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A 2:1 supramolecular assembly composed of a non-planar Mo(V)-porphyrin, [Mo(DPP)(0)(H,0)]"
(1) (DPP?*; dodecaphenylporphyrin), and a Keggin-type heteropolyoxometalate (POM), a-[(n-
butyl)4N1,[SW,040] (2), was formed via hydrogen bonds. The crystal structure was determined by
X-ray crystallography to clarify that the POM was enclosed into a z-space of a supramolecular
porphyrin nanotube by virtue of hydrogen-bond network. In contrast to the formation of the 2:1
assembly ([{Mo(DPP)(O)(H,0)},(SW1,04)] (3)) between 1 and [SW,04,]*in the crystal, it was
revealed that those two components form a 1:1 assembly in solution in light of the results of

MALDI-TOF-MS measurements in PhCN. Variable-temperature UV-vis spectroscopic titration

allowed us to determine the thermodynamic parameters for the formation of the 1:1 supramolecular
assembly in solution, the heat of formation (AH) and the entropy change (AS). These results
provide the first thermodynamic data set to elucidate the formation process of supramolecuar

structures emerged by hydrogen bonding between metalloporphyrin complexes and POMs,
indicating that the formation of the assembly is an entropy-controlled process rather thanan

enthalpy-controlled one. Comparisons of the thermodynamic parameters with those of a planar
Mo(V)-porphyrin complex also highlighted high Lewis acidity of the Mo(V) centre in the distorted

porphyrin.
Introduction
Porphyrins and chlorophylls are well organized into

nanoscaled supramolecular structures that perform the light-
harvesting and energy- and electron-transfer functions as
observed in photosynthesis.'” Inspired by such well-defined
nanostructures of porphyrins and chlorohylls in nature,
porphyrin nanostructures have attracted great interest because
of their promise as catalysts and photofunctional
nanomaterials.”'? Extensive efforts have so far been devoted
to develop well-defined nanostructures such as nanospheres,**
nanosheets,”  nanotubes,”®  nanofibers™'® and  other
morphologies.''™* Among them, porphyrin nanotubes (PNTs)
have merited special attention, because the molecular building
blocks can be easily altered to control their structural and
functional proper'[ies.6'8 However, direct X-ray structural
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determination of the PNT nanostructures has still been limited.

On the other hand, heteropolyoxometalates (POMs) have
attracted much attention due to their functionality in
catalysis,' and also as building blocks of supramolecular
assemblies toward functional materials."® In order to give
POMs further functionality, supramolecular assemblies have

ss been recently developed with use of organic functional

molecules such as calix-arenes'® and metalloporphyrins.”!”

In this context, we reported the X-ray crystal structure of a
PNT composed of [Mo"(DPP)(0)(H,0)]" (1) (DPP*'; dodeca-
phenylporphyrin) unit and tetra-nuclear Mo(VI) clusters

s which can be categorized as POMs.” In that crystal structure,

three kinds of tetra-nuclear Mo(VI) clusters, which are not
stable outside of the tube structure, were enclosed by Mo(V)-
porphyrin via hydrogen bonds. The encapsulated POMs were

[SW12040]%

[Mo(DPP)(O)(H,0)]*

Fig. 1 A non-planar Mo(V)-porphyrin, [Mo(DPP)(0)(H,0)]" (1), and
Keggin-type POM, a-[SW,04,]*", employed in this study.
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made by chance as a result of demetalation of
[MoV(DPP)(O)(HZO)r. Thus, a general method to construct
PNTs including POMs by utilizing noncovalent interactions,
such as hydrogen bonding and #—x interaction needs to be
established. The thermodynamic parameters for the
supramolecular assemblies should also be determined in order
to understand the interaction in solution.

We report herein a convenient way for construction of a
supramolecular assembly, [{Mo(DPP)(O)(H,0)}2(SW2040)]
(3), composed of 1 and a well-defined Keggin-type
sulfatungstate (0{-[SW12040]2’)18 in Fig. 1, which are
connected via hydrogen bonds to form a 2:1 assembly as
revealed by successful X-ray crystal structure determination.
In addition, the spectroscopic titration in benzonitrile has
allowed us to determine for the first time the thermodynamic
parameters for the hydrogen bonding between Mo(V)-
porphyrin complex and POM to form a 1:1 assembly in
solution.

Experimental section

General. Chemicals were purchased from commercial sources
and used without further purification, unless otherwise noted.
Benzonitrile (PhCN) was distilled over P,O5 and stored over 4
A molecular sieves. Acetonitrile (CH;CN) was distilled from
CaH, under Ar just prior to use. All other solvents were
special grade and they were used as received from commercial
sources without further purification. Column chromatography
was performed on a silica gel (Wako-gel C-200 (60-200
mesh)) or activated alumina (ca. 200 mesh), both of which
were obtained from Wako pure chemicals. Toluene was
distilled over sodium benzophenone ketyl and used for the
synthesis of H,DPP. IR spectra were recorded on a JASCO
FT/IR-550 spectrometer (4000-400 cm N using KBr pellets.
Variable-temperature (VT) UV-vis spectroscopy was carried
out on a Shimazu UV-3600 spectrometer. MALDI-TOF-MS
spectra were recorded on a Bruker Daltonics ultrafleXtreme
spectrometer using a-cyano-4-hydroxycinnamic acid (CHCA)
as a matrix. [Mo(DPP)(0)(H,0)]Cl0,* (1) and o
(TBA)Q[SW12040]lg (2) were prepared according to the
literature.

[{Mo(DPP)(0)(H,0)}(SW1,049)] (3). [Mo(DPP)(O)(H,0)]-
ClO4 (1) (5.0 mg, 3.4 umol) in 2.5 mL of ethyl acetate and a-
(TBA),[SW204] (2) (3.4 mg, 1.0 wmol) in 2.5 mL of
acetonitrile were mixed. The diffusion of hexane vapor into
the solution for 3 days at room temperature gave greenish
brown crystals of 3 (3.0 mg, 53%). The sample was dried in
vacuo at 180 °C for 2 days and then submitted for elemental
analysis. Anal. Found: C, 39.83; H, 2.24; N, 1.92. Calc. for
C134H124N8044MOZSW12: C, 3960, H, 224, N, 2.01. A single
crystal suitable for X-ray crystallography was obtained by
recrystallization from the same solvent system at room
temperature.

Single crystal X-ray crystallography. A single crystal of 3
was coated in liquid paraffin and mounted on a glass fiber
with silicon grease. X-ray diffraction data were collected on a
Bruker APEX2 diffractometer at 120 = 2 K. All calculations
for structure refinements were carried out on a personal
computer using APEX2 (Bruker) and SHELXL programs.?’
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Electrochemical measurements. Cyclic voltammograms
(CV) and differential pulse voltammograms (DPV) were
obtained on an ALS 630B electrochemical analyzer in
deaerated PhCN in the presence of 0.1 M [(n-butyl);N]PF¢
(TBAPFs) as a supporting electrolyte under Ar at room
temperature, with use of a glassy carbon electrode as a
working electrode, Ag/AgNO; as a reference electrode, a Pt
wire as a auxiliary electrode. The values (versus Ag/AgNOs3)
were converted to those versus SCE by addition of 0.29 V.*!

Results and discussion

[Mo(DPP)(0)(H,0)]ClO, (1+C10,)"° in ethyl acetate and o-
(TBA),[SW,040] (TBA™ = [(n-C4Ho),N]") (2) in acetonitrile
were mixed and kept in hexane vapor for 3 days to give
greenish brown crystals. The crystal structure was determined
by single-crystal X-ray crystallography as depicted in Fig. 2.
As for the Keggin part, the oxygen atoms around sulfur (S(1))
disordered to form two tetrahedrons, and O(4), O(5), O(6) and
O(7) have 0.5 occupancy, respectively (Fig S1 in ESI). The
bond lengths of Mo(1)-O(1) and Mo(1)-O(2) are 1.671(6) A
and 2.371(6) A, respectively, which are comparable to those
of bond lengths of [Mo(DPP)(O)(H,0)]" unit in the porphyrin
nanotube.” Thus, we assigned the axial ligands of the

@

(b)

2.87(5) A

Fig. 2 (a) Crystal Structure of [{Mo(DPP)(O)(H,0)}.(SW12040)] (3)
including two hydrogen bonds to form a 2:1 supramolecular assembly.
(b) A partial view to clarify the hydrogen bond between O(2) and
0O(3). Gray, carbon; blue, nitrogen; red, oxygen; green, molybdenum,;

ss pink, tungsten; orange, sulfur.
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porphyrin moiety as Mo(V)=0O and Mo(V)-OH,. Moreover,
the distance between O(2) of the aqua ligand of 1 and O(3) of
a terminal oxo ligand of a-[SW12040]2’ is 2.87(1) A, and the
bond angle of Mo(1)-O(2)-O(3) and O(2)-O(3)-W(1) are
112.9(2)° and 152.5(4)°, respectively. Thus, 1 and o-
[SW1,040]* should be connected via a hydrogen bond. Hence,
the POM is trapped and enclosed by two of 1 to form a 1:2
supramolecular unit in the crystal (Fig. 2(a)). The selected
bond lengths and bond angles are summarized in the
10 Electronic Supplementary Information (Table S1 in ESI). In
terms of the charge balance of the unit, the negative charge (—
2) of POM was cancelled by two of the positively charged
Mo(V)-porphyrin units. Based on this crystallographic study
and elemental analysis, the formula of this assembly is given
as [{Mo(DPP)(O)(H>0)}2(SW1,040)] (3).

As for the porphyrin moiety in 3, the porphyrin macrocycle
exhibited saddle-distortion as seen in the precursor 1. The
displacement of each atom from the least-squares mean plane
of 24 atoms of the DPP?" ligand is shown in Fig. S2 (see ESI)
to clarify the saddle-distortion. Previously, we reported that
the distortion porphyrin changed from saddle-distortion to
ruffle-distortion by forming a porphyrin hamburger due to the

o«

a

<)
S

@)

Fig. 3 (a) One-dimensional structure of porphyrin nanotube along the

25 crystallographic b axis. (b) A side view of the porphyrin nanotube (POMs
and solvent molecules are shown as space-filling model). (c) Three-
dimensional crystal packing of 3.

steric hindrance between phenyl groups and Keggin-type
POM." This is caused by steric congestion due to the direct
coordination of POM to the Mo(V) centre. In the case of 3,
there is no direct coordination of POM to the Mn(V) centre
but instead hydrogen bond is formed between two components,
because the basicity of [SW,040]% should be lower than that
of [SiW12040]4’ in light of its charge.
35 In the crystal structure, intermolecular n-7 interaction
among peripheral phenyl substitutients can be oberved to
connect the unit of the 2:1 assembly as depicted in Fig. S3(a)
in ESI. Therefore, the 2:1 assemblies are connected and lined
along in the direction of the crystallographic b axis to form a
supramolecular tubular structure (Fig. 3(a) and 3(b)). In the
tubular assembly, a hydrogen-bond network was observed
among neighbouring two [Mo(DPP)(O)(H,0)]" units in 3
through water molecules of crystallization (Fig. S3(b) in ESI).
Those water molecules are found to disorder, however, the
hydrogen-bond network may play a role to bind each unit of
the assembly together. These intermolecular z-7 interactions
and hydrogen bonds between each unit result in a porphyrin
nanotube structure in the direction of the crystallographic b
axis in the crystal. Thus, the Keggin-type POM was
encapsulated into a s-space made of the MoV-DPP units via
two-point hydrogen bonding with two of 1. In the three-
dimensional crystal packing, the porphyrin nanotubes were
bundled by m#—x interactions as shown in Fig. 3(c). Moreover,
IR spectral data of 1, 2 and 3 also indicate that the Keggin
s structure in 3 was maintained, and the ion exchange between 1
and 2 took place completely as clarified by the lack of the
peaks of TBA" and C10, for 3 (Fig. S4 in ESI).
In order to shed some lights on the species in the CH,Cl,
solution of 3, MALDI-TOF-MS measurements were made.
o CHCA (a-cyano-4-hydroxycinnamic acid) was used as a
matrix for the measurements. As a result, the observed peak
clusters centred at m/z = 4229.24 was assigned to a 1:1
assembly formulated as [{Mo(DPP)(O)(H,0)}(SW,040)] (4)
(Calcd. for C92H124N4O42MOSW127, 422959) (see ESI, Flg
S5(a)). As a comparison, a planar Mo(V)-porphyrin complex,
[Mo(TPP)(0)(H,0)]Cl0, (5+Cl04)** (TPP*": tetraphenyl-
porphyrin dianion), was used to clarify the stronger Lewis
acidity of the Mo(V) ion in 1 as discussed below. The reaction
mixture of 2 and 5 in CH,Cl, gave peak clusters at m/z =
3620.61 which was assigned to a 1:1 assembly formulated as
[{Mo(TPP)(O)(H,0)} (SW,040)]" (6) (Calcd. for
C44H30N4042MOSW127, 362081) (see ESI, Flg SS(b))
Variable-temperature (VT) UV-vis spectroscopic titration
of 1+C10, by adding 2 in PhCN was performed to estimate the
s strength of the hydrogen bonding in the 1:1 assembly 4. The
result of spectroscopic titration at 293 K is shown in Fig. 4(a).
The spectral change observed can be assigned to that derived
from the formation of a 1:1 assembly between 1 and POM, i.e.
[Mo(DPP)(O)(H,0)(SW1,040)] (4), due to hydrogen bond
formation. The equilibrium constants were determined at 265,
273, 283, 293, 303 and 313 K, and the results are summarized
in Table 1 (see also Figs S6 — S9 in ESI).
The VT-UV-vis spectroscopic titration allowed us to have
an RInK versus 1/T plot (van’t Hoff plot) as shown in Fig. 5
ss (R =28.31J K" mol™). The heat of formation (AH) and
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addition of 2 in PhCN at 293 K. AAbs (4, — 4) at 490 nm was plotted
as an inset. (b) Plot of (4o — 4)/(4 — A.) at 490 nm versus ([POM] —

s a[por]g). From the slope of the linear correlation the equilibrium
constant K is determined to be 1.1 x 10° M.

Table 1 Equilibrium constants (K) for the supramolecular assembly 4
and 6 in PhCN at each temperature

KM

Temperature (K) 4 6

265 4.5 x10° 2.3 x10°
273 6.1 x10° 2.7 x10°
283 7.8 x10° 3.2 x10°
293 1.1 x10° 4.0 x10°
303 1.8 x10° 5.5x10°
313 2.5 x10° 6.7 x10°

10 entropy change (AS) were determined to be AH = 24 = 2 kJ
mol™! and AS = 141 + 5 J K' mol™ for 4 (Table 2). When
5+Cl0, was used in the measurements, the spectral change
with the addition of 2 afforded larger equilibrium constants
compared to those of 1 with 2 at each temperature (Table 1,

is see ESI). In this case, 5 forms a 1:1 hydrogen-bonded
assembly 6 with a-[SW,04] in solution. The van’t Hoff plot
for 6 was made to determine the AH and AS values to be 16 +
1 kJ mol™" and 122 = 4 J K™' mol ™', respectively (Fig. 5). The
values of AH and AS for 4 and 6 in PhCN are summarized in

20 Table 2.

In both cases, the results indicate that the hydrogen bond
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Fig. 5 RInK versus 1/T plots (v;111/11-t(11-1%ff Iﬁotg) for spectral change of
3(m) and 5(®) upon addition of 2 ([1+C104] = 1.0 x 107> M, [4+ClO,]
=2.0x 107 M).

Table 2 The heat of formation (AH) and entropy change (AS) for 4
and 6 in PhCN

Entry AH (kJ mol™) AS (JK ™" mol™)
4 24 £2 1415
6 16 = 1 122 + 4

formation of the aqua ligands of 1 and 5 with a-[SW12040]2’
is a entropy-controlled process, as represented by the larger K
values at higher temperature (Table 1) and the positively large
AS values in both cases. The positive entropy change may
result from the of both
components, which are hydrogen-bonded ClO, for the
Mo(V)-porphyrin complexes (1+C10,'*** and 5+C10,%) and
electrostatically interacting TBA' for a-[SW1204O]2’. The
positive AH values suggest that the dissociation energy of the
counterions is larger than stabilization energy due to the
hydrogen bond formation with the POM in both 4 and 6. This
result may reflect the charge density of an oxygen atom in
ClO,4 and a-[SW12040]2’ involved in the hydrogen bonding.
Though the minus charge of a-[SW1204]7 is larger than that
of ClOy,, it should be delocalized over forty oxygen atoms in
a-[SW12040]2’ besides that delocalized over four oxygen

dissociation of counterions

s atoms in ClO4 . Therefore, a-[SWIZOm]Z’ is a weaker base

than ClO, and the hydrogen bonding between 1 and o-
[SW,040]* should be weaker than that between 1 and C1O,”
to give the positive AH values.

The larger AH value of 4 than that of 6 (Table 2) indicates
that the dissocication energy of the couterion, especially
ClO, for 1, is larger than that for 2. This result should be
ascribed to the fact that the distortion of the porphyrin ligand
can enhance the Lewis acidity of the Mo(V) centre to
strengthen the acidity of the aqua ligand,”* giving rise to a

s stronger hydrogen bonding between 1 and ClO, than that for

the planar counterpart of 2. This stronger hydrogen bond
between 1 and ClO,4 results in the lower K values of 4 than
those of 6. The lower K value of 4 may also be derived from a
steric hindrance between the DPP?~ ligand and the POM.
Cyclic voltammograms (CV) and differential pulse
voltammograms (DPV) of 1, 2 and 4 were obtained in
deaerated PhCN at room temperature under Ar in the presence
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of 0.10 M TBAPF; as a supporting electrolyte (Fig. 6). On the
basis of the equilibrium constant, the concentration for 1 (5
mM) and 2 (5 mM) were used to form a 1:1 assembly 4 in
PhCN. Assignments of redox waves are summarized in Table
3. The redox wave due to the Mo'/Mo" couple® for 4
undergoes severe overlap with that of POM?/POM* as
indicated by the doubled peak current for the redox wave
observed at —0.12 V as compared to those of other waves.
Therefore, we could not determine precisely those potentials
10 for 4. The redox potentials of the first oxidation, the first
reduction and the second reduction of the DPP?™ ligand were
determined to be +1.12, —-1.21 and -1.63 V (vs SCE),
respectively, for the assembly 4 in comparison with those of 1
(+1.28, —1.03 and —1.42 V; Fig. S10(a) in ESI).*® All the
redox potentials for the DPP?" ligand showed cathodic shift:
This is ascribed to the larger ring distortion of the porphyrin
ligand than that in 1, as reflected on the larger ARMS”’ value
of 3 (0.70 A) than that of 1 (0.67 A). This is probably derived
from the steric repulsion between the DPP®" ligand and the
20 POM anion. The larger distortion weakens the interaction
between the DPP* ligand and the Mo(V) centre to render the
porphyrin ring more electron-rich to lower the redox
potentials. In contrast, the redox potentials of the POM moiety
in 4 exhibited slightly positive shifts as compared to those of
552 (Table 3 and Fig. S10(b) in ESI). This is reasonably
ascribed to the result of the hydrogen bond formation of a-
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E versus SCE (V)
Fig. 6 Cyclic voltammogram (CV) and differential pulse

voltammogram (DPV) for 1 (5§ mM) with 2 (5§ mM) in PhCN at room
30 temperature under Ar in the presence of 0.1 M TBAPF,.

Table 3 Redox potentials of 1 (1.0 mM), 2 (1.0 mM) and 1 (5.0 mM)
with 2 (5 mM) in PhCN*

E versus SCE, V (AE)’

1 2 1+2(4)

Mo""/Mo" 0.03 (0.07) - —0.12 (0.24)"
Por* /Por 1.28 (0.08) - 1.12 (0.15)
Por* /Por’ -1.03(0.07) - -1.21 (0.16)
Por*/Por”™ —1.42 (0.08) - -1.63 (0.16)
POM* /POM*> - —0.08(0.09)  —0.12 (0.24)"
POM*/POM* - —0.61(0.13)  —0.60 (0.16)
POM* /POM* - -1.37(0.20)  —-1.32(0.17)

¢ At room temperature under Ar; 0.1 M TBAPF; as a supporting
electrolyte. ” AE = Eyy — Ereq (V). € Por": DPP*" ligand. ¢ Overlapped.

[SW12040]2’ with 1 to interact with an acidic hydrogen in the
aqua ligand of 1. Thus, the electrochmical measurements lend

s credence to the interaction of the POM anion with 1 by
hydrogen bonding in solution.

w
b

Summary

We have succeeded in the formation and the crystal structure

determination of a novel Porphyrin Nanotube using a Keggin-
s type POM as a well-defined structural motif and a saddle-

distorted Mov-porphyrin complex by virtue of intermolecular

hydrogen bonding. The thermodynamic analysis allowed us to

demonstrate the formation of the supramolecular assembly for

the first time between the POM and the saddle-distorted
s metalloporphyrin as an entropy-controlled process rather than
an enthalpy-controlled one. The MALDI-TOF mass
spectrometry and  electrochemical measurements lend
credence to the stability of the hydrogen-bonded
supramolecular assembly even in solution. The methodology
presented herein would provide a new strategy to design and
prepare POM-based supramolecular architecture with use of
metalloporphyrins.
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