier Science B.V. All rights reserved.

Keywords: Thermochromism; Nickel(I[) complex; Solid state "H NMR; Crystal structure

1. Introduction

Thermochromic materials, i.e, the materials which
change their color with change of temperature, are one
of the interesting classes of materials that bear the
promise for application [1-4]. They may be purely
organic [5,60] or inorganic [7,8], organometallic
[9,10] or metal complexes [1,11~16]. Several appli-
cations have been envisioned to use the thermo-
chromic materials for the fabrication of special

* Corresponding author. Address; Department of Chemistry,
Jadavpur University, Jadavpur, Caleutta 700 032, Indin. Fax:
+91-33473-1484,

E-mail address: skoner55 @hotmail.com (8, Koner),

devices [1-4,17]. Amongst these materials a series
of metal complexes containing diamine based ligand
have been studied by using several techniques, for
example, X-ray single crystal, solid state NMR, IR,
BPR and calorimetric measurements, etc. in the last
few decades [11-16,18~21]. These complexes
showed abrupt color change on heating in the solid
state. We and the others have proposed on the basis of
X-ray single crystal analysis and 'H NMR second
moment (M;) measurements that the sudden change
of color which occurs on heating is due to 2 weak-
ening of the ligand field strength resulting from onset
of dynamic disorder of chelate rings [19,22-24]. In
some cases different mechanisms for color change
have been proposed for the same species of these

0022-2860/02/% - see front matter © 2002 Elsevier Science B, V. All rights reserved,
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types of thermochromic complexes [13,24-26). For
example, Fukuda et al. [13] have claimed that thermo-
chromism of the [Cu(daco);](NOs), (daco=14-
diazacyclooctane) complex has a large part of its
origin in the thermal motion of anion/ligand hydrogen
bond system. This motion actually causing the weak-
ening of ligand field strength and hence the color

change is observed. Conversely, we have proposed

on the basis of solid state "H NMR study that weak-
ening of ligand field i3 ocourring due to the dynamic
conformational interconversion of the daco ligand
[24). Latter heat capacity measurements of this
complex showed that the mechanism proposed by us
is appeared to be operative in [Cu(daco);](NOs}, case
(25]. Therefore, further studies in this area are in
dernand to unravel the mechanism of the color change
of these types of thermochromic complexes. More-
over, itis well known that the measurement of second
moment (M,) 'H NMR absorption and spin lattice
relaxation times (T) of "H are useful to elucidate
the mechanism of different types of molecular motion
in the crystalline state [27,28]. These techniques have
been successfully employed in the case of thermo-
chromic materials recently [14,24]. In an earlier
communication we have reported the thermochro-
mism of several nickel diamine complexes containing
N N-dimethyl-1,2-ethanediamine ligand [29]. Almost
all those complexes showed color change due to the
cig—irans isomerization except for the present one,
This actually necessitates to study the
[Ni(dmen),](Cl0,); complex in details to understand
the mechanism of the color change in solid state on
heating of this complex, In this paper we report the
studies on thermal, solid state "H NMR and single
crystal X-ray analysis in detail of the
{Ni(dmen),)(Cl0,); (dmen = N.N-dimethyl-1,2-etha-
nediamine) complex in the following sections,

2. Experimental
2.1, Preparation of the complex

The complex was prepared by mixing the metha-
nolic solution of Ni(ClOy),6H;0 and the N,N-
dimethyl-1,2-ethanediamine in required stoichio-
metry. The orange colored crystalline product thus
obtained was filtered and washed with little methanol
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and dried in a desiccator. This complex
[Ni(dmen),](ClOy), is known to react with CO,
present in the air to produce CO; bridged complexes
{30]. Therefore, an inert (Argon) atmosphere was used
to grow single crystals of the title complex from
methanol.

2.2, Physical measurements

Differential scanning calorimetry (DSC) measure-
ment was carried out using a Seiko Instruments SSC
5200 calorimeter between room temperature and ca.
510 K with a heating rate of ca. 5 K min ™. Electronic
spectra in nujol mull were measured on a Hitachi U
3400 spectrophotometer. The effective magnetic
moment (o) of the complexes was measured as
reported earlier [29].

2.3, Solid state NMR measurements

The 'H NMR absorptions were measured by a
Varian WL-15 wide line NMR spectrometer at a
Larmor frequency 14.5MHz equipped with a
temperature controller, A copper-constantan thermo-
couple was used to measure the sample temperature
within an accuracy of 2 K. The M, also measured by
solid echo method [31] with the help a Bruker
SXP100 Pulse NMR spectrometer at a Larmor
frequency 40.8 MHz. The echo amplitude F{(#) after
time ¢ from the top of the echo can be written as:

F) =1 — My 12! + Myt 141 ()

where M, is the fourth moment of "H NMR absorp-
tion, To obtain M;, this equation was used for least
squares fitting of the echo amplitude versus ¢ plot. In
this measurements a 90°,—~7-90° pulse sequence was
used {31].

The spin—lattice relaxation times (T}) of 'H of this
complex were measured on a home made NMR
instrument operated at a Larmor frequency
40.8 MHz equipped with a temperature controller
within an accuracy of 1 K.

2.4. Crystal data

CaHyyNL,OgCLNI, M == 433,92, monoclinic, a =
6.049(1), b=16242(3), c¢=8705(Q)A, B=
87.22(1)° V = 854.2(3) A’ (by least squares refinement
of diffractometer setting angles for 25 automatically
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Fig. 1. ORTEP plot with atom numbering scheme of
[Ni(dmen);](Cl0,),.

centered reflections, A == 0.71073), space group P2,/c,
Z=2, D, =1.687 gcm™, F(000) = 452,
(Mo K, ) = 1492 mm™, orange crystals, dimen-
sions 0.35 X 0.25 X 0.20 mm®, T =293 K,

2.5, Structure determination

Intensities of 5296 reflections (3.6 <8 < 30.5)
.were collected using an Enraf Nonius CAD 4 diffract-
ometer in @ — 26 scan mode with graphite mono-
chromated Mo K, radiation. Data were corrected for
Lorentz, polarization and an empirical absorption
based on ¥ scan (Tin/Tha = 0.645/0.743) was
obtained, Out of 2481 unique reflections (R, =
0,1356) 1861 reflections with { > 2o(f) were consid-
ered observed. The structure was solved by heavy
atom method and refined by full-matrix least-squares
using SHELXL 97 [32,33]. Final refinement with all
non-hydrogen atoms anisotropic and hydrogen
atoms (placed at geometrical positions) held fixed
with isotropic temperature factors converged to R| =
0.0569, wR; = 0.1154 for 186! observed reflections

(Ry == 0,0903, wR> = 0.1290 for all reflections), The
weighting scheme w = 1/[o*(F,)* + (0.0779P) +
0.04P] where P = (F§ + 2F2)3, gave satisfactory
agreement analyses,

3. Resuits and discussion
3.1, Thermal analysis and thermochromism

The DSC measurement was carried out between
room temperature and ca, 510 K, The complex under-
goes an endothermic phase transition at ca.
476 & 2 K. The transition is associated with a visual
color change from orange to red. The sample does not
show any exothermic peak on cooling in DSC
measurement but on keeping in dry atmosphere for
several days eventually it reverts to the original
form. This shows that the transition is actually a rever-
sible one with very long hysteresis. It has been
observed that the rate of reversion increases with
increase in % of relative humidity of the atmosphere,
which means H;O molecules present in the atmo-
sphere accelerates the reversion. It has been observed
in an earlier study that HO molecule present in the
atmosphere acts as heterogeneous catalyst in the
reversion [34). Therefore, it can be concluded that
in this case also H,O molecules act as heterogeneous
catalyst in the reversion. The enthalpy change for this
thermochromic phase transition (A H) is calculated to
be 5.7+ 1 kImol ™. As the red species is stable for
several days after the transition we were able to
measure the electrenic spectra and magnetic moment
of both the species at room temperature, The magnetic
moment measurement showed both the species are
diamagnetic. The A, in the electronic spectra,
which can be assigned for the d-d transition for a
square planar nickel(Il) complex, shifted from 455
te 478 nm on phase transition. This red shift in d~d
transition band in electronic spectra clearly shows a
weakening of ligand field around the Ni ion |s asso-
ciated with the phase transition [16], Nevertheless
complex retains its square planar geometry (hence
dismagnetism) after the phase transition,

3.2. Description of the structure

An ORTEP [35] view of the complex with an atom
numbering scheme is shown in Fig. 1. With the Ni
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Table 1
Selected bond distances (A) and angles (°) with e,s.ds in parenth-
eses for [Ni(dmen);](C10,):

Ni-N1 1.948(2) N2-C4 1478(3)
Ni-N2 1.923(2) Cl-01 1.383(4)
N1-C3 1.498(3) C3-C4 1.502(4)
NI-Ni-N2 86.20(7) Ni-N1-C3 105.86(1)
N1-C3-C4 108.60{2) Ni=N2-C4 112.72(1)

atom lying at the center of inversion the crystallo-
graphic asymmetric unit of the title complex consists
of half of [Ni{dmen),] cation and one ClO, anion. The
geometry around the nickel center is distorted square
planar with an in-plane distortion introduced by the
ligand bite angle N1-Ni-N2 = 86.2°(1), The iwo
five-membered chelate tings are in the A conforma-
tions, Out of the oxygen atoms {O(2)] of the perchlo-
rate ion is hydrogen bonded to one of amino nitrogen
atoms [N(2)] of the cation: N2--02:--3.072(4) A;
N2-HN2-02 1734 A. The Ni-N, C-C and C-N
distances are comparable to those observed in the
similar systems [36—40), The selected bond distances
and angles of this complex are given in Table 1. The
single crystallinity of the complex is observed to loose
on phase transition. Therefore, we could not collect
the intensity data of the red variety of the complex.

3.3, Solid state 'H NMR measurements

The temperature dependence of the second moment
{M;) of "H NMR absorption of the title complex
measured from 297 to 489 X is shown in Fig. 2. The

204
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Fig. 2. The plot of M, (second moment) versus temperature for
(Ni(dmen)J(C10,),,
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M,values were measured by two different techniques
viz. solid echo and continuous wave (cw) method, The
two sets of data match each other very closely, The M,
values remain almost constant up to ca, 460 K then
suddenly dropped from 13+ 1G* to 7.7+05 G?
around 475 K, where the complex is observed to
undergo thermochromic phase transition (vide
supra). The abrupt drop in Mjvalues around 475K
of the complex with the thermochromic phase transi-
tion convincingly demonstrates that some kind of
molecular motion is associated with the phase transi-
tion. It is also noteworthy that around this temperature
the complex changes its color from orange to red. The
similar type of behavior is also observed in some other
thermochromic complexes [12,14,24]. The most prob-
able motion may be the conformational change of the
metal chelate rings. As it i3 well known that five
member rings can have either of the two ring confor-
mations § or A [41], the ligand molecules while coor-
dinated to the metal in this case can possess one of the
following conformations, 88, 8A or AA. The single
crystal X-ray analysis showed the conformation of the
[Ni(dmen),]*" moiety is 8A. For molecular solids
with known crystal structure, experimental values of
M, may be compared with values obtained using the
theory of Van Vleck [42] for rigid structure and for
various possible motional model in order to identify
the molecular motion at befors and after transition
temperature ranges. The M; value calculations in
this study for a powder sample was performed using
Van Vleck equations: [42,43]

Myfrigidy, = (/1R BN~ Y 1l (2)

M,(motional), = Ma(rigid); {(3 cos®y; — 112} (3)

for interacting protons j and &, where yg, N, rj and yx
denote the proton gyromagnetic ratio, the number of
the interacting protons considered for calculation, the
distance between the protons and the angle between
the rotation axis and interproton vector ry, respec-
tively. In the post phase temperature range, the motion
is approximated as the jumps between two equivalent
orientations of chelate rings according to the assump-
tion (b) (vide infra),

In this case the values of rigid and motional lattices
are calculated with the following assumptions: (a)
before the phase transition the only allowed motion
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Fig. 3. The temperature dependence of the 'H spin—lattice relaxa-

tion time (7)) for [Ni(dmen)2)(C10,);. The solid line was the bast
fitted line in the manner described in the text.

is the reorientation of CH; groups about the C-C
bonds and rest of complex cation is considered to be
rigid; (b) in motional lattices the ligand is undergoing
dynamic two fold rotation about the axis goes through
the mid point of C~C bond of ethylene substructure of
the diamine and the central metal ion to give rise the
8 «+ A interconversion of chelate rings. Since the
position of the protons could not be well resolved
by X-ray analysis, their coordinates are not reliable
for the calculation, Therefore, the proton coordinates
were simulated by using the cHEM 3D program [44]
feeding the heavy atom coordinates to the said
program and allowing the protons to take the standard
C-H and N—H distances and the standard angles. The
proton coordinates of the motional lattices of the
complex were also simulated by using CHEM 3D
program, The theoretical values of the rigid and
motional lattices calculated by this method were
12.6 and 7.6 G*, respectively, which were in good
agreement with the experimental values for rigid
and motional lattices of 13.1 and 7.7 G, respectively.
The smaill difference between the theoretical and
experimental results can be attributable due to the
intermolecular contributions to M; values that were
not included in the calculation, However, the reduc-
tion factor (R given by the equation: [45]

Rca[ = Mz(motional)}kaz(rigid)jk {4)

is roughly calculated to be 0.60, which is very close to
the experimental value (Rqy, = 0.59). This shows the

adequacy of our assumption for the calculation of M-
values, The temperature dependence of the proton
spin—lattice relaxation times (7)) for complex are
displayed on a logarithmic scale against inverse
temperature in Fig. 3, The observed temperature
dependence of 7| is explicable by the averaging of
magnetic dipolar interactions due to molecular
motions of protons can be expressed by the BPP
(after Bloembergen, Purcell and Pound) equation
[46,47] given by:

LT = Cyl#(l + &) + 4o/ + 4w 7)] (5)
and the Arrhenius equation written as:

T = 7y eXp(E,/RT) (&)

here Cy, 7, w and E, are the motional constant, the

correlation time of the motion, the Larmor frequency
and the activation energy, respectively. Since we
could observe no T, minimum in this temperature
range, we apply Eqs. (§) and (6) for the slow motion
limit w7 3> 1 below the transition temperature, while
for the rapid limit, wr << 1, above the transition
temperature,

So we have log 7y = —E/RT + C for above the
transition temperature region and log T, = E/RT +
 for below the transition temperatlure region, we can
get E, value in these regions from the slope of log T
versus 1/T plot {(Fig. 3). For the complex
[Ni(dmen),; J{ClQ,); E, in the low temperature region
is calculated to be 7.2 + 0.4 k¥ mol™ and in the high
temperature region E, is 26 = 3 kI mol ™!, These two
values are for the activation energy of CH, rotation
and C~C bond puckering, respectively. So far our
knowledge gues no studies have been reported to
date regarding the evaluation of the activation energy
for chelate ring puckering of this type of complexes in
the condensed phase. But it is noteworthy that the
energy barrier between two or several possible confor-
mations of the five membered carbon ring systems has
been determined by several methods, these values are
found to be very close to the activation energy
obtained in the present study for the puckering of
metal chelate tings [48-50].

4, Conclusions

It is evident from the above-mentioned studies that
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the thermochromic phase transition at ca 476 K of the
complex [Ni(dmen),}{Cl0y); is assoclated with the
conformational inter-conversion of the metal chelate
rings and the sald molecular motion is dynamic in
nature. The room temperature crystal structure
analysis of the complex shows that one of the oxygen
atoms of the ClO, ion is H-bonded with the amine
hydrogen of diamine ligand. Therefore, it can be
postulated that as the temperature increases the reor-
ientational motion of ClOy4 ion also increases and at

around phase transition temperature region the H-

bond network in the complex completely braaks
down and the conformation of the chelate rings
become free for interconversion. This molecular
motion is causing hindrance for optimal overlap
between the donor atom orbital of the ligand and
metal orbitals. As a result, a weakening of ligand
field around the central metal cation is occurring on
phase transition. Hence, we abserve the color change,

5, Supplementary materials

Tables of fractional coordinates and anisotropic
thermal parameters, complete list of bond distances
and angles, calculated and observed structure factors
have been deposited with CCDC, The CCDC depasi-
tion number for this material is 153395,
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Abstract

Dynamic behaviour of cations in propylammonium flucride, chloride, bromide
and iodide has been investigated by x-ray powder diffraction, thermal and
'H and *H nuclear magnetic resonance measurements, The mobilities of the
cations at room temperature were shown to be in the order iodide > bromide >
chloride 3 fluoride corresponding to the order of anion size. It was found that
propylammenium fluoride has no rotator phase. In the highest-temperature
phase in chloride, a highly disordered cationic state was obtained and the
fluctuation angle of the cationic axis was estimated to be about 30°,

1. Introduction

The highest-temperature solid phases in n-alkylammonium chloride, bromide and iodide with
alkyl chains longer than C; form a tetragonal crystal, P4/nmm, with a bilayer lamellar-type
structure ('-form) [1] as shown in figure 1. In propylammonium halides, only chloride was
reported to take this structure. The highest-temperature phase in propylammonium bromide
and iodide and also the room temperature phase of the chloride were shown to have the structure
(w-form) [2, 3] shown in figure 1, which has the same space group as the o’-form with about a
halved c-length. In both crystals, the alkylammonium cations are expected to be dynamically
disordered about their long axes: the so-called rotator phase,

Cationic motions in a- and «'-phases in propylammonium chloride and bromide have
been studied by 'H nuclear magnetic resonance (NMR) and electrical conductivity [4] mea-
surement, and the axial rotation and self-diffusion of the cations in the rotator phases have

! Author to whom any conrespondence should be addressed,
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(a) 0]

Figure L, Schematle models of two tetragonal crystal structores in slkylammenium halides, (a) the
a-form and (b) the o'-form. The two structires belong to the same space group, P4/nmm.
Alkylammonium and halide jons occupy sites on fourfold axes.

been reported. There has, however, been no detailed discussion of the bromide because of
the instability of the highest-temperature phase. For iodide and fluoride, no studies on the
dynamics in crystals have been reported,

In this study, we investigated the detailed dynamics of propylammonium cations in these
halides by means of differential thermal analysis (DTA), differential scanning calorimetry
(DSC), x-ray powder diffraction and "H and *H NMR measurements, especially for the highest-
temperature phases, and tried to clarify differences in dynamics of the crystals among these
halides.

2. Experimental details

CH3(CH L, NH3X (X = F, Cl, Br and I, abbreviated to C3X) and CD3{CH)aNH1X (X = Cl
and Br, abbreviated to Cd3X) were prepared by neutralizing propylamine and propylamine-
dy (CDN, 99.4 at.%), respectively, with corresponding acid solutions of hydrogen halides,
The specimens obtained, except for the fluoride, were recrystallized from ethanol. Prepared
fluoride crystals were used for measurements without further purification. CHa(CHy)aND3X
{X == Cl, Br and I, abbreviated to Nd3X) were obtained by recrystallizing CHs(CHa)aNH3 X
three times from heavy water (Isotec, 99.96 at. %), ’

DSC and DTA measurements were carried out with a Seiko DSC 120 calorimeter and a
home-built apparatus, respectively. X-ray powder diffraction patterns were taken by a Philips
X' Pert PW3040/00 diffractometer with Ca K radiation,

Second moments M; of the 'H NMR line were obtained with a Bruker SXP-100
spectrometer and a Bruker MSL-300 system by applying the solid-echo method [5]. 2H NMR
spectra were measured by the MSL-300 system. The 'H NMR T, was determined with the
Bruker SXP-100 spectrometer by applying the inversion-recovery method. The experimental
error in 77 was estimated to be within 10%. The sample temperature was controlled by the N
gas Aow method with an accuracy of | K.

3. Results and discussion
3.1, Thermal measurements and x-ray diffraction

Phase transition temperatures T} and enthalpy and entropy changes (A, H, A.-§) obtained
from DTA and DSC measurements are listed in table 1. We call the solid phases obtained I, IT
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Table 1. Phase transition temperatures 7Tir, enthalpies A, A and entropies 4,5 obtained by DTA
and DSC measurements, Melting is shown in parentheses.

Tir (K}

DTA DSC ArH I mol™l)  ALS (K mol™")
C3HsNH;F  2195+£05 —

2250%05 —

@028+ 1.5 (197%12) (48.8 £ 3.0)

CHNH;Cl 1867 £0.5 188* .15 6.14

403,74 0.5 408" 4,150 10.22°

(437505 (439 (5.90) (13.4)
CaH;NH3Br 161,510 163 1.0 1,69 + 0.02 10.4 £0.1

(456.7:£02) (4583 50y (101 £0.1) (22,1 £0.5)
C3HyNH;31 1790 £50 188350 0.36 0,05 15403

445 £50  6.6+2.0 6.17£0.7 25.0 & 3.0

(461.0 £ 4.0 (9.86 & 1,3) (21,0 3.0

and so gnin the order of temperature decrease, T;,-values obtained from DTA measurements on
chloride and bromide agree with the DTA data reported by Fukada et al [4] within experimental
errors, The fact that the A, S values at transitions from phase II to III observed in chioride
and from phase II to I in chloride, bromide and iodide were of the same order as their melting
entropies imply that phase I in these three compounds and phase I[ in chloride are highly
disordered. On the other hand, the transition entropies at the solid—solid phase transitions in
fluoride were small and hardly observed in DSC.,

X-ray diffraction patterns obtained at room temperature for phase II of chloride and
phase I of bromide and iodide could be reproduced by assuming the structure with space
geoup P4/nmm reported for these phases [1]. The pattern obtained for phase I of fiuoride at
room temperature could not be explained by this space group, suggesting. that this phase in
fluoride has a symmetry lower than tetragonal,

3.2, Second-moment My for the \H NMR line in C3F and C31

Moational states of propylammonium ions in C3Cl and C3Br had been studied by means of M>-
measurements [4]. To determine the motional states in C3F and Csl, we conducted 'H NMR
M, -measurements, The temperature dependences of M2 measured for fluoride and iodide are
shown in figures 2 and 3, respectively. M, for fluoride decreased gradually from about 35 G?
for phase I11 to about 25 G? for phase L, In iodide, steep decreases of M, from 16 G? for phase
IIT to 7 G for phase II and to 4 G? for phase I were observed.

To explain these data, we calculate Ma-values for various motional states of the cation
by Van Vleck's method [6] and show the results in table 2. Inter-cationic contributions to M,
were roughly estimated to be about 20% of the intra-cationic contribution [4] although they
depend on the crystal structure, M;-values for fluoride should be larger than these estimates
because of contributions from '?F nuclei with a large magnetic moment.

We can see from table 2 that no cationic motion other than the methy! rotation is activated
in Auoride even at 350 K, indicating that Auoride has no rotator phase, In iodide, on the other
hand, methyl and ammonium rotations are activated even at 100 K and the axial rotation of the
cation as a whole was observed in phase I, Intermediate M»-values observed in phase II can
be understood on the basis of reorientation of the cation around its long axis in an asymmetric
potential made by a lower symmetry of crystal field than Cy where the averaging by this
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Figure 2. The temperature dependence of the second moment (M) of UH NMR lines observed for
propylammonium Auoride. The vertical lines show transition temperatures obtained by DTA.
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Figure 3, The temperature dependence of the second moment (Ma) of ' H NMR lines observed for
propylammonium iodide, Vertical lines show transition temperntures obtained by DTA.

Table 2. Af2-values calculated for possible motional states in a propytammonium cation. The values
contain o rough estimate of inter-cationic contributions of 20% of the intra-cationic contributions
(shown in the parentheses) ussuming the all-irans-conformation,

Motional mode  Rigid  CHizotatlon  (CHi + NHa) rotation  (CHj + NH3y) rotation + chain rotation

M /a2 30.7 24.8 16,8 5.0
(25.6) (20.71) (14.0) {4.2)

motion is imperfect, It can be concluded that phase I in iodide isomorphous with the rocom
temperature phases in chloride and bromide is a rotator phase and phase II in iodide is also
expected to be a rotator phase. M, -values in the room temperature o-phase in chloride (phase
1), bromide {phase I) [4] and iodide (phase I), isomorphous with each other, were of the order
of chloride(5.1 G?) < bromide(4.8 G*) < iodide(3.8 G®). This implies that the fluctuation
amplitude of the cationic motion becomes large with the increase of the anion size,

33 VHNMRT, in CaF and Cal

We measured the 'H T, to reveal cationic motions in detail, In the case where the relaxation is
caused by the fluctuation of magnetic dipole-dipole interactions from molecular motions, the
relaxation rate 7" can be assumed to be given by the superposition of respective contributions
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Flgure 4. The temperature dependence of the 'H NMR spin-lattice relaxation time (T ) observed
at 33.8 MHz in propylammonium Auoride, Vertical lines show transition temperatures obtained by
IDTA and the solid curve is the best-fitted curve calculated by applying equations (2) and {3) in the
text.

Table3. Motionalconstants C and activationenergies E, derived by curve fitting of the temperaturs
dependences of Ty observed in CHj (CH,); NH;3F and CH3(CHy)2NH; 1,

C(10°sY B, (kimol™")  Motlonal mode

CH3(CH;pNHF 1.9 1041 CHj rotation

CHj3(CH; s NH;1

Phases [1 and 1II 23 101 CHj rotation
1.6 10541 NH; rotation
1.2 232 Anisatrapic chain rotation

Phase [ — 104§ Chain rotation

expressed as
-1 . -1
Tioowat = )T )

where each 77 is given by a BPP-type function [7]:

- _ T 4
n= C' (7273 | 1+ dart? @

where C is the motional constant, w is the 'H Larmor frequency and t is the correlation time
of the motion obeying the Arrhenius equation:

t = tgexp(Ea/RT). ' 3)

Here 1 and E, denote the correlation time at infinite temperature and the activation energy of
the motion, respectively.

Temperature dependences of '"H NMR T; for fluoride and iodide are shown in figures 4
and 5, respectively. A single T}-minimum was observed in fluoride around 140 X. 7' in fluoride
could be fitted by a single BPP function (figure 3). A possible motion for this relaxation is the
terminal methyl rotation relating to the analysis of M, given above, The best-fitted motional
parameters are listed in table 3. A small deviation of the fitted curve from the experimental
data in phase I is attributable to the influence of phase transitions.

In iodide, since marked influences of the phase transition from I11 to II on the ' H relaxation
could not observed, the experimental data were fitted by the superposition of three BPP
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Figure 5, Temperature dependences of the 'H NMR T ohserved at 54.0 (@) and 27.7 MHz (O}
in propylammonium iodide. Vertical lines show transition lemperatures obtained by DTA, Solid
curves are the best-fitted curves caloulated by the superposition of the broken curves derived from
equations {1)—{3) in the text,

curves. Three motional modes corresponding to these relaxations are attributed to methyl
and ammonium rotations, and the anisotropic axial reorientation as a whole, as discussed in
the My-analysis. The T|-slope changed obviously at the transition point (11 to I) and above
that temperature the Ti-value can be considered to be governed mainly by the cationic axial
rotation.

3.4. °H NMR spectra in Nd X (X = Ci, By, I} and Cds X (X = Cl, Br)

The 2H NMR linewidth is expected to be a sensitive probe for detecting slight changes in
molecular motions, When arotational motion takes place, the *H quadrupole coupling constant
Vg is reduced to [8]

Q:

3costg — 1
2 e Q

whete 4 is the angle between the principal axis of the electric field gradient tensor and the
rotation axis.

All 2H NMR spectra observed for ND;* and CDs groups showed typical Pake patterns.
Figures 6 and 7 show the temperature dependences of vg estimated from spectra observed for
the rotator phase for Nd3Cl, Né3Br, Nd;1 and CdsCl, CelsBr, respectively, by assuming the
asymmetry parameter 5 == 0. The three Ne3 X gave almost the same vy-values of 41 = 2 kHe,
. almost independent of temperature in the o-phase. At410 K (o' -phase) Nd3Cl showed a much
small vg of about 13 kHz, In Cd3X, chloride gave a constant vg of 38 kHz in the a-phase,
while, for bromide, it decreased gradually from 39 to 31 k}z with the temperature increase.
The value for chloride decreased drastically at the transition to the o’-phase to 1ess than 10 kiiz,

These vp-values observed for the e-phase in these compounds were much smaller than
58 and 55 kHz calculated for —~NDy* and —CDj rotations, respectively, by using reported
values 173 kHz for CoHsND;Cl [9] and 165 kHz for (CD3)aNH,Cl [10], respectively, for
rigid cations, where we used equation (4) with the tetrahedral angle 8 = 70.5° for calculation.
This further reduction in vg-values implies that some motions in chain skeletons have been
activated in this phase. The experimental values of 41 = 2 kHz observed for the a-phase of
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Figure 6. Temperature dependences of quadrupole coupling constants (vg) determined from
TH NMR spectra observed for CH3(CHa )2ND3 X, X = Cl {O), Br(®)and [ (A). The vertical line
shows the phase transition temperaiure obtained for CH3(CHz)zNHaCl by DTA.
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Figure 7, Temperalure dependences of quadrupele coupling constants {vg) determined from
H NMR spectra observed in CD3(CH3);NH3X, X = C1(O) and Br (®). The vertical line shows
the phase transition temperature obtained for CH3(CH;)aNH3Cl by DTA.

Nd3 X (X = Cl, Br and I} and 38 = | kHz for the same phase of Cd3X (X = Cl and Br) are
roughly explainable on the basis of the calculated values 47 and 44 kHz, respectively, if one
assumes axial rotation of the cation as a whole around the axis through the terminal C and N
atoms, assuming the angle 8, = 21° (figure 8(a)). The slight vg-reduction observed in the
a-phase of Cd3Br implies that the N end is fixed by surrounding anions while the C end is
expected to move more freely than in chloride. :

Inthe a'-phase of chloride, the large reduction in g is attributable to the fluctuation of the
rotational axis (figure 8(b)). Under an assumption of a random fluctuation of the axis within
a cone in which the N atom is at the apex, the vertical angle 8y of the cone was estimated to
be 33 & 1° from the vy of 26 kHz observed for Nd3Cl at 410 K. This large 6y is attributable
to the packing in the o’-form being looser than that in the a-form. On the other hand, the
vg of 12 kHz obtained at 420 K for the o’-phase of Cd3Cl is much smaller than the 24 kHz
calculated by using the above 8y, This implies a large fluctuation of the C end enabled by the
non-rigidity of a propylammonium ion,
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() (b

Figure 8. Schematic models of () axial rolation of the propylammonium cation as a whole and
(b) random Auctugtion of the cationic axis in 2 cone.

4, Conclusions

The axial rotation of the cation as a whole was newly observed by 'H and ?H NMR methods in
phases I («-phase) and IT of propylammonium iodide. It can be concluded from these results
that the ¢-phase in propylammonium iodide, as well as those in chloride and bromide, and
the low-temperature phase IT with a symmetry lower than tetragonal are rotator phases. It was
shown that the amplitude of the fluctuation at the C end of a cation in the a-phase is increased
in the arder chloride < bromide < iodide while those at the N end are almost the same for
these three compounds. This is because the N end is tightly bound to surrounding anions by
hydrogen bonds while the C end feeis only weak van der Waals force.

Itwas found that the &’-phase (phase I) in chloride is a highly disordered state, The highest-
temperature solid phase in n-alkylammonium halides with chains longer than C; takes the
o’-phase, but only chioride forms this phase in propylammonium halides, This result can be
explained by considering that weak van der Waals forces among short chain alkyl groups in
propylammonium ions cannot maintain the crystal with the loose structure of the o' -phase.
Only in chloride can the electrostatic force between cations and anions be expected to be
strong enough to maintain the o’-phase. On the other hand, in propylammonium fluoride, the
inter-ionic foree is implied to be too strong for formation of a rotater phase,
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The *Cl and ¥Cl NQR frequencies and spin-lattice relaxation times T\q in paramagnetic
M3 IrClg (M = NH,, Cs) were measured at 4 - 350 K. The observed temperature dependences were
aftributed to EFG fluctuations caused by lattice vibrations and magnetic field fluctuations caused
by paramagnetic ions, The exchange parameters J in the NH4 and Cs salts were calculated from
3CINGR Tiq to be 8.6 K and 1.8 K respectively. *'Cl data yielded 9.1 K and 2.1 K respectively.
The obtained lattice constant dependence of J values was explained by considering Ir-CL. .. Cl-Ir

superexchange interaction.

Key words: Cl NQR;Superexchange Interaction; Paramagnetic Salt; Spin-lattice Relaxation.

1. Introduction

Electron spin dynamics in paramagnetic solids has
been intensively studied by measurements of mag-
netic resonance, magnetic susceptibility, etc, Infor-
mation on the microscopic structure and dynamics of
electron spins can be effectively obtained by mag-
netic resonance techniques such as ESR, NMR and
NQR. Among these, the 3C1 NQR method, although
having experimental limitations, has the following ad-
vantages:

1, Resonance signals can be observed even from
nuclei located close to paramagnetic atoms, This

seems to originate from the small gyromagnetic ratio

of 3*Cl compared with NMR nuclei such as 'H.

2. Different resonance signals correspond to dif-
ferent lattice sites in crystals. This is due to the narrow
resonance linewidths and the high sensitivity of the
frequency measurements, Applying these benefits, we
have studied spin dynamics in solid paramagnetic sys-
tems in which we measured NQR relaxation in 3°Cl
nuclei in counter ions [1].

In the present study, we selected paramagnetic
[IrClg]*~ ions as a target in which the monitoring Cl
atoms are directly bonded to the paramagnetic metal

ion, We employed ammonium and cesium salts hav-
ing different inter-spin distances but the same antiflu-
orite structure and intended to compare the obtained
results with those reported on K;IrClg (2]. From 3Cl
and ¥7Cl NQR measurements we expected to obtain
reliable information on electron spin dynamics such
as exchange interactions.

2. Experimental

CsgIrClg was prepared by passing chlorine gas
through a mixture of equivalent amounts of Ir metal
powder and CsCl, and heating up to 970 K in a quartz
tube, (NH4),IrClg was prepared by adding an NH,4Cl
aqueous solution to an NayIrClg hydrochloric acid so-
lution, (NH4),IrClg was recrystallized from 3N hy-
drochloric acid containing approximately | percent of
nitric acid to avoid reduction. This solvent was used
in all preparation processes described above for the
same purpose,

The 3Cl and 33C1 NQR frequency and spin-lattice
relaxation time(T}g) measurements were made with
a home-made pulsed spectrometer [3] at 4 - 350 K by
use of a conventional w-7-7 /2 pulse sequence with a
/2 pulse-width of 14 - 23 ns, The sample tempera-
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Fig. 1. Temperature dependences of *Cl NQR frequencies
observed in (NH)2IrClg and CsaIrClg.
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Fig. 2. Temperature dependences of *Cl and ¥'C1 Tiq ob-
served in (NI,)2IrClg and fitted theoretical curves.

tare was controlled and determined within £0.1 K
and +3 K bellow and above 30 K, respectively.

3, Results and Discussion

The observed temperature dependences of the 33C1
NQR frequencies in (NH4):[rClg and Cs;IrClg are
shown in Figure 1. The ratio of the *3Cl and VCINQR
frequencies was 1.269 + 0.001 at all temperatures
studied, in agreement with the theoretical ratio within
experimental errors,

From the observed NQR frequencies one can see
that the electric field gradient (EFG) at the Cl nuclei
in CsyIrClg is by 3.4% larger than that in K;IrClg at
T00m temperature.

The temperature dependences of 3Cl and *'C1 T\q
measured in (NH4)2IrClg and Cs;IrClg are shown in
Figs. 2 and 3, respectively. Since T}y in the present

H. Miyoshi et al, - Exchange Interactions between Paramagnetic {IrClg]*~ Tons

Table 1. Relaxation times T}, due to electron spin exchange
Interactions derived from observed relaxation times,

Tiex (33CH fms Tiex (F7CLY /s

(NHi}z[rClg 273 419
CsaIrClg 5.72 9.55
KalrClg {2] 35.1 -
TiK
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Fig. 3. Temperature dependences of **Cl and *'C! Tig ob-
served in Cs:IrClg and fitted theoretical curves,

systems is expected to both on lattice vibrations
{ox T?) and exchange interactions between electron
spins (T}, ), we fitted the observed results by superim-
posing two contributions with an open coefficient A;

TZ
T = At Tiex
Since the measurement was made in the low-
temperature region, the present fitting was carried
out without the term of the [IrClg]>™ reorientation,
which is expected to became important above room
temperature, A = 3.7 x 105 K2 in (NHghIrClg and
A =13.6 x 106 K% in Cs;IrCly were obtained from
the 33Cl data. For *'Cl, we used 1.614 A because lat-
tice vibrations affect T} by a factor of the squared
quadrupole moment. The obtained values of T, are
listed in Table 1,
T\ex Can be expressed by use of the exchange fre-
quency cw, as [2]

(M

! B\?
=22 (7)) @
g
.B = """"ﬁ'\ (3)
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Table 2, Electron spin exchange parameters J derived from
Tex together with values obtained from magnetic suscepti-
bility.

BCINQR/K FCINQR /K magnetic

susceptibility (4] /K

(NH4 ) IrClg 8.6+2 9.0 3 6.7
CsaIrCly 1.8 £0.3 2.1 408 -
KakhClg 11.0 (fixed) - 11.041.5
85(S + 1)J?
Wi = @
h
He =) JiSi+ S, (5)
i<f

Here J, v, 8, g, Siy Hex, and R are the exchange
parameter, the gyromagnetic ratio of resonant nuclet,
Bohr magneton, g-factor, ith spin, the Hamiltonian
that describes the electron system and the distance
between resonant nuclei and an electron spin, respec-
tively. In the present study we assumed £, which is
the Ir-Cl distance, to be constant and independent of
the counter cations. Under this assumption we can
express Tq, with a constant C as

Tiex = GJ: 6)

The values J, derived from the obtained values of
Tex, 8re showed in Table 2.

The relation between the evaluated J values and
the cubic lattice constant ¢ obtained at room tempera-
ture is shown in Figure 4. The relation between J and
o is neacly linear, No marked change in the NH, salt,
in which the superexchange path by way of Cl. . . H-N
hydrogen bonding is expected, is found, On the other
hand, since J showed a strong dependency on a and
can not be expressed by exp(— R), this result can not
be explained by any ordinary direct spatial interac-
tions between Ir atoms. This suggests that paths of
exchange interactions in these compounds are indi-
rect through some chemical interaction, rather than
direct. Hence we can assume an Ir-Cl. .. Cl-Ir path
by taking into account the relatively large size of the
anions,

A superexchange interaction between [IrClg)2~
ions by way of Ir-Cl bonds has been proposed by
Griffiths, Owen, Park, and Partridge in their ESR
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Fig, 4, Calculated and reported [2] J values, vs. lattice
contant a [3]). The line represents a theorstical curve by
Griffiths et al. [6].

study [6]. They expressed J through such a path as
J = 29° DIl - [1 — exp{~B(r =)}, (D

where D (=5 20000 cm™!), 8 (= 2.04), 7, (= 199 pm),
p(= 0.05) and » is the C1-Cl separation in a free
Clp molecule, a reduction factor corresponding to the
probability of finding the spins on Cl atoms, and the
Cl...Cl distance between nearest neighbors, respec-
tively, This dependence of J is shown in Figure 4.
Although this assumption was intended primarily as a
simple illustration of the superexchange mechanism,
the obtained result showed the order-of-magnitude
agreement with the present data.

4, Conclusions

1) It was shown that Cl and 3CI NQR relaxation
data can give reliable information on electron spin
dynamics, especially exchange interactions.

2) The J values showed a strong dependence on
the lattice constant a. This J dependence on a can
roughly be understood by introducing an Ir-Cl. .. Cl-
Ir superexchange path proposed by Griffiths et al. No
marked influence from Cl... H-N hydrogen bonds in
the NH, salt was observed,
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Cation dynamics in (#-C; HyNH;),CdCl, and (n-C3H;ND;),CdCl, were investigated by 'H, 2H,
and *C NMR measutements. An overall motion of the cation being associated with the fluctuation
of the molecular axis is suggested to be activated with increasing temperature. The cationic motion
is enhanced at the counter side of (he -NH;" group probably because the group is bound with the
inorganic layer through the N-H...Cl hydrogen bonds.

Key words: "HNMR T,; *H NMR Spectra; "C MAS NMR 7; Cation Dynamics; Phase Transition.

1. Introduction

Layered perovskite-type compounds with the gen-
eral formula (C,Hany NH;),MX,, where M and X
gxpress divalent metals and halogen ions, respec-
tively, have interesting electronic properties as non-
linear optical materials [ - 3], and the dynamics of
their cations in the two-dimensional structure are use-
ful as model of lipid membranes [4, 5]. These com-
pounds consist of inorganic layers of corner-sharing
MX octahedra and organic layers of alkylammonium
ions. The -NH,* polar heads of the alkylammonium,
forming NH... X hydrogen bonds with halogen atoms,
occupy cavities among the octahedra, Some of propy-
lammonium salts with this structure have been re-
ported to undergo a transition to the incommensurate
(IC) phase [6 - 9], The cation dynamics and interionic
interactions through hydrogen bonds are expected to
be closely related with the physical properties and
mechanisms of siructural phase transitions in these
materials.

Bis{n-propylammoniam) tetrachlorocadmate (n-
C;H,NH,},CdCl, (abbreviated to PACC), belonging
to this group of layered compounds have been re-
ported to undergo phase transitions at 178.7, 156.8

and 105.5 K [10] and show a normal (N) - IC -
commensurate {C) - commensurate (C') phase tran-
sition sequence with decreasing temperature [7]. In
the N phase, which has an orthorhombic lattice with
space group Abma (Z = 4), the propylammoninm
jons are disordered between two equivalent orien-
tations, related by a mimror plane perpetdicular to
the b-axis {11]. In the IC phase with the superspace
group PAP™, the modulation vector g = 0,418 b* was
reported to be independent of temperature [12]. The
IC modulation of the CdCl, octahedra is related to
rotation around the g-axis and translation along the
c-axis. Thus, the position of the nitrogen atoms in the
propylammonium chains gets modulated through hy-
drogen bonds to halogens [12]. In the C phase with
space group Pbea (Z = 4), the angular fluctuation of
octahedra about the a-axis is locked-in, and the orien-
tation of the propylammonium ions is ordered [12],

In the present study, temperature dependences
of the 'H NMR spin-lattice relaxation time T) in
PACC and in a partiaily deuterated analogue (n-
C;H,;ND,),CdCl, (PACC-d;), H NMR spectra in
each phase of PACC-d,, and 1>C MAS NMR spectra
and 7 in PACC at rcom temperature were measured
in order to clarify the cation dynamics,

0932-0784 /02 / 0600-0451 § 06.00 © Verlag der Zeitschrift fiir Naturforschung, Tiibingen - www.znaturforsch.com
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2. Experimental

PACC crystals were obtained by slow cooling from
about 350 K to room temperature of an aqueous solu-
tion containing stoichiometric amounts of cadmium
chloride and propylammonium chloride with an ad-
ditional small amount of hydrochloric acid. Chemical
analysis, found: C = 19.26, H = 548, N = 7,38(%);
caled.; C = 19.24, H = 5,38, N = 7.48(%). PACC-d,
was prepared by crystallizing PACC three times from
heavy water. The obtained powdered crystals were
put in glass tubes, dried in vacuo and then sealed
with nitrogen gas for differential thermal analysis
(DTA) and NMR measurements, In the DTA mea-
surements the sample temperature was determined
within £0.2 K with a chromel-constantan thermo-
couple,

The 'H NMR spin-lattice relaxation times T, were
measured with home made pulsed NMR spectrom-
eters at a Larmor frequency of 41.6 MHz using the
180°-7-90° pulse sequence in temperature ranges 92 -
360 K and 92 - 350 K for PACC and PACC-d,, respec-
tively. The accuracy of the temperature measurement
was £0.2 K and the uncertainty in 'H T, was es-
timated within 10%. 2H NMR spectra in PACC-d,
were measured with a Bruker MSL-300 NMR system
at 46,1 MHz in a temperature-range 131 - 336 K., The
sample temperature was controlled within &1 K with
a VT-1000 temperature controller and determined by
a copper-constantan thermocouple with the same ac-
curacy, A '*C MAS NMR spectrum in PACC at room
temperature (ca, 295 K) was taken at 67.9 MHz using
a JEOL EX-270 spectrometer. The sample was ro-
tated at 4 kHz. The spectrum was obtained by Fourier
transform of free induction decay accumulated un-
der 'H decoupled condition. The inversion recovery
method was used in the '*C T, measurements. For
the standard of '*C NMR chemical shift, adamantane
was used, in which the two kinds of carbons denote
29.5 and 38.6 ppm, The uncertainty in '3C 7, was
estimated to be within 20%,

3. Results and Discussion

3.1, Phase Transition Temperatures Observed
by DTA

DTA thermograms measured on heating showed
endothermic anomalies due to phase transitions at
101421, 155.440.5, and 178.8£1 K in PACC, They

K. Suzuki et el - Cation Dynamics in n-CyH,NH,),CdCl,

N phase (356 K)

-100

Fig. 1. °H NMR spectra in PACC-d, observed at 356 K in
N phase (a), at 175 K in IC phase (b), and at 13|l K in C
phase (c).

agree well with the reported phase transition temper-
atures To = 105.5, T = 156.8 and Ty = 1787 K in
PACC [10], respectively, and at 101.2+1, 158.44:0.5,
and 178.0&1 K in PACC-ds. The difference in T
observed in PACC and PACC-d, suggests that the
mechanism of the C-IC phase transition concerns the
hydrogen-bond.

3.2, 2H NMR Spectra in PACC-d,

*H NMR spectra in PACC-d, showed line-shapes
with an asymmetry parameter of the electric field gra-
dient # ~ O in the whole temperature range studied,
as shown in Figure 1, From the X-ray structural anal-
ysis, a disorder of the cation has been expected in
the N phase [11]. We have examined whether the
NMR line-shape can be explained by assuming a 2-
site jump of the cation in the N phase. Using the
jumping angle of about 21° which was estimated from
the reported strncture [11], nn = 0.05 was evaluated
for the motionally averaged EFG tensor of the deu-
terium [13]. With this value of 5 the line-shape is
almost indiscriminable with n = 0, so that the 2-site
jump does not conflict with the observed line-shape.
The quadrupole coupling constant e2Qgh =" was cal-
culated from the tine-shape by assuming 7 = 0 in the
C phase, where the cation is expected in ordered state,
and n = 0.05 in the IC and N phases. The temperature
dependence of e2Qgh~! is shown in Figure 2. The
e*Qqh~! value of 52 kHz at 131 K in the C phase is
already smaller than e?Qgh™'yp, = 57 kHz calculated
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Fig. 2. Temperature dependence of the quadrupole cou-
pling constant e?Qgh ™" (o) determined from >H NMR line-
shapes observed in PACC-d, assuming n =0 in the C phase
and 1 = 0.05 (2-site jump with the angle 26 = 21.25%) in
the N and IC phases. The vertical lines show the transition
temperatures observed by DTA, The angle 1 (») which was
calculated from (1) and (2) in the text is aiso shown,

for rotating -ND,* assuming a tetrahedral geometry
and (?Qqh™")gigq = 173 kHz, which was reported
for rigid -ND;* in ethylammonium chloride [14]. The
value decreased gradually with increasing tempera-
ture, although the values are still larger than 38 kHz ,
the value which was calculated for the axial rotation
of the cation as a whole about the principal axis of the
moment of inertia assuming that the EFG principal
axis of the rotating -ND,* makes 27° with it. This
behaviour seems to be similar with the temperature
dependence of the second moment of 'H NMR line
reported by Blinc et al. [15]. This gradual decrease of
e*Qqh" is often observed in long chain compounds
such g3 smectic liguid crystals and is explained by a
random fAuctuation of the molecular axis [16].

The equh" value, reduced by the fluctuation,
can be written as

€Qqh™" = (*Qah™") S (1)

and

3cos’¢p—1)  3costyp 1
2 B 2 '

S=(

3

Here $ is an order parameter which describes the
degree of fluctuation [17], ¢ is the angle between a
principal axis of the EFG tensor and the fluctuation
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Fig. 3. Temperature dependences of the 'H NMR T ob-
served at 41.6 MHz in PACC (o) and PACC-d; (#). The
vertical lines show the transition temperatures observed by
DTA for PACC-dy, and the solid lines in the C and C' phases
are best-fitted curves for PACC-d,, applying (3) and (4) in
the text, The broken line in the C phase indicates the con-
tribution from the NH;* rotation in PACC,

axis of the molecule, and the brackets denote the sta-
tistical average. The angle ) is defined as cos ¢ giving
the root mean square of cos ¢, The temperature de-
pendence of ¥ is also shown in Figure 2,

3.3, 'H NMR T; Measurements

The recovery of 'H magnetization could be ex-
plained by a single 7| value in the whole temperature
region including the IC phase, This result differs from
the previous report by Blinc et al., where the recovery
was described by a sum of two exponential terms in
the IC phase. In the case of the relaxation caused by
the fluctuation of magnetic dipole-dipole interaction
due to molecular motions, the relaxation rate 77"
can be represented by superposition of the BPP-type
functions [18] for each motional mode,

-l _ Te 4
Ti -EC‘ (1 +u?T? ¥ 1+4w27'c2’> 3

where C, w, 7 denote the motional constant, the 'H
Larmor frequency, and the correlation time of the mo-
tion, respectively, Assuming an Arrhenius-type rela-
tion, T, is represented by the activation energy F, of
the motional process as follows,

Te = Toexp (Ea/RT). (4)
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Table 1. Motional constants C' and activation energies
Elerwed by curve fitting of the temperature dependence of
H T} observed in PACC and PACC-d;.

C10%~ B /kJ mol~! Motonal mode

PACC
N phase (T' » 280 K) - 8.0k -
C phase 2.0 101 -CH, rotation
24 13£1  -NH;* rotation
C' phase - 1241 -CH, roation
PACC-d,
Nphase (T'>280K) - B3+1
C phase 2.0 96+ 1  -CH, rotation
C' phase -~ 101  -CH, rotation

Here 1, denotes the correlation time at infinite tem-
perature,

Temperature dependences of ' HNMR T, on PACC
and PACC-d; seem to be similar except for the low
temperature region in the C phase, as shown in Fig-
ure 3. In the C phases of PACC-d; and PACC, the
T curve can be reproduced by one and two BPP-
curves, respectively. The BPP-curve of PACC, show-
ing a minimum at higher temperature, is almost the
same as that of PACC-d,. This implies that these
curves are from the -CHj rotation, and the other curve
in PACC, showing a minimum at lower temperature,
is from the -NH,* rotation. In the N phase, the tem-
perature dependence of T becomes gentle gradually
with increasing temperature, as shown in Figure 3.
This may be explained by taking the 2-site jump and
/ or the molecular axis fluctuation into account. The
best-fitted motional parameters in the C and C' phases
of PACC and PACC-d,, and the activation energies in
the high temperature region in the N phase of each
compound are listed in Table 1.

3.4. A3C MAS NMR Spectrum
and T, Measurements

As shown in Fig. 4, the 3C MAS NMR spectrurn
observed in PACC gave three peaksat 12.6 : 0.2,21.5
+ 0.2, and 43.7 + 0.2 ppm, which can be assigned to
carbons in methyl, the middle methylene, and the end
methylene groups, respectively. *C NMR T values
are 7+ 1, 17 £ 5, and 20 4 65 for the 12.6, 21.5,
and 43.7 ppm lines, respectively. '>C T} is dominated

K. Suzuki et ai. - Cation Dynamics in 1-CyH,NH;),CdCl,
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ppm

Fig. 4. '’C MAS NMR spectrum observed at room temper-
ature in PACC,

usually by the fluctuation of the anisotropic chemical
shift, and the T} becomes short with larger ampli-
tude of molecular motions [19]. This implies that the
amplitude of the cationic motion is enhanced at the
C-end, that is, the N-end of the organic cation is fixed
on the inorganic layer through N-H. .. Cl hydrogen
bonds.

4, Conclusion

Phase transition temperatures in PACC-d, were de-
termined by DTA. The difference in the C-IC phase
transition temperature observed in PACC and PACC-
dy suggests that the mechanism of the phase transition
concerns a change of hydrogen-bond. The cationic
motion as a whole, being associated with the fluctua-
tion of the molecular axis is expected to be gradually
excited with increasing temperature. The fact that the
13C MAS NMR T decreased with increasing distance
from the -NH,* group implies that the amplitude of
the cationtc motion is enhanced at the counter side of
the -NH,* group due to the N-H...Cl hydrogen bonds.
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133¢'s NMR spectra and spin-lattice relaxation times 77 in crystalline Cs,ZnCl, and Cs,ZnBr,
with 8-K280, structure, and Cs,Cdl; and Cs,Hgl, with Sr,GeS, structure, which have no phase
transition in the lower temperature regions, were measured to clarify the relation between the interi-
onic covalency and crystal structures. Two central lines corresponding to two crystallographically
inequivalent Cs sites were observed in all compounds. One of the two peaks in 8-K,S0,-type
compounds appears below 40 ppm, but another peak in those compounts and the both lines in
Sr,GeS,-type compounds show larger shifts, 130 - 200 ppm. The temperature dependences of
T} observed in Sr,GeS,-type compounds were close to the theoretical behaviour, calculated by
considering contributlons from normal lattice vibrations. Deviations from the calculation obtained

for B-K,50,-type systems are attributable to the difference in interionic interactions, i.e., partial

covalency, in the crystals.

Key words: '"PCs NMR; Chemical Shift; T\; Partial Covalency,

1. Introduction

A,BX, compounds containing isolated tetrahedral
BX?2" ions form a modification of (A) the orthorhom-
bic #-K,80,-type (Pnima, Z=4) or (B) the monoclinic
Sr,GeS,-type (P2,/m, Z = 2) structure. Many of the
(A} compounds undergo phase transitions to incom-
mensurate (IC) phases at low temperatures [1], but
all (B) compounds have no IC phase. Some of (B)
compounds transform to (A), called a3 transition, at
a temperature T, [2 - 4]. Below T',_g, (B) is more
stable than (A), but often (A) can exist as a metastable
state [5).

Recently, we reported '3Cs NMR results on .

Cs,CdBr,, Cs,HgBr, [6}, Cs,Cdl, {7}, and Cs,HgCl,
[8], which form: modification (A) with phase transi-
tions, and discussed the lattice dynamics in IC phases
and the mechanism of phase transitions caused by
differences in intertonic interactions. To clarify the
relations between interionic interactions and crystal

structures, we measured '*Cs NMR spectra and spin-
lattice relaxation times T of 8-K,50,-type Cs;ZnCi;
i5] and Cs,ZnBr, [10], and Sr,GeS,-type Cs, Cdl, [3]
and Cs, Hgl, [4]. All perform no phase transitions be-
low room temperature. These compounds were suit-
able to investigate lattice motions because we can
exclude influences from phase transitions.

2. Experimental

Crystals of Cs,ZnCl,, Cs,ZnBry, and Cs,Hgl,
were grown by cooling a molten mixture contain-
ing stoichiometric amounts of corresponding CsX
and MX, (purity of 99.9% for all). Cs,CdI, crystals
of modification (B) were obtained by slow evapora-
tion of an aqueous solution containing stoichiometric
amounts of CsI and Cdl,. The obtained fine crystals
were dried in vacuo and then sealed in glass tubes with
nitrogen gas for differential thermal analysis (DTA)
and NMR measurements, DTA was carried out to
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confirm the absence of phase transitions in the the
range 100 - 360 K. The sample temperature was deter-
mined within £0.2 K by using a chromel-constantan
thermocouple. '**Cs NMR spectra and spin-lattice re-
laxation times T'; were measured with a Bruker MSL-
300 NMR systern at a Larmor frequency of 39.4 MHz
intheranges21i-364 X, 173373 K, 220 - 360 K and
214 - 359 K for Cs,ZnCl, Cs,ZnBry, Cs,Cdl,, and
Cs,Hgl,, respectively, Chemical shifts of observed
lines were recorded relative to a saturated CsCl aque-
ous solution, The sample temperature was controlled
within &1 K with a VT-1000 temperature controller
and determined by a copper-constantan thermocou-
ple with the same accuracy. The uncertainty in the T,
measurement was estimated to be within 5%.

3. Results

No thermal anomaly was detected by DTA mea-
surement between 100 and 360 K for all compounds
studied.

Quadrupolar perturbed '3Cs NMR spectra are
shown in Figure 1. The width of the 90° pulse tuned
for the measurement of all powdered samples was
close to that of a saturated CsCl aqueous solution used
as standard. This suggests that a single quantum tran-
sition in Y3Cs NMR was excited in all observations,
i. e., '3 Cs nuclei have small quadrupole coupling con-
stants (e%@q/h) compared with the Zeeman interac-
tionin atl compounds, The observed line-shapes were
explained by the superposition of two 1st order per-
turbed spectra, This is consistent with the reported
crystal structure containing crystallographically in-

B-K2S04-type SryGeSy-type

(2} (e}
Cb'zznch CSZCdI‘;

{b)
Cngan

()
Cs;HgI.;

PR B B 2 F L 1 PR | PR BTSN |
40 20 0 20 40 40 20 0 -20 -40
v/ kHz v/ kHz
Fig. 1. Quadrupolar perturbed 'YCs NMR spectra at
394 MHz at room temperature in Cs,ZnCl, (a) and

Cs,ZnBr, (b) with 8-K,80, structure, and Cs,Cdl, (c) and
Cs,Hgl, (d) with Sr,GeS, structure,
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Fig. 2. Temperature dependences of central peak frequen-
cies v and their chemical shifts o in '**Cs NMR spectra for
Cs,ZnCl; (#) and Cs;ZnBry (4) with 8-K,50, structure,
and Cs,Cdl, (o) and Cs,Hgl, (A) with Sr,GeS, structure,
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Fig. 3. Temperature dependences of '*Cs NMR 7, in
Cs,ZnCl, (o) and Cs,ZnBry (A) with 5-K,50, structure,
and Cs,Cdl, (o) and Cs,Hgl, (&) with Sr,GeS, structure,
Solid lines are theoretical curves calculated by using (3).

equivalent two Cs ions [11 - 15], Temperaturs depen-
dences of the peak position of central lines observed
in '3Cs NMR are shown in Figure 2, In Cs,ZnCl, and
Cs,ZnBr, with the 8-K,S0, structure, we observed
two kinds of central lines at room temperature, one
has a small chemical shift of ca, 10 and 30 ppm and
the other has a large shift ca. 150 and 190 ppm. In
Cs,Cdl, and Cs,Hgl, with the Sr,GeS, structure, ob-
served two lines gave large chemical shifts in a range
of 140 - 180 ppm al room temperature,

The magnetization recovery in '33Cs nuclei ob-
served after saturation pulses could be reproduced by
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a single exponential curve in the whole temperature
range studied, and a unique 7' value could be deter-
mined. Temperature dependences of '3Cs NMR T,

are shown in Figure 3. 7| increased with decreasing
temperature,

4. Discussion

4.1. Relations between NMR Chemical Shifts and
Interionic Interactions

The NMR shielding tensor was formulated by
Rarnsey in the first approximation [16] as

& =dp+dp. )]

Here, & represents the diagonalized tensor with di-
agonal companents ox x, oyy and ggzg. &p, called
the diamagnetic term, is related only to the electron
density around the nucleus in question. The para-
magnetic term &p, is related to the local field in-
duced by electron transfer from the ground to excited
states. Taking into account relative chemical shift val-
ues from that of the reference sample, it was shown
that the paramagnetic term in the heavy atoms is by
about two orders of magnitude larger than the diamag-
netic one [17]. In the following interpretation of '**Cs
NMR chemical shifts we only consider the paramag-
netic terms, Moreover, we use the isotropic shielding
constant @ = (gxx + Oyy + ozz)/3 as an approxi-
mation because isotropic shielding can be assumed in
alkali metal ions in first order approximation, Since
it was reported that the chemical shift is influenced
by the degree of partial covalency in interionic bonds
[18, 19], we take into account the covalency in this
study. When the covalency of the chemical bond is
small enough to approximate a cation in the bonding
as an isolated system, the isotropic shielding constant
oy in an alkaline metal nucleus relative to the ideal
ion is given by [19]

20 , 1 /1 > :
= AT, 7 2
oM /\?:m?cz “AE <7'3 o @

where )\, e and m are the total bond covalency in Cs-X
bonds (conversely, (I — A) is the bond ionicity), the
charge and the static mass of an electron, respectively,
ap is a fraction of p-orbitals related to hybrid orbitals
in the partial-covalent bond, AE is the mean energy of
all excited states contributing to the probability, and
{1/r%), is the mean 1/7* value of a valence p-electron
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causing partial covalency in a Cs-X ionic bond. In the
case of heavy atoms such as Cs, d-orbital electrons
also contribute to the chemical shift which can be
analogously expressed (19]. This shift is, accordingly,
getting larger with the increase of the total degree of
covalency. Thus, we can see from Fig. 2 that one
of the two crytallographically nonequivalent Cs ions
in Cs,MX, crystals with the 8-K,50,-type structure
has a lower covalency than in the other Cs ion of
the 3-K,80,-type, and both ions in the Sr,GeS ;-type
structures,

4,2, Relations between NMR Relaxation Times and
Interionic Interactions

The '33Cs NMR T, which increased with temper-
ature decrease, can be explained by the fluctuation
of the quadrupole interaction due to normal lattice
vibrations because of the absence of phase transi-
tions in all four compounds. Since the frequencies
of lattice vibrations are much higher than the NMR
Larmor frequency vy, = w(/2m, it can be assumed
that the two-phonon Raman process is much more
effective than the one-phonon direct process. In the
high-temperature limit, i,e,, T > 8 where 8 is the
Debye temperature, the quadrupolar relaxation rate
contributed from thermal lattice vibrations via the
two-phonon Raman process is represented approxi-
mately as [20]

T = AT?, 3)

The constant 4 is determined by the amplitude of the
quadrupole coupling fluctuation Ae?Qq/h caused by
lattice vibrations [20]. i

We tried to fit the experimental data by (3). Temper-
ature dependences of T} in Cs, Cdl, and Cs,Hgl, with
the Sr,GeS,-type structure could well be fitted with
the constants 4 = 3.0x 1078 and 3.3x 1078 s=1K~2
for Cs,Cdl, and Cs,Hgl,, respectively, as shown in
Fig. 3, but those in Cs,ZnCl, and Cs,ZnBr, with
the §-K,S0,-type structure were unexplainable by
a simple theoretical treatment of lattice mode with
A =2.4 x 10~%s~'K~2 The deviations in the calcu-
lation from experimental data were getting large with
decreasing temperature. This resull suggests that A
is not a constant but a function of temperature in
Cs,ZnCl, and Cs,ZnBry, i.e., the Auctuation of the
electric field gradient Ae*Qq/h relating to the relax-
ation is increased upon cooling. A temperature depen-
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Fig, 4, Temperature dependences of A(T) values in (3) ob-
tained by substitution of '**Cs NMR T} for Cs,ZnCl, (s)
and Cs,ZnBry (4) with 5-K;80, structure, and Cs,Cdl, (0)
and Cs, Hgly (&) with 8r,GeS, structure. Solid lines are fit-
ting curves assumed exponentially temperature dependenct
functions,
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dent A given by the relation A(T") = T,' T~ derived
from (3} was plotted in Figure 4. The value of the
A(T)'s for Cs,ZnCl, and Cs,ZnBr, increased expo-
nentially with increasing temperature. This anomaly
in §-K,80,-type compounds can be understood by
considering the change of the covalency A related to
the interionic distance, and it maybe cause the anhar-
monicity of lattice vibrations. This temperature vari-
ation of the covalency may be related to the anoma-
lously small '**Cs chemical shift in one of the two
lines observed in 3-K,SO,-type crystals. This differ-
ence of the potential harmonicity in the 8-K,SOy-type
from that in Sr,GeS,-type crystals derived from crys-
tal structures seems to be one of the reasons for the
appearance of IC phase only in Cs,MX, compounds
with the §-K,S0,-type structure,
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*H and 'H NMR measurements were performed on crystalline [Pt(en);][PtX;(en),](C10y), (X =
Cl, Br), where the protonated and partially deuterated ethylenediamines (en’s), NH,(CH,),NHS,,
NH,(CD;),NH, and ND,(CH,),ND, were used as ligands, Measurements of *H and 'H NMR
spin-lattice relaxation times showed the presence of motions of en chelate rings at the temperatures
near the phase transitions, whereas broad *H NMR spectra and the reported X-ray diffraction
data showed no marked motions, These results were consistently explained by introducing the en
puckering motion between highly asymmetric potential wells with an energy difference of 10 -
13 kJ mol™", This difference was shown to be much larger than 2 - 5 kJ mol ™', reported for the

iodo-complex, [Pi{en),][Ptl;(en), }(ClO,),.

Key words: Phase Transition; NMR; Spin-lattice Relaxation; Molecular Motion,

1. Introduction

Halogen-bridged mixed-valence complexes
[Pt(en),][PtX,(en),1(CI1O,), (en = ethylenediamine;
X = Cl, Br, ) with a one-dimensional -X-Pt!-X-
Pt'Y-X- structure have been intensively studied be-
cause of optical [1], magnetic [2] and structural in-
terests [3]. Characteristic electronic excitations in
mixed valence states [4], and charge and spin mi-
grations along the one-dimensional chains have been
revealed. [Pt(en),][Ptl,{en),|(CIO,), was shown to
have a structural phase transition with an order-dis-
order type as for the conformation of “en” chelate
rings at 150 - 160 K {5]. We showed from studies of
'H and 2H NMR spectra and spin-lattice relaxation
times 7 that the disorder of the en conformation in
the high-temperature phase is not static but dynamic,
where the puckering motion of Pt(en) chelate rings
between § and A conformations was well explained
by the model of two-site jumps between two asym-
metric potential wells with an energy difference of 2
- 5 kI mol™! [6]. On the other hand, the above com-

plexes with X = Cl or Br were shown to have struc-
tural phase transitions at 293.2 [7] and 297.8 K {7] for
Cl and Br, respectively, where the conformations of
en-chelate rings having two possible conformations
§ and A in the Pt(en), moieties are changed from
dX or AS in the low-temperature monoclinic phase
(P2,/m) [7] to A\ or 6§ in the high-temperature or-
thorhombic phase (Ibam) [7]. This structural change,
resulting in no disordered structure for the confor-
mation of en chelate rings in the high-temperature
phase, is different from that in the iodo-complex.
We reported [8] 'H NMR Ty results in the present
chloro- and bromo-complexes, and an observed T,
decrease upon heating from ca. 200 K to phase tran-
sition temperatures was attributed to thermal motions,
In the present study, we performed 2H and 'H NMR
measurements on these complexes and we discuss
the dynamics of the chelate rings in the neighbor-
hood of the phase transitions in order to reveal the
mechanism of the phase transition by comparing the
new results with those obtained for the previous iodo-
complex.

09320784 / 02 / 0600-0413 $ 06,00 © Verlag der Zeitschrift filr Naturforschung, Tilbingen - www.znaturforsch.com
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Fig. |. Temperature dependences of H NMR spectra observed in (a) [PUNH,(CD4),NH, ), J{PtClL (NH,(CD,),NH,), -
(CIO.,)4 {PtCl-CD) and (b) [Pt{ND,(CH,),NI2;), [PtCl,(ND,(CH;),ND;},}(C10,)4 (PtCI-ND), The top spectra shown
in {a) and (b) are simulated for the highest temperature spectra observed,

2. Experimental

[Pt{en), ][PtCly(en), ](C1O,), (abbreviated to PtCl)
was prepared according to [9] and recrystallized from
water at room temperature, The partially deuterated
analogs, [PUNH,(CD,),NH,),]{PtCl,(NH,(CD,),-
NH,),(Cl0,), (PtCI-CD) and [Pt(ND,(CH,),-
ND,),J[PtCL,(ND,(CH,),ND,), (CiO,), (PtCl-ND)
were obtained by using ethylenediamines, NH,-
(CD,),NH, and NH,(CH,),NH,, respectively, as the
starting materials, and PtCI-ND repeated crystalliza-
tions from D,0. [Pt(en), ][PtBr,(en), (C10,), (PtBr)
synthesized [9] analogously to PtCl was recrystal-
lized from water.

The phase transition temperatures (T',) were deter-
mined with a Seiko Instrument DSC 120 calorimeter
using sealed aluminum vessels.

The 2H NMR spectra and spin-lattice relaxation
times (T',,) were observed with a Bruker MSL-300
spectrometer at a Larmor frequency of 46.051 MHz at
200 - 370 K using a VT-1000 temperature controller.
The quadrupole pulse sequence [10] with a /2 pulse
width of 3.5 - 5.0 us was employed for the spectrum
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measurement, and the inversion recovery method was
used for the T',, determination,

The 'H NMR T, was determined with a home-
made pulsed spectrometer [11] at 54.3 and 21.3 MHz,
using the inversion recovery method.

3. Results and Discussion
Differential Scanning Calorimetry (DSC)

The DSC measurements revealed phase transitions
at (295 £ 4), (293 £ 5) and (298 - 3) K with transition
enthalpies ./_‘\Htr of (8.8 & 1.0), (11 &= 1.0) and (9.0
+ 1.0) kJ mol™! in PtCl, PtCI-CD and PtCI-ND,
respectively, The phase transition temperature (T',)
of PtBr was observed at (303 + 4) K with a AH |,
of 12 kJ mol~', The T',’s of PtCl and PtBr agree
well with 293, 2 [71 and 297.8 K [7], respectively,
determined by measurements of the temperature de-
pendence of lattice parameters [7].

2H NMR in [Pt(en), )[PtCly(en),](CIO,),

The temperature dependences of the *H NMR spec-
tra of PtCI-CD and PtCI-ND are shown in Figs. 1(a)
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Fig. 2. ?H NMR spin-lattice relaxation times (T'p) in
[PUNH;CD;)2NH, ), 1[PLCl(NH(CD,); NH;), (C1O,),
(PtCI'CD) (0) and [Pt(NDz(CHz)zNDg)z][PtClz(ND:J_"
(CHp);ND R ICLO,), (PtCEND) (o). Broken and solid
lines are the best-fitted theoretical values, Ty and Ti7* are
phase transition temperatures for PtCI-CD and PtCI-ND,
respectively, determined by DSC.

and (b), respectively. At 200 - 370 K both complexes
yielded spectra with a small # (< 0.05) and e2Qqh ™!
values of (180 + 5} and (190 + 10) kHz for PtCI-CD
and PtCI-ND, respectively. The reported data [12, 13]
imply that the CD, and ND, groups are almost rigid.
The temperature dependences of *H T in PtCl-
CD and PtCI-ND are shown in Figure 2. Upon heat-
ing from ca, 200K to T, T in PtCl1-CID decreased.
After a sudden increase at T';, T, in both PtC1-CD
and PtC1-ND showed a minimum at ca. 320 K. This
T'\p-minimum is expected to be connected with mo-
tions of Pt-en chelate rings, as observed in [Pt(en),]-
[Ptl,(en),1(C1O,), (6]. Since X-ray diffraction {7] of
PtCl showed a change in the ethylenediamine con-
formations in the Pt(en), moieties from the §-A or
A-§ form in the low-temperature phase to A-A or §-6
in the high-temperature phase, one can assume that
the § and A conformations have different energies, If
the energy difference is much larger than the ther-
mal energy, the above T\, data are consistent with
the results of 2H NMR spectra with e2Qqgh~" of the
almost rigid CD, and ND, groups, Here, it is ex-
pected that T, is dominated by the fluctuation of the
EFG caused by the puckering motion in the asym-
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=

AE
.

Fig. 3. The model of asymmaetric potential wells used for
the two-site jumps of C-D and N-D bonds,

meltric double minimum potential shown in Figure 3,
Using the rigid quadrupole interaction parameters of
e*Qtrigiah™" and Thigige T 1p i§ written by assuming
TNiigid = Oas [14]

l_ 40.[713

T[D (] + G,)2 1 +wDTD

¥ 1+4w27‘D] W

3e? Qergld 2
Ch= 10( m ) sin® 28, 2)
where wp, and T are the angular NMR frequency
of *H and the correlation time, respectively. 4 is the
angle between the C-D or N-D bond and the flipping
axis. The population parameter ¢ is defined for the
unequal-two-well potential in Fig. 3 as

= exp (g?) 3

Here AE is the difference between the deep and the
shallow well. 7 is written as

1 E,
T =T =T xp(RT) CY

where E, and 1, are the activation energy for jumps
from the deep to the shallow minimum and the cor-
relation time at infinite temperature. The best fitted
broken and solid lines in Fig, 2 were obtained vsing
(1), (3)and (4) with C}y, AE, 7 and E | as parameters.
The determined parameters are shown in Table 1 for
PtCl.CD and PtCI-ND. The 28 values were estimated
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Table |. Motional constants (C), reductions of 'H NMR second moments (A3/), potential energy differences (AE),

correlation times at the infinite temperature (1) and activarion energies (£,) of the Euckerlng

motion of Pt(en) chelate

rings in asymmetric potential wells in [Pt{en}),][PtX,(en),}{CIO,), determined for “H and 'H NMR relaxation times
obtained in the high-temperature phase.
Compound CNO%s~t  AMymT?  AEKImol=! 7 /10~"s  Eykl mol~!
[PH{NH, (CD,)ENH,)Z][PICIZ(NH,(CDI).,NH ) I(CIO,), 620+5 — 123 £ 0.5 66+20 324£10
(PUND,, (CH,);ND;), J(PtCl, (ND,(CH,),ND,), J(CIO, ) 18345 —_ 130+ 05 7.0 £ 1.0 32705
[PI(NI-I.,(CH.,).,NH ) ][PtCI (NH (CHZ),NI-Il)zl(ClO ) 61+£05 0132004 3.0+£10 66+ 1.0 710
[Pt(NH,(CHz)INH ).,][PtBr (NH,(CI—L,) NH.,).,](CIOJ‘) 6105 0.13£004 13.0£1.0 66% 1.0 J10£10
[PUNEL (CHO ) NHL ) J(PLCL (NH, ACHNHKCIO) 56405 0125004 102410 [4+40 341510
* Low-temperaturs phase
(a) (b)
T/ K T/ K
350 300 250 400 350 300 250
180.0 T T . 10g T T
; Ter g
Tm/S:,. Tl“/’"m.g‘: n‘ » a |
P, LS S
a ]
a
N 1+ .
. C a ]
0.1._...|. P T T 0.1....l|snxl||||
2.5 3 3.5 4 2.5 3 3.5 4
1000 7 / ™ 1000 ¥t / K

F:g 4, 'H NMR spin-lattice relaxation times (T',y) observed in (a) [Pt(en)z][PtClz(en)z](C104)4 (PtCl) at Larmor frequen-
cies of 54.3 (o) and 21.3 (¢) MHz and (b) [Pt(en)z][PLBrz(en)zj(ClO.,),, (PtBr) at 54.3 MHz. Broken and solid lines are
the best-fitted theoretical values. 7}} and T}z are phase transition temperatures in PtCl and PtBr, respectively, determined

by DSC.

to be 68 and 28.5° for PtCI-CD and PtCI-ND, respec-
tively, from (2), using e2Qqugish ™ of (180 % 10) and
(190 £ 10) kHz for PtCl-CD and PtCI-ND, respec-
tively, given in [12] and [13]. These angles can be ex-
plained by the onset of the conformational change of
en-chelate rings, because the jump angles by the con-
formational change between A and § were estimated
to be ca, 60 and 30° for the C-D and N-D bond direc-
tions, respectively, by use of the structural data [7].
The AE values obtained for chloro-complexes in the
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present study are larger than 2 - 5 kJ mol™!, deter-
mined for the iodo-complex [6]. This difference can
be explained by the loose crystal packing of the iodo-
complex [S, 15], which is favorable for the puckering
motion, In fact, it is concluded from X-ray and neu-
tron diffraction measurements 5, 7, 15] that the steric
hindrance for the motion around en-ligands in intra-
chain for iodo-complex [5, 15] is smaller than that for
the chioro-complex [7]. From these reports and the
present studies of °H NMR spectra and T, measure-
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ments, most of the en-ligands in the chloro-complex
have stable 6-A or A-§ and 6-8 or A-A conformations
in the low and high-temperature phases, respectively,
and the puckering motion of the en-skeleton takes
place in the large asymmetric double minimum poten-
tial, but the lifetime, i.e., the population of the excited
state is quite low because of the high AE value. This
asymmetric motional model is supported by the re-
sults of the 2H NMR simulation spectra in PtCl-CD
and PtCI-ND shown in Figure 1. We simulated the
spectra in PtC1-CD and PtCI-ND for two-site jump-
ing C-D and N-D bonds, respectively, taking place
between two directions with angles of 68 and 28.5° in
the same order, and between two potential wells with
an energy differences of AE = 12.8 and 13.0 kJ mol~!
by applying the eQggigh~" = 180 and 190 kHz and
the 17,350 = 0.05 values given above. Here, we assumed
that the jumping rate at 350 K is rapid enough com-
pared with the observed linewidth, We see that the
spectra observed above room temperature are mostly
reproduced by the simulation.

'H NMR in [Pt{en), ][PtX,(en), CIO,), (X = Cl Br)

The temperature dependences of 'H T,y in PtCI
and PtBr are shown in Figs, 4(a) and (b), respectively.
Upon heating, T'|,; decreased to T, and T'; showed
a minimum at ca, 320 K in both complexes. Using
the asymmetric potential model, the relaxations in
the high-temperature phase can be expressed by [16]

-1—~—C’ 4a [ ™, 41y
T A+l |T+wimd  1+4wke?

], (3)

5 .
CH = 57%[\1\4'2, (6)

where 4y and AM, denote the protonic gyromagnetic
ratio and the reduction of M, by the onset of the
motion in question, respectively.

The fitting calculation was performed above T,
using (3 - 6) with AE, T, B, and AM, as parameters.
The best fitted T'; curves are shown in Fig. 4, and the
determined parameters for PtCl and PtBr are listed
in Table 1.

The theoretical 'H NMR M, values before and
after the onset of ethylenediamine puckering mo-
tions were, respectively, estimated with the Van
Vleck equation [17] for the rigid ethylenediamine
molecules, and the following equation for the
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Mr(mot.} for the two-site jumps of the proton-pre-
ton vector directions [18]:

9 l 1
Mg(mot.)i,- = I(-}’y}z,lhz[ 7+ i
JjkB

3cos? e — l]
Tiha

3
TikATinB

(7)

Mr{mot.)jk, 744, 7515 and « are the motional M 5
contributed from the dipolar interaction between -
th and %-th protons, the inter-proton distance in the
A and B conformations and the two-site jump angle
of the vector between the j-th and k-th protons, re-
spectively, Using the crystal structure data [7] and the
standard values of bond angles and distances, we ab-
tained M,(rig.) = (0.228 £ 0.01) mT? and Ma(mot,) =
(0.108 % 0.005) mT?, The difference between these
values AM; = 0.120 mT* agrees well with AM; =
(0.13 & 0.04) mT? shown in Table 1.

Temperature dependences of 'H 7'y, of PtCl ob-
served below T',, are shown in Figure 4{a), We should
note that the frequency dependence of T,y in the
low-temperature phase of PtCl is unexplainable by
the BPP theory {19] requiring the w? dependence for
the low-temperature side of the minimum, but the ob-
served Ty was roughly proportional to w. This result
can be explained by introducing a jumping model be-
tween asymmetric potential wells for the two confor-
mations of the ethylenediamine molecules. We fitted
(3 - 6) to the observed data, The best fitted T} curves
and the determined values of parameters are shown
in Fig. 4(a) and Table 1, respectively. These results
imply that the decrease of Ty in the temperature
range below T, can be attributed to the motion of the
en-chelate ring.

4, Summary

From 2H and 'H NMR measurements, the
puckering motion of Pt(en) chelate rings be-
tween the § and A conformations was detected in
[Pt(en), I[PtX,(en), {C10,), (X =Cl, Br) in the range
of 250 - 400 K, The obtained temperaturs depen-
dences of “H and 'H NMR T', were explained by two-
site jumps between two asymmetric potential wells
with energy differences of 10 - 13 kI mol™', These
large energy differences are consistent with the ob-
served *H spectra and the X-ray diffraction study
[7] requiring ordered conformations of en-chelate
rings.
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Two»*CINQR spin echo signals, vq, = 17.28 MHz (Au(T)-Cl} and v, =27.10 MHz (Au(IIT)-CD,
have been observed at 77 K from two samples of Csz[Au(I)Cl;][Au(?ll)Cld prepared differently.
The resonances resulted at the same frequencies but with different line widths. Cs;[Ag(T)Cly}-
[AW(TIT)CLy] yielded a singlet, vy = 27.96 MHz, at 77 K. The three samples gave rise to ESR
signals indicating the presence of paramagnetic Au(I1} or Ag(Il) sites with low concentration. **Cl
NQR spin-lattice relaxation time T, measurements revealed that only the reorientational motions
of the anions {Au(TINC1,]™ are exited at high temperatures.

Key words: ¥*CI NQR Spin-lattice Relaxation; Mixed-valence Complex; Reorientational Motion;

Lattice Vibration; ESR.

Introduction

The mixed-valence complexes M,[Au(T)X,;]-
[Au(IIDX,] (M = Rb and Cs; X = Cl, Br, and I)
have attracted many workers, cf. [1]. In a previous
paper [2], we reported that tetragonally distorted per-
ovskite type Cs,[Au(D)Cl,][Au(II)Cl,] polycrystals
yielded two °C1 NQR lines, vg, = 17.28 and v, =
27.10 MHz at 77 K, in accordance with the crys-
tal structure, I4/mmm [3 - 5). These signals were as-
signed to the two kinds of Cl atoms in the crystal:
v to Cl-Au(D) and v, t0 Cl-Au(IIT), The estimate
of the charge distribution in the complex anions clar-
ified that the charge transfer interactions between the
anions are weak in this mixed-valence complex.

However, there were two experimental evidences
[2], possibly caused by the charge transfer effect:
1, the NQR lines v|q and vy, showed ten times
larger width than those usually observed in the single
valence Au({lll) complexes [6]. 2. ESR spectra con-
firmed the presence of paramagnetic Au(Il) sites in
the crystal with an abundance of ca. § x 10%/mol.

Preliminary results of 33Cl quadrupole relaxation
time T, measurements indicated that the ') 5 of both
v and vq, were governed by the lattice vibration at
low temperatures. However, the T', behavior at high
temperatures remained uncertain.

The concentration of paramagnetic sites can con-
siderably affect the NQR line width Av and T g be-
havior, Therefore we have undertaken further Aw and
T measurements on the same compound, but pre-
pared in a different manner [2], because the Au(lI)
concentration is expected to depend on the method
of preparation. Cs,[Ag(I)Cl,][Au(TH)Cl,] has been
also prepared for NQR and ESR measurements, be-
cause the Ag(l) complex is isostructural with Cs,-
[An(CL, J{Au(I)C],] and is expected to have more
clearly a different Au(II) site concentration.

Experimental

The NQR, ESR, and X-ray diffraction studies
were performed on polycrystalline Cs,[M(DCL,1-
[Au(IDCL,] (M = Ag, Au). A home made pulsed
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Table [. Lattice constants and interatomic distances of Cs;-
(M(BClL][Aa(IIDCL] (M = Auand Ag).

Compound alfpm  efpm  Cl-Au(IM(D)---  Ref.

. Lipm ClAu(III)
Lipm

Sample 1 74B(4) 1084(8) 229.5(5y* 299(3)

Sample I1 748(5) 1084(15) 229.5(5)* 300(4)

Sample 111 737(5) 1086(10) 228.5(5)* 293(4)

Cs,[AuCl, J[AUCL ] 749(2) 1087(2) 242 298 3
Cs; [AuCl,][AuCl,]749.5(1) 1088.0(2)229.5 3005  [4,5)
Cs,[AgClI[AuCl,] 738(2) L101(Z) 230 292 [3]

* The value is estimated from 33Ct NQR frequency vs. bond length
plot [2].

spectrometer [7] was used for the observation of
33CINQR. The line shape of the resonances was deter-
mined by monitoring the spin echo amplitude depen-
dence on the rf frequencies. The pulse sequence /2~
T—1{2-7,—7 was émployed for the measurements of
the spin-lattice relaxation time T4, in which 7, was
set to ca, 400 ps throughout the experiments. The
ESR spectra were recorded on a JEOL JES-FE1XP X-
band spectrometer, The X-ray powder patterns were
recorded on a model 2012 diffractometer from Rigaku
Denki Co., equipped with a copper anticathode,

Two kinds of samples of Cs,[Au(I)CL]-
[Au(IIDCL,] [2] were employed for the measure-
ments, One (I) was prepared by the Bridgman
method {8] and recrystallized by the thermal diffu-
sion method, The other (IL) was prepared in a similar
way as described in [9] and purified by sublimation.
Csy[Ag(DCL ) [AW{TIDC, ] (TII) was also prepared as
in [9] and used without further purification,

Results and Discussion
X-ray Diffraction and ESR

The diffraction patterns, strongly resembling each
other, were observed for the samples I, II, and III.
No impurity peaks were observed.

The one-to-one correspondence of the diffraction
lines indicated that the crystals of the three samples
were isostructural with the space group I4/mmm,

The determined tetragonal lattice constants a and ¢
are given in Table 1. These values are in good agree-
ment with those already reported [3 - 5], except the
¢-axis length of Cs,[Ag(DCl, J[Au(IIDCL, ],

All the samples showed ESR. The appearance
of the ESR signals evidences the presence of a
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small amount of d® paramagnetic sites in the sam-
ple crystals. Sample I showed a single resonance
line arising from Au(ll) sites with abundance of ca.
5% 10% mol™! [2]. A similar but much weaker reso-
nance line was observed for II, showing a one order
of magnitude lower Au(Il) concentration. The sample
INX exhibited two peaks with nearly the same intensity
on the ESR spectrum, That the spectrum consists of a
doublet is attributable to the existence of Ag(Il) and
Au(Tl) sites in the crystal, The paramagnetic concen-
tration was nearly the same in IT.

NQR Frequency and Line Width

The sample 1 showed the *3C! resonance vy =
17.28 MHz for Au(I)-Cl and v, = 27,10 MHz for
Au(IID)-Cl at 77 K 2], The sample Il yielded the same
resonance frequencies as I, whereas ITI showed a sin-
glet frequency vq, = 27.96 MHz at 77 K attributable
to Au(IIT)-Cl. Experiments to detect the 33CI NQR of
Cl-Ag(D) for 11T have been unsuccessful,

Comprehensive studies have revealed the existence
of strong correlations between the 3Cl NQR fre-
quency and the bond lengths C-Cl and Sn-Cl [10].
The NQR frequency vs. bond length plot in vari-
ous [Au(IIDCL,]~ [2] reasonably suggests that the
Au(lID-Cl bond length in II is 228.5 pm, which
is shorter by ca. | pm than that in Cs,[Au(D)CI,]-
[Au(TIT)C1,] (Table 1). A reduction on the a-axis oc-
curs when Au(l} is substituted by Ag(I). This is likely
caused by the smaller ionic radius of Ag(I) resulting
in a shorter inter-atomic distance Ag(l)---Cl-Au(IIl).

The resonance line shapes determined from
3Cl spin echo intensity measurements were
Lorentzian [11]. Gaussian fits to the experimental
data showed clear deviations. The normalized lines
are shown in Figure 1. The lines were tempera-
ture independent and much broader than Avg ~
10 kHz observed for the single valence compound
Cs{AuCl,] [6]. The sample I, 11 and III showed
full line widths of 60, 155 and 60 kHz, respectively,
at half height. The line width of the sample I an-
nealed at 673 K, just below the melting point, was
unchanged, The thermal treatment removes adsorbed
solvent molecules such as H,0 and HCl from the
crystal and releases the crystal from strain. An effect
of crystal imperfection, unconnected with the pres-
ence of Au(Il), was not discernible in the line width
of 1. The presence of Au(Il) should be an essential
factor for the line broadening because such a broad
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echo amplitude
=
o

Fig. 1. Echo spectra of %Cl NQR
in CSZ[AU(I)Clz][AU(III)C14] and CS:'
[Ag(DCLI[AW(IINCL]. Solid lines rep-
resent the best fitted Lorentzian curves,
v is the center frequency of each res-
onance. #: vq for smaple I; O: v, for

0.0
IOJ(VQ ~Voe )/ Vo

width has not been observed in single valence Au(IIT)
complexes. The sample II vielded the widest line in
spite of its lowest Au(Il) site concentration of the tree
samples. The problem about the origin of the line
broadening has not been yet settled. At least the ex-
perimental results suggest that even a small amount of
paramagnetic sites, such as ca. 5 x 10'? mol~!, can
contribute to the broadening effect, and the excess
contents of the sites is irrelevant for this effect.

Librational Motion

The temperature dependence of the **Cl resonance
frequencies is shown in Figure 2, The frequency de-
crease is attributable to the EEG averaging at Cl due
to the librational motion of the complex anions. Since
the temperature dependence of v, is almost linear,
we can apply the Bayer-Kushida equation in the high
temperature limit [12]:

LI J)

— 1
2Ieff\"ue|'f ( )

[vo(T) — vgal/vqe = —
where v, denotes the NQR frequency at a fictitious
vibrationless state, The temperature coefficient 4 is
a librational amplitude factor which consists of the

sample I, o vg, for sample II, v v,

0.0 for sample II1,

Table 2. ¥CI NQR frequency and librational amplitude fac-
tor A in Cs[M(DChJ[Au(TIDCl,] (M = Au and Ag) at
a fictitious vibrationless state vqg which fit best with the
Bayer-Kushida equation (1),

Sample Yo { MHz IPATKT
| Vo {745 1.7
[ var 27.16 282
i vz 27,16 274
Tt Vo 28,07 523

Boltzmann constant k, an effective moment of inertia
I and an effective librational frequency w,g. The
values of A and vq, which fit (1) best are summa-
rized in Table 2. The small difference of A between
I and II for vy, falls within the experimental errors
due to the broadness of the resonance lines. The large
A for v, results from the large librational ampli-
tude of [Au(I)Cl,}~, which has a smaller I,y than
[Au(IID)Cl,]~. It is worth to note that v, showed an
about four times larger A than v, despite the maxi-
mum moment of inertia of [Au(II[)C1,]™ is roughly
two times larger than that of [Au(l)Cl,]~, when we
consider the motion of the isolated complex anions.
Possibly the repulsive force between the Au(I)-Cl
chlorine and d,: electrons on Au(lI} contributes to
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Fig. 2, Temperature dependence of **Cl NQR frequencies of
Cs3[AuDCL I [Au(UIICL] and Cs,[Ag(DCLI{Au(IINC,],
The solid lines are least-squares fits of the data with the
Bayer-Kushida equation (1). The resonance frequencies are
normalized by the frequency v at a fictitious rigid state
of the lattice vibration. #: v, for sample I; O: vq, for
sample I, 02 wq for sample IT, ¥ vg, for sample II1.

this effect through w ;. Sample IIT yielded larger A
of v, than Fand I The da_y» electrons on Ag(l)
wil repel more strongly the Ci in [Au(II)Cl,]~ than
the electrons on Aufl),

Spin-lattice Relaxation

The temperature dependence of the **C1 NQR spin-
lattice relaxation times T, is displayed in Figure 3.
The T'q of v, for the three samples behaved sim-
ilarly against temperature variation. At 77 - 180 K
the T4 values were nearly proportional to T2, At
180 - 220 K, the log T', values were proportional
to 1/T, The temperature dependence of T'y, is ex-
pressed [13 - 15] by

TIB’ = o™ + bexp(— E,/RT), (2)
where a, 1, and b are the parameters relating to the
molecular motions including Cl. The first term con-
cerns the lattice vibration and the second term the
molecular reorientation over the potential barrier E,,
The motional parameters and £, which fit best with
the experimental data are listed in Table 3. The tem-
perature dependence of T, for vq also showed the
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Table 3. Motional parameters a, n, &, and £, for Cs,-
M(DCLI[AWIINCL] (M = Au and Ag).

Sample Pa/s~TK™™) n 1081 E Ak mol 1)
I vy 1.2 2.1
[ vy 1.3 22 14 34
I vy 1.8 2.7 1.6 34
M v, 4.0 21 24 37
2000
1000 -
100 |-
\'3
o2
0}
I -
0.5 - .
10 100 250

T/K

Fig. 3. Temperature dependence of the **Cl NQR spin-
lattice relaxation times T'q of Csz[Au(D)CL][Au(IINCI,]
and Cs, [Ag(I)Clﬂ[Au(III)&d. The solid lines represent the
best fitted theoretical curve (2), #: vo forsample I 0: v,
for sample I, o: ug, for sample II, ¥ vq; for sample 111,

T2 behavior at lower temperatures. However, no fur-
ther activation process was observed even at higher
temperatures.

Relaxation Mechanism and Conservation
of Gold Valence

The concentration of Au(Il) for I was ten times
larger than that for II. However, a similar temperature
dependence of T', ; was observed on both samples for
Vaq. The small T',, difference arises mainly from the
different values of the parameters o and 7, both of
which depend directly on the lattice vibration. The
presence of the Au(TI) site in the crystal may affect
the lattice vibration, but the magnitude of the effect is
unknown. In the high temperature region 180 - 220 K,
the T' values of vq, and v, were fairly different,
This indicates that the ¥*CI NQR spin-lattice refax-



sz

ation takes place respectively within a single anion
[AwD)Cl,)~ or [AwIINCL,]™. The Au(ll) diffusion
Process is not observable in the T'q behavior. The
diffusion causes the jumping of electrons between
[Au(I)Clz]“ and [Au(IIDC, 1=, which will equalize
the T\ of both v and vg,. As an independent re-

lax ation mechanism, reorientation of [Au(IIDCl, 1™

around the C, axis is responsible for the T of vy,
in the high temperature range. The samples I and IT
yielded the same E, for the reorientation, The sam-
ple TII showed a close value to those of I and IL
For L, the lattice vibrations govern the relaxation in
the wwhole temperature range. The temperature depen-
denceof T, for the three samples is well described
by (2), in which only the effects of the lattice vibration
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and reorientational motion of the complex anions are
taken into account. Furthermore, samples having dif-
ferent paramagnetic concentrations yielded the simi-
lar motional parameters for v,. Therefore it is con-
cluded that the charge transfer interaction between the
anions is unchanged and no additional formation of
paramagnetic sites is allowed for these mixed-valence
complexes in the temperature range studied. This con-
clusion is also supported by the fact that the temper-
ature dependence of the signal intensity of the ESR
signals obeyed Curie’s law for 1 [2].

Acknowledgement

We appreciate the experimental assistance of Mr.
M, Kano in recording the ESR spectra.

{8} H. Kitagawa, N. Kojima, N, Matsushita, T. Ban, and
L. Tsujikawa, J. Chem. Soc. Daiton Trans. 1991, 3115.
[91 H. L. Wells, Amer, 1. Sci. 3, 315 (1922),
[10) Al Weiss and 8. Wigand, Z. Naturforsch, 45a, 195
(1990).
[11] K. Horiuchi, R. Ikeda, and D. Nakamura, Ber. Bun-
senges, Phys, Chem. 91, 1351 (1987).
[12] T. Kushida, G. B. Benedek, and N. Bloembergen,
Phys, Rev, 104, 1364 (1956),
[13] S. Alexander and A, Tzalmona, Phys. Rev. A138, 845
(1965).
[14]. K. R. Jeffrey and R. L. Armstrong, Phys, Rev, 174,
359 (1968).
{15] H.Chihata and N, Nakamura, Adv. Nucl. Quadrupole
Reson. 4, 1 (1980).

— 177 —



Yamada Conference LV, the Fourth International Symposium on Crystalline Organic Metals,

Superconductors and Ferromagnets
ISCOM 2001 — Abstract Number F13Mon

Substituent effect on the magnetic properties of
copper coordination polymers with dithiooxamide
and N,N’-bis-(hydroxyethyl)dithiooxamide

M, Fujishima®, Y. Nagac®, R. Tkeda®, S. Kanda®, H. Kitagawa® ©¢
® University of Tsukuba, Department of Chemistry, Ibaraki 305-8571, Japan
® The University of Tokushima, Department of Chemistry, Tokushima 770-8506, Japan
®Japan Advanced Institute of Science and Technology, Ishikawa 923-1292, Japan
4 PRESTO, JST, Saitama 332-0012, Japan

Tel: +81 298 53 4487; Fax: +81 298 53 4487; E-mail: mu-fuji @dmb.chem.tsukuba.ac.jp

Abstract

The magnetic properties of copper coordination polymers with dithiooxamide [HzdtoaCu)] and
its substituent N,N’-bis-(hydroxyethyl)dithiooxamide [(HOC;Hai):dtoaCu] have been investi-
gated, They indicate different temperature dependence, which was analyzed by Bleaney-
Bowers equation. The estimated J values of HadtoaCu and (HOC;Ha) odtoaCu are -861 K and
-594 K, respectively. The large negative J values are derived from intradimer antiferromag-
netic coupling through the ligands. The absolute J value of HadwaCu is larger than that of
(HOC;H,)2dtoaCu, which is considered to be due to the difference of the superexchange in-
teraction between Cu(Il) ions vig ligands. The electronic structure of the coordination polymer
is supposed to depend on the substituent groups.

Keywords: coordination polymer, magnetic susceptivility, substituent effect.

1. Introduction

These ten years many molecular scientists have explored novel functional materials using
both of organic and inorganic molecules, ie., molecular photocatalyst, organic electrolumines-
cence device, electronic conductor, ionic conductor, porous materials for gas storage and
nano-sized chemical reaction. One of the merits of organic-inorganic hybrid molecular system
is that it provides us with wide varieties of materials, structures, and functionalities.
Copper(IT) complexes with organic ligand dithiooxamide [HzdtoaCu] and its substitu-
ent N,N'-bis-(hydroxyethyl}dithiooxamide [(HOC:H,)dtoaCu] (Fig. 1) are amorphous two-
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dimensional coordination polymers with Cu-dimeric units [1, 2]. The electrical conductivity
of (HOC,Hy),dtoaCu is increased by about nine orders of magnitude during hydrogen doping
(3] and this polymer also indicates proton conduction [4]. These properties are derived from
the dibasic-acid character of the ligand (Fig. 2) and the proton-coupled redox property. The
electron-proton coupling like this plays an important role of energy metabolism in biological
system. By the use of these properties, the new type of functional materials wouid be realized.

In this paper the magnetic properties of HzdtoaCu and (HOC;Hy)adtoaCu have been
investigated in order to reveal the substituent effect of R = H to C;H,OH.

N-— IL-N
Cu,
S/ l uﬁ.‘" N\QU::._

S/ v f
5.1 HaOH H4OH HOH
N \ I S""'C L 3\ ( ?& i f—z
N"--. -‘N N/ u""‘-N \ H N _Hr S\ N
/4}%‘;(!_\'“]—1:\ ozﬁ <\s ¥H Ml <s- tH f L<S-
HOG

Hy HO&;H; HOG;H,

Fig. 1. Two-dimensional coordination poly- Fig. 2. Dibasic-acid character ot the ligand.
mer ( R = H, C;H4OH ),

2. Experimental
2.1 Synthesis

The title coordination polymers were prepared by simple mixing of ethanol solution of Hadtoa
or (HOC,Hy),dtoa with aqueous solution of copper(Il) sulfate [1, 2]. The synthesized sol was
washed with water and ethanol several times and separated from the supernatant fraction with
the centrifuge. The qualities of samples obtained were checked by elemental analysis and
powder X-ray diffraction measurement.

2.2 Measurement

Magnetic susceptivility measurements were performed with samples dried in an evacuated
desiccator. The samples were wrapped with diamagnetic materials. The temperature depend-
ences were measured in the temperature range 2 — 300 K on a Quantum Design MPMS-5
SQUID magnetometer. The total diamagnetic contributions were subtracted after the meas-
urement.

3. Results and Discussions
The observed molar magnetic susceptivilities per dimer unit for coordination polymers and

their fitting curves are shown in Figs. 3, 4. The equation used in fitting is Eqn. (1) which con-
sists of three terms, the first term is Bleaney-Bowers equation [5] which means o singlet-
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triplet spin system, the second term, Curie-Weiss equation originated [rom paramagnetic im-
purity, and the third term, Van Vleck paramagnetism ( T.LP: Temperature Independent Para-
magnetism ). The abbreviations used are as follows ; Na: Avogadro’s constant, g @ g-factor,
4B . Bohr magneton, ks : Boltzmann constant, T : temperature, J : exchange integral, Nipp
molecular number of impurity, S ; spin angular momentum, # : Weiss constant, Ny 2 : T.LP
per mole.

(D

Xcalc =

-t
NAgZ;tﬁ[ 1 p(-—ZJﬂ +N-mpS(S+1)g’#§

1+ >exp| —— + N,
3k, T 3\ kT 3k (T +6) A

Although the coordination forms around Cu(Il) of coordination polymers are almost same [2],
different temperature dependences were observed. The estimated J values of HpdtoaCu and
(HOC,Hy) 2dtoaCu are -861 K and -594 K, respectively. The large negative J value is derived
from intradimer antiferromagnetic coupling through the ligands. The absolute J value of
HadtoaCu is larger than that of (HOC;H,)2dtoaCu, which is considered to be due to the differ-
ence of the superexchange interaction between the dyo.,2 orbitals of Cu(Il) via ligands. The
contribution of the ligand molecular orbitals to the superexchange interaction seems to depend
on the substituent groups.

v T ) i 1 1 6 T LA 1 T v T
+ obsarved + observed ]
« calculated ] 5 - calculated ]
g -: E 4 . ]
_*w ] § 3 r
] <
= ] 2 !
~ ] A
X" ] "
F S, i 10 % Curle-Wels wa
. ) % parena
: 5 vy ogn antaa 229227 sly-Bawer
(1] S— AT —— V) — S Ri———
0 50 100 150 200 250 300 0 30 100 150 200 350 300
Teauperaiure / K Temperature / K
Fig. 3. Temperature dependence of the mag- Fig. 4. Temperature dependence of the mag-
netic susceptivility: [Hadtoal,Cus,. netic susceptivility: [(HOC;Hy)2dtoa]2Cua.

The impurity concentration for HadtoaCu is 1.8% and that for (HOC3H)dwaCu is
0.59% from the estimation of Curie-Weiss equation. This implies that HadtoaCu is less crys-
talline than (HOC;Hy)zdtoaCu, which is consistent with the result of powder X-ray works [é].
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4. Conclusion

The temperature dependences of the magnetic susceptibilities of HydtoaCu and
(HOCzH,)dtoaCu were measured and the substituent effect has been discussed. Although the
coordination forms around Cu(Il) are almost same, the difference in J values belween
HadtoaCu and (HOC;Hq)dtoaCu was observed. This difference is considered to be due 1o the
difference of the superexchange interaction between Cu(Il) ions via ligands. It may be possi-
ble to control the physical properties of the two-dimensional coordination polymer by chang-
ing substituent and to construct novel functional malerials, which is under way.
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Abstract

The ab initio molecular orbital calculations were carried out to clarify the electronic states of copper coordination polymers:
(HOC,H),dloaCu and HydtoaCu. The intradimer Cu-Cu distance of HdfeaCu has been predicted to be longer than that of
{HOC,H,),dtoaCu. Lowest unoccupied and highest occupied molecular orbitals, which are composed of copper 3d,,,,, and ligand p,, orbi-
tals, are considered to contribute to electrical conduction and superexchange interaction between Cu(II) jons, respectively,

Keywords: Ab initio quantum chemical-method and calculations, Coordination polymer, Electrical conductivity, Magnetic susceptibility

1.Introduction

The title copper(Il) complexes are two-dimensional coordi-
nation polymers which are cross-linked by organic ligands
N, N -bis-(hydroxyethyl)dithicoxamide (HOC,H,).dfoa [1]
and dithiooxamide Hydioa, respectively (Fig. 1) [2, 3]. We
have performed hydrogen doping to them by means of
electrochemical method [3] and hydrogen induced propetti-
es have been investipated, As the results, it was found for
(HOC,H,),dtoaCu that the Cufll) are reduced into the Cu(l,
IT) mixed-valence state during hydrogen doping [4] and the
doped hydrogen atom bonds to nitrogen atom of the ligand
[3]. Moreover, electrical conductivities of the polymers are
much increased by nine orders of magnitude [5]. These be-
haviours are considered to be due to a dibasic-acid character
of the ligands and a proton-coupled redox property, which
is consistent with proton conduction [6-8]. From the spin
susceptibilities, large negative J values were observed,

which are derived from the superexchange interaction be-
tween the Cu(lY) via ligands [9]. Since the estimated abso-
lute J value of (HOC,H,),dfoaCu (- 594 K) is larger than
that of HydtoaCu (- 861 K), the contribution of the ligand
molecular orbitals to the superexchange interaction seems
to depend on the substituent groups. In this study, to clarify
the origins of elecfrical conduction and the superexchange
interaction between the Cu(ll) of these polymers, the elec-
tronio states have been investigated by ab initio MO calcu-
lations.

"M .Fujishima. Tel & fax: +81-198-53-4487;
E-mail: mufuji@dmb,chem.tsukuba.ac jp
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Fig. 1. Two-dimensional coordination polymer
" (R=CH,OH or H).

2. Computational details

Since the title polymers are amorphous, the computationat
models were assumed as shown in Fig, 2 (i), Fig. 3 (i)
which are termed respectively as follows: ¢is-(HOC,H,),-
dtoaCu, cis-H,dioaCu. Their symmetry point group is Cy
in which sulfur and nitrogen atoms face across Cu atom.
The initial geometrical parameters are taken from the
EXAFS data as shown in Table 1 [5]. The optimized
geometrical parameters of (HOC,H,).dfoa were used for
cis-(HOC,H,),dtoaCu, and typical values of analogous cop-
per complex are used for other parameters [10, 11].

Ab initio MO calculations of the singlet basis states for
these models were carried out by using one of the DFT
method, hybrid B3LYP with basis sets: LANL2DZ, for cop-
per atoms, 6-31G for other atoms. The geometries of stud-
ied models were fully optimized with tight convergence
criteria. All caleulations were performed with the Gaussian
98 program package [12).



3. Results and discussion

The initial and optimized geometrical parameters of the
polymers are summarized in Table 1. The calculations have
predicted that the intradimer Cu-Cu distance of cis-
HydtoaCu is longer than that of cis-(HOC,H,),dtoaCu.
Moreover, contributions of ligand molecular orbitals to
HOMOs are large as shown in Fig. 2 (ii) and Fig. 3 (ii).
These would indicate that Cu atoms do not interact directly,
but are coupled through the ligands. That is to say, the su-

perexchange interaction occurs between the Cu(ll) 3d,,,, -

orbitals via ligand p, orbitals, in which the substituent
groups of ligands seem to effect the contribution of the li-
gand molecular orbitals to the superexchange interaction [9].

Table 1 Initial and optimized geometrical parameters of cix—

(HOC,H,)dteaCu and cis-HdloaCu
eTs{EOC;H )y dtoaCu cir-HodloaCu
1A initial optimized initial __ optimized
{Cu-Cu) 261 . 2.61 2.60 2.70
H(Cu-S) 221 247 221 2.44
HCu-N) 1.99 207 198 2,04

The LUMOs of the polymers composed of Cu(ll) 3d,,,, .

and ligand p, orbitals are shown in Fig. 2 (iii) and Fig. 3
(iii). The increase of electrical conductivity on hydrogen
doping {5] is considered to be due to these LUMOs’ elec-
tronic state, i.e., electronic conduction bands composed of
these LUMOs become to be filled on hydrogen doping.

HOMO-LUMO energy separation for ecls-(HOC,H,),-
dtoaCu is predicted to be smaller than that for cis-H,dtoaCu
as shown in Fig, 4. (a), (b). Furthermore, d,;.,-d.,.,; orbitals
of HOMO and LUMO for ¢is-{(HOC,H,),dtoaCu, are sym-
metric and antisymmetric, respectively, in contrast to those
for ¢is-HydtoaCu are antisymmetric and symmetric. These
might cause differences of electrical conductivity and mag-
netic susceptibility between polymers.

Fig. 2. (i) Computational model, (i) HOMO and (iii) LUMO of

cis{(FHOC,H,),dtoaCu.

Q) (i) (iii)
Fig. 3. () Computational model, (if) HOMO and (iii) LUMO of
cis-H,dtoaCu.

35h 23

353.: 23a‘
ol kfm
LUMO 198, LUMO
3la l 3 eV
318 —~—-1+¢ ‘{42 W
30,4l
o
A, HOMO lﬂb‘f*——

@
Fig. 4. Energy separation between HOMO and LUMO, and sever-

al upper and lower orbitals for (a) cis-(HOQHQ,d!oaCu and (b)
cis-H.dtoaCu,

4, Conclusion

The ab initio MO calculations were carried out to clarify
the electronic states of (HOC,H,).dfoaCu and H,dtoaCu.
The intradimer Cu-Cu distance of H,dtoaCu has been pre-
dicted to be longer than that of (HOC,H,),dfoaCu. The
electrical conduction and the superexchange. interaction
between Cu(ll) ions are considered to be derived from
HOMOs and LUMOs, which are composed of copper 3d,,,,
and ligand p,, orbitals,
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Abstract

Menodispersed Pt nanoparticles protected with poly(N-vinyl-2-pyrrolidon) were synthesized from HzPtCls by the methanol reduc-
tion. The structure of obtained nanoparticles was shown to be analogous to that in bulk crystals, and the particle size was determined to
be 3.240.7 nm from the observation of TEM images. Hydrogen adsorption into particles was investigated by observing PCT curves
repeatedly measured at 303 K. From the result of PCT measurements, the amount of absorbed hydrogen in the present size-controlled

nanoparticles was found to be more than that in Pt black,

Keywords : Pt nanoparticles, hydrogen absorption, PCT cuirve,

1. Imtroduction

Size-controlled metal nanoparticles are one of excel-
lent candidates for wide ranges of applications such as
hydrogen cells, the preparation of high-purity hydrogen,
practical hydrogen adsorbents, ete, Since the proportion of
activated atoms on the surface increases with decreasing
the size of particles, the more absorption of hydrogen is
expected with decreasing the particle size from in bulk
metal. It is also possible that their physical properties are
continuously changed according to their diameter{1], be-
cause the electronic state and amounts of absorbed hydro-
gen should depend on their size. No systematic works
have, however, been reported on hydrogen uptakes into
metal nanoparticles with diameters of several nm and not
attached Lo any substances such as zeolite,

In the present study, we intended to synthesize mono-
dispersed Pt nanoparticles and evaluate hydrogen absorp-
tion behavior from measurements of TEM images, X-ray
diffraction, and PCT curves.

2. Experimental

According to the literature{2,3], Pt nanoparticles pro-
tected with poly(N-vinyl-2Z-pyrrolidon) {abbreviated to
PVP) were prepared from H,PtCls * 6H;0 by the metha-
nol reduction in ultrapure water, Using a Hitachi H-7100
electron mmicroscope, transmission microscopy (TEM) im-
ages of prepared nanoparticles were observed with an
acceleration  voltage of 125 keV and 400,000
maegnilication, and their average diameter and distribution
were determined,

X.ray diffraction patterns were observed at KEK with
an 84,949 pm radiation from SOR. Samples for measure-
ments were made by putting Pt nanoparticles into glass
capillaries under H; gas pressures of 0, 200, 500 and 760
torr and sealed. PCT curves were measured at 303 K
with a Belsorp 18 gas adsorption system from Ja-
pan.Bel.Co,

3. Results and Discussions
3.1L.TEM image

A TEM image of prepared PVP protected Pt nanopar-
ticles is shown in Fig, 1. It was shown that almost the
constant size of particles was obtained. As shown in Fig,
2, the obtained size distribution of particles was seen to be

Fig. 1, TEM immge of PYP protected Pt nanoparticlss
{ X 400,000).

* Corresponding author, Telt +81({Japan)-298-53-4487; fax: +81(Japun)-298-53-4487;

E-nuil: yamauchi @ chemitsukuba.ae.jp
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Fig.2 Size distribution obtained from TEM photo-

graphs of PVP protected Pt nanoparticles

narrow, and this indicates that monodispered nanoparti-
cles were properly synthesized, The averaged size of parti-
cles was determined to be 3.2£0.6 nm from the figure,

3.2 Xray-diffraction

The dependence of diltraction peaks from (220) in
PVP pratected nanoparticles upon- the H, pressure is
shown in Fig, 3. Since the obtained Pt nanoparticles with
and without H, gas showed an analogous X-ray diffraction

patterns as in bulk Pt. This implles that Pt nanoparticles -

with an averaged diameter of 3.2 nm have the same fec
structure as in bulk Pt, However, the peak of the nanopar-
ticles with H, gas was shown to be shifted to lower angles
compared with that of bulk Pt. This result suggests that
the crystalline lattice of nanoparticles is expanded com-
pared with in bulk Pt, The peak in particles exposed to
300 torr H; pressure is shifted to an angle lower than that
ot 0 torr Hy pressure, The top with 760 torr H, gas was
shifted more 0 a lower angle than peakes in the other
samples. These results imply that hydrogen is not only
adsorbed on the surface of Pt nanoparticles but also ab-

@

®

(e
{d)

A\
i

35 38 37 3
20/ degres

Fig 3. Hp-pressure dependence of X.ray diffraction patterns,
Observed peaks indicate (220) diffractions obtained at {n) PYP
peotected Pt nanoparticles under Ha gas of 760 torr, (b)3G0 torr,
(€)200 1o, (dY PYP protected Pt nonoparticles without H, gns
and (e)Pt black without Hy pas. The central verijeal line indi-
eales the conter of the peak of Pt black.

3

o
o

sorbed into inside of the particles,

3.3 PCT curve

The H, pressure-compasition isotherms (PCT curves)
of PVP protected Pt nanoparticles repeatedly measured are
shown in Fig. 4. The result of the mearsurement on Pt
black is also indicated by a bold curve, In the first meas-
urement of nanoparticles, its hydrogen uptake was larger
than that in ‘Pt black. This indicates that the present
mono-dispersed Pt nanoparticles with a diameter of 3.2
nm can absorb a larger amount of hydrogen than butk P,

Below ca. 75 torr, the hydrogen composition in-
creased rapidly in the first and repeated PCT measure-
ments on nanoparticles, Similar behavior was also ob-
served in the Pt black, Above ca, 75 torr, the hydrogen
composition increased linearly in curve (a), while this
increase was never observed in Pt black, i.e., the hydrogen
composition in the Pt black was nearly constant above 100
torr. As seen from curves (b) and (c), this linear increase
of composite was maintained in the repeated scanning.
Since Pt black is known to adsorb hydrogen enly on ils
surface, the behavior under ca. 75 torr observed in
nanoparticles can be regarded as the surface adsorption of
hydrogen. However, the linearly increasing parts in
nanoparticles cannot be observed in PCT curves on Pt
black. Accordingly, this increase observed in nanoparticles
implies the existence of the other absorbing positions or
mechanisms different from that in Pt black. Considering
the result of XRD, PCT data suggest that hydrogen can be
adsorbed inside of nanoparticle, but this absorbing sites
are not determined in the present stage,

800
(c)/ |b) (a)
600
k
S
~
)
5 400 P
@
&
= 200 -
0 l L |
0.00 010 0.20 0.30
H/ Pt
Fig. 4. Hydrogen pressure-composition isotherms (PCT cu-
vesy of PVP protected Pt nanopacticles measured (a)first,
(b)second, and {c)ihird runs of scanning. The bold curve
Indicates data on Pt black.
References

[1] T, Teranishi, F. Hori, and M. Miyake, J. Phys. Chen,
B101 (19915774,

[2] T. Teranishi, M, Hosoe, T, Tanaka, and M, Miyake,
Jo Phys. Chem, B103 (1999) 388.

(3] T. Teranishi, and M, Miyake, Hyomen, 35 (1997) 439.

— 185 ~



Electron Spin Dynamics in a Spin 1/2 One-Dimensional Heisenberg

Antiferromagnet [CuX,(AdH"),]X,
Shinya Takaishi®, Yuji Furukawa®, Ken-ichi Kumagai®, and Ryuichi Ikeda®

‘Department of Chemistry, University of Tsikuba, Tsukuba 305-8571, Japan
*Division of Physics, Graduate School of Sclence, Hokkaldo University, Sappors 060-0810, Japan

Abstract

Blectron spin dynamics on a spin 1/2 one-dimensional Heisenberg antiferromagnet, [CuXa(AdH*),]X; (X : CL, Br; Ad ! adeniue)
was studied by YH NMR spin-lattice relaxatlon measurement. "H T} of [CuBiy(AdH)1jBes (J = 52.6 K in the low-Lemperature
region below 25 K was well described by the spin fluctuation relaxation theory proposed by Suchdey.

Keywords: nuclear magnetic resonance, one-dimensional, Heisenberg qutiferromaguet,

1. Intreduction

It has been shown that one-dimensional {1-D) sys-
tems consisting of paramagnetic spins of small spin
quantum numbers with antiferromagnetic interactions
can form no ordered state at finite temperatures, but a
fluctuated spin state of quantum mechanical origin, In
recent years, theoretical studies of quantum spin dy-
namics have been extensively made on an §=1/2 1.D
Heisenberg antiferromagnetic system that will be ex-
pected to show a strong quantum effect. The theoretical
temperaturs dependence NMR spin-lattice relaxation
time (7;) on this system at low temperatures was pro-
posed by Sachdev[1], who proposed an analytical ex-
pression of its temperature dependence, :

In the present study, we measured '"H NMR T, on
a 1-D antiferromagnetic spin system
[CuBry(AdH"),]Bry (Ad : Adenine) with a large ex-
change interaction: J = 52.6 K and a corresponding
chloro-complex with J = 10.9 K{2] in order to contirm
the validity of Sachdev's treatmeunt,

2, Experimental

Polycrystalline samples of [CuX,{AdH"),]X, were
prepared as described in literature[2]. Prepared crystals
were identified by the elemental analysis and SQUID
susceptibility measurement,

The 'H NMR spin-lattice relaxation time T, was meas-
ured by a Bruker SXP100 pulsed NMR spectrometer

*Corresponding author, Tel & Fax; +81-298-53.4487;
E-malil: takaishi@lpchemgw. chem.tsukuba.ae,jp
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using the inversion recovery method with a homemade
temperature controller in a range 100-300 X, A home-
made pulsed spectrometer applying the same pulse
sequence was used in a range 4.2-100 X using an Ox-
ford CF1200 cryostat, For the measurement below 4.2
K, an NMR spectrometer and a cryostat made in Hok-
kaido University was used. The sample temperature was
controlled and determined within £1 and £0,1 K, ahove
and below 100 K, respectively. All T, measurements
were made at a Larmor frequency of 50.4 MHz.

3. Results and Discussions

The temperature dependence of 'H NMR 7 ob-
served in {CuBry(AdH"),]Br, is shown in Fig. 1. In the
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Fig. 1 Temperature dependence ol 'H NMR 3pin - lultice
relaxation time 7'y observed in [CuBry( AdH"), 1B,




NMR relaxation measurement, the 'H magnetization
observed after a n/2 pulse plotted against the pulse
interval © showed a single-exponential and non-expo-
nential decay above and below ca. 100K (=2J), Tespec-
tively, We roughly evaluated Ty from the initial linear
portion of the decay, This short T, component was the
main part of the 'H magnetization in the whole tem-
perature range where the non-exponentiul decay was
observed, -

Above 150 K, 'H Ty of [CuBr,(AdH",]Br, gave
temperature independent values. In this temperature
range, almost free paramagnetic spins of Cu®* are re-
sponsible for the proton spin-lattice relaxation. By
assuming the dipolar relaxation process, powder aver-
aged relaxation rate is presented as follows[3}(4]:

Tha201 a3
J:.l_. —ins ——t 2 1, i

where vy s the gyromagnetic ratio of the 'H spin, pg is the
Bohr magneton, g is the spectroscopic splitting factor, r
is the distamce from a paramagnetic site to respective
proton sites, and Z is the number of the nearest
neighbors of a paramagnetic ion (1-D system, Z = 2).
‘We substituted the observed temperature independent
Ty value (=12 ms) and respective r values evaluated
from the structural data[S], and we obtained J in the
order of 10K, being consistent with the evaluated value
from the susceptibility measurement,

In the temperature range 25 < T <150 K, it is noted
that T, increased with decreasing temperature, In this
intermediate range where the exchange interaction
becomes comparable to the thermal energy, we can
expect the occurring of partial ordering of antiferro-
magnetically coupled spins,

0 0.2 0.4 0.6 0.8 {

60

40
T1 { ms

20—~ “

0 10 20 30 40 50

T/X

t . .
Fig, 2 Temperature dependence of H NMR spin - lattice
relgaxation EijmeTl observed in [CuBrz(AdH")qT}Brz. Solid
line is theoretically calculated by the Sachdev's ireatment

Fig. 2 shows a temperawre dependence of 'H
NMR T\ in [CuBry(AdH")2)Br; observed beiow 50 K. 7,
became short with decreasing temperature below 25 X,

Sachdev proposed[1] that Ty in the range T < 0.5/ is
expressed as

Tiee QAT )

where J is detined by H = 2/ IS Sier giving finite T,
values at low temperatures, Using the reported J = 32.6
K[2], we evaluated a theoretical \emperature dependlent
Ty curve as shown in Fig. 2, which could well reproduce
the experimental result,

Fig. 3 shows a temperature dependence of 'H
NMR T; observed in [CuCl,(AdH"),]Cly, T, showed the
maximum at 0,57 and became constant at temperatures
above 3~4J, This result can be understood analogously
to those in the bromo-complex by applying a small J
value of 10.9 K implying the validity of the ahove T}
analysis.
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Fig. 3 Temperature dependence of '"H NMR spin - lattice
relaxation time T, observed in [CuCl,(AdHY,]Cl,
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Abstract

121 Massbaver spectroscopic measurement was made for the title complex to investigate the insulating phase below a metal-insulator
trangition (Ty; = 205 K). Two chemically independent sites of jodine were observed, suggesting that the insulating phase is in alternate
charge-polarization state of —~P¢*-Pr* P -PE - 1—PE* PP 1-PE P — ]~

Keywords; Missbauer spectroscopy, Metal-instilator transition, MMX-Chain

1. Introduction

One-dimensional  halogen-bridged  binuclear-metal
complexes, the so-called MMX-Chains, have drawn much
attention as a dynamical electronic system [[-3]. The
MMX-Chain possesses the charge degree of freedom in
dimer-unit and therefore four possible charge-ordering states
are expected as follows:

(1) Averaged-valence state; X =M™ |-X-
(2) Charge-density-wave state; M -M-|— XM MK —
(3) Charge-polarization state: M*"-M”LX~M“-M> X —
(4) Alternate charge-polarization state:

—MTMIEX MM X~

The title complex exhibits many interesting properties
such as metallic transport with effectively half-filled d (i.e
(5dz*-5d2")"} conduction band, metal-insulator transition
(Tami = 205 K) keeping the spin degree of freedom, and so
on {4]. While the metallic phase above Ty is found to be in
the averaged-valence state (1) with 2% fluctuation of (2) or
(4) [4), the low-temperature insulating phase has not yet
been made clear, ' Mossbauer spectroscopy is very
sensitive to the charge distribution around iodine, so that we
could obtain information on the Pt charge state through '¥I,

Tel: +81-293-53-4487; Fax; +81-298-53-4487;
E-mail; akobayas@dmb,chem.tsukuba,ac,jp
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In this paper, we discuss the charge-ordering mode in
Pty(dip)a] from "I Mossbauer spectroscopy.

2. Experimental

The sample for Mossbauer spectroscopy with iodine was

synthesized as a black-violet luster powder using

radioisotope '*’1 (19.9 mg) in a draft chamber of KUR by

the following chemical reactions;

2Na'I + NaSO;+2H,0,+H;80,4 — 2Na,SO,+3H,0+"™,
Puldpl+Pl, -  Phldm)™l,

Pia(ditp)a + Pha(dip)a' L, — P(dip)s 1
Mdssbauer spectroscopic measurement of a 27.7 keV y-ray
transition in I was carried out with both source and
absorber cooled down to 11 K by using a constant-
acceleration spectrometer with a Nal(Tl) scintillation
counter and a DAIKIN CryoKelvin closed-cycle refrigerator
system employing helium gas as a working medium, A ®Te
source was obtained by neutron irradiation of enriched
Mg;'**TeOs due to the nuclear reaction 2 Teln, 4" Te in
the Kyoto University Reactor (KUR). The half-life time of
the precursor '*™Te isotope is 33 days. The observed
spectrum was analyzed by use of a computer program
including folding and least-squares fitting with Lorentzian
lines,



3. Results and Discussion

The observed '*] Massbauer spectrum at 11 K is shown
in Fig. 1. The [ nuclear spin states in ground and excited

states are 7/2 and 5/2 respectively, so that quadrupole-split

spectrum consists of a minimum of eight lines. The best fit
was obtained by two octuplets of I, and I, indicating that
two chemically independent sites of iodine exist in Pty(dip),L.
In the four possible charge-ordering modes mentioned
above, only the alternate charge-polarization state (4) has
two chemically independent iodine sites, which should be
responsible for the low-temperature insulating phase,

The linear relation between the '*I Méssbaner
parameters, isomer shift (IS) and quadrupole coupling
constant (QCC) has been well known for the series of I, I°,
and T' [5]. The linear IS-QCC relation is explained as
follows: IS value, which is proportional to the electron
density at the nucieus (i.e. s electron’s density), increases in
the order of I' < I° < I*, because of a decrease in the
occupation of p orbitals as a result of less screening the
valence and core s orbitals from nucleus, QCC value, on the
other hand, which reflects an asymmetric charge distribution
of valence electrons, also increases in this order, because of
a deviation from the closed-shell configuration along the
series, The [, site has larger IS (4.01 mm/s) and QCC (1448
MHz) than the I, site (IS = 3.86 mm/s, QCC = 1211 MHz),
which shows that I, is more oxidized than I,.

For iodide ion having 55*5p° electron configuration, the
IS value is known to be given by the following empirical
equation [5];

IS=-9.2 A, + 1.5 h,~ 0.54

where the IS value (mm/s) are refercnced to ZnTe, and A,
and 4, are the number of hole in s and p orbitals,
respectively. From this equation, the oxidation state of I, and
I, can be estimated to be -0.4, and -0.3, respectively. The
observed spectrum is very similar to that of the isostructural,
Pta(dta)y] (dia = CH,CS;) [6], so that the two iodine atoms
of I, and T, are assigned below, as well as those for
Pt1(dfﬂ)4].

ST D Rl T R R T D Rl g o Kl
Coulomb interaction between the Pty cation and I anion
plays a key role in the charge order of this 1-D system.

From Mdssbauer spectroscopic study, charge-ordering

L' I

Transmission

0.56

1 L 1

0 o
Velociy {mnys)
Fig. 1 '*I Mssbauer spectrum at 11 K. The velosity seale is referenced

=20 10

to MgsTeOq In order to refer this scale to fodine in ZnTe, 3.49 (mm/s)
have o be subtracted from the scale,

mode in the low-temperature msulating phase is in the
alternate charge-polarization state {4), which is consistent
with the recent result of X-ray crystallographic analysis at
48 K [7]. Coulomb interaction is dominant factor in the
charge order of MMX-Chain,
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Shin'ichi Ishimaru®*, Miho Yamauchi and Ryuichi [keda

Department of Chemistry, University of Tsukuba, Tsukuba 305-8571, Japan
Received

Abstract

We synthesized a new intercalation compound, 1,5-diaminonaphathalene(DAN)- saponite where
intercalated DAN molecules were shown to have a formal charge of +0.67. The measurement of
optical diffuse reflectance spectra revealed the formation of electronic bands with a gap of ca. 1 eV
suggesting semiconducting behaviour of this system. From ESR measurements, the radical
formation in DAN-saponite was confirmed and the spin concentration was determined to be 1 spin
per 200 and 300 DAN-molecules at 250 K and 7.9 K, respectively, This temperature dependence
of the spin density also implies the semiconductive nature of DAN-saponite.

PACS: 72.80Tm; 78.40Fy
Keywords: semiconductor; intercalation compound; saponite; 1,5-diaminonaphthalene
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1. Introduction

As a noticeable approach to produce new
organic conductors, several
intercalation-compounds of TTF and its
derivatives with clay minerals have been
synthesized [1-3]. Advantages of the
intercalation method we can point out are: (1)
the preparation of stacked structures separated
donor and acceptor molecules, which is an
important condition to form a conduction band,
is possible, and (2) since clay minerals are good
insulators, we can  prepare isolated
low-dimensional conductors in the interlayer
space in clay minerals. In the above reported
works, the partial oxidation of TTF molecules
attended on the intercalation was obtained,
whereas no obvious electrical conduction was
observed.

It has been reported that many aromatic
compounds such as benzidine, perylene,
phenothiazine, etc., are also oxidized by
intercalation in clay minerals [4]. These
intercalated compounds are expected to suitable
candidates for exhibiting the electrical
conductivity. Previously, we reported
electronic and ionic conduction in a
intercalation compound of saponite with
3,3',5,5 - tetramethylbenzidine [5], of which
oxidizing process in the solution [6] and on the
surface of hectorite [7] has been clavified. But
the benzidine derivatives have a disadvantage
for stacking of the molecules because of its
most stable conformation twisted around the
central C-C bond. Planar conjugated systems
such as naphthalene derivatives are expected to
form a conducting material easier than
benzidine derivatives. In this work, we
selected 1,5-diaminonaphthalene for the
starting material, because planar conjugated
systems are expected to form a conducting
material easier than benzidine derivatives, and
report electronic properties in a new conducing
intercalation-compound with saponite.

2. Experimental

Synthetic Na-saponite (Kunimine Industry Co.

Ltd.), accepted as a reference clay (JCSS-3501)
of the Clay Science Society of Japan, was
employed as the starting  material,
Dihydrochloride of 1,5-diaminonaphthalene
(abbreviated to DAN) was crystallized from a
solution of DAN (Tokyo Kasei Kogyo Co.
Ltd.) dissolved in conc. HCL. A pale yellow
aqueous solution of DAN-2HCI showed strong
acidity implying that the monocation,
Ci1oHs(NH)(NH;)" is the main species in the
solution.  An intercalation compound was
obtained as follows: The aqueous solution of
DAN-2HCI was poured to a colloidal solution
of Na-saponite. The dispersed saponitc was
coagulated immediately and the colour of this
suspension was gradually changed from pale
yellow to black with stirving for three days.
The suspension was centrifuged and washed by
distilled water repeatedly.  Finally, glossy
black powder was obtained by drying the
precipitation in a desiccator over CaCl,,

The substance obtained was characterized
by the organic elemental analysis and the
electron microprobe analysis (EPMA) with a
JEOL JAX-8621 analyzer at Chemical Analysis
Center, University of Tsukuba. Powder X-ray
diffraction patterns were collected by a Philips
PW3040/00  diffractometer  using  Cu

Ky radiation. ESR spectra in solid state were

recorded on a JEOL FE1XG spectrometer with
a 100 kHz field modulation at 7.9 and 29() K,
and the spin concentration was determined by
use a  standwd  sample (crystulline
CuS045H;,0) sealed together in a sample tube,
UV-VIS-NIR absorption spectra were obtained
by the K-M conversion of ditfuse reflectance
spectra recorded on a JASCO V-570
spectrometer at room temperature.

3. Results and Discussion

3.1 Elemental analysis and Powder X-ray
diffraction

A chemical formula of the prepared specimen
was  expected to  be  written  ag
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3 10 15
26/ 6
Fig. 1 X-ray powder diffraction peaks from
(001)-plane in Na-saponite (upper) and
DAN-saponite (lower),
{C1oHs(NHa)z ) (SAP)nH,0 (SAP:

[SissAloaMgs(OH);010]*"  determined  in
Kunimine Industry Co. Ltd.) by ignoring
additional protons in ammonium groups. The
elemental analysis in this compound gave C:
14.35, H: 2.46 and N: 2,86 wt% corresponding
to x = 0.6 and n = 3. This x value is larger
than 0.4 predicted from the chemical formula
of the starting Na-saponite. No chloride anion,
which is possible to be intercalated in the stage
of neutralization of DAN, was detected by the
EPMA measurement with a pellet specimen.

i

NH3+

Fig. 2 A schematic model of DAN-cationic
arrangement in saponite,
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A/ nm
Fig. 3 UV-VIS-NIR absorption spectra obtained

by K-M conversion of diffuse reflectunce
observed in Na-saponite (broken line) and
DAN-saponite (solid line),

These facts indicate the formal charge of DAN
is +0.67 in DAN-saponite.

Fig. 1 shows powder XRD peaks from
(001) planes in DAN-saponite and Na-sapounite.
The d-spacing of (001) plane in DAN-saponite

was determined to be 18.5+0.1 nm from the

peak of 28 =4.7". The interlayer spacing was

estimated to be ca. 0.9 nm from the spacing by
subtracting the layer thickness of 0.96 nm [8].
This interlayer spacing implies that DAN
molecules are vertically arranged to the
saponite surface as shown in Fig, 2,

3.2 UV-VIS-NIR absorption spectra

Fig. 3 shows UV-VIS-NIR absorption spectra

of Na-saponite and DAN-saponite.  The
starting Na-saponite showed no obvious
absorption in the visihle range, whils

DAN-saponite exhibited a strong continuous
absorption ahove cu. 1 eV. This means he
formation of electronic bands with a gap of ca.
1 eV in DAN-saponite., The fact that this band
gap is nearly equal to 1.1 eV reported in
crystalline silicon implies the formation of a
new semiconductor in the interlayer space of
the saponite,



- 3.3 ESR spectra

An'ESR spectrum in DAN-saponite observed at
290 K is shown in Fig, 4. A sharp signal with
a width of 9.3 gauss was observed at g~2.0
suggesting  the radical formation in
DAN-saponite.  The spin-concentration in
DAN-saponite was estimated to be 1 spin per
200 DAN-molecules. At 7.9 K the line-width
was slightly broadened to 12.5 gauss and the
spin-concentration was reduced to 1 spin per
300 DAN molecules at 7.9 K. The band-gap
roughly estimated from the temperature
dependence of the spin-concentration became
0.3 eV being in the same order as 1 eV

estimated from  UV-VIS-NIR  spectrum
described above.

= PN VAU WA S IR SRR U N

1.5 2 2.5 3

Fig. 4 An ESRg spectrum observed in
DAN-saponite, A broad signal is from a single
crystal of CuSO,4° SH;0 appearing at g = 2.3,

This work was partly supported by Grant-in
Aid for Scientific Research No. (B) 12440192
from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.
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Dynamic Stru‘c;ture of Molecules Included in Porous Solids
Studied by Solid State NMR

Shin'ichi Ishimaru and Ryuichi Tkeda
Department of Chemistry, University of Tsukuba, Tsukuba 305-8571, Japan

ABSTRACT

Recent NMR works on dynamic properties of acetonitrile, water and
tricthylamine molecules included in 1-D nanospaces existing in zeolite-like
aluminophosphate (AIPO4-5 and SAPO-5) and alkali and alkylammonium
ions in 2-D spaces in layered clay minerals (smectites and
tetrasilicicfluormica) are summerized,

I. INTRODUCTION

Molecules and ions enclosed in zero-, one- (1-D) or two-dimensional (2-D)
nanospaces are expected to exhibit novel properties associated with
low-dimensional structures of molecular assemblies different from those in
bulk. Highly anisotropic spaces formed in solids have been expected to
be excellent fields for new material design. For example, p-nitroaniline in
zeolite shows strong nonlinear optical effects of second order (1]. This
can be obtained by realizing the one-dimensional alignment of polar
molecules unavailable in bulk crystal.

As another characteristic in these porous systems, included polar
molecules strongly interact with acid sites on the host wall and form
complexes. This host-guest interaction plays an important role for
understanding of catalytic behaviour of porous materials.

In these unique features obtainable in inclusion compounds, dynamic
structures of included molecules in pores are expected to be closely
connected with physical properties and chemical reactions in adsorbed
molecular systems. In this article we intend to review dynamic structures
observed by solid-state NMR methods on various molecules and ions
loaded in 1-D channel of zeolite-like aluminophosphate (AIPO4;-5) and
silicoaluminophosphate (SAPO-5) and 2-D spaces of layered clay minerals
(cation-exchanged smectites and tetrasilicicfluormicas).
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1-D porous aluminophosphate, AIPO+5 and silc’cbalumin()phosplmte
SAPQ-5 "

More than hundred kinds of porous
aluminosilicates, so called zeolites,
have been found in nature and
artificially synthesized [2].
Recently, new zeolitic materials
other than zeolites, such as silicates
[3-3], metallophosphates [6-9],
cartbon nanotubes [10,11], etc.,
have been synthesized and drawn

much attentions about their new Fig. 1 A skeleton of crystal lattices in
possibilities for catalysis and ﬁﬁ?tfe ﬁ?jstgﬁﬁggixiﬁ view down
functions,

AIPO4-5 (chemical formula: AIPQ,) is the first synthesized zeolitic
aluminophosphate which has hydrophobic and highly symmetric straight
1-D channels constructed by twelve-membered oxygen rings [12] (fig. 1).
Such a straight channel structure had not been found in zeolites. Another
characteristic is that AIPO4-5 is a neutral material in contrast with zeolites
with anionic lattices in which the existence of cations in channels is
essential. SAPO-5 (chemical formula: Al Si,PO4«OH),) is a
silicoaluminophosphate which is isomorphous with AIPO4-5. A marked
difference between two materials is the existence of Brgnsted's acid sites on
the channei-wall in SAPO-5 (13]. It is expected that the comparison of
dynamic behaviour of molecules in the pores of these two materials reveals
interactions between acid sites and adsorbed molecules.

Layered clay minerals

It is an important feature of layered compounds that a two-dimensionally
extended space is formed between sheets in which many kinds of chemical
species can be intercalated. The interlayer distance in these 2D
compounds can be expanded according to sizes and shapes of guest
molecules. Because of this structure, layered compounds are able to
intercalate macromolecules as well as small molecules in contrast to
zeolites used for "molecular sieves". This flexibility of the host lattice is a
great advantage for the material design.  Although many kinds of layered
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cations

Fig. 2 Schematic models of {(a) 1:1-type and (b) 2:1-type layered clay minerals.

compounds have been known, layered clay minerals are widely used for
preparing intercalation compounds because they are quite stable, safe and
low-cost.

Most of clay minerals constructed from stacked polyoxo-acid sheets easy
to be abraded. In most of these minerals, each sheet consists of sub-layers
formed from SiO4 and MgOg or AlO¢ as minimal units, and classified by
the stacking manner of these sub-layers (fig. 2), such as 1:1 (general
formula: ALSi4O10(OH)s) and 2:1-types (A™.nAlL.MgSisO10(OH), or

" M g35Li,SL(OH) 10, A=cation) [14]. Isomorphous replacements of Si
and metal ions with lower charged ions generating negative charges are
often seen in 2:1-type minerals, ie., Si** with A", AP with Mg?*, Mg**
with Li%, efc. 2:1-type layered clay minerals are further classified into
subgroups: smectites (0.2< x <0.6), vermiculites (0.6< x <0.9), and micas (x
~ 1) according to the negative charge density [14] in a sheet,

Various cations are included in the interlayer space of these compounds
for cancelling charges. In smectites and vermiculites, water molecules
surround” the interlayer-cations and these minerals are swelled well by
moisture.  Structures of water and ionic dynamics different from bulk
solutions are expected in these systems,

NMR Application for Studying on Molecular Environment

Observation of molecular motions can give important information for the
evaluation of molecular environment because motions as a whole directly
reflect the potential formed by swroundings. The wide-line NMR has
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been used as one of useful methods for observing molecular motions in
solid [15,16].  Applying this method, we can measure magnetic
dipole-dipole interactions between 'H nuclei as well as electric quadrupole
interactions between *H nuclei and electric field gradients (EFG) made by
surrounding charges. These interactions are averaged by the onset of
molecular motions upon heating, . In NMR measurements, the averaged
interactions can be studied by two different approaches, i.e., the spectrum
analysis and the relaxation measurement. Both spectrum and relaxation
show characteristic changes when the rate of molecular motions is close to
time scales of magnetic interactions with swrroundings and the external
field, respectively, i.e., ~10* Hz in the spectral and 10%10° Hz in the
relaxation measurements,

Dynamic properties of molecules adsorbed in porous materials can be
effectively investigated by the NMR method, because this method enables
us to observe selectively particular nuclei in a certain chemical species in
complex systems.

In many cases, the '"H NMR relaxation is caused by fluctuations of
magnetic dipolar interactions caused by molecular motions.  This
relaxation process is expressed as the following BPP equation [17,18] as a
good approximation:

= C{1+ :ﬁr’ * 1+j;%2} (1),
where C, @ and 7are the motional constant, the angular Larmor frequency
of 'H and the motional correlation time, respectively. 7 is varied with
temperature and expressed as the Arrhenius activation process:

T=T,exp(—E,/kT) ().

Here E, is the activation energy of the motion, In this treatment, 73 shows
a minimum where @7 = 0.616 is fulfilled (fig. 3). The symmetric
temperature dependent 77 curve is obtained by plotting log 7; against T or

7. The relation T, o @’is expected in the low-temperature range of the

Ty minimum, while no frequency dependency is seen in the
high-temperature side. |

It has, however, been reported that 'H 7, in molecules included in
porous materials often give different temperature dependences from the
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above relation and shows asymmetric
T, curves with weak frequency
dependencies in the low-temperature
side. This 77 behaviour is
explain-able by introducing the
distribution in 7[19] which has also
been successfuily used in the data
analysis in the dielectric studies [20]
Fig. 3 Ti curves predicted by the on water dynamics in clay systems.
gggugggf at two different Larmor o pyepibytion s mostly caused by
the inhomogeneity of molecular
environ-ments, i.e., widely spread

ar>>. 11

leg Ty

T

potentials surrounding molecules.

As for guest molecules in porous systems, observed T data are often
reproduced well by introducing the Cole-Davidson type 7 distribution
function [21] given by

. A
g(r)=smﬂ:r( T ) s,

3)

=) T>1Tc
where § (0< <1 shows the distribution amplitude (fig. 4). Here, the

limit of f= 1 corresponds to the homogeneous environment. Under this 7
distribution, eq. (1) is modified as [19],

ooooooooo

—————
-
-

log g(7)
%
!l
log T

O.IIIO.S.'..1I|-.1.5
T/ Lr

Fig. 5 T curves predicted by the
BPP-theory at two different Larmor
frequencies under Cole-Davidson type
T distribution,

Fig. 4 Cole-Davidson type distribution
functions.
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T = C{r‘? sin( ftan™ awr,) . 27, sin( A tun™' 2wrc)} @.

wr L+ e’z Y ar(1+da’c, )"

This gives a frequency dependency less than eq. (I). The ecritical
cotrelation time 7 is assumed to obey the Arrhenius-type activation;

T =T, exp(-E, / kT) (5).

Temperature dependences of T; predicted by eqs. (4) and (5) are shown in
fig, 5.

I1. Dynamic behaviour of molecules in one-dimensional channels of
AlPQ,-5 and SAPO-5

a) Triethylamine molecules included in AIPO4-5 and SAPQ-5

Zeolitic materials with large channels have successfully been synthesized
by the hydrothermal method using alkylamines, quaternary ammonium
salts or other organic compounds as structure-directing agents (SDA) [22].
Studies on dynamics of SDA molecules as well as van der Waals and
Coulombic interactions between SDA molecules and the framework is
considered to be important to direct the channel structure during the
hydrothermal reaction [23-25].

Triethylamine (TEA) is a typical SDA for the synthesis of a typical
aluminophosphate molecular sieve AIPO45 and its isomorphous
silicoaluminophosphate SAPO-5 [26]. Two orientation-models for the
TEA molecules in AIPO,-5 have been reported from the polarised IR
spectrum measurement [27] and the neutron powder diffraction [28] study.
The molecular orientation proposed in the former work is that the pseudo
C; axes of TEA molecules are perpendicular to the channel axis. On the
other hand, the latter has suggested the head-to-tail arrangement of TEA
molecules in the channel.

Gotoh et al. [29] studied motions of TEA in AIPO4-5 and SAPO-5 and
discussed the influence of Brgnsted's acid sites on the molecular orientation
by use of NMR data. The isotropic rotation of TEA molecules in both
AIPO,-5 and SAPO-5 at room temperature was shown by the reduction of
N quadrupole coupling constants from the static value of 4300 kHz {30]
to 80 kHz and 300 kHz, respectively, implying the onset of the almost
isotropic reorientation of TEA molecules. These results do not necessarily
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Fig. 6 Temperature dependences of
IH NMR T, observed for
triethylamine included in AIPOq4-3 at
42,0 (closed circle) and 21.0 MHz
(triangle), The best fitted calculated
curves expressed by solid lines are the
sum of two T1 components given by
dotted lines. (Reproduced from ref.
29 by permission of The Royal
Society of Chemistry on behalf of the
PCCP Owner Societies.)
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Fig. 7 Temperature dependences of 'H
NMR T, observed for triethylamine
included in SAPO-5 at 68.6° (closed
square) and 21.0 MHz (open diamond).
The best 0ited calculated curves
expressed by solid lines are the sum of
two Ti components given by dotted
lines, (Reproduced from ref. 29 by
permission of The Royal Society of
Chemistry on behalf of the PCCP
Owner Societies.)

conflict with the stable molecular orientations suggested by the IR and the
neutron diffraction studies, because the NMR observes the molecular
motions much slower than in IR and neutron diffraction in which the most
preferential orientation of molecules can be detected in case molecules in
channels have a stable orientation.

Details of molecular motions were clarified by 'H 7, measurements [29]
on TEA in AIPQ;-5 and SAPO-5's with various Si concentrations. Figs, 6
and 7 show temperature and frequency dependences of 'H 7 of TBA in
AIPO45 and SAPO-5 (Si/Al=0.09), respectively. They were reproduced
well by a superposition of two relaxation components represented by egs.
(4) and (5). These two relaxation mechanisms attributed to the isotropic
rotation as a whole and the pseudo C; rotation. The latter mode showed a
quite large distribution of 7 i.e., a small B of 0.3 in AIPO4-5 while a large
value 0of 0.7 in SAPO-5. This implies that the hindrance barrier for the Cy
rotation in a TEA molecule in the molecular sieves becomes homogeneous
by the existence of acid sites. Gotoh et al., explained this fact by the
pinning effect of molecules to acid sites as shown in fig. 8. By forming
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Fig. 8  Schematic two limiting
models for  orientations  of
triethyl-amine molecules in AIPO;-5
(upper) with no acid site and highly
silicated SAPQ-5 (lower) in which
respective amine molecules are
attracted to nearest acid sites.

hydrogen bonds between N atoms in
TEA molecules and Brgnsted's acid
sites on the wall, the C; axes of TEA
molecules are likely to orient to
perpendicular to the channel axis.
.However, TEA molecules free from
pinning in AIPO45 can rotate about
axes with arbitrary directions resulting
in widely spread barriers for rotation.

b) Acetonitrile molecules absorbed in
AlPO4-5 and SAPO-5
Acetonitrile molecules with a-length of

6.2 A for the longest axis in AIPO4-5 and SAPO-5 with an effective
diameter of 7.3 A are regarded as free from steric hindrance for the

isotropic molecular reorientation.

The electrostatic interaction between

acetonitrile molecules with a dipole moment of 3.9 D are considered to be
important to determine the molecular behaviour in AIPO4-5 because the
interaction between molecules and the hydrophobic host wall is expected to

be weaker than that between molecules.

On the other hand in SAPO-5, a

strong interaction between acetonitrile molecules and Brgnsted's acid sites

@ .

T

M

v/ kHz

20260 <20 40 40

300 20 40
v/ kHz

Fig. 9 Temperatute dependence of “H NMR spectra of acetonitrile-ds in

{(a)AlPO,-5 and (b)SAPO-3.
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was reported from the IR study [31].

Ishimaru et al. measured 'H NMR spectra and Ty of CH3CN in AIPO,-5
and SAPO-5, and also *H spectra of adsorbed CD3CN to evaluate effects of
the acid sites on adsorbed molecules [32]. The ’H NMR spectra of
CD3CN showed an absorption line at 130 K with a width of 36-39 kHz (fig.
9) explainable by the CD; rotation. The line-width was steeply decreased
with the temperature increase from 150 K and became 1.8 kHz at 290 K in
AlPO4-5 implying the isotropic rotation as a whole. This suggests that
acetonitrile in AIPO4-5 behaves like in liquid above 150 K. This
temperature is much lower than the melting point (229 K) in bulk. A
small splitting in the spectrum observed at 290 K is attributable to the
electric field gradient made by partial charges on the atoms in the host-wall
[33]. -

On the other hand, the *H NMR line-width in the SAPO-5 system
gradually decreased over a wide range 130-293 K on heating and it
remained about 10 kHz even at 293 K. This implies that the isotropic
rotation observed in AlPQy-5 is unexcited in SAPO-3 at room temperature.
This is attributable to the pinning effect of Brgnsted's acid sites. The
gradual decrease in line-width observed for CD;CN in SAPO-5 (fig. 9) was
explained by the tumbling motion of molecular axes fixed on acid sites as
shown in fig. 10. This model is consistent with the IR study [31]
reporting the presence of hydrogen-bonded acetonitrile molecules even at
500 K.

i - o)1}
Y
sl r':{1 \“/2:)

Fig. 10 Schematic models of acetonitrile Fi —
o _ i g. 11 Temperature dependences of
motions in AIPO,-5 and SAPO-3. 'H NMR T; in acetonitrile in SAPO-5

observed at 27 MHz (closed circle) and
39 MHz (open circle). Solid lines
represent best-fitted curves using eqs.
(4) and (3).

10007t K
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A large 7 distribution (small S value) of the tumbling motion was
obtained from the curve fitting of 'H 7, for acetonitiile in SAPO-5 (fig. 11)
using eqgs. (4) and (5). This is attributable to inhomogeneous distributions
of acid sites on the wall and also distributed distances between acetonitrile
molecules and acid sites. The latter reason can be derived from the fact
that the number of adsorbed acetonitrile molecules is about 1.5 times larger
than that of acid sites.

III. Molecular orientations and dynamics in two-dimensional
silicate-layers

a) Water molecules in interlayer space of clay minerals

From studies on thermal behaviour, motions and structures of intercalated
water [20,34], it was shown that its microscopic properties depend on the
kind of clays and its adsorption level.

NMR techniques have been applied to clarify the dynamic structure of
intercalated water molecules [35-38]. An unavoidable problem in these
studies [35-38] is the presence of paramagnetic impurities contained in
natural minerals which complicate the analysis of results. Ishimaru et al.
conducted *H NMR measurements in D0 molecules intercalated into
synthetic clays, such as Na-tetrasilicicfluormica (TSFM), Na-fluorhectorite
(Hec) and several cation-exchanged saponites (Sap) including ignorable
amounts of paramagnetic impurities, and also Na-montmorillonite as a
natural clay [39-41], all except for TSFM being classified to smectites.

Table 1. D,O contents determined by thermogravimetry in clays exposed to
D,0 at saturated vapour pressure at room temperature.

Clay D20 molecules /
cation

Li-saponite 35£1
Na-saponite 15.8+0.2
Cs-saponite 26.0+0.2
TMA-saponite 14.0+0.2
Na-hectorite 14.9+0.2
Na-montmorillonite 19.4+0.2
Na-tetrasilicicfluormica 6.7+0.1
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Fig. 12 Temperature dependences of “H NMR spectra in D,O saturated
Na-saponite (a), Cs-saponite (b), TMA-saponite (¢) and Na-hectorite (d).

(Reprinted from ref, 41,
Naturforschung,)
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H NMR spectra in DO saturated NMR spectrum in D,O saturated
Li-saponite. (Reprinted [rom ref, 39. Li-saponite.  (Reprinted from ref. 39.
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Contents of D,0 adsorbed in clays after the contact with the saturated
vapour at room temperature were determined by the thermogravimetry as
shown in table 1. Obtained D,0 contents except for Na-TSFM were high
compared with the accepted hydration numbers of 6~10 for an Na* ion in
aqueous solution. This implies the existence of non-hydrated water
molecules in the interstitial space of clay layers. On the other hand,
Na-TSFM, known as a highly charged mineral (micas) with a small amount
of interstitial sites, showed a hydration number of 6.7, corresponding to the
normal number of 6.

Figs. 12 and 13 show temperature dependences of ’H NMR spectra of
D,0 in synthetic smectites, i.e., cation-replaced Saps and Na-Hec. On the
other hand, montmorillonite as a natural smectite, showed distorted spectra
attributable to the influence from paramagnetic impurities, but no detailed
analysis has been reported. Water in all clays given in these figures
showed a similar 2H line-shape with each other in spite of differences in
D,O contents.  These compounds showed broad spectra with a
peak-to-peak width of 165 kHz around 150 K indicating that the most
water molecules are rigid in this temperature. . A narrow component
appeared upon heating and a single component with a peak-to-peak width
of 10~20 kHz was observed at ¢.a. 240 K, This line-shape and width are
explainable by the C, rotation of D,0O molecules. A further reduction in
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line-width implying the D,O isotropic rotation was observed above 240 K.
A surprising result was that all smectites showed a single H NMR
spectrum around 240 K, although the presence of more than two kinds of
water molecules, free and hydrated to cations, are expected from a large
amount of D,O contents, This implies the fast exchange between D,0O
sites in clays. .

Structures and motions of hydrated water in Li-Sap were also studied
by "Li NMR spectrum measurements [39]. Observed spectra showed a
central peak with symmetric satellites at ca. £10 kHz above 278 K (fig. 14).
This line shape is typical for /=3/2 nuclei coupled with a symmetric electric
field gradient (EFG) made by surrounding charges. A small 'Lj
quadrupole coupling constant of 6.5-20.5 kHz estimated at 278 K from the
observed separation of satellites implies that the EFG at Li nuclei is almost
averaged by the isotropic motion of hydration spheres. In low
temperatutes, spectra were broadened and the fine structure was smeared
out, This change of spectra was interpreted by inhomogeneous charge
distribution in clay layers.

In contrast to the results in smectites, a temperature independent 2H
NMR absorption-line with a peak-to-peak width of 45 kHz was observed in
Na-TSFM (fig. 15) [41]. This line-shape was explained by the C; rotation

320K

| — N
160 0 -10a
v/kHz

F:g 15 Temperature dependence of
*H NMR spectrum in D,0 saturated

Na-tetrasilicicfluormica. (Reprinted Fig. 16 A schematic model of structure

from ref. 41 Copyright 1999 Verlag and motions of water molecules hydruted
to an Na* jon,

der Zeitschrift Liir Natorforschung,)
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of octahedral [Na(D,0)]" ions accompanied by the D,O 180°-flip about
the molecular C, axis as shown in fig. 16. The obtained tilt-angle of 61°
between the C; axis of the cation and the D,O C; axis agrees well with 65°
proposed by Hougardy et al. [36] in Na-vermiculite from the 'H NMR

measurement of oriented specimens.

b) Alkylammonium ions in interlayer space of clay minerals
Alkylammonium ions in clay minerals have been reported to form a
characteristic layer structure depending on their lengths and cation

116K } \
i T 1 i 1 ]

200 150 10 0 )] 40 -0 150 200
¥/ xlz

Fig. 17 Temperature dependence of “H
NMR spectra in n-CgHy7NDj-saponite.

Fc.

)
(©
(@
(e)
00 80 0 50 -100
v/ kHz
Fig. 18 “H NMR spectra in

n-CgHsNDjs-tetrasilicicfluormica at
480 (a), 460 (b), 430 (c), 300 (d)
and 108 K (e). (Reprinted from
ref. 46, Copyright 1999 Verlag der
Zeitschrift flir Naturforschung,)

exchange capacities (CEC) of clays
[42]. In clays with a large CEC,
e.g., vermiculite, densely packed
alkylammonium ions form mono- or
bi-layers in which the long-axis of
jions has an inclination of 50-60° to
the clay sheet [43]. On the other
hand, in smectites with small CEC
values, alkylammonium ions are
arranged with their long axes
parallel to the clay layer, forming
mono- to tri-layers according to
their chain lengths [44].

Yamauchi et al. conducted 'H and
'H NMR  measurements on
n-octylammonium (OA) ions
inter-calated into Sap [45] and
TSEM  {46] and  spherical
tetramethyl-ammonium (TMA) ions
in Sap [40] to clarify dynamic
structures of the cations in 2-D
interlayer spaces of clay minerals.

The powder X-ray diffraction
implied a parallel arrangement of
QA cations in TSEM as well as Sap.
The onset of the -NDjs rotation was
shown in OA-Nds intercalated into
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both Sap and TSFM below 120 K by *H NMR spectral analyses (figs. 17
and 18). A reduction in the 2H line-width from ca. 50 kHz at 120 K to cu.
20 kHz at 400 K was interpreted by the onset of the cationic axial rotation,
Further decrease in line-width observed at higher temperatures was
attributed to a novel 2-D motion absent in bulk crystal, ie., a large
amplitude tumbling of cationic long axes in the interlayer space fixing
-ND;* groups on the anionic centre of the host layer. The environment
around the cations was shown to be more homogeneous in OA-TSFM than
in OA-Sap because ’H spectra showed structures with determinable
quadrupole coupling constants in the TSFM system, while it was vague in
the Sap system.

In contrast to the OA systems, spherical TMA-d, cations intercalated
into Sap showed a narrow H NMR line with a width of ca. | kHz even at
120 K [40]. This result indicates that the cations undergo the isotropic
rotation as a whole at this temperature. The line-width was further
reduced around 250 K implying the onset of the cationic self-diffusion, It
can be concluded that spherical TMA ions are highly mobile comparing
with bulk TMA-salts, such as TMA-thiocianate [47].

IV. CONCLUSION

NMR studies on dynamic structures of molecules and ions included in 1-D
and 2-D nanospaces in porous crystals have been reviewed. It has been
revealed that arrangements and dynamic properties of guest molecules and
ions depend markedly on guest-guest and host-guest interactions. In
zeolitic silicoaluminophosphate SAPO-5, which has Brgnsted's acid sites
on the inner surface, the molecules orient to the acid sites because of strong
interactions between molecules and acid sites. On the other hand, the
host-guest interaction is weak in aluminophosphate AIPO4-5 and molecules
in the pores orient arbitrary.

Behaviour of water molecules loaded in layered clay minerals could be
understood as dynamics of hydration spheres around interlayer cations even
in the presence of large excess amount of water comparing with hydration
numbers of cations.

Alkylammonium ions in two kinds of layered clay minerals, saponite and
tetrasilicicfluormica were shown to be packed with their long axes parallel
to the 2-D layers and perform the tumbling motion of the long axes which
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has not been observed in bulk crystals.
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Abstract

Room-temperature proton conductivity, coordination geometry, and pore-diameter distribution of the title Cu(Il) coordi-
nation polymer have been investigated by AC conductivity, EXAFS, and N, adsorption isotherm measurements. The AC pro-
ton conductivity (o) obtained from Cole-Cole plot analysis under relative humidity of 75 % and 300 K exhibits a consider-
able high value of 10* § cm™' as a room-temperature oy The mechanism of proton conduction seems to be simitar to that of a
proton-exchange membrane, Nafion, which contains much cluster of water molecules in the porous space of the polymer.
The present Cu coordination polymer was revealed to possess porous space of about 6 A, which includes much water mole-
cules more than (0H,O per unit cell. The dimeric Cu(ll) square-planar coordination geometry was confirmed by EXAFS

analysis using synchrotron radiation source at SPring-8,

1. Introduction

Sofid state ionics is a new research field attracting
much current attention. One of the most urgent subjects in
this field is to create a novel proton conductor, from the
viewpoint of developing new energy and energy conserva-
tion technologies, including photovoltaic, hydrogen stor-
age and fuel cell technologies. In this paper, we report on a
highly proton-conductive property of an inorganic-organic
hybrid system, which is a 2-D coordination polymer [1 -
10] composed of Cu(ll) dimers and bridging ligands
Hydtea™ (Hydtoa™ = dithicoxamide anion), as shown in
Figure 1. Such a metal-dimer system with multi-redox
property has a large potentiality for the creation of new-
functional and high-performance materials in metal-
complex solids [11 - 13],

2. Experimental
The title copper coordination polymer was prepared by

a simple mixing of aqueous solution of HydroaH; and
CuS0y [1 - 3], The qualities of samples were checked by

powder X-ray diffraction, elemental analysis, and IR spec-
troscopy. EXAFS measurements were performed at JASRI
SPring-8 (BLOIB1). The distribution of pore diameters
were estimated from the result of Ny adsorption isotherm
carried out at liquid nitrogen temperature with a Bell Japan
Inc, BELSORP 18, The proton conductivities of HydtoaCu
were measured by a conventional quasi-four-probe method
with an Agilent Technologies 4294A impedance analyzer
in the frequency range of 40 Hz - 4 MHz under relative
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Fig. 1. Structure of HydioaCu (H is omitted for the sake of clarity) [1-3].
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humidity (RH) of 75 % and 300 K. The RH of 75 % was
maintained using saturated solution of NaCl.

3. Results and Discussions
The HadtoaCu complex exhibits a proton-coupled re-

dox property [4], as shown in Figure 2. According to this
property, hydrogen atom (He) can be doped to the coordi-

nation polymer, in which the hydrogen transfers an elec-

tran to the Cu(Il) ion and bonds to the lone pair of elec-
trons at the nitrogen site as a proton (H").

H
New JLN P i N oMy
P U 90
LSS T SRS T Gkl
w

Fig. 2. Proton-coupled redox property in HydtoaCu,

As shown in Figure 3, the Fourier-filtered #x(k) vs. k
EXAFS spectrum was well reproduced on the assumption
that Cu(II) ion was surrounded by two S, two N, and one
Cu atoms, in which obtained interatomic distances are
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Fig. 3. Fourier-filtered &*(%) vs. ¥ EXAFS spectrum
for HadtoaCu,
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Fig. 4. Distribution curve of pore diameter for HydroaCu,

typical values (C-N: 1.98, C-S: 2.21, Cu-Cu; 2,60 A). This
result is consistent with the dimeric Cu(ll) square-planar
coordination geomeiry.

Figure 4 shows the distribution curve of pore diameter
calculated by the HK method for the N, adsorption iso-
therm of HadfeaCu, This indicates a sharp maximum
around 0.6 nm in good agreement with the tetragonal unit
cell of a = 7.04, ¢ = 5.69 i [9].

Figure § shows the real (Z') versus imaginary (Z")
parts of complex-plane impedance data for HydtoaCu un-
der RH = 75 % and 300 K. From the plots, this coordina-
tion polymer was found to exhibit a high proton conduc-
tion of o, = 10 8 cm™. This value is considerable high as
a room-temperature proton conductivity. The mechanism
of proton conduction in HydtoaCu is considered to be simi-
lar to that in Nafion proton-exchange membrane [14),
which is well known for a solid electrolyte of fuel cell.
This coordination polymer contains much water molecules
more than 10H,0 per the unit cell under RH = 100 % [9],
as well as Nafion, This is derived from the porous space of
about 6 A in HydtoaCu, estimated from the N, adsorption
isotherm. The proton conduction of RydfoaCu (R =
C,H,;OH) increases by several orders of magnitude with
RH [8]. The clusters of water molecules included in the
polymer could make pathways of proton carriers,
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Fig. 3. Complex-plane impedanca plots for HydtoaCu,

4, Conclusion

The title Cu coordination polymer is revealed to be a
proton conductor with o, = 10 S cm™ under RH = 75 %
and 300 K from AC conductivity measurements. This kind
of inorganic-organic hybrid polymers possessing proton-
coupled multi-redox property could open a new field of
Molecular Solid State Ionics.
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Abstract

A new copper coordination polymer, (HOC,HghdtoaCu (dtoa = dithiooxamide), was synthesized. The crystal structure is considered
to'.be similar to that of a two-dimensional (2-D) coordination polymer (HOC,Hy),dtoaCu. The concentration of water molecules included-in
this polymer was found by thermogravimetric (TG) analysis to increase with relative humidity (RH) upon the sample preservation. The a.c.
conductivity measurements with an impedance analyzer were carried out for (HOC;Hg)dtoaCu in order to estimate the proton conductivity
{g,). The log o, was linearly increased from 3.3 x 107 to 2.0 x 10 § cm™ with RH from 58 to 100 % at 300 K. These facts fmply that the
proton cenductlon depends on the quantity of water molecules contained in the polymer,

Keywords: proton conduction, coordination polymer, a.¢, conductivity meaéurements, transport measurements, proton ¢xchange membrane

1. Introduction

Proton conduction plays an important role in the solid
electrolytes of a hydrogen fuel cell [1, 2], maost of which
are sulfonic-acid-based perfluorinated organic polymers
such as the so-called Nafion®. As a novel proton-
conductive system, we have investigated a series of the
inorganic-organic hybrid polymers, R,dtoaCu (R= -H,
-C;H,OH, etc.). N,N-bis(2-hydroxyethyl)dithiooxamidato-
copper(Il), (HOC,H,),dteaCu, is a proton-conductive 2-D
coordination polymer with Cu-dimeric units (Fig. 1) [3 - 5.

The proton conductivity of (HOC,H,),dteaCu is ~10* 8

em'! under relative humidity (RH) of 100 % and 300 K.
The proton conductivity depends on the quantity of water
molecules contained in the polymer.

" As an extension of this system, we have investigated a
new derivative (HOC;Hg)dfoaCu, which could contain
more water molecules since the interplanar spacing is
expected to be longer in R= -C;HzOH than R= -C,H,OH.

2. Experimental

N, N -bis(3-hydroxypropyl}dithiooxamide was pre-
pared by a reaction of dithiooxamide with 3-aminopropanol
[6] and identified by 'H and “C NMR, IR, and EI-MS
spectroscopies, The title coordination polymer was

* Tel, +81-298-53-4487; fax: +81-298-53-4487; E-mail:
ynagad@dmb.chem.tsukuba.acjp

prepared by a simple stoichiometric mixing of § %
C;HsOH(aq) solution of (HOC;Hshdfoa and CuSOyaq).
The quality of sample was checked by elemental analysis,
powder X-ray diffraction {XRD), and IR spectra.
Thermogravimetric (TG) analysis with SII TG/DTA 6300
was made in the temperaturs range of 298 — 453 K for the
samples preserved under the constant RHs (0, 75, 100 %)
for 1 day. For a.c. conductivity measurements, the
powdered sample was processed into pellets of 0.96 mm
thickness and 2.5 mm ¢ under pressure (~ 1 GPa). The
impedance measurements were carried out by a
conventional quasi-four-probe method using gold paste and
gold wires (25 um ¢) with an Agilent Technologies 4294A
impedance analyzer in the frequency range of 40 Hz ~ 4
MHz at 300 K. RH was controlled in the range of §8 —

Fig. 1, Crystal structure of (HOC;H,),dtoaCu, (R.= -C,HLOH
Is omitted for the sake of clarity), [3 - 5]
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100 % by using water and saturated solution of salts,
generating an atmosphere of a defined RH [7].

3, TResults and discussion

The crystal structure of (HOC HghdfoaCu s
confirmed by XRD to be similar to that of 2-D coordination

polymer (HOC,H,)dtoaCu, as shown in Fig. 1. The

interplanar spacing is increased in the order of
(HOC,Hy)dioaCu (9,95 A) < (HOCHg)adioaCu (11.9 A).
The results of elemental analysis (Found: C, 29.0; H, 4.70;
N, 8.51; S, 20.3) was calculated with two models, Anal.
Caled for (HOC;Hg)hdloaCu025H,0 (0.25H,0  was

determined by TG): C, 31.7; H, 4.63; N, 9.26; §, 21.2. Anal.

Caled for [(HOC:Hy):dfoa)-«4x(H,0)y(H0)Cu (x = 0.11,
y = 0.81) (4x(H,0) is coordinated water, y(H0) is crystal
water forming hydrogen bonds): C, 29.0; H, 5.08; N, 8.47;
8, 19.4. The latter model seems maore reasonable, because
of the followings; the weight loss up to ca, 420 K is due to
the crystal water, while that above it to the coordinated
water. The crystal structure was maintained up to 473 X,
which was checked by XRD.

Fig., 2 shows the results of TG analysis for
(HOC;Hg),dtoaCu. The concentration of water molecules
was found to increase with RH upon the sample preserva-
tion was increased, Although the {HOC;Hg)dtoaCu was
sxpected to contain more water molecules because of the
increased interplanar spacing, each of (HOC;Hs)dtoaCu
and (HOC,H,),dfoaCu was found to contain the same
number (3.3) of water molecules per dimeric units under
RH of 100 %. '
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Fig. 2, TG analysis for (HOC,HghdtoaCu.

The proton conductivity (5,) was obtained by the com-
plex-plane impedance plots, The d.c. electron conductivity
is found to be negligible (o, ~ 5.8 x 10" § em™) compared
to the proton conductivity under RH of 58 — 100 %. Fig. 3
shows the RH dependence of log o, for (HOC;HghdtoaCu,
The log o, is linearly increased from 3.3 x 10% to 2.0 x 10°
S cm™ with RH from 58 to 100 %, The concentration of
water molecules included in the polymer was also found to
increase with RH (Fig, 2). These facts imply the proton
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conduction depends on the. quantity of water molecules
contained in the polymer.
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Fig. 3. Log (proton conductivity) va. RH plots for
(HOC;HghdtoaCu at 300 K.

It is well known that the proton conductor “Nafion®”,
which is used as solid electrolyte in the fuel cell, also
contains much water clusters and these make pathway of
the proton conduction [1, 2], This coordination polymer is
considered to have the same mechanism.

4. Conclusion

A new derivative copper coordination polymer,
{HOC;Hg),dtoaCu, was revealed to be a proton conductor
by a.c. conductivity measurements. The proton conduc-
tivity depends on the quantity of water molecules contained
in the polymer,
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Abstract

Room-temperature proton conductivity, coordination geometry, and pore-dinmeter distribution of the title Cu{1l) coordi-
nation polymer have been investigated by AC conductivity, EXAFS, and N3 adsorption isotherm measurements, The AC
proton conductivity {a,) obtained from Cole-Cole plot analysis under relative humidity of 75 % and 300 K exhibits a consid-
erable high value of 10°® § em™! as a room-temperature o,. The mechanism of proton conduction seems to be similar to that of
a proton-exchange membeane, Nafion, which contains much cluster of water molecules in the porous space of the polymer.
The present Cu coordination polymer was revealed to possess porous space of about 6 A, which includes much water
molecules more than 10H,0 per unit cell. The dimeric Cu(ll) square-planar coordination geometry was confirmed by BXAFS

analysis using synchrotron radlation source at SPring-8.

Keywords: Softd state ionics, Proton conduction, Hydrogen siorage, Proton-exchange membrane, EXAFS, Coordination polymer

1. Introduction

Solid state lonics s a new research field attracting
much current attention, One of the most urgent subjects in
this field is to create a novel proton conductor, from the
viewpoint of developing new energy and energy conserva-
tion technologies, including photovoltaic, hydrogen stor-
age and fuel cell technologies. In this paper, we report on a
highly proton-conductive property of an inorganic-organic
hybrid system, which is a 2-D coordination polymer {1 -
10} composed of Cu(ll) dimers and bridging ligands
H,dioa™ (Hgd!aaz' = dithiooxamlide anion), as shewn in
Figure 1. Such a metal-dimer system with multi-redox
property has a large potentiality for the creation of new-
functional and high-performance materals in metal-
complex solids [11 « 13},

2. Experimental

The titte copper coordination polymer was prepared by
a simple mixing of aqueous solution of HydtoaH; and
CuSO;4 [1 - 3]. The qualities of samples were checked by
powder X-ray diffraction, elemental analysis, and IR spec-
troscopy. EXAFS measurements were performed at JASRI
SPring-8 (BLOIB1). The distribution of pore diameters
were estimated from the result of N; adsorption isotherm

>l
! S
e A
>3“<,s N g
o Qe <>
“\-N s>u<s ~,
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1
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Fig. 1. Structure of HadroaCu (H is omitied for the sake of clarity) [t-3].
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carrled out at liquid nitrogen temperature with a Bell Japan

Inc. BELSORP 18. The proton conductivities of HadfoaCu -

were measured by a conventional quasi-four-probe method
with an Agilent Technologies 4294A impedance analyzer
in the frequency range of 40 Hz - 4 MHz under relative
humidity (RH) of 75 % and 300 K. The RH of 75 % was
mainteined using saturated solution of NaCl,

3. Results and Discussions

The HadioaCu complex exhibits a proton-coupled re-
dox property [4], as shown In Figure 2, According to this
property, hydrogen atom (He) can be doped to the coordi-
nation polymer, in which the hydrogen transfers an elec-
tront to the Cuf{ll} ion and bonds to the lone pair of elec-
trons at the nitrogen site as a proton (H").

H

Neer N +H “N--.. J-Ny . +H N"‘CULNV
~ g=Ci— g —r ¢ g O 2L Tl

H
Fig. 2. Proton-coupled redox property in H,dteaCu.

As shown in Figure 3, the Fourier-filtered Koy (k) vs. &
EXAFS spectrum was well reproduced on the assumption
that Cu(Il) ion was surrounded by two §, two N, and one
Cu atoms, in which obtained interatomic distances are
typical values (C-N: 1,98, C-S; 2.21, Cu-Cu: 2.60 A). This
result {s consistent with the dimeric Cu(ll) square-planar
coerdination geometry.

Figure 4 shows the distribution curve of pore diameter
calculated by the HK method for the N, adsorption ise-
therm of H,dtoaCu. This indicates a sharp maximum
around 0.6 nm in good agreement with the tetragonal unit
cell of a=7.04,c=5.69 A [9].

Figure 5 shows the real (Z') versus imaginary (Z")
parts of complex-plane impedance data for HydtoaCu un-
der RH = 75 % and 300 K. From the plots, this coordina-

Ky (k)

Y. 75 VIS EFRPETW EPUCWPE SPRTIW e

48 546 64 T2 8 88 94

3z 4

kAt
Fig. 3. Fourierfiltered &' (k) v, k EXAFS spectrum
for HydtoaCu,
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Fig. 4. Distribution curve of pore diameter for HydteaCu.

tion polymer was found to exhibit a high proton conduc-
tion of @, = 10 8 e, This value is considerable high as
a room-temperature proton conductivity. The mechanism
of proton conduction in H,dtoaCu is considered to be
similar to that in Nafion proton-exchange membrane [14),
which is well known for a solid electrolyte of fuel cell.
This coordination polymer contains much water molecules
more than 10H;O per the unit cell under RH = 100 % [9],
as well as Nafion. This is derived from the porous space of
about 6 A in HydtoaCu, estimated from the N, adsorption
isotherm. The proton conduction of RidfoaCu (R =
C,H,0OH) increases by several ordets of magnitude with
RH [8]. The clusters of water molecules included in the
polymer could make pathways of proton carriers,

5 0000000

ARRN

Z'110°Q

Fig. 5. Complex-plane impedance plots for HydtoaCu,

0

4. Conclusion

The title Cu coordination polymer is revealed to be a
proton conductor with g, = 10° S cm™ under RH = 75 %
and 300 K from AC conductivity measurements. This kind
of inorganic-organic hybrid polymers possessing proton-
coupled multi-redox property could open a new field of
Molecular Solid State lonics. .
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Abstract

We mensured NMR and ESR in solid state of a Bry doped halogen-bridged one-dimensional mixed-valence complex,

{[Pt{en)s][PtBry{en)a] }1(CuBry)y 12H,0, which forms

a double chuin structure consisting of

-Pt{I}-Br-Pt(JV)-Br-  and

-Cu(D)-Br-Cu(])-Br-. ’C NMR measurements gave broad spectra explainable by marked effects from paramagnetic sites assignable to

Pt(IIT) and/ or Cu(ID) in the chain oxidized by bromine, Pt(T) sites are considered to form neutral solitons by referring to the electrical

conductivity result.

Keywords: (Nuclear magnetic resonance spectroscopy, EBlectron spin resonance}

1. Introduction

Halogen-bridged cne-dimensional mixed-valence
complexes with a chain structure, -M{ID-X-M(IV}-X- (M:
Pt, Pd; X: Cl, Br, I) have attracted attention interests
among chernists and physicists because of their marked
optical [1], structural [2] and magnetic properties [3]. In
this system, the neutral soliton is expected to be formed by
inserting a  paramagnetic  M{III}  site  as
~X-MOID-X-M(IV)-X-MID-X-M(ID-X-M(IV)-X-, by
noting a twofold degeneracy of the electronic ground state
in this chain structure,

Recenily, UV-Vis-NIR absorption and ESR
studies [4] have been reported on Br, doped
{[Pt(en),][PtBry{en);]}s(CuBry)y 12H,0 (en
ethylenediamine}, which consists of double chains of
PID-Br-Pt(IV)-Br- and -Cu(D-Br-Cu(I)-Br-, It was

shown that the concentration of paramagnetic sites in the

doped sample is one crder of magnitude higher than in the

*Corresponding author, Tel: +81-73-457-7365; fax: +81-73-457-7515;
E-mail: nkimura @cemer. wakayama-u.ac.jp
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pure crystals, In the present study, we investigate the
paramagnetic spin behavior on the chain by measuring “C
and 'H NMR, and ESR.

2. Experimental

{[Pt{en);][PtBry(en);] }s(CuBra)s 12H,0 wils
prepared by the reported method [5]. Doped sample was
synthesized by exposing Br, vapor to crystalline samples
of the compound in a dessicator for 30 min,

A Bruker MSL-300 spectrometer was used for the
measurement of >C CP/ MAS NMR spectra at a Larmor
frequency of 75.468 MHz and a sample-spinning rate of ca.
4kHz at room lemperature. TMS and solid adamantane
were used as external standards of chemical shift. The 'H
NMR spin-lattice relaxation time {T)) was measured at
54,3 MHz by the inversion recovery method in a range
100-300 K using u homemude spectrometer [6]. ESR
spectra were observed with o Bruker EMX.T spectromeler,



3, Results and Discussion

3C CP/ MAS NMR spectra at room temperature
for doped and pure samples are shown in Figs. 1 (a) and
(b), respectively,

(b)

) 56 20
& /ppm

Fig. 1 PC CP/ MAS NMR spectra cbserved al room temperaturs for
Brz doped (a) and pure samples (b), The best-fitted solid line in Fig. 1(a)
ghows spectra obtained by the combination of two broken lines.

We can see that 1C in the doped sample gave a
signal broader than in the pure sample, and consists of
separated two peaks shown by two broken lines in Fig,
1(a). The strong peak with a smaller chemical shift is
assignable to carbons in ethylenediaming coordinated to
Pt(JI}) and Pt(IV), because the shift value of this peak can
be corresponded to that in pure sample. On the other hand,
the observed weak signal at a low field is attributable to
carbons in the fluctuated magnetic field made by
paramagnetic Pe(III) and Cu(II) sites. This shift could not
be attributed to the Knight shift because no increase of the
electrical conductivity upon doping was reported [4], The
intensity ratio obtained for these two peaks nearly
corresponds to the spin concentration {(cq. 0.05 in molar
ratio to the total Pt and Cu concentration) observed in ESR
measurement shown in Fig, 2(a). The ESR spectrum (Fig.2
(b)) for the pure sample was estimated to be ca. 10°* molur
ratio, and we can assume that these paramagnetic siles
were formed as impurities in the stage of crystallization.

(a)
(b)
%10
100 200 300 400 500 600
BimT

Fig. 2 ESR specira at room lemperature observed in Bra doped (a) and
the pure samples (b). Samples of ea. 0.1 g were used for measurements.

We also measured temperature dependences of 'H
spin-lattice relaxation times T} in Br, doped and the pure
samples, and the magnetization recovery expresses as

log{Me-M;) after a m/2 pulse observed at 114 K in the
doped sample is shown in Fig. 3.

10—y : T
T T T
1 ‘:\Q\Hﬂ
M, 1S ]
M° v 1 iqﬁ_m g, | ENUTSIT DI |
°'"-°,__ 0.02 0,04 0.08
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2 4 ] 8 10
vis

Fig. 3 'H maguetization recoveries after n n-t-m/2 pulse sequence
observed at 114 K aml a Larmor [requency of 54.3 Mz in Bi, doped
[{Pt{en))[PtBrafen)s) Jx(CuBey) 1211,0, The slope of the broken fine
affords Ty of 4.4 5. Solid line is fitted the maguelization proportiomil 1o
the square root of the duration lime 1.

This curve can be ronghly divided into two components
exhibiting fast and slow relaxations, The origin of the fast
and main relaxation component can be assigned to trapped
or fixed paramagnetic sites on the chain, This is because
proton spins located near fixed paramagnelic sites feel a
strong fluctuating of magnetic field made by the electron
spins, and, since the maguitude of the fluctuation field
depends upen the electron-proton distance, distributed 7,
values are cbserved. In such cases, the recovery of
log(My-M;) at short duration times T shows a linear relation
with the square root of © when spin diffusion among
protons is slow enough [7]. In fact, the fast component
roughly satisfied this relationship as shown in Fig 3,
supporting  this -~ interpretation  of the  parumaygnctic
relaxation mechanism, These trapped paramagnetic sites
are expecied o he PI(IIT) and/ ar Cu(ll) species oxidized in
the chain, and the PUTII) sites are considered to forin
neutral solitons by referring to the conductivity result [4],
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Abstract

13C magic-angle-spinning NMR spectrs in solid were measured in mixed-metal 1-D complexes [Nij.Pd X(chxn);]X; (X: Cl, B,
0.0<x <1.0) where the sntiferromagnetically coupled paramagnetic “XNiM*-KNi*- chains are formed at x=0.0, while the
mixed-valence —X-Pd?*-X-Pd**- state is made at x=1.0. Upon increasing x from 0.0, C spectra in the C,, position in the chxn ligand
was broadened and shifted from original Pd® woad Pd™ positions indicating the fuctaution of Pd valency in mixed stutes. A marked
spectrum broadening observed in Cg is also utuibutable to the effect from the purtial mixing ol puramagnetic Pd™sites in consistent

with reported ESR results.

Keywords: Nuclear Magnetic Resonance Spectroscopy

1. Introduction

Halogen-bridged  quasi-one-dimensional complexes
[MX(chxn),]X, (chxm: 1R,2R-cyclohexanediamine,
CsHg(NH,),; X Cl, Br) have been reported to form a
mixed-valence diamagnetic -X-M**-X-M*- swucture for
M=Pd [1}, whereas an averaged paramagnetic
-K-M*-X-M*- structure for M= Ni[2]. Recently, crystals of
mixed-metal complexes [Niy.,Pd.X(chxn)]X; consisting of
homogeneously mixed crystalline lattices of the two kinds
of metal complexes with an isomorphous structure(1222)
were prepared by applying the electrochemical oxidation
techniquef3], The X-ray diffraction study on Br-bridged
complexes showed continuously changing lattice constants
from b=51.67(x=0.0) to 52.92 nm(x=1.0) corresponding to
the M-M distances in the whole range 0.0<x<1.0. On these
series of complexes, the x dependence of ESR spectra was
measured{4] and revealed a continuos change of
spectrum-width with x, A marked result was that the
evaluated spin susceptlbility shawed no linear celation with
X, but almost constant up to x = 0,6, This suggests that most
of diamagnetic Pd™* and Pd** mewl sites behuve like
paramagnetic at concentrations lower than v = 0.5, The
change of the Pd valence wus also observed in IR spectra(3]
of the N-H stretching bands in both Pd** and Pd** units
which showed a gradual shift to that in the Ni** unit. An
analogous shift was also reported{3] in the mensurement of
the Pd-Br stretching band in Raman scattering with
decreasing .

*Corresponding author, Tel & fax:+81-298-53-4250;
E-mailiikeda @chem.tsukuba.nejp

— 222 —

These studies imply Lhe instability and tloctuation of
the Pd valency in the present 1-I3 system where the energy
difference between Pd“* and Pd**is small compared with the
other kinds of mixed-valence halogen-bridged complexes of
Pd and Pt.

From C NMR measurements, we can get local
magnetic structures and magnetic field fluctuations on
ligand carbons, In the present swudy, we intend w meusure
BC MAS NMR in [NiPdX(chxn)]X; (X: Cl, Br;
0.0sx<1.0) and discuss the local electronic structure in this
systein, :

2. Experimentul

Crystals  of mixed-metal complexes  [Ni,(PdBr
(cham); 1Bro(0.02xs1.0) were prepared by electrochemical
oxidation of monomer complexes [M{chxn}]Bry (M: Ni,
Pd) according to literaturef3). [Ni, 4PdCi{chxu)s]
ClL(0.0sx<L.0) were synthesized mnalogously o  Br
complexes at ca, 320 K by flowing 2 de current of ca. 19
HA for one month using eramethylaminignium chlorde as o
supporting electrolyte.  The concentration of metals in
measured  specimens was  delermined by ICP emission
spectramelry,

A Bruker MSL-300 spectrometer was used for the
measarement of °C MAS-NMR spectra at @ Larmor
frequency of 75,468 MHz and sample spinning rate of 2-4
kHz at room temperature. TMS and solid adamantine woere



used as external standards of chemical shift. The 'H NMR
spin-lattice relaxation time was measured at 54.3 MHz by
the inversion recovery method in a range of 100 - 300 K
using a home-made spectecmeter described elsewhere[5).

3. Results and Discussion

The x dependences of observed °C MAS NMR spectra
at room temperature for [Ni)..PdyCl{chxn),]Cl, and [Ni;
Pd,Br(chxn),]Br; are shown in Figs. 1 and 2, respectively.
In both Figs, land 2, three kinds of carbons, C,, Cp and C,
ina
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Fig, 1 "*C MAS NMR spectra observed in (N Pd,Cl(chanhiCly and
carbon positions In a cyclohexanediamine ligand in a M(chxn) chelate
ring(M; Pd,Ni).
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Fig.2 CMAS NMR spectrn observed in (N1, 5Pd;Br{chxn}]Br;

cyclohexanediamine{chxn) ligand were observed as
separated peaks. We can see that Cqand Cp signals showed
matked metal and x dependences, while C, remole [tom
metals gave almost independent shift values in both Cl and
Br complexes. In x= 1.0, two C, carbon signals observed are
assignable to Pd** and Pa* sites, while a smgle Cu line in x
=0.0 shows the formation of the averaged Ni’* state[6).
With increasing x from 0.0, the Cyand Cq signals gradually
decreased thier intensity at the same shift values. This
implies that Ni atoms are always in the trivalent state

regardless of Pd concentrations, On the other hand, Coand
Cp signals in Pd chelale rings vbserved in x= 10 were
markedly weakened and broadened with decreasing x. This
indicates thal valency smtes of PA** and Pd** become
ungtable in the presence Ni™* sites in the neibourhood,

We tried to separate C, signals chserved in the Cl
complex in the mixed metal range into two components
corresponding to Ni and Pd sites. By this separation, we
obtained small shifts and broademng of Pd carbons
suggesting the fluctuation of Pd*® and Pd™ valences
attributable to the mixing of the puramagnelic PO siate.
This explanation agrees well with the spin susceptibility
data obtained from ESR measurement of Br complex{4]
reporting the formauon of paramagnetic Pd sites in the
presence of Ni** in x>0.6.

We can expect that quite analogous discussion is
possible in Br complex. Tn the Br complex of x= 1.0, since
the energy dilference between Pd™ and Pd™ is much
smalter than in the Cl complex, the spectrum splitting
between them is small implying the valence mixing in Pd
easier than that in the Cl analogue. Similar results were
reported from Raman specira[3] showing a gradual intensity
decrease in the Pd-Br stretching band wilh increasing x
which was cxphunul by the Pd valence fuctuadon. e, the
formation ol Pa**.

We mensurul 'H NMR spin-lattice relaxation time T
in some of this mixed metad system. At x < 0.13, 7, values
W ity lenperature dependence observed above ca, 100 K
were almost independent of x,  Since the T temperalre
dependence at x= 0,0 was explaiuable by a strongly coupled
antiferromagnetic 1-D chain madel, this result suggests that
this chain st ucture still retaing in mixed crystals inplying
formation Pd**, At x=1.0, a gradual decrease T} observed
upon heating from ca. 100 K was explained by the dlllusu)n
of spin solitons formed by the impurity order of Pa™(7).
With a little reduction of x from 1.0, 7, showed marked
changes that its vilue increased several tmes and s
temperature dependency was reversed being close to that in
x=0,0. This suggests the st,ronu effect from parjumagnetic
spins which are present as Ni** even at low concentrations,

This work was parlly supported by Grant-in Aid for
scientific research No.(B) 12440192 from the Ministy of
Education, Science, Sports and Culture.
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Abstract

The effect of hydrostatic pressure on the electrical conduetivity of a halogen-bridged one-dimensional mixed-valence
binuclear transition-metal complex (the so-called MMX chain), Pta(CH;CS; )l has been Investigated using a clamp-cell-type appa-
ratus, Charge-polarization state of ~Pt2*-Pt**-I—Pt**-Pt**-I—, which is a Mott-Hubbard insulator, was found to be stabilized at high
pressures, The stabilization of this charge order is considered to be due to the Coulomb repulsion of the nearest-neighbor pairs of

glectrons.

Keywords: MMX Chain, Mixed Valence, High Pressure, Electrical Conductivity, Metal-Insulator Transition, Charge Ordering

1. Introduction

The search for high-temperature superconductivity and
novel superconducting mechanisms is one of the most
challenging tasks of condensed-matter physicists and mate-
rials research scientists, Bednorz and Mitlller considered
mixed~valent effect of Cu ions in the La;..BaxCuO, system
as a mechanism for strong electron-phonon interactions
allowing a high T.. To our interest, a possibility of an
unusual superconducting state, which results from conden-
sation of bipolarcns, is postulated under a strongly cou-
pled electron-phonon system [1]. According to this model,
Cooper-pair formation due to the condensation of bipolar-
ons occurs under some electron-phonon coupling constant
A, while in the large A limit bipolarons’ formation occurs
at real space.

On the other hand, insulating MX chain of -M"-X-M"-
X- is regarded as on-site bipolaronic state where bipolarons
form a one-dimensional (1-D) lattice and localize at M"
sites, so that it has been investigated as "a model material”
for searching for high-T..

Recently attention as alternative model material has
been focused on a wide variety of 1-D electronic states in
halogen-bridged 1-D mixed-valence binuclear transition-
metal complexes (the so-called MMX chains) from both
chemical and physical points of view [2 - 4]. Lots of
kinds of physical properties, derived from their one di-
mensionality, have been observed; examples including
charge orders, metfallic transport, charge-density-wave

(CDW) state, Mott-Hubbard state, spin-Peierls staten.
Some of the possible 1-D charge modes for the MM
chain are shown below,

(1 ) " ._.MZ.5+_M2.5+__x___M2.3*_.M2.S+___x___M2.5+_M‘!.S+_x__ -
(2) " ._M2+_M2+__X_MJ+_MJ+_XmM2+_M2+Mx_M!+_M3+_X_. -
{3) oMM KM XM M XM MK
(4) ee _M2+_M3+_x_M3+_M2+__x__M2+_M!i_x_M!+_M2+__x_ e

The title MMX chain has a neutral-chain structure of -1~
Ptz(cH:!CSg)q'I-Ptz(CH:iCSz)q-I-, as shown in Fig. 1. Ac~
cording to our recent work [2], this complex was found to
exhibit a metal-insulator transition at 300 K (=Tw.),
which relates to a Mott-Hubbard transition associated withy
1-D chargs ordering like mode (3) keeping the spin degree
of freedom dawn to 100 K, below which a spin-Peieris~
like transition ocours, resulting a formation of mode (4,
In this work, we teport on transport properties under higlhy
pressure for Pt(CH,CS,)yl, in which an effectively hal £-
filled conduction band of d,* [i.e. (Sda-5d2)*] is formed
(each Pt;-dimer unit originally has three 54,2 electrons, but
actually has one spin because of the strong Pt-Pt intermet-
allic bond).

2, Experimental

Single crystals of the title complex were obtained by
slow diffusion in toluens solutions of Pto(CH,CS,)s and I, |
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—224—



The electrical resistivity of single crystal was measured
by a standard dc four-probe technique using a clamp-cell-
type high-pressure apparatus. A mixture of Fluorinert
FC70 and FC77 was used as fluid pressure transmitting
medium. In this way, the high-pressure apparatus works at
pressures up to 135 kbar and at low temperatures down to
50 K under high-static-pressure conditions and without any
damages in the single crystals.

Fig. 1. 1-D structureof Pty(CH,C S,),1 at 207 K [2],

3. Results and Discussions

As shown in Fig. 2, a metal-insulator transition was
observed at 300 K under ambient pressure for
Pty(CH;CS2)l, which relates to a crossover-type Mott-
Hubbard transition from phase (1) to phase (3) [2]. Pres
sure dependence of the resistivity (p//) parallel to the b-axis
at 310 K is shown in Fig. 3. As pressure is increased, the
tesistivity linearly decreases but deviates from the line
above 2.5 kbar, which is due to a pressure-induced phase
transition from (3) to (1), mentioned afterward,

Fig. 4 shows the Arrhenius plots for p// of
Pty(CH;CS2)dl under high pressures of 2.0, 5.5, 11.2, and
15.5 kbar. The transitions from the Mott-insulator phase
(3) to the spin-Peierls phase (4) are appreciated between 80
and 100 K. The transition temperature is decreased with
pressure. Elastic energy, in general, increases at high pres
sure, so that spin-Pelerls transition could be suppressed
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Fig. 2, Temperature dependence ofLog(p /Q cm)at amhient pressure [2],
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Fig. 3. Pressure dependence of p/f at 310 K,

under high pressure. On the other hand, the metal-insulator
transition was revealed to shift to higher temperature,
which is consistent with the transition observed at 2.5 kbar
upon applying pressure at 310 K. This indicates that the
Mott-insulator phase, that is charge-polarization state 3),
is stabilized at high pressure. The stabilization of this
charge order is considered to be due to the Coulomb repul-

sion of the nearest-negighbor pairs of electrons.
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Fig. 4. Anhenius plots of p// underhigh pressurs.
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