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ABSTRACT: Two polycarbazoles with tetrathiafulvalene (TTF) as pendant group were synthesized first by
Yamamoto coupling reaction using Ni(1,5-cyclooctadien®i(COD),) as the catalyst. The structures of the
polymers and their intermediates were characterizedtb}NMR, 13C NMR, MS, GPC, UV~vis, and IR. The
electrochemical behaviors of the polymers were characterized by cyclic voltammetry. These polymers exhibit
higher conductivity up to about 0.1 S cfn

Introduction Table 1. GPC Data of 5a and 5b
Carbazole-containing polymers, especially the carbazole-__Polymer Mn Mw Mw/Mn
based conjugated copolymers and homopolymers, have been 5a 33285 58 249 1.75
extensively investigated as light-emitting materials, photore- 5b 36889 59761 1.62
fractive _materlals_, hole-transportlng, photoconductots_, and Table 2. UV—Vis Absorption and Oxidative Potentials of 5a, 5b 4a,
conducting materials, based on their hole transport ability and and 4b in CH,Cl,
electrochemical and spectroscopic properiés. -
. . L. compound UV-ViS Amax (NM CcVv \Y;
Tetrathiafulvalene (TTF) and its derivatives are also of 4p 33"5“”( ) oo (51;; )129
interesting because they possess unique electron-donating 52 318 067 104
properties and can form conducting charge-transfer complexes 4b 335 0.57.0.87,1.30
(CT complexes). Especially, the crystals of TTF-based CT 5b 319 0.66, 1.05

complexes possess metallic conductivity because of the regular

formation of segregated stacks of donors and acceptors and &ynthesized according to the literatdf&arbazole reacted with
certain degree of charge transfer between the stacks. Despit&yromine in a mixture of carbon bisulfide and pyridine solution
the inherent electronic advantages, the crystals of TTF-basedig give 3,6-dibromocarbazolé)in 83% yield. N-alkylation of

CT complexes tend to be brittle and unprocessable, which is athe nitrogen atom in 3,6-dibromocarbazole with 1,3-dibrompro-
major obstacle to practical applications. In order to overcome nane or 1,5-dibrompentane in the presence of KOH afforded
the problem, there have been several attempts to incorporatey. 3 hrompropanyl-3,6-dibromocarbazol@al and N-5-bro-

TT'; into poniriC (rjnat.rixes. dSevetrhal (esearltzh grpu_?%have mpentanyl-3,6-dibromocarbazol2hy), respectively. Deprotec-
made some work 1o design and synthesize polymeric S tion of 2-cyanoethyl groups ir8 with the aid of CsOH

Somes-conjugated polymers containing TTF moieties have : : o
been :;Lcceés?ul syn?he)gized as Weil3 S?Jch an approach is monohydrate and sequentially reaction or 2b afforded

; o N : 4a or 4b, after purification with column chromatography.
based on the following points: (1) From the conjugated Homopolymer 5a or 5b was obtained by the Yamamoto

polymers viewpoint, the propensity of TTF to form ordered . . . .
stacks can represent an interesting tool to control the long-rangeSCUPIing reactiof of 4aor 4b using Ni(COD}) as the catalysts.

order of the conjugated backbone. (2) In the frame of TTF- The GPC indicate.d the distributipn of average molecular weight
based conductors, such a combination can contribute to an®f 5a and 5b, which is shown in Table 15a and 5b were
increase in the dimensionality of the conducting process and 'éasonably soluble in common organic solvents, such as
the processability of TTF-based conductors. Furthermore, the chloroform, THF, toluene, dichloromethane, and 1,2-dichloro-
grafting of TTF groups on conjugated polymer’s backbone may ethane. They also showed good film-forming ability, which
lead to a significant increase of the charge storage capacity ofmade them easily fabricated into thin film using either spin-
the resulting substituted conjugated polymer. coating or solvent-casting techniques.

In this paper, we present the synthesis of two TTF-derivatized UV —Vis Spectra and Cyclic Voltammetry. The maximum
polycarbazoles. To our knowledge, it may be the first example, UV —vis absorption and oxidative potentials4#, 4b, 53 and
in which TTF had been attached as pendant groups to polycar-5b in CH,Cl, are listed in Table 2. The UWvis spectra and

bazole. cyclic voltammogram of the polymeba and monomera,
which were similar to those dbb and 4b, for examples, are
Results and Discussion shown in Figures 1 and 2.
Synthesis.Scheme 1 describes the synthetic procedur2 of Figure 1 shows the UV vis spectra obaand4ain CH.Cl,.

4, ands. 1-(2-Cyanoethylthio)-2,3,4-trimethylthio-TTB)was 4da e_xhibited two ma_lximum absorptions at 315 and 334 nm and
a wide absorption in the range between 360 and 4455an.
exhibited a wide absorption in the range between 300 and 330
_ > Corresponding authors. Y.S.. Tetk86 021 64252967, email  nm and a maximum absorption at 318 nm; it was close to the
gng;”e%)E%‘ft'Ed“'m' C.W.. FebB6 021 64252967; e-mail cywang@  apsorption of polycarbazole (36820 nm)26 Obviously, a wide
t East China University of Science & Technology. absorption in the range between 360 and 445 nm belongs to

¥ Hangzhou Normal University. the TTF moiety in the polymer.
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a Reagents: (i) DMF, KOH; (i) CsOHH,0, DMF; (i) DMF, Ni(COD),, COD and 2,2bipy.
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Figure 1. UV—vis spectra oba and4ain CH.Cl,.
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Figure 2. Cyclic voltammogram oba and4a in CH,Cl,.

The redox behaviors ota, 4b and their homopolymeba,
5bin CH,Cl, were measured by cyclic voltammetry witFBugs-
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Figure 3. UV —vis spectroeletrochemistry && on quartz ), at 0.7
V on ITO (---), and 1.2 V on ITO glass<{) in acetonitrile.

TTF*, dication TTE*, and free cation of carbozale, respectively.
The cathode wave of carbozaleas small and unconspicuous.
Interestingly,5a showed first one-electron reversible oxidation
wave at 0.67 V, which was substantially higher than the
corresponding values efa This phenomenon probably indi-
cated that the oxidation of TTF moiety was influenced by
polycarbazole moiety. The second oxidation potentidafvas

at 1.04 V, Its anodic wave was higher and wider compared to
that of4a, and seemed as a overlap of waves, which might be
overlapped from the second anodic wave of TTF dication moiety
and the anodic wave of polycarbazole moiety (0.9'V).

UV—Vis Spectroeletrochemistry. UV —vis spectroeletro-
chemistry on ITO glasSaand5b in acetonitrile upon oxidation
is shown in Figure 3. The spectra 5& similar to that of5b,
showed very evident change in the band corresponding to the
absorption wavelength of the neutral polymer. The wide
wavelength absorption band from 400 to 600 nm at 0.7 V was
probably due to the absorption of the TT@30 and 580 nm})2

NPF; as the supporting electrolyte, platinum as the working and At 1.2 V, the initial band around the 400 nm might be probably
counter electrodes, and Ag/AgCl as the reference electrode; thedue to the absorption of the T¥E Polycarbazole moiety in

scan rate was 100 mV/s, as shown in Figure 2 and Tabla 2.

polymers gave rise to the absorption band at 550 nm, similar

showed three one-electron quasi-reversible oxidation potentialsto that of theN-alkylpolycarbazolé? in addition, the other
at 0.57, 0.87, and 1.29 V, corresponding to the radical cation absorption band of the T®F (600 nm) was inconspicuous and
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Table 3. Conductivity of 5a, 5b, andN-Alkylpolycarbazole polymers were stable in air; their conductivities were almost
in-situ conductivity  ex-situ conductivity changeless just like other TTF-based polymers. Compared to
polymer (Scnr?) (Scnr?) the in-situ conductivity, the slightly higher ex-situ conductivity
5a 9x 102 1% 101 of polymers5a and 5b could be related to the presence of
5b 8 x 1072 1x 101t branched substituents, which were necessary to allow the
N-alkylpolycarbazole ~ 1CEnDash-10* 10°3-102 solubilization of the deposited polymer.
aDoped by .19 Both 5a and 5b possess higher conductivity than most of

polycarbazole and other TTF-based polymers performed by an

perhaps hidden underneath the largely absorption band for theelectrochemical doping (in-situ conductivity) and chemical
polycarbazole. oxidation doping with TCNQ (ex-situ conductivity). This

Conductivity. Table 3 shows the conductivities 6& and interesting result is based on two points. From the polycarbazole
5b, measured by an electrochemical technique (in situ conduc-viewpoint, conjugation backbone will participate and facilitate
tivity) and after chemical oxidation with TCNQ (ex-situ the mobilization of the charges along the polycarbazole back-
conductivity), together wittiN-alkylpolycarbazolé? bone and hence cause an increase in the conductivity. On the

In-situ conductivity measurements of the polymers represent other hand, TTF is known to form charge-transfer (CT)
the highest conductivity obtained for the polymer as a film on complexes with an electron acceptor; in the frame of TTF-based
an electrode and show that oxidation cause the transition from conductors, such a combination can contribute to increase the
an insulating to a conductive state as generally found in charges and the dimensionality of the conduction process. So
polyconjugated polymer. this combination might eventually lead to materials presenting

The conductivity of the polymers as a function of the applied hybrid conduction.
potential displays a sigmoid shape (see Figure 4). The conduc-
tivity of 5aand5b was about 10° S cn1! at lower potential. Conclusion
At the potential 0.7 V, the TTF moiety of the polymer was
oxidized to TTF, which facilitated ther— interaction between
neighboring TTF units (intra- and intermolecular reactions) just
as other conducting TTF-based polym&sVhen the potential
applied was increased from the first potential (0.7 V) to the
second one (1.2 V), the conductivity was increased fiercely and
reached a maximal plateau ¢ 102 and 8 x 1072 S cnT?,
respectively). In this process, polycarbazole moiety in the
polymers were oxidized, the highly delocalized charges between Experiments
the TTF and conjugated polycarbazole backbone aroused the
higher conductivity. On the other hand, the higher conductivity ~ All the reagents and solvents were of commercial quality and
probably benefited also from the redox charge transport, which Were distilled or dried where necessary using the standard proce-

was composed of the electron transport within the polycarbazole dUres-*H NMR spectra were recorded on Bruker 400 instrument.
moiety and the electron hopping within the TTF moiety. Mass spectra were recorded using LCQ ADVANTAGE mass
In ex-situ conductivity measurements, the solution of the spectrometer. Elemental analyses were performed on Vario EL.III.
. . ’ Gel permeation chromatography (GPC) was carried out using
polymer in THF was treated with varying volumes of the (5),ene as a solvent. Thermogravimetric analysis was performed
electron acceptor tetracyanoquinodimethane (TCNQ), and theon a MOM Paulik-pauli-Erdey derivatograph at a 1G /min
subsequent polymer films were prepared by spin-coating its CH heating rate, in air. Absorption spectra were measured with Nicolet
Cl, solution onto ITO glass plate, followed by drying in vacuum evolution 300 UV-vis spectrophotometer. Electrochemical experi-
at 30°C for 5 h. The electric conductivity of the TCNQ-doped ments were performed with IM6e at 25C under nitrogen in three
polymer was measured using a four-probe technique with a electrode cells. The counter and working electrode was platinum;
Sz85 apparatus. The maximum conductivity observed in the the reference electrode was Ag/Ad—0.04 V vs SCE). The
doped films was 0.1 S cm, which derived from a 1:2 molar voltammetric apparatus mclud_ed a PGSTAT30 potentiostat m_oc_iu-
mixture of polymer/TCNQ. On the other hand, the doped lated by a programmable function generator and coupled to a digital
' ’ integrator. Spectroelectrochemical spectra were obtained from a
Perkin-Elmer Lambda 15 spectrometer. A &&.5 cm indium-

Two TTF-derivatized polycarbazoles were synthesized by the
Yamamoto coupling reaction in the presence of Ni(C&OPpD/
2,2-bipy, whoseM, was 33 285 and 36 889, respectively. These
two polymers exhibited higher conductivity up to about 0.1 S
cm~1 performed by an electrochemical doping (in-situ conduc-
tivity) and chemical oxidation doping with TCNQ (ex-situ
conductivity).

010+ tin oxide (ITO) sheet was used-Bu,NPF; was used as the
'—::::x:x supporting electrolyte. The apparatus and procedures used for the
0.08 4 /./ in-situ conductivity experiments were actualized according to the

/ literature?! The electrode for conductivity measurements was
—v—%a typically a two-band platinum spacing of 20m. In the case of
0.06 - —e—5b conductivities lower than IG S cn?, the electrode was a
microband array platinum electrode/t bandwidth, 100 nm thick)
with interband spacing of Gm. The deposit was thick enough to
0.04 4 ensure minimum resistance, under which condition the conductivity
o is given byo = K/(R — Ry), whereR is the measured resistance,
Ry is the lead resistance, akds the cell constant.

/ Synthesis of 2a.To a solution ofl (2 g, 6.2 mmol) in dried
o

S/em

0.02 1

DMF (30 mL) was added KOH powder (4 g, 0.1 mol). The mixture
was stirred fo 3 h and then added dropwise slowly into 1,3-
dibrompropane (10 g, 50 mmol). The solution was stirred overnight
00 02 04 06 08 10 12  1a a_md then poured into water and extracted W_lth chloroform three
times. The combined organic layer was dried over anhydrous
E/V vs Ag/Agt magnesium sulfate. After removing the solvent and unreacted 1,3-
Figure 4. In-situ conductivity for5a and5b. dibrompropane in vacuo, the residue was crystallized in methanol

0.00 4—9—o—9—W"
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twice to afford2a as white crystal (1.76 g, yield 64%% NMR
(CDClg, 400 MHz): 6 7.87 (s, 2H, PR H), 7.62 (d, 2HJ = 4 Hz,
Ph—H), 7.35 (d, 2H,J = 4 Hz, Ph-H), 4.41 (t, 2H,J = 8 Hz,
N—CH,—), 3.38 (t, 2H,J = 8 Hz, —CH,—Br), 2.41 (m, 2H,
—CH,—). ESI MS m/z: 443.65 (M). Anal. Calcd for GsHjo-
NBrs: C, 40.40; H, 2.71; N, 3.14. Found: C, 40.39; H, 2.73; N,
3.15. IR (KBr): v, cmi, 1590, 1487, 1038.

Synthesis of 2b. 2bwas synthesized by the same procedure

above, just using 1,5-dibrompentane instead of 1,3-dibrompropane;

yield 61%.*H NMR (CDCls, 400 MHz): 6 7.87 (s, 2H, PR H),
7.62 (d, 2H,J = 4 Hz, Ph-H), 7.35 (d, 2H,J = 4 Hz, Ph-H),
4.41 (t, 2H,J = 8 Hz, N—CH,—), 3.38 (t, 2H,J = 8 Hz, —CH,—
Br), 1.79 (m, 2HJ = 8 Hz, —CH,—), 1.76 (m, 2H,—CH,—), 1.28
(m, 2H, —CH,—). ESI MS m/zz 471.05 (M"). Anal. Calcd for
Ci7/H1NBrs: C, 43.07; H, 3.40; N, 2.95. Found: C, 43.08; H, 3.42;
N, 2.94. IR (KBr): v, cm%, 1591, 1487, 1038.

Synthesis of 4a.To a solution of3 (1 g, 1.8 mmol) in dried
DMF (30 mL) was added a solution of Cs@G0 (355 mg, 2.1
mmol) in dried MeOH (5 mL) over a period of 30 min. The mixture

Macromolecules, Vol. 41, No. 6, 2008

2.21-2.18 (m, 2H,—CH,—), 1.65-1.39 (m, 12H,~CH,—), 1.30—
1.25 (m, 4H,—CH,—), 0.91-0.87 (m, 6H,—CHz). 13C NMR
[CDCl;, 100 MHz]: 140.32, 130.93, 127.88, 125.71, 122.90,
120.43, 118.88, 108.62, 42.56, 36.35, 35.92, 31.32, 29.74, 28.21,
27.36, 19.15, 15.06M, = 33 285,M,/M, = 1.75, corresponding
to n = 46. Anal. Calcd for [GsH4:NSg]: C, 56.75; H, 5.70; N,
1.95. Found: C,56.71;H,5.72; N, 1.98. IR (KBny; cm1, 2922,
2854, 1636, 1590, 1487, 1417, 1261.

Synthesis of 5b. 5bwas synthesized by the same procedure
above, just usingtb instead of4a; yield 50%.H NMR (CDCls,
400 MHz)o: 7.87-7.60 (m, 4H, Ph-H), 7.37-7.34 (m, 2H, Ph-
H), 4.41-4.39 (m, 2H, N-CH,—), 2.84-2.77 (m, 6H, S.CH,—),
2.50-2.45 (m, 3H, S-CHy), 1.81-1.76 (m, 4H,—CH,—), 1.65~
1.39 (m, 12H,—CH,—), 1.30-1.25 (m, 6H,—CH,—), 0.91-0.87
(m, 6H, —CHs). *3C NMR [CDClz;, 100 MHz]: 140.35, 130.97,
127.88, 125.72,122.93, 120.44, 118.90, 108.61, 42.54, 36.33, 35.95,
31.32, 30.10, 29.76, 28.23, 27.37, 26.50, 19.12, 18/Q6= 36 889,
Mw/Mp = 1.62, corresponding to = 40. Anal. Calcd for [GeHs-
NS C, 57.83; H, 6.02; N, 1.87. Found: C, 57.88; H, 5.99; N,

was stirred for an additional 30 min and then added dropwise to a 1.84. IR (KBr): v, cnt, 2922, 2854, 1636,1592, 1501, 1418, 1261.

solution of2a (823 mg, 1.8 mmol) in dried DMF (20 mL) for 2 h.

The solution was stirred overnight. After removing solvents under
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