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ABSTRACT: The poly(isocyanide) skeleton is shown to be a good support for assemblies of molecular units
which permit p-type charge transport. A poly(isocyanide) containing tetrathiafulvalene (TTF) moieties in the
side chains has been synthesized and characterized in its neutral state and has been oxidized to generate mixed
valence states which display charge mobility in solution. UV-vis-NIR, EPR, and Raman spectroscopies were
used to study the electronic properties of the polymer in its doped states, which were generated chemically with
different oxidants. A broad charge-transfer band at 2100 nm characteristic of mixed valence agglomerations of
neutral and cation radical TTFs was shown at lower doping levels, while evidence of aggregates between radical
cation and the dicationic form of the heterocyclic system were seen at higher degrees of oxidation. The neutral
macromolecule, the first mixed valence state, and the cation radical system can be reversibly interconverted by
alternate oxidation with Fe(ClO4)3 and subsequent reduction with triethylamine, and therefore the material can
be considered as a candidate for electrochromic switches. EPR measurements reveal magnetic interactions between
cation radical TTF moieties as well as indication of charge delocalization over the macromolecule. Bearing in
mind the steric impediment that the alkyl chains attached to the TTF unit provide, we conclude that the results
suggest that the motion of the charges in the first mixed valence state is intramacromolecular: this hypothesis
implies that there are interactions of the TTF residues in the side chains of the polymer which lead to a stack of
theπ-functional units, confirming the affirmation that this polymer skeleton is appropriate for appending electron-
conducting stacks ofπ-functional units.

Introduction

Conducting “wires” with nanometer dimensions are poten-
tially interesting materials as components in molecular electronic
devices,1 as witnessed by the spectacular achievements obtained
in the field using carbon nanotubes.2 There are at least three
main ways for organic chemists to approach this type of
functional material: (i) main-chain conducting polymers,3 (ii)
self-assembly of columns ofπ-functional components,4 includ-
ing DNA,5 and (iii) side-chain functionalized polymers with
π-functional monomers.6 In all of these contexts, and especially
in the latter two, the realization of conducting properties can
only be obtained when the electroactive units are arranged in a
precise spatial manner. Although the vast majority of conducting
polymers present charge transport along their principal covalent
skeleton, the use of a rigid neutral skeleton as a scaffold for
side groups which upon doping present conductivity thanks to
electron movement through noncovalent bonds is an interesting
target, the one which is the objective of this work.

Examples of organic molecules with tendency to arrange
themselves into stacks to maximizeπ-π overlap are coronenes,7

porphyrins,8 phthalocyanines,9 among others,10 and electron
conductivity has been described through these kind ofπ-π
stacks.11 Tetrathiafulvalene (TTF) derivatives12 also fall in this
group of compounds, and a vast collection of crystals of

conducting and superconducting charge-transfer salts and
complexes exist.13 The worth of the neutral donors in field effect
transistors has also been demonstrated.14 In addition, very
recently the gel state has been used to organize the donors into
conducting fibers.15 Another way to organize these units is using
a polymer skeleton as a scaffold, with stacks of the donor aligned
roughly perpendicular to the main chain of the macromolecule.
The poly(isocyanide)s16 are attractive here because in some cases
they present a rigid backbone that can be used to organize their
side groups with a high degree of order17 and the separation of
these side groups (∼3.5 Å) is appropriate to haveπ-π
interactions between them18 and thus provide a path for electron
transport when charge is generated in the stack (Figure 1). The
regular 41 helix is not necessarily the energy minimum, and
several conformations are possible in the polymer backbone19

with other types of helix possible,20 which might lead to irregular
structures and result in charge localization. We will show here
that this possible drawback does not impede interesting proper-
ties being observed in the polymers.

The preparation of TTF-containing side-chain poly(isocya-
nide)s appealed to us, because mixed valence stacks of these
units can give rise to conductivity in crystals. A number of
polymers have been prepared which contain the TTF unit either
in the main chain21 or the side chain.22 Most of the former TTF-
based polymers have been poorly characterized on account of
their low solubilities. On the other hand, the second kind of
polymers present flexible spacers to attach the TTF units to the
polymer skeleton giving rise to a lot of possible conformations
that make difficult their controlled organization, leading to
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localized dimers rather than continuous stacks. This last problem
would be overcome if the poly(isocyanide)’s skeleton adopted
a rigid secondary structure and the presence of long alkyl chains
would have a triple function: (i) increase the solubility of the
polymer, (ii) act as an insulating mantle around the macromol-
ecule as in electrical cables, and (iii) act as a “fastener” for the
TTF moieties because of van der Waals interactions between
them.23

This article describes the synthesis, characterization, and
detailed doping study of a novel poly(isocyanide) bearing TTF
derivatives in its side chains (Scheme 1) that reveals the
existence of charge delocalization between TTF units in the
macromolecule. Recently, we demonstrated that a related
optically active TTF-based polymer can act as multistate

chiroptical redox switch,24 and the polymer also displays
electrochromic behavior with multiple states. In addition we
show atomic force microscope studies of the new polymer,
which provides important information regarding the conse-
quences of monomer design for the preparation of materials of
this type.

Experimental Section

Materials and Methods.N-(4-Hydroxy-phenyl-formamide25 and
2,3-bis(dodecylthio)-6,7-bis(methoxycarbonyl)tetrathiafulvalene26

(1, Scheme 1) were synthesized using procedures reported in the
literature. All other chemicals were commercially available and were
used as obtained. Tetrahydrofuran (THF) was distilled over sodium/
benzophenone and CH2Cl2 over P2O5. Thin-layer chromatography
(TLC) was performed on aluminum plates coated with Merck silica
gel 60 F254. Developed plates were air-dried and scrutinized under
a UV lamp. Silica gel 60 (35-70 mesh, SDS) was used for column
chromatography. Melting points were determined using a Melting
Point SMP10, BIBBY Stuart Scientific instrument and are uncor-
rected. Laser desorption/ionization time-of-flight mass spectra (LDI-
TOF-MS) were obtained using a Kratos Kompact Maldi 2 K-probe
(Kratos Analytical) or a Voyager-DE RP (PerSeptive Biosystems)
operating with pulsed extraction of the ions in positive and linear
high-power mode. The samples were deposited directly onto a
nonpolished stainless steel sample plate from CH2Cl2 solution.
Infrared spectra were recorded on a Perkin-Elmer FT-IR Spectrum
One spectrometer.1H and13C NMR spectra were obtained using a
Bruker Avance 250 spectrometer with deuterated solvent as lock
and tetramethylsilane as internal reference. UV-vis spectra were
recorded using a Varian Cary 05E spectrophotometer.

Cyclic voltammograms were recorded with the conventional
three-electrode configuration in CH2Cl2 containing 0.1 M [NBu4]-
[PF6], as a supporting electrolyte, with Pt electrodes and a Ag/
AgCl electrode as a reference one. Gel permeation chromatography
(GPC) was performed using a Shimadzu SCL-10A chromatograph
equipped with two Supelco Progel TSK columns (G3000-HXL and
G4000-HXL, 7.8 mm i.d.× 30 cm), in series and protected by a
Supelco Progel TSK guard column (HXL-H). THF solutions of
the polymer (50µL, 1 mg/l) were introduced, the THF eluent was
pumped at 1 mL‚min-1 with a Shimazu LC10AT pump and
registered using a Shimazu SPD-M10AVP detector. The molecular
masses were determined against polystyrene standards.

Electron paramagnetic resonance (EPR) spectra were obtained
on a Bruker ESP-300E spectrometer operating at X-band (9.3 GHz),
equipped with a rectangular cavity, T 102. The signal-to-noise ratio
was increased by accumulation of scans using the F/F lock

Figure 1. Cartoon representation of the 41 helix structure that would favorπ-π stacking of TTF units in the side chains of the polymer and the
syndio conformation of the same poly(isocyanide).

Scheme 1a

a Conditions: (a) LiBr, HMPA, 80°C, 75%; (b) LiOH‚H2O, H2O,
THF, 99%; (c)N-4-hydroxy-phenyl-formamide, DCC, DMAP, CH2Cl2,
70%; (d) ClCO2CCl3, NEt3, CH2Cl2, 75%; (e) catalyst (see Table 1),
CH2Cl2, 65-85%.
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accessory, Bruker ER 033M, and an NMR gauss meter, Bruker
ER 0035M, to guarantee a high-field reproducibility. Precautions
to avoid undesirable spectral line broadening such as that arising
from microwave power saturation and magnetic field overmodu-
lation were taken.

Atomic force microscopy (AFM) experiments were performed
using a PicoSPM from Molecular Imaging. Solutions of polymer
in CH2Cl2 or CHCl3 were drop-cast onto freshly cleaved highly
oriented pyrolytic graphite (HOPG, quality ZYB from GE Advanced
Ceramics). All images were taken in acoustic mode in air at room
temperature. Commercial acoustic mode tips (FM from Nanosen-
sors) were used with a typical force constant of 1.2-5.5 N‚m-1

and resonance frequency of around 60-100 kHz.
FT-Raman spectra were measured by use of the FT-Raman

accessory kit (FRA/106-S) of a Bruker Equinox 55 FT-IR inter-
ferometer. A continuous wave Nd:YAG laser working at 1064 nm
was employed for Raman excitation. A total of 3000 scans were
averaged in each spectrum obtained with laser power lower than
15 mW.

2,3-Bis(dodecylthio)-6-(methoxycarbonyl)tetrathiafulvalene (2).
A solution of 2,3-bis(dodecylthio)-6,7-bis(methoxycarbonyl)tetrathi-
afulvalene26 (1, 723 mg, 1.016 mmol) and LiBr (975 mg, 11.226
mmol) in hexamethyl phosphoramide (HMPA) (10 mL) with a drop
of H2O was heated to 80°C, causing evolution of gas (CH3Br).
When no more gas evolved, the mixture was cooled to room
temperature, H2O (10 mL) was added, and the resulting solution
was cooled to-5 °C. The orange solid that separated was filtered
and washed with water, dissolved in CH2Cl2, and the solution was
subsequently dried over MgSO4, treated with active charcoal, and
evaporated to dryness, leaving an orange solid that was crystallized
from a mixture of CH2Cl2/MeOH (538 mg, 80%) and characterized
as2. LDI-TOF-MSm/z (%): 662.4 (M+, 100); calcd for C32H54O2S6

662.4. Mp 55-58. FT-IR (cm-1, KBr): 3098 (w), 2956 (m), 2919
(s), 2848 (s), 1726 (m, CdO), 1711 (m, CdO), 1568 (w), 1537
(w), 1466 (m), 1435 (w), 1384 (w), 1256 (s, C-O), 1200 (w), 1053
(w), 943 (w), 892 (w), 833 (w), 804 (w), 764 (w), 728 (w), 662
(w). 1H NMR (250 MHz, CDCl3): 7.38 (s, 1H, CdCH), 3.84 (s,
3H, -CO2CH3), 2.84 (t,J ) 7.3 Hz, 2H,-SCH2(CH2)10), 2.83 (t,
J ) 7.3 Hz, 2H, -SCH2(CH2)10), 1.65 (c, J ) 7.5 Hz, 4H,
-SCH2CH2), 1.5-1.2 (m, 36H,-S(CH2)2(CH2)9), 0.91 (t,J ) 6.5
Hz, 6H, -CH2CH3) ppm. 13C NMR (62.8 MHz, CDCl3): 159.8
(-CO2CH3), 133.0 (-CCO2CH3), 128.4 and 128.2 (-CSCH2),
127.5 (-CH), 111.8 and 110.1 (centralCdC), 52.7 (-CO2CH3),
36.4, 32.0, 29.8, 29.8, 29.7, 29. 7, 29.6, 29.5, 29.3, 29.1 and 28.5
(-S(CH2)10), 22.7 (-CH2CH3), and 14.1 (-CH2CH3) ppm.

2,3-Bis(dodecylthio)-6-(carboxy)tetrathiafulvalene (3).LiOH‚
H2O (153 mg, 3.646 mmol) in 5 mL of H2O was added dropwise
to a stirred solution of bis(dodedecylthio)-6-(methoxycarbonyl)-
tetrathiafulvalene (2, 180 mg, 0.271 mmol) in THF (20 mL). After
stirring for 12 h, the mixture was diluted with ether (25 mL) and
hydrochloric acid (0.5 M, 10 mL) was added. The dark organic
phase was dried (MgSO4), and the resulting purple solid (174 mg,
99%) was characterized as3. Calcd for C31H52O2S6; C 57.36, H
8.07, S 29.64; exptl. C 57.09, H 8.44, S 29.94. LDI-TOF-MSm/z
(%): 648.3 ([M]+ 60) and 604.3 ([M-CO2H]+, 100); calcd 648.2.
Mp 96-97. FT-IR (cm-1, KBr): 3700-3200 (w, br, OH), 2955
(m), 2920 (s), 2850 (m), 1668 (m, CdO), 1562 (w), 1531 (w),
1467 (w), 1422 (w), 1297 (w), 1201 (w), 1045 (w), 888 (w), 848
(w), 819 (w), 773 (w), 727 (w), 673 (w), 501 (w).1H NMR (ppm,
250 MHz, CDCl3): 7.51 (s, 1H,-CO2H), 7.01 (s, 1H, CdCH),
2.84 (t, br, 4H,-SCH2), 1.65 (c,J ) 6.7 Hz, 4H,-SCH2CH2),
1.50-1.20 (m, 36H,-S(CH2)2(CH2)9), 0.91 (t,J ) 6.5 Hz, 6H,
-CH3) ppm.

(Formylamino)phenyl (2,3-Bis(dodecylthio)-6-(carboxy)tetrathi-
afulvalene (4). A solution of 2,3-bis(dodecylthio)-6-(carboxy)-
tetrathiafulvalene (3, 200 mg, 0.31 mmol),N-(4-hydroxy-phenyl-
formamide25 (59 mg, 0.43 mmol), 1,3-dicyclohexylcarboiimide
(DCC, 102 mg, 0.49 mmol), and a few small crystals of 4-dim-
ethylaminopyridine (DMAP) in CH2Cl2 (6 mL) was stirred over-
night under a CaCl2 guard tube. The originally red solution changed
to orange with a white precipitate in suspension that was separated

by filtration and washed with CH2Cl2. The filtrate was extracted
with NaOH (2%, 2× 50 mL) and H2O (2× 50 mL). The resulting
organic phase was dried over Na2(SO4), filtered, and evaporated
to dryness, leaving an orange solid (297 mg) which was purified
by flash column chromatography (silica gel, CH2Cl2/EtOAc 19:1)
obtaining 162 mg (70%) of an orange solid characterized as4.
Elemental Anal. Calcd for C38H57NO3S6: C 59.41, H 7.48, N 1.82,
S 25.04. Exptl.: C 58.94, H 7.56, N 1.76, S 25.07. LDI-TOF-MS
m/z (%): 767.3 (M+, 100); calcd 767.2. Mp 96-97. FT-IR (cm-1,
KBr): 3346 (m, NH), 2919 (s), 2848 (m), 1743 (s, CdO), 1664
(s, CdO), 1567 (w), 1526 (m), 1464 (m), 1407 (w), 1232 (s), 1194
(w), 1151 (w), 849 (w), 718 (w).1H NMR (250 MHz, CDCl3):
8.64 (d,J ) 11.2 Hz, 0.5H,-CHO trans with respect to-NH-),
8.34 (d,J ) 1.7 Hz, 0.5H, CHO cis with respect to-NH-), 8.12
(d, J ) 11.2 Hz, 0.5H,-NH- trans with respect to-CHO), 7.40-
7.60 (m, 3.5H,-NH- cis with respect to-CHO, -Hortho to
-NHCHO and CdCH), 7.06-7.17 (m, 2H,-Hortho to -OR), 2.82
(t, J ) 7.3 Hz, 4H,-SCH2), 1.63 (c,J ) 7.2 Hz, 4H,-SCH2CH2),
1.50-1.10 (m, 36H,-S(CH2)2(CH2)9), 0.88 (t,J ) 6.5 Hz,-CH3)
ppm.13C NMR (62.8 MHz, CDCl3): 162.4 (-CO2R-), 158.9 and
157.8 (cis and trans-NHCHO), 147.5, 146.7, 135.0, 134.8, 134.5,
134.3, 128.5, 127.5, 127.4, 127.3, 122.7, 121.9, 121.0, 120.0, 111.3,
111.1, 111.0 and 110.8 (CdC), 36.4, 31.9, 29.8, 29.8, 29.7, 29.7,
29.6, 29.5, 29.5, 29.1 and 28.5 (-S(CH2)10), 22.7 (-CH2CH3), 14.1
(-CH3) ppm.

Benzene (2,3-Bis(dodecylthio)-6-(carboxy)tetrathiafulvalene)-
4′-isocyanide (5).A solution of diphosgene (14µL, 0.116 mmol)
in CH2Cl2 (1 mL) was added dropwise to a solution of (formy-
lamino)phenyl (2,3-bis(dodecylthio)-6-(carboxy)tetrathiafulvalene
(4, 80 mg, 0.104 mmol) and NEt3 (40 µL, 287 mmol) in CH2Cl2
(4 mL) at -5 °C. An immediate change in color from orange to
red was observed. After stirring for 1 h, the mixture was diluted
with CH2Cl2 (20 mL) and NaHCO3 (aq, 10%, 10 mL) was added.
The organic phase was extracted with NaHCO3 (aq, 10%, 10 mL,
2 × 20 mL) and H2O (2 × 20 mL), dried with Na2(SO4), filtered,
and evaporated to dryness, leaving a red solid (89 mg) which was
purified by flash column chromatography (silica gel, CH2Cl2)
obtaining 56 mg (75%) of a red solid characterized as5. LDI-
TOF-MS m/z (%): 750.9 ([M]+, 60); calcd for C31H52O2S6 750.2
g‚mol-1. FT-IR (cm-1, KBr): 2918 (s), 2849 (m), 2121 (m, Ct
N), 1703 (s, CdO), 1561 (w), 1528 (w), 1496 (m), 1469 (w), 1300
(w), 1270 (m), 1201 (w), 1220 (w), 1100 (m), 840 (w), 819 (w),
718 (m), 520 (w).1H NMR (250 MHz, CDCl3): 7.60 (s, 1H, Cd
CH), 7.43 (m, 2H, Hortho with respect to-OR), 7.21 (m, 2H, Hortho

with respect to-NC), 2.82 (t,J ) 7.2 Hz, 4H,-SCH2), 1.63 (c,
J ) 7.2 Hz, 4H,-SCH2CH2), 1.50-1.10 (m, 36H,-S(CH2)2-
(CH2)9), 0.88 (t,J ) 6.5 Hz,-CH3) ppm. 13C NMR (62.8 MHz,
CDCl3): 165.2 (-CO2R), 156.9 (-CN), 150.4, 135.1, 128.5, 127.8,
127.5, 127.0, 124.5, 122.6 and 111.7 (CdC), 36.4, 31.9, 29.8, 29.7,
29.5, 29.4, 29.1 and 28.5 (-S(CH2)10), 22.7 (-CH2CH3), 14.1
(-CH3) ppm.

Poly{Benzene (2,3-Bis(dodecylthio)-6-(carboxy)tetrathiaful-
valene)-4′-isocyanide} (6). A catalyst (see Table 1) solution (0.04
mol/L) in MeOH was added to a solution of the monomer5 (25
mg/mL) in CH2Cl2 such that the ratio mol catalyst/mol monomer
was 1:100. The mixture was stirred for 20 h and was poured into
MeOH. The precipitate was collected by filtration and washed with
MeOH to give polymer6 as an orange solid (65-85%, see Table
1). FT-IR (cm-1, KBr): 2953 (m), 2922 (s), 2851 (s), 1720 (m,
CdO), 1642 (w,>CdNR), 1562 (m), 1493 (m), 1562 (m), 1532

Table 1. Yields and Molecular Weight Distributions of Polymer 6
Prepared Using Different Ni(II) Salts as Catalysts

catalyst
yield
(%)

Mh n

(kDa)
Mh w

(kDa)
Mh z

(kDa) Qa

NiCl2‚(H2O)6 85 27.3 65.0 148.6 2.4
Ni(ClO4)2‚(H2O)6 65 34.7 74.9 153.6 2.2
Ni(Acac)2 85 26.2 127.5 372.8 3.5
Ni(Py)4Cl2 70 33.8 94.1 238.5 2.8

a Polydispersity. Acac) acetylacetonate, and Py) pyridine.
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(w), 1493 (m), 1465 (m), 1415 (w), 1376 (w), 1267 (s), 1229 (s),
1184 (s), 1098 (w), 1013 (m), 882 (m), 850 (w), 833 (w), 772 (w),
719 (w) 525 (w).1H NMR (250 MHz, CDCl3): 7.60-5.00 (br,
5H, CdCH and -Harom), 2.86 (br, 4H,-SCH2), 1.66 (br, 4H,
-SCH2CH2), 1.50-1.10 (br, 36H,-S(CH2)2(CH2)9), 0.88 (br, 6H,
-CH3) ppm.13C NMR (62.8 MHz, CDCl3): 160-165 (br,-CO2R
i, >CdNR), 158-155, 150-145, 138-132, 129-127, 124-117
and 113-108 (br,CdC), 36.4-36.6, 32.0, 30.0-29.50 and 28.9-
28.5 (-S(CH2)10), 22.8 (-CH2CH3), 14.2 (-CH3) ppm.

Doping of Poly(isocyanide) 6.The oxidation of the polymer
was followed recording UV-vis-NIR and EPR spectra of fractions
with different doping degree. These fractions were prepared by
adding oxidant solution (10-3 to 10-2 M) to a solution of the poly-
(isocyanide)6 (0.5 mL, 1.5× 10-3 M) placed in a 5 mLvolumetric
flask that is filled up to the calibration mark with the solvent after
the addition. This procedure results in a new solution with an
appropriate concentration (10-4 M) to use cells of 1 cm optical
path. The solvent used for the oxidation with Fe(ClO4)3 was CH2-
Cl2/CH3CN 7:3 and that for Br2 and I2 was CH2Cl2. The UV-
vis-NIR baseline was recorded using the solvent. The absorbance
of Fe(ClO4)3 (357 nm) is negligible in the working range of
concentration used and important up to a certain point for Br2 (444
nm, see text) and I2 (490 nm).

Results and Discussion

Synthesis and Characterization of the Polymer.The
synthetic route used for the preparation of poly(isocyanide)6
is depicted in Scheme 1. Treatment of 2,3-bis(dodecylthio)-6,7-
bis(methoxycarbonyl)tetrathiafulvalene (1)26 with LiBr and
HMPA at 80 °C gave the monodecarboxymethylated product
2. Basic hydrolysis of2 led to the acid3, which was coupled
with N-4-hydroxy-phenyl-formamide25 using DCC in the pres-
ence of DMAP at afford formamide4. Dehydration of4 with
diphosgene gave isocyanide5. The conversion of the formamide
to the isocyanide was evidenced by symmetrization in the NMR
spectra27 as well as by the characteristic IR band (at 2121 cm-1)
arising from the isocyanide moiety.

The poly(isocyanide)6 was prepared (Scheme 1) in CH2Cl2,
using different Ni(II) salts as catalysts (see Table 1), at a
concentration of isocyanide monomer of approximately 150
mM. Air was allowed to be present during the reaction, as it
has been shown to be involved during the catalysis in poly-
merizations of this type.28 The polymerizations proceed in good
yields in all cases tried, ranging from 65% for perchlorate up
to 85% for chloride and acetylacetonate salts (Table 1). Gel
permeation chromatography gave polydispersity values between
2.4 and 3.5, higher than for other aromatic poly(isocyanide)s
generated using Ni(II) salts but with molecular weights of similar
order. The reason for these characteristics with this monomer
system is not clear at present, although the size of the monomer
may be an influence (the molecular mass is approximately 750
Da).

Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) of the solid amorphous polymer6 showed
no significant phase transitions in the range of 40-200°C, but
all samples decomposed (weight loss from sample witnesses
by TGA) above approximately 230°C in air. The polymer is
very soluble in organic solvents such as toluene, CH2Cl2, CHCl3,
and THF, whereas it shows low solubility in hexane, CH3CN,
and short-chain alcohols, and remains insoluble in water.

The spectroscopic characteristics of the polymers prepared
using different catalysts were essentially identical. The IR
spectra gave a broad band from the imine groups attached to
the polymer backbone at approximately 1639 cm-1 and no signal
corresponding to the isocyanide moiety. The1H NMR spectra
contained extremely broad resonances in the aromatic region

from approximately 8.0 to 5.5 ppm corresponding to the phenyl
moiety and the-CH part of the TTF unit. The high-field
position of the resonances arising from the aromatic groups,
seen before in this type of polymer,29 is indicative of the
proximity of the aromatic groups. The hydrogen atoms close
to the polymer backbone present broad peaks, whereas those
from the atoms in the aliphatic solubilizing groups of the
macromolecule are more well-resolved, reflecting the higher
mobility of the atoms at the end of the side chain. The13C NMR
spectra reveal similar characteristics to the1H NMR spectra
with broad resonances arising from carbon atoms close to the
polymer skeleton. In particular, the resonance arising from the
carbon atoms in the skeleton itself is extremely broad (see the
Supporting Information), indicating the sterically hindered nature
of the polymer core.

Figure 2. AFM images of polymer6 obtained by drop-casting of a
solution (10-6 to 10-7) M in CH2Cl2 or CHCl3 on graphite: (a) compact
islands, (b) islands with substructure and, (c) mixture of islands and
worms.
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The shape characteristics of the neutral macromolecule were
studied by AFM on a graphite substrate from dilute solutions
in CH2Cl2 and CHCl3, using the acoustic mode to image.
(Contact mode could not be used to image the macromolecules
because the polymer-surface interaction is so low that the
microscope tip wipes the sample away.) At high concentrations
(10-5 M, not shown) a monolayer of polymer was observed,
with no well-defined morphology. Upon dilution (10-6 to 10-7

M), three different kinds of image were recorded: (i) compact
islands (Figure 2a), (ii) islands with substructure (Figure 2b),
and (iii) a mixture of islands and worms (Figure 2c). The last
class of image was seen much less frequently than the other
two types. Further dilution (10-7 to 10-8 M) did not result in
any change in the main features. The measured height of the
islands was 4-6 nm, and that of the worms was 0.8-1.3 nm.
The former range of height is consistent with the theoretical
width of the polymer with alkyl chains extending from the
backbone (6 nm for the totally extended model depicted in
Figure 1). On the basis of the molecular weight calculated by
GPC (see Table 1), the polymer length should be between 14
and 30 nm,30 so the wormlike figures are clearly aggregates of
macromolecules, and no isolated polymer molecules were
observed. Experiments performed using hexane, toluene, or
mixtures of CH2Cl2 with CH3CN or MeOH as a solvent gave
images composed for polymer aggregates of larger dimensions.

The results obtained for this polymer contrast markedly with
the general impression obtained from AFM measurements of
amino acid derived poly(isocyanide)s31 which are considered
to be shape persistent.32 The amino acids permit hydrogen bonds
between the monomer units in the backbone, which ensure a
very high molecular weight in the polymer as well as that the
rigid conformation leads to a rod that is not easily bent: fiberlike
single molecules with large shape persistence have been
observed by AFM. Also shorter hydrophilic poly(isocyanide)s
have been observed in an extended conformation using the same
technique.33 On the other hand, it is known that stiff conjugated
polymers with chemical defects can collapse into more compact
cylindrical topographies.34 From the AFM images obtained here,
its seems that the backbone of the polymer6 is either not as
rigid as other macromolecules of this family, as has been
suggested on other occasions for aliphatic poly(isocyanide)s in
a different context,35 or that the backbone of the polymer
contains many defects. In this sense, it is worth pointing out
that adjacent imine units can adopt the same or different
conformations,29,33 leading to isotactic, syndiotactic, or even
atactic chains, and defects of this type could well lead to a
folding up of the polymer segments (islands in Figure 2) or
even to produce a nonhelical polymer (worms in Figure 2c).
Indeed, the broadness of the imine carbon atom resonance in
the 13C NMR spectra may point to a nonisotactic situation,
although again it should be stressed that the AFM images are

a reflection of aggregates of molecules rather than isolated
macromolecules.

Doping of the TTF-Containing Poly(isocyanide). The
appearance of metallic conductivity in cation radical salts of
TTF derivatives requires structurally regular intrastack mixed
valence (MV) states, whereas an integer valence generally results
in insulating materials.36 In the case of polymer6, the main
requisite is to have an adequate packing arrangement of the TTF
groups in the polymer allowing mixed valence interactions after
its doping and hence intrastack conduction. In this regard, cyclic
voltamperommetry and UV-vis-NIR and EPR spectroscopies
provide very useful information to analyze the formation of MV
and univalent (UV) species with pillars of TTF units.

The electrochemical properties of polymer6 were studied
with CV. Two sequential and quasi-reversible waves at 0.64
and 1.02 V (vs Ag/AgCl recorded in [NBu4][PF6] in CH2Cl2)
characteristic of the presence of TTF groups in the side chains
of the polymer are observed (that can be ascribed to the
oxidation of the moiety to the corresponding cation radical and
dication species, respectively). The oxidation potentials observed
for the precursor437 under the same experimental conditions
are very similar (Table 2), but its CV presents narrower redox
waves due to its easier diffusion and unique chemical nature
(the polymer contains a variety of TTF environments because
of their different positions in the chains).

Polymer 6 has three extreme univalent states (like the
monomer) and additionally two very broad mixed valence states
(Figure 3). In the first univalent state all the TTF units are neutral
(UVS1), the second has all TTF units as cation radicals (UVS2),
and the most oxidized state has dications (UVS3). The mixed
valence states are a mixture of neutral TTF and cation radical
(MVS1) or cation radical and dication TTFs (MVS2). Note that
no additional redox waves between the cation radical and
dication TTF species are observed in the CVs, unlike those
described for poly(thiophene)s with TTF units in the side
chainssand attributed to the formation of MV dimers of neutral
and cation radical TTFs (TTF0-TTF•+).38 Therefore, isolated
dimers of mixed valence character are not present to any
significant degree in the poly(isocyanide).

Polymer6 was conveniently doped chemically using different
oxidizing agents (Table 3), and evidence of the stoichiometry
of the reactions was obtained by performing UV-vis absorption
and EPR spectra. The best oxidizing agents found were, from
most to least efficient, Fe(ClO4)3, bromine, and iodine. All
resulted in the formation of the TTF cation radical, but the
dication was only efficiently formed with the iron salt. Indeed,
Fe(ClO4)3 allows a complete and practically quantitative oxida-
tion of poly(isocyanide)6 from the neutral to the fully dicationic
state. The evolution of UV-vis-NIR absorption bands of
polymer6 (Figure 4) upon reaction with this salt show that the
oxidation is accompanied by a very pronounced change in color

Table 2. Redox Potentials of Polymer 6 and Precursor 4 and Comparison of the Number of Oxidant Equivalents Needed to Have the Same
Degree of Oxidation with Fe(ClO4)3, Br2, and I2

UV-vis band evolution (no. of oxidant equiv/1 TTF equiv)

potentials (V)a 2100 nm ∼770 nm ∼620 nm

compd E1/2(0/‚+) E1/2(‚+/2+) oxidant maxb dis.b maxb maxb

4 0.64 1.07 Fe(ClO4)3 ∼1.0 ∼2.0
Br2 ∼6.7 >60

6 0.64 1.02 Fe(ClO4)3 ∼0.5 ∼1.0 ∼1.0 ∼2.3
Br2 ∼0.5 ∼4.0 ∼6.7 >60
I2 ∼24 >60 >60 >60

a Versus Ag/AgCl recorded with [NBu4][PF6] in CH2Cl2. b max ) maximum of absorption of this band, and dis.) disappearance.
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of the solution that goes from the orange of the neutral state
(UVS1) via green for the cation radical (UVS2), to the fully
oxidized dicationic blue form (UVS3). Silver(I) saltssAg(NO3)
and Ag(OOCCF3)sand tetracyano-p-quinodimethane (TCNQ)
were not able to oxidize the polymer, probably because their
oxidation potentials are similar or lower to the polymer ones
under the conditions assayed.39

The neutral polymer (UVS1) has a weak and poorly defined
absorption band at 450 nm (Figure 4a). The progressive addition
of Fe(ClO4)3 leads to the formation of new bands at 2100, 930,
770, and 410 nm (Figure 4) characteristic of MVS1. The band
at 2100 nmswhich corresponds to charge transfer in mixed
valence TTF stacks containing neutral and cation radical
speciesscan be viewed as an anticipation of the optical
conduction band observed in the reflectance spectrum of metallic
TTF cation radical salts,40 and it has also been seen in poly-
(thiophene)s that contain TTF derivatives in the side chains at
slightly shorter wavelengths (1800 nm)38 as well as other TTF-
based polymers.21 This band (which was not observed when
the precursor4 was oxidized under the same conditions) has a
maximum absorption after addition of 0.5 equiv41 of oxidants
the point at which there is an equal proportion of neutral and

cation radical TTFssand disappears completely after the
addition of∼1 equiv of Fe(ClO4)3swhen all the TTFs are in
their cation radical form (UVS2 in Figure 3). The absorption
bands at 410, 770, and 930 nm have a maximum intensity at
this stoichiometry and progressively decrease in intensity upon
further addition of oxidantswhile another band at 620 nm,
characteristic of the dication TTF, appearssuntil their disap-
pearance when slightly more than 2 equiv of the iron salt are
added. These bands are characteristic of the TTF cation radical
and its congregated forms. The assignment of each of these
bands to single cation radical TTF or a group of them is not
trivial.42,43When the absorption spectra of the oxidation process
of the TTF4 with that of the polymer one are compared, the
bands at 930 nm (not seen for the precursor4, Figure 5) can be
attributed to the formation of cation radical TTF stacks. The
assignation of this band is clearer when considering the evolution
of its absorption with respect to the band at 770 nm (charac-
teristic of single cation radical TTF)42 versus the number of
equivalents of oxidant added (Figure 6). The absorption of this
band does not increase at the same rate as that of the band at
770 nm, although its maximum absorption is at around 1 equiv
of oxidant, which indicates that it is due to the absorption of
other species such as stacks of cation radicals.43 This hypothesis

Figure 3. Cartoon representation of the redox states of polymer6 with
TTF units in the side chains that can be interconverted through redox
reactions: univalent states with all neutral (UVS1), all cation radical
(UVS2), or all dication (UVS3) TTF units, and the intermediate mixed
valence states (MVS1 and MVS2).

Table 3. Oxidants’ Activity toward Polymer 6

oxidant solvent effective

Ag(NO3) CH2Cl2/CH3CN no
Ag(OCOCF3) CH2Cl2/CH3CN no
TCNQa CH2Cl2 no
Fe(ClO4)3 CH2Cl2/CH3CN yes
Br2 CH2Cl2 yes
I2 CH2Cl2 yes

a TCNQ: tetracyano-p-quinodimethane.

Figure 4. UV-vis-NIR absorption spectra that show the evolution
of the oxidation of polymer6 in CH2Cl2/CH3CN 7:3 adding stoichio-
metric amounts of Fe(ClO4)3: (a) from 350 to 1200 nm and (b) from
1200 to 2230 nm. Arrows and spectra depicted with dashed lines
represent the evolution of the bands between 0 and 1 equiv of oxidant
and the solid ones between 1 and∼2 equiv.

Figure 5. UV-vis-NIR absorption spectra that show the evolution
of the oxidation of4 in CH2Cl2/CH3CN 7:3 adding Fe(ClO4)3. Arrows
and spectra depicted with dashed lines represent the evolution of the
bands between 0 and 1 equiv of oxidant and the solid ones between 1
and 2 equiv. No absorption bands are observed above 1200 nm in the
near-IR.
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is also supported by the EPR studies (vide infra). The observa-
tion of a band characteristic of cation radical stacks is another
proof that the TTF units in the side chains of the polymer are
interacting closely.

A priori, the formation of MV and cation radical stacks could
arise from intra- or intermacromolecular interactions. However,
the strong steric impediment of the alkyl chains attached to the
TTF units and the absence of concentration dependence of the
TTF UV-vis-NIR absorption bands suggests that they are
caused by intramacromolecular interactions. This hypothesis
would indicate that there is at least a certain degree of order in
the side chains of the polymer.

Oxidation of the TTF residues in the poly(isocyanide) with
bromine and iodine is not as efficient as using Fe(ClO4)3,
although in both cases the position of the UV-vis-NIR
absorption bands and their evolution are similar to the oxidation
with Fe(ClO4)3 (see the Supporting Information). Importantly,
the band characteristic of MV aggregates (at 2100 nm) was also
observed (it presents a maximum after adding 0.5 equiv of
Br2

44). More equivalents of oxidant are necessary to reach a
given state of the polymer and, especially, to generate the
dicationic state (Table 2). The halogens do present the advantage
of not generating metal salts in the sample and the ability to
use a single solvent in the doping process.

The oxidation process can be reversed chemically by the
addition of triethylamine. Reduction in this way and subsequent
reoxidation with Fe(ClO4)3 permits full reversibility of the redox
reactions and interconversion of the different valence states of
the polymer. Figure 7 shows the reversibility of three charac-
teristic bands of the doped states of6 (the absorption bands at
740 and 930 nm that can be attributed to the TTF cation radical

or stacks of it, and the band at 2100 nm that is typical of MV
aggregates of neutral and cation radical TTFs) after alternating
additions of Fe(ClO4)3 and NEt3 to a solution of the neutral
polymer.45

The FT-IR spectrum of a sample of the poly(isocyanide)
doped in solution with 0.5 equiv of Fe(ClO4)3 and isolated as a
powder after evaporation of the solvent displays new and
medium intensity bands (the strongest one around 1070 cm-1

is due to the perchlorate counteranion) when compared with
that of the neutral polymer. The simultaneous appearance of
both neutral/oxidized IR (see Supporting Information Figure S5)
signals is an indication of a low oxidation regime in the doped
material, since the well-known great infrared activity of the
oxidation-induced IR bands in the TTF salts is due to electron-
vibration coupling.

Laser Raman spectroscopy offers great potential for charac-
terization of organic conducting materials by measuring certain
diagnostic vibrations in these salts.46 The selective enhancement
of a few active-symmetric Raman modes due to the large
electron-phonon coupling in the TTF-based molecules makes
this spectroscopic technique a very sensitive tool, especially for
the evaluation of the charge state of the donor. The effect of
the positive electrical charge residing on the TTF moiety is to
decrease the electron population of its HOMO, whose coef-
ficients are bonding with respect to the CdC bonds. Conse-
quently, the weakening of these bonds leads to lower vibrational
frequencies for the Raman-observed lines.

The FT-Raman spectra of the neutral material (Figure 8) is
characterized by the occurrence of 4-5 intense scatterings each
one arising from symmetric stretching modes of the various
functionalities of the pendant monomer. The weak lines at 1725
and 1633 cm-1 probably arise from the symmetric CdO and
CdN stretching vibrations, respectively.47 The intense line at
1595 cm-1 emerges from the breathing mode or phenyl C-C
stretching vibration, whereas the lines at 1534 and 1488 cm-1

likely arise from the CdC stretching modes of the TTF moiety,
the former due to the oscillation of the outermost TTF CdC
bonds (υ2), and the latter associated with the motion of the
central CdC bond (υ3).48 In neutral bis(ethylenedithio)-TTF
(BEDT-TTF)49 the υ2/υ3 modes appear at 1551/1495 cm-1,
whereas in the FT-Raman spectrum of neutral TTF (υ2/υ3: 1560/
1516 cm-1) these modes appear at higher frequencies than in
our polymer. This must be accounted for by theπ donor f
acceptor interactions (charge transfer) which polarizes the
building TTF electronic structure trough the S-CdC-CdO
T S+dC-C-CdO- conjugated path. This effect is stressed
in the case of a TTF-o-quinone50 molecule having a marked

Figure 6. Plot of the normalized intensity with respect to the band at
770 nm for the bands at 410, 930, and 2100 nm vs the no. of equiv of
Fe3+.

Figure 7. Alternating oxidations and reductions carried out for polymer
6 in CH2Cl2/CH3CN using Fe(ClO4)3 as an oxidant and NEt3 as a
reducing agent. Absorption coefficient (ε) changes associated with the
bands at 720 (9), 930 (b), and 2100 nm (4) after adding 1 equiv of
Fe(ClO4)3 (step A) to a solution of neutral polymer and continuing
with the alternative addition of proportions of 1.6 mol of NEt3 (steps
B, D, F) and 0.5 equiv of Fe(ClO4)3 (steps C, E, G) to the resulting
solution.

Figure 8. 1064 nm FT-Raman spectra of the neutral (open squares)
and oxidized polymer (black squares). Background fluorescence has
been removed.
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TTF f o-quinone charge-transfer feature where the Ramanυ3

frequency is measured at 1446 cm-1, to be compared with that
at 1516 cm-1 in TTF and at 1488 cm-1 in the neutral polymer.
These wavenumber differences might be accounted for by the
different electron-withdrawing strength of the double CdO
functionality in the quinone moiety regarding the single one in
the polymer.

The oxidized polymer shows intense near-IR electronic
absorptions matching the wavelength of the 1064 nm laser used
for the Raman experiments; hence, the recorded spectrum is
enhanced by Raman resonance. As a result, the main scattering
signals might be linked to Raman-active vibrations associated
to the chromophore absorbing at the wavelength of the laser
excitation. This spectrum is dominated by two intense and broad
lines at 1410 and 1350 cm-1. Previous studies for BEDT-TTF
1:1 salts have shown a systematic displacement at lower
frequencies (by≈80 cm-1 for the 1:1 salts) of the symmetric
CdC stretching of the TTF moiety.48 Another feature of the
Raman lines of the BEDT-TTF 1:1 salts is the overlapping of
their intense lines, such as is observed in the Raman spectrum
of our treated polymer. Regarding the wavenumber values, in
our case, large downshifts, of 1534f 1410 cm-1 (124 cm-1)
and 1488f 1350 cm-1 (138 cm-1), are measured in going from
the neutral to the oxidized polymer as compared with the≈80
cm-1 for the neutral BEDT-TTFfBEDT-TTF 1:1 salts. Density
functional theory calculations at the B3LYP/3-21G* level have
been carried out for a model system (CH3 instead of C12HC25)
of the pendant group of the polymer, as neutral and as radical
cation (UB3LYP), to support the experimental findings. Model
chemistry predicts a downshift of≈150 cm-1 for the strongest
theoretical Raman line in passing from the neutral to the
oxidized polymer that is correlated with the greatest (138 cm-1)
displacement of the frequency of theυ3 mode. It is reasonably
expected that oxidation in the polymer would affect mostly the
dithiol group linked to the SC12HC25 groups, and consequently
its frequency Raman changes upon oxidation might be more
marked than in the case of the BEDT-TTF 1:1 salts wherein
structural effects upon electron withdrawal is shared by two
dithiol groups. The same reasoning applies for the observation
of the main scatterings of the oxidized polymer at lower values
(1410-1350 cm-1) than those commonly found (≈1460 cm-1)
for the BEDT-TTF 1:1 salts. Raman data thus seem to show a
scenario for the oxidized system where positive charges prefer
to be located at the periphery of the polymeric backbone
mitigating more effectively electrostatics repulsions between
charges of the same sign in contiguous like-TTF moieties.

EPR measurements were also performed during the oxidation
of both the polymer and its precursor2 with Fe(ClO4)3.51 All
EPR spectra (which were recorded under the same conditions)
showed a signal centered at 2.0071, typical of TTF cation
radicals52 (Figure 9), the only redox form of TTF that is EPR
visible. The area of the signal is related with the concentration
of the EPR-active species in solution. The plot of the normalized
EPR signal area versus the number of oxidant equivalents added
to a solution of TTF reference compound2 (Figure 10) shows
a symmetrical curve that starts with low values of EPR signal
areas when small amounts of oxidant are added (and the first
TTF cation radicals are generated) to increase progressively and
reach a maximum after adding∼1 equiv of iron saltswhere
all the TTFs are as a cation radical. In contrast, the plot for the
oxidation of polymer6 (Figure 10) displays an unsymmetrical
curve with an initial abrupt increase of the EPR signal intensity
that has a maximum at 0.5 equiv of oxidant added and decreases
in intensity gradually after this point. This contrasting behavior

is due to the presence of magnetic coupling between cation
radicals in the side chains of the polymer which results in a
decrease in intensity after addition of only 0.5 equiv of oxidant
and confirms that the TTF units are close enough to interact in
the side chains of the polymer.

At low doping levels the EPR signal of the doped polymer
(Figure 9) is comprised of a broad peak and a narrower
overlapped signal (with a bandwidth,∆Hpp, of ∼1.95 G and
centered at the same point) which becomes more intense as the
doping level is increased. Contrarily, the cation radical of
compound2 displays just one signal type, whose bandwidth is
of 1.29 G (Figure 9) and presents hyperfine structure due to
the coupling of the single electron with the hydrogen atom
attached to the TTF unit, the-SCH2- of the alkyl chains
(Figure S8). The polymer’s TTF radical signal has a higher line
width than2, and the hyperfine coupling in the macromolecule
cannot be resolved. These differences arise from the distribution
of locations of the radicals and the slower tumbling in the
polymer. However, the signal line width (SLW) of this polymer
is not high and it contrasts with the SLW observed for the wider
EPR signal also observed at low doping levels (Figure 11). The

Figure 9. EPR signals of polymer6 (dot-dash line) and compound
2 (solid line) in CH2Cl2/CH3CN 7:3 at different doping levels of Fe-
(ClO4)3.

Figure 10. Normalized EPR signal intensity vs no. of equiv of Fe-
(ClO4)3 added to polymer6 and precursor2 solutions in CH2Cl2/CH3-
CN.
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narrowing of the EPR signal as degree of oxidation is increased
is most probably caused by an exchange between spins of
isolated polarons (isolated cation radicals) and stacks of cation
radicals,53 which does not take place significantly at low doping
levels.

Conclusions

The poly(isocyanide) backbone is a useful scaffold for the
organization ofπ-functional units such as the TTFs described
here, which are held in close proximity, possibly with the help
of van der Waals interactions between the alkyl chains, in a
way which is apparently a rigid enough environment that avoids
the formation of localized dimers. This arrangement of the
π-electron-rich units means that when they are oxidized to form
mixed valence states absorption bands are observed which are
characteristic of charge transfer between the moieties. The mixed
valence state containing cation radicals and neutral TTF residues
shows clear evidence of charge transport along the polymer.
The easy processing of the material, which is perfectly soluble
in a range of solvents, its stability, and versatility make this
system an interesting one for the study of electron transport in
macromolecules at the nanoscale, since it can be seen as an
insulated (with alkyl chains) “nanowire”. As it is, with absorp-
tion spectroscopy in solution we have shown that the polymer
can perform electrochromism, in a distinct way to the monomer
system. The indirect link that the poly(isocyanide) backbone
provides therefore ensures an adequate separation between the
TTF moieties in a macromolecular environment.
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