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Supramolecular films consisting of guanosine derivatives modified with a tetrathiafulvalene
(TTF) moiety have been prepared. The hydrogen bonding network of the guanosine unit
enables the formation of a robust and self-supporting cast film by a solution process.
Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) revealed
that the self-supporting films were mechanically flexible and their glass transition
temperature was lower than room temperature. The results of the DMA also showed the
viscoelastic properties of the films at room temperature. The physical properties of the films
of the derivatives depended on both the length of the alkyl chains and the structure of their
terminal group. The chemical oxidation of the derivatives resulted in the formation of the
absorption band due to the radical-cationic TTF moiety. The composite film of the
derivatives with 7,7,8,8,-tetracyanoquinodimethane (TCNQ) exhibited electrical conductivity.
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INTRODUCTION

Tetrathiafulvalene (TTF) derivatives are well known organic n-donors. These molecules have
received immense attention as electrically conducting materials.*®> TTF derivatives show
electrical conductivity in the presence of oxidants in their crystalline state due to efficient
interactions between m-orbitals leading to high mobility of charge carriers.> However, the
charge-transfer (CT) complexes of TTF tend to be brittle and are therefore not suited to
fabrication of practical macro-scale devices. Incorporation of TTF in a polymer structure is
one of the simple strategies being investigated for solving this problem. Although various
polymers with TTF moieties have been synthesized and characterized in terms of their
electrical properties, most of these polymers exhibited low solubility or low electrical
conductivity.*** Self-organization of TTF using supramolecular interactions is regarded as
another approach to produce one dimensional alignment of TTF with high electrical
conductivity. The advantages of the supramolecular approach are the achievement of high
solubility in the dispersed molecular state and highly ordered structure formation in the
assembled solid state. There are several examples in material science of gel-like soft
materials at the micro or nano scale, based on TTF molecules made via supramolecular
interactions.’>*” To obtain an increase in scale for applications, stronger intermolecular
interactions are required in the structures of supramolecules with TTF. In previous work,*® we
have investigated guanosine derivatives containing a TTF moiety. Guanosine is a good
candidate for forming a supramolecular polymer as it is capable of forming multiple
hydrogen bonds with three hydrogen bonding acceptors and donors.**?? In addition, these
hydrogen bonding networks tend to align the TTF moieties. The derivatives were expected to
show polymeric properties due to the hydrogen bonding network, and electrical conductivity
based on the CT complexes. In the present work, we report the systematic investigation of the
physical and electrical properties of these supramolecular films.

EXPERIMENTAL PROCEDURE

Materials

The reagents were purchased from Tokyo Chemical Industry Co., Ltd., Kanto Chemical Co.,
INC., and Wako Pure Chemical Industries, Ltd., and were used without further purification.
Anhydrous solvents were purchased from Kanto Chemical Co., INC. Column
chromatography was carried out by using silica gel 60 (Kanto Chemical Co., INC., 40-100
um, neutral). The guanosine derivatives 1-3 were synthesized by literature procedures.'®

Synthesis of 4

3’,5’-Bis-O-hexyloxy-di-iso-propylsilyl-2’-deoxyguanosine:

To a solution of triethylamine (0.27 mL, 2.0 mmol) and diisopropyldichlorosilane (0.72 mL,
4.0 mmol) in CH,Cl, (15 mL) was added a solution of 1-hexanol (0.25 mL, 2.0 mmol) in
CH.CI, (4.0 mL) at 0 °C. After the mixture was stirred for 3 h at 40 °C, the volatiles were

2



evaporated in vacuo. To the remaining crude product was added DMF (3.0 mL), imidazole
(0.14 g, 2.0 mmol) and 2’-deoxyguanosine (0.13 g, 0.50 mmol). The mixture was stirred
overnight at room temperature. The resulting solution was quenched with water. The
organic material was extracted with ethyl acetate and dried over MgSO, and concentrated in
vacuo. The residue was purified by column chromatography on silica-gel using
ethanol/ethyl acetate (1 : 10 v/v) as an eluent (0.26 g, 75%). ‘H NMR (270 MHz, CDCl5): ¢
12.05 (br, 1H), 7.79, (s, 1H), 6.30-6.26 (m, 1H), 6.07 (br, 2H), 4.80-4.79 (m, 1H), 4.10-4.09
(m, 1H), 3.95-3.92 (m, 2H), 3.77-3.68 (m, 4H), 2.63-2.53 (m, 1H), 2.48-2.40 (m, 1H), 1.58-
1.48 (m, 4H), 1.29-1.26 (m, 12H), 1.07-1.04 (m, 28H), 0.90-0.83 (m, 6H); “*C{'H} NMR
(68 MHz, CDCls): 6 159.1, 153.3, 151.5, 135.6, 117.4, 88.0, 83.7, 72.2, 63.2, 63.2, 62.8, 41.3,
32,9, 32.8, 31.7, 255, 22.7, 17.5, 17.4, 141, 12.2, 12.1; ESI-MS: m/z calcd for
CasHesNsOgSi>  [M+H]™: 696.5; found: 696.5; elemental analysis: calcd (%) for
C34HesNsOgSiy: C 58.67, H 9.41, N 10.06%; found: C 58.36, H 9.22, N 9.67%

Measurements

NMR spectra were recorded on a JEOL EX-270 NMR spectrometer. Elemental analyses
were carried out with a Perkin-Elmer 2400-CHN instrument. ESI-Mass spectra were
recorded on an Applied Biosystems QStar Pulsar i spectrometer. Absorption spectra were
recorded using a Shimadzu UV-3100 spectrophotometer. 1TO coated electrode (6.5~7.1
Qesq?, 2000 A) was purchased from GEOMATIC. The electrical conductivities of cast
films were measured by using a two-probe method at room temperature with ITO electrode
fabricated by wet etching. X-ray diffraction patterns were recorded on a Philip X’Pert MRD
with CuKa radiation (1 = 1.542 A) at a scanning rate of 0.088°s * in 26 ranging 2.5° to 60° at
room temperature. The self-supporting films were fabricated by a solvent-cast method using
0.1 M solution in THF on a glass plate (18 mm x 18 mm). The thermal properties were
measured on SII EXSTAR6200 DSC instruments and a EXSTAR TG/DTA6300 instrument.
The tensile strength of the self-supporting film was measured by a RSA-G2 (TA Instruments)
at 25 °C. The dynamic mechanical measurements were conducted using a Q800 Dynamic
Mechanical Analyzer (TA Instruments) at single-frequency scanning mode of 1 Hz and a
cooling rate of 1 °C / min over a temperature range from 25 °C to -100 °C. Amplitude of
0.1% was used in the film (14.83 (L) mm x 4.00 (W) mm x 0.07 (T) mm).

RESULTS AND DISCUSSION

Derivatives 1, 2, and 3 were synthesized according to literature procedures (Figure 1)."®
Derivative 4 without a TTF moiety was synthesized as a control in order to evaluate the effect
of the TTF moiety in terms of self-assembly and physical properties.

<Figure 1>



The syntheses of the derivatives proceeded efficiently without the need for a
protecting process on the guanine moiety and chemical oxidation of the TTF moiety was seen
not to occur during the reactions. The hydrogen bonding of the derivatives was confirmed by
proton nuclear magnetic resonance spectroscopy (*H NMR). The *H NMR signals of NH and
NH. in the guanosine moiety shifted downfield with increasing concentration or decreasing
temperature. Similar shifts were observed for all of the derivatives. These tendencies were
consistent with those of reported hydrogen bond networks of guanosine derivatives in the
solution state.!**®%2* Dye to the hydrogen bonding network, it was hypothesized that it
would be possible to fabricate a polymer-like film from these materials.”® Indeed, the
fabrication of macroscale cast films was achieved by a solvent-casting method on a glass
plate. The cast film was fabricated from a 0.1 M solution of derivatives 1-4 in tetrahydrofuran
or chloroform on a glass plate. Based on the NMR observations, the formation of the films
was attributed to the hydrogen bonding network of the guanine units.?%°

<Figure 2>

Figure 2 shows photographs of the films synthesized from guanosine derivatives 1-4.
It can be seen that the films possessed adequate strength to form self-supporting structures.
The film of derivative 1 was stiff, whereas the films of derivatives 2, 3, and 4 were flexible.
These observations suggest that the length of the alkyl chains affects the physical properties
of the films.

Thermodynamical and mechanical properties

The thermal stability of derivatives 1-4 was evaluated by thermogravimetry analysis (TGA).
Below 200 °C, no loss of weight was observed, which indicated that solvent molecules were
not contained in the solid state (Figure S1). The elemental analyses, differential scanning
calorimetry (DSC), and *H NMR spectroscopy also suggested that the derivatives did not
contain solvent molecules. Therefore, the self-supporting films appeared to be constructed by
hydrogen bonding without the assistance or incorporation of solvent molecules. The 5%
weight loss temperatures (Tgse,) Of derivatives 1-4 were 225.4, 241.1, 256.4, and 249.9 °C,
respectively (Table 1). The thermal stability of the TTF-substituted derivatives increased with
the alkyl chain length (1 < 2 < 3). High thermal stability of the derivative with the long alky
chains is attributed to a high content of heat-resistant alkyl chains in molecular weight. The
thermal stability of derivative 4 was comparable to that of derivative 2, which has an alkyl
chain of similar length. To obtain detailed information on the thermal properties of the
derivatives, DSC measurements were carried out on the basis of the TGA data (Figure S2).
Table 1 summarizes the thermal properties of the derivatives 1-4.



<Table 1>

In the first DSC heating run, derivatives 1-4 exhibited only endothermic peaks at 122,
95.1, 75.2, and 162°C, respectively. These peaks were assigned to the solid-to-liquid phase
change of the substances (Tr). The curves obtained from the second DSC heating run of
derivatives 1-4 showed gentle slopes at -1.2, -4.6, -21, and -52 °C, respectively. These slopes
were attributed to a glass transition (Tg). In addition, exothermic peaks were observed at
around 10 °C, which was considered to be the crystallization temperatures (T;) of these
derivatives. The existence of T¢s indicates that the derivatives have both the amorphous and
crystalline phases that are often observed in conventional polymers. Because Ty and T, are
lower than room temperature, derivatives 1-4 seem to be polymer-like at this temperature.
The Tn and Ty of the TTF-substituted derivatives shifted to lower temperatures with
increasing alkyl chain length. These results suggest that the thermal properties of the
derivatives depend on alkyl chain length. The Ty of derivative 2 was higher than that of
derivative 4 even though they have alkyl chains of a similar length. This was attributed to the
presence of the large TTF terminal unit.?” In repeated DSC heating runs, the Tys of the
derivatives shifted to lower temperatures. As the *H NMR spectra showed no apparent
decomposition of the derivatives after DSC analysis, the shifts of T,, were probably caused by
changes in intermolecular interactions in the film state via thermal treatments.*

To evaluate the polymer-like properties of the materials, the tensile strength of the
self-supporting films of derivatives 2-4 was measured using the tensile testing mode of
dynamic mechanical analysis (DMA). Table 2 summarizes the mechanical properties. The
tensile strength of derivative 1 could not be measured due to the brittleness of its film. The
tensile strengths of derivatives 2-4 were 1.2, 0.19, and 2.5 MPa at the breaking point with
elongation percentages at 25 °C of 23, 20, and 2.7 %, respectively (Table 2). The decrease in
tensile strength of the self-supporting film of 3 compared to that of 2 is attributed to the
longer alkyl chain. However, the tensile strength of derivative 4 was larger than that of
derivative 2 even though they had alkyl chains of a similar length. These results indicate that
the absence of the TTF moiety strengthened the intermolecular interaction between the alkyl
chains of derivative 4.

<Table 2>

We also investigated the polymer-like properties of the self-supporting films using the
dynamic modulus mode of DMA (Figure 3). The DMA curves of the derivatives were similar
to those of representative viscoelastic polymers.?>=°



<Figure 3>

The storage modulus (E’) of all of the derivatives decreased with increasing temperature and
was higher than the loss modulus (E”) at all temperatures tested (Figure S3). These results
suggest that the physical properties of the self-supporting films are solid-like.”® Because the
E’ of derivative 4 (184 MPa) was larger than that of derivative 2, (8.28 MPa) even though
their alkyl chains were similar in length, it appears that the van der Waals forces between the
simple alkyl chains were stronger than those between the alkyl chains with TTF as the
terminal group at 25 °C. The maximum point of a tan delta curve (E"/E’) indicates the T,.**%°
From the maximum points of the tan delta listed in Table 2, the T4 values of derivatives 2-4
were estimated to be -3.7, -19, and -51 °C, respectively. These values of Ty were consistent
with those obtained using DSC. Because the values of tan delta indicated fluidity of the films,
the materials were also evaluated using tan delta at Ty,. Based on the tan delta values,
derivatives 2 and 3 were seen to have a similar fluidity, whereas derivative 4 had low fluidity.
This trend is consistent with the elongation percentage values measured during the tensile
tests (Table 2). These results suggest that the terminal units play an important role in
determining the physical properties of the films.

Chemical oxidation of TTF moieties

<Figure 4>

We previously reported the electrochemical properties of the TTF moiety of derivatives 1-3
as measured using cyclic voltammetry.'® Derivatives 1-3 were seen to have two reversible
redox peaks. To evaluate the oxidation of the TTF moiety, various chemical oxidations of
derivative 3 were carried out in the solution state. UV-Vis absorption spectra of 3 with
various oxidants exhibited the characteristic absorption band of the oxidized TTF moieties
(Figure 4). Upon the addition of two equivalents of oxidants to derivative 3, new absorption
bands appeared at 580, 530 and 430 nm. The absorption bands were assigned to the mono-
oxidized TTF moieties (TTF*).?*® Furthermore, the oxidized form of derivative 3 exhibited
a strong absorption band with a maximum at 760 nm. According to the literature,® the UV-
Vis absorption at around 760 nm is assigned to a dimer structure of the mono-oxidized TTF
moieties. Therefore, the oxidation of derivative 3 caused the formation of a stacked structure
of the TTF moieties in solution. Because the absorption band at 760 nm was observed even in
a dilute solution, the intramolecular interactions of mono-oxidized TTF moieties were
dominant. Owing to the high oxidation potential of nitrosonium tetrafluoroborate (NOBF,),
the chemical oxidation of TTF moieties proceeded quantitatively, whereas other oxidants
such as iron (111) chloride (FeCl3) and iodine (I,) were less effective.



<Figure 5>

The stepwise chemical oxidation of derivative 3 with NOBF,4 can be monitored by
UV-Vis spectroscopy (Figure 5). Upon the addition of NOBF,, the absorption band of the
oxidized TTF moiety at 760 nm increased until the amount of oxidant reached two
equivalents. The addition of four equivalents of NOBF, decreased the absorption of the
stacked [TTF"*], and a new absorption band appeared at 360 nm. This band was assigned to
dicationic TTF moieties ([TTF?*]).3* These results suggest that the decrease in the intensity
of the absorption band at 760 nm is attributed to disaggregation of the stacked TTF moieties
because of repulsive force in [TTF*].

Electrical conductivity

Table 3 summarizes the electrical conductivity of cast films of 1, 2 and 3 under various
conditions.”® The films exhibited no electrical conductivity in their native state, whereas
oxidation of the TTF moieties with 7,7,8,8,-tetracyanoquinodimethane (TCNQ) induced a
degree of electrical conductivity in the films (entries 1 and 2).

<Table 3>

Derivatives 2 and 3 treated with TCNQ exhibited electrical conductivities of 1.00 x
107 and 3.66 x 10 Secm™, respectively. However, the oxidized film of derivative 1 exhibited
no electrical conductivity. When tetracyanoethylene (TCNE), 1, NOBF4 silver
tetrafluoroborate (AgBF,), FeCls, and acetylferrocenium tetrafluoroborate (Fe**) were used
as oxidants, no electrical conductivity was observed even though the oxidation of TTF moiety
could be confirmed by the color change (entries 5-10). These results suggest that the
alignment of the TTF moieties of derivatives 2 and 3 with TCNQ is different from those with
the other oxidants in the films.

<Figure 6>

To investigate the alignment of the TTF moieties, powder X-ray diffraction (XRD)
measurements of the oxidized cast films were carried out (Figure 6). As shown in Figure 6a,
the TTF moiety of the derivative 3 exhibited no apparent diffraction pattern in a neutral
condition.’® The observed weak diffraction pattern indicates the presence of a lamellar-like
structure constructed by the hydrogen bonding network of the guanosine moieties®>?*3*

because derivative 4 without a TTF moiety also exhibited a weak diffraction pattern. The
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diffraction patterns of 3 and 4 were somewhat different suggesting different alignments of the
hydrogen bonding networks (Figure S4e).**** In the film of derivative 3 oxidized using
TCNQ (entry 2, Table 4), a sharp reflection appeared at 10.9 ( d = 8.19 A) with higher-order
reflections at 21.9 and 33.I, indicating a high degree of crystallinity (Figure 6b). The
sharpness and position of the reflections are consistent with of those of the TTF-TCNQ CT
complex in a thin film state.*® The film of oxidized derivative 3 is likely to contain similar
segregated one-dimensional chain alignment of the TTF moiety and TCNQ molecule. In
contrast, the films of derivative 3 oxidized with I, TCNE, NOBF, or FeCl; did not exhibit a
sharp reflection (Figure 6¢-f)'®. These results indicate that the TTF moiety and the anion
section do not form a periodic structure, such as segregated one-dimensional chains, which is
a reasonable explanation for the lack of electrical conductivity (entries 5-8, Table 4). In the
film of 2 oxidized with TCNQ, similar sharp reflections were observed. However, the film of
1 oxidized with TCNQ exhibits reflections due to crystals of TCNQ as well as the reflections
due to the TTF-TCNQ complex (Figure S4). The existence of TCNQ crystals suggests
incomplete oxidation of the TTF moiety. Consequently, the electrical conductivity of the
derivatives in the solid state strongly depends on the periodic alignment of the CT complex of
the TTF moiety with TCNQ.

CONCLUSION

In this work, we synthesized guanosine derivatives with a TTF moiety. The guanosine
derivatives formed strong hydrogen bonding networks and could be fabricated into self-
supporting films. The films of the derivatives had similar physical properties to those of
representative viscoelastic polymers in terms of tensile strength and viscoelasticity, and this
was attributed to the hydrogen bonding networks present in the solid state. Both the length
and the terminal group of the alkyl chains affected the physical properties. The long alkyl
chain of the derivatives is one of the origins of the flexibility of the films. The self-assembled
guanosine derivatives with a TTF moiety in the presence of TCNQ underwent one
dimensional alignment of the TTF-TCNQ CT complex in the film state. Taking advantage of
this supramolecular approach, electrically conducting films can be fabricated on the macro
scale by a simple solution process.
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[Figure Legend]

Figure 1  Structure of the guanosine derivatives 1-4.

Figure 2 Self-supporting films of the derivatives a) 1, b) 2, ¢) 3, and d) 4, the size of all
derivatives is 18 x 18 mm, except for derivative 1.

Figure 3 Dynamic mechanical analysis curves of the self-supporting film of derivative 3;( -
- storage modulus (E"), *** loss modulus (E"), — Tan 6 = E” / E’; single-frequency scanning
mode of 1 Hz, cooling rate of 1 °C/min)

Figure 4 UV-Vis absorption spectra of derivative 3 in 0.02 mM CHCl3 solution, and 3 with
two equivalent of various oxidants; 3 (broken line, ——), 3 + NOBF, (diamond line, — —),
3 + FeCls (cycle line, —o—), 3 + I, (triangle line, — A —).

Figure 5 UV-Vis absorption spectra of derivative 3 (0.02 mM solution in CHCI3) with
various amounts of NOBF;; 3 (broken line, — —), 3 + 0.5 eq. NOBF, (square line, —m —),
3 + 1. 0 eq. NOBFy (triangle line, — —), 3 + 2.0 eq. NOBF,4 (diamond line, — —), 3 +
4.0 eq. NOBF4 (cross line, —X—).

Figure 6 Powder X-ray diffraction patterns of cast films of oxidized derivative 3; a) 3,'® b)
3+TCNQ,* ¢) 3+1,® d) 3+2.0 eq. TCNE,'® e) 3+2.0 eq NOBF, and f) 3+2.0 eq FeCls.
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[Table Legend]

Table 1 The thermal properties of derivatives 1-4

& Temperature for 5.0% thermal decomposition obtained by TGA (heating rate of 10 °C
/ min, argon atmosphere), ® Glass transition temperature obtained by DSC curve of sec
ond heating run, © Phase transition temperature obtained by DSC of second heating run,

¢ Melting point on the fist heating run of DSC, ¢ Melting point on the third heating ru
n of DSC.

Table 2 The mechanical properties of the films of derivatives 2-4

® Tensile strength of self-supporting film, ° Elongation of break point in tensile test, °©
Storage modulus (E’) at 25 °C, ¢ Loss modulus (E”) at 25 °C, ° Glass transition

temperature obtained by DMA, fTan s (=E"/E’) at glass transition temperature.

Table 3 Electrical conductivities of derivatives 1-3
% Electrical conductivity of the cast film from THF solution was determined by two-probe

technique at room temperature, ° Previous work, ¢ Acetylferrocenium tetrafluoroborate,
Not determined due to low electrical conductivity.
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Figure S1 Thermogravimetry analysis curves of the derivatives 1-4.
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Figure S2 The differential scanning calorimetric curves of the derivatives 1-4 at the first
and third heating run (heating rate of 10 °C / min, argon atmosphere); a) 1, b) 2, ¢) 3, and d) 4.
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Figure S3 The dynamic mechanical analysis curves of self-supporting films; a) 2, b) 3, and
) 4. ( - - The storage modulus (E’), es= The loss modulus (E”), — Tan 6 = E” / E’; single-
frequency scanning mode of 1 Hz, cooling rate of 1 °C /min)
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Figure S4 Powder X-ray diffraction patterns of a) TTF, b) TCNQ, ¢) powder TTF-TCNQ,
d) derivative 1 + 2 eq. TCNQ and, €) powder-XRD of derivative 4.
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Supramolecular films consisting of guanosine derivatives modified with a tetrathiafulvalene
(TTF) moiety have been prepared. The hydrogen bonding network of the guanosine unit enables
the formation of a robust and self-supporting cast film by a solution process. The self-supporting
films were mechanically flexible. The physical properties of the films of the derivatives depended
on both the length of the alkyl chains and the structure of their terminal group. The composite
film of the derivatives with 7,7,8,8,-tetracyanoquinodimethane (TCNQ) exhibited electrical
conductivity.
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Table 1 Thethermal properties of derivatives 1-4

Derivative | MW / gemol™ | T/ °C? | Tong/ °C® Te/°C® Trua/°C? Trgg/ °CE

1 | 905 | 2254 | 12 6.9 123 795
2 1161 241.1 -4.6 17 95.1 76.2
3 1361 256.4 -21. 21 75.2 74.7
4 696.1 249.9 -52 15 162 126

® Temperature for 5.0% thermal decomposition obtained by TGA (heating rate of 10 °C / min, argo
n amosphere), ° Glass transition temperature obtained by DSC curve of second heating run, ¢ Phas
e transition temperature obtained by DSC of second heating run, ° Melting point on the fist heatin
g run of DSC, ¢ Mélting point on the third heating run of DSC.



Table 2 The mechanical properties of the films of derivatives 2-4

Derivative | gg/MPa® E/% ° | E'/MPa® E"/MPa® T,/°C® Tand'
2 12 23 8.28 1.49 -3.7 0.6
3 0.19 20 3.19 0.599 -19 0.7
4 25 2.7 184 4.69 -51 0.2

3 Tensile strength of self-supporting film, ® Elongation of break point in tensile test, ¢ Storage modulus

(E) a 25°C, “Loss modulus (E") at 25°C, °©Glasstransition temperature obtained by DMA, ' Tan 6

(=E"/E’) at glass transition temperature.



Table 3 Electrical conductivities of derivatives 1-3

Electrical conductivity (Se«cm™)?

Entry Oxidant [Ox] / [derivatives]
1 2 3
1° none 0 nd® nd nd
2° TCNQ 2 nd 1.00 x 107 3.66 x 107
3P TCNQ 1 nd 251x%10° 9.35x 10*
4° TCNQ 3 nd 1.81x 10 7.05 x 10
5° TCNE 2 nd nd nd
6P I, 2 nd nd nd
7 NOBF, 2 nd nd nd
8 FeCl, 2 nd nd nd
9 AgBF, 2 nd nd nd
10 Fe* e 2 nd nd nd

2 Electrical conductivity of the cast film from THF solution was determined by two-probe technique at
room temperature, ° Previous work, °Acetylferrocenium tetrafluoroborate, ¢ Not determined due to

low electrical conductivity.
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