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In a quest for thermoelectric polymeric materials novel polycarbazole and polyindolocarbazole
derivatives were synthesized. Alkyl side chains on the carbazole cycle and different side chains (alkyl or
benzoyl) on the nitrogen atom of the backbone unit were introduced. Optical, electrochemical, electrical,
and thermoelectric properties were investigated on these polymers and on two poly(diindolocarbazole)s.
Band structure calculations were used to predict which polymers might be promising as thermoelectric
materials. The best combination of Seebeck coefficient and conductivity (power factor) was arotnd 10
W m~! K~2 with copolymers comprising thiophene units alternating with carbazole or indolocarbazole.
This family of polymers possesses good Seebeck coefficients, but there is still a need to improve the
electrical conductivity, to produce useful thermoelectric materials.

Introduction solubility or fusibility. More recently, ladder type oligomers
and polymers derived from diindolocarbazoles and indolo-
carbazoles have attracted attention because of their very rigid

fluorenes, poly(3,6-carbazole)s, and poly(2,7-carbazole)s backbone which leads to good packing, high charge mobility,

. e
show interesting optical and electrical propeftiésand have and high t.herm_al s_tab|.l|t§/! _

been extensively studied in many applications such as Our main objective is to study conjugated polymers for
sensors, light-emitting diodes, transistors, and photovoltaic their potential use as thermoelectric materials for power
cells¥8 The incorporation of flexible side chains in the generation. Efficient thermoelectric materials need to have
structures of such different conjugated polymers is now a & high figure of meritZT = ST/, whereSstands for the
common way of improving processability by increasing Seebeck coefficienty and« are the electrical and thermal
conductivities, and is the temperatur€. S is also known
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Conjugated polymers such as polyacetylenes, polyanilines,
polypyrroles, polythiophenes, polyphenylenevinylenes, poly-
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and conductivity, which limits the figure of merit to less than electric properties. We report theoretical and experimental

1072 There is a need to find other stable polymers in the results of derivatives and alternating copolymers of poly-

doped state which have the characteristics for a high ZT. carbazoles, polyindolocarbazoles, and polydiindolocarba-
Our approach for the design of new promising materials zoles.

combines band structure calculations and experimental

measurements. Good thermoelectric materials should have Experimental Section

a flat band near the Fermi level for high Seebeck coefficient ) ) ]

and a dispersive band for high electrical conducti¥t? The.detalls of the ;yntheS|s of.the different compounds can be

Generally, conductivity decreases as the Seebeck coefficientfounOI in the SUpport'_ng l_nformatlon' )

increases. On the basis of previous theoretical band structure Polymer Characterization. Number-averageMy) and weight-

lculati | b le derivati ish t averagel(l,,) molecular weights were determined by size exclusion
ca (_:u a_ 1ons 9” SOme polycar a_zo_ € erlv_a Iyes, We_ wish to chromatography (SEC) with an HPLC pump using a Waters-UV
maintain a high Seebeck coefficient while improving the

¢ o~ visible detector. The calibration curve was made with a series of
electrical conductivity. monodispersed polystyrene standards in tetrahydrofuran (THF),
An interesting characteristic of the polycarbazoles (PC) N-methyl-2-pyrrolidone (NMP), or chloroform (HPLC grade,
and polyindolocarbazoles (PIC) is their doping behavior. In Aldrich) depending on the eluent used for the experiment.
fact, it was found that the nitrogen atom is oxidized priorto UV —visible absorption spectra were recorded using a Varian
the backboné! This is interesting because the charge is then Cary 500 spectrophotometer, using 1-cm path length quartz cells
very localized, and this should result in a large Seebeck or quartz (or glass) plates (solid state). The optical band Bgp (
coefficient. However, this can present a problem due to Was determined at the onset of the absorption peak for the neutral
charge-carrier pinning, which adversely affects the conduc- polyr_ner_s in the solid_state. Oxidation of_the thin films was done
tivity. The objective is to strike a balance in the level of PY dipping the plate into a doping solution of 0.01 to 0.1 M of
oxidation of the polymer such that a certain degree of ferric Chlor'd,e In acetonitrile for 5 min. .
localization is maintained while still allowing mobility of For UV—vis—near-IR (NIR) spectroelectrochemical analyses, the

. working electrode (indium tin oxide, ITO, coated on glass, 10
the charges for the polymer to be conductive. We have Q/square, Thin Film Devices), the counter electrode (Pt) and the

pre\_llously studiett pon(N-oQtyI-3,6-d!hexy!-2,7-Ca!’bazole- Ag/AgT reference electrode (0.1 MAgN(C0.1 M NBwBF,, 0.34
nevinylene) (PCVH), containing flexible side chains on the \/ys saturated calomel electrode, SCE) were immersed in a solution
carbazole cycle. Unfortunately, although the Seebeck coef-of 0.1 M BwNBF, in MeCN in 2-cm quartz cells which were
ficient of PCVH was reasonably high, there was a lack of subsequently sealed. Absorption spectra were recorded (scanning
stability for this polymer in the doped state and the at 1000 nm/min) while applying a constant potential using a
conductivity was too low (about & 102 S/cm). Following Solartron potentiostat (model 1287).
from these results we have tried to synthesize polymers Thermogravimetric analysis (TGA) was carried out with a TGA/
containing more stable conjugated units than vinylenes. ThusSDTA851e (Mettler Toledo). The heating rate was’®min under
in the first stages of this study we used pyrrole or bis-3,4- @ nitrogen _atmos_phere. At the temperature of degradation the
(ethylenedioxy)thiophene (bi-EDOT) units as comonomers, corresponding weight loss was 5%.
which are relatively stable units in the doped state at room _ Differential scanning calorimetry (DSC) was carried out on a
temperature and are generally good conducdrmother Perklln.-EImer DSC 7, calibrated Wlt.h ultrapure |nQ|um. The glass
objective was to keep the solubility of the 2,7-polycarbazole tr_ansmon te_mperatu_re%) were obtained after erasing the thermal

. . . . . I history by first heating to 286300 °C. The results are from the
polymers high by introducing side chains at the para positions

. " . second heating scans at 20/min between 25 and 35TC.
to the nitrogen atom (3,6-positions) of the carbazole unit, as X )
- . . Electrochemical Apparatus and ProceduresExperiments were
we had previously accomplished with PCVH.

. . . . L carried out at 25C under nitrogen in three-electrode electrochemi-
Following this work, the relatively high conductivity of 51 cells. The counter electrode was platinum; the reference
derivatives of polyindolocarbazoles and polydiindolocarba- electrode was Ag/Ag 0.1 M in 0.1 M tetrabutylammonium
zoles®1%led us to investigate these as potential thermoelectric perchlorate BYNCIO, in acetonitrile (CHCN). The potential of
materials. Furthermore, the conductivity increase obtained the reference electrode was 0.34 V versus SCE. The polymer films
usingN-benzoyl side chains on 2,7-polycarbazblaspired were cast onto electrodes from a polymer solution in chloroform,
us to synthesize more new materials:substituted polyin- ~ chlorobenzene (CB), THF, or NMP (evaporation at-80 °C for
dolocarbazoles and polycarbazoles. The project was alsoNMP). For the in situ conductivity measurements, the polymers

devoted to the improvement of the solubility of the polyin- were dissolved in CB or chloroform and cast, and cyclic voltam-
dolocarbazoles produced mograms (CVs) were run at 0.1 V/s. The apparatus and procedures

In thi t th thesis of I pol b used for the in situ conductivity experiments were previously
n this paper we report the Synthesis Of Novel polycarba- yoqqyined in detaf 25 The electrode for conductivity measurements

zoles and polyindolocarbazoles and compare their thermo- ¢ typically a two-band platinum electrode (0.3 6m0.01 cm

for each band) with interband spacing of 20n. In case of
(19) Gao, X.; Uehara, K.; Klug, D. D.; Patchkovskii, S.; Tse, J. S.; Tritt, conductivities lower than 1G S cnt?l, the electrode was a

(20) ga"é" )l(j h{,se'hRa?é BKz.Olglignb 135.2%% J.Gomput. Mater. ScR00G microband array platinum electrodey(B bandwidth, 100 nm thick)

36, 49. with interband spacing of Gm. The deposit was thick enough to

(21) Zotti, G.; Schiavon, G.; Zecchin, S.; Morin, J.-F.; Leclerc, M. ensure minimum resistance, under which condition the conductivity
Macromolecule002 35, 2122.

(22) Levesque, |.; Gao, X.; Klug, D. D.; Tse, J. S.; Ratcliffe, C. I., Leclerc,
M. React. Funct. Polyn2005 65, 23. (24) Schiavon, G.; Sitran, S.; Zotti, Gynth. Met1989 32, 209.

(23) Elsenbaumer, R. L.; Maleysson, C.; Jen, K.Pblym. Mater.: Sci. (25) Aubert, P. H.; Groenendaal, L.; Louwet, F.; Lutsen, L.; Vanderzande,
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2130 Chem. Mater., Vol. 19, No. 8, 2007 Lévesque et al.

Scheme 1. Poly[(3,6-dihexyl)2,7-carbazole] Derivatives

CeH13 CeHiz  CeHis CeH13
N
PP S~
N N n
! n 1
CgHq7 CgH1q7
27PCH 27PCHP 27PCHE2

o is given byo = KI(R — Ry), whereR is the measured resistance, Scheme 2. Poly(2,N-hexylbenzoyl)carbazole Derivatives

Ry is the lead resistance, afds the cell constant.

The monomer CV characterization was performed in dichlo-
romethane containing 0.1 M BNCIO,. O \

Two-Probe Conductivity and Thermoelectric Measurements. N n
The doping solution was usually made of ferric chloride (or /@0
exceptionally ferric tosylate) in dry acetonitrile, and the powdered CoHis 27pC
polymer was stirred under an argon atmosphere in this doping
solution. The doping time varied from 30 min to 4 h, and the dopant CeH1a 27PCE2
concentration varied from 0.01 to 0.1 M. Each polymer was doped
using one to four different doping conditions. The doped material
was filtered, rinsed with acetonitrile, and dried in a desiccator under O \ <
vacuum at room temperature for 30 min to 2 h. The material was N ST)n
then pressed into a pellet and cut as a rectangle of typically 6 mm @0
x 8 mm (sometimes larger) and a thickness of about 0.3 mm. et 27PCT CeHis 27PCT2
Thermoelectric data were obtained using a homemade apparatus
consisting of two blocks of copper, and the free-standing doped Scheme 3. Polyindolocarbazole Derivatives
polymer sample was placed across these copper blocks, separated R Ry
by a distance of 510 mm. The sample was sandwiched on each Ri R‘)@
side between copper plates. The copper was covered with thin gold Ry c© Ry <
plates (Aldrich, 99-% pure). On one side the copper block was N N /Y
cooled using a Peltier device (max 3A), and the other side was N\ O X N\ O s \S/
kept at room temperature. The difference in temperature between 0,,6 R, 0,,& R n
the two copper blocks was typically 3 tF6. Thermocoupleg (type \@m \@Em
K) were placed as close as possible to the polymer film. The R, R
thermocouples were electrically isolated using heat conducting tape  39PIC(a) R{=CgH43, Ro=H 39PIC(a)T2 R4=CgH13, R=H

39PIC(b) R;=H, Ry= OCgHq7 39PIC(b)T2 R¢=H, Ry= OCgHy7

Cezw
4

)
CgHiz

(Gap Band VO Ultra Soft (The Bergquist Company)) and covered
by Scotch 27 glass cloth electrical tape (3M) for heat isolation.
The measurements were done in a nitrogen bag, keeping the relative CaHrr
humidity below 10%. Voltage and resistance measurements were N
done using a Keithley 2000 multimeter, and a digital thermometer
(Omega model HH-22) was used to measure the temperature
difference between the two copper blocks.

Vi i i istivi 28PIC(c)T2 39PIC(c)T2
Conductmt_y was al_so determined by measuring the resstmt_y CoHrs = ethylhexyl Cablyy = ethylhexyl
of the doped films in air at room temperature on the thermoelectric
measurement device, using the gold plates as contacts (two-probe Scheme 4. Polydiindolocarbazole Derivatives
measurement).

CgHi7 Catirz CgHq7 Cehli7

Band Structure Calculations. The pseudopotential plane wave N
method using the VASP progr&f?’was employed to perform the
band structu?e calculatioﬁs,%s described p?re\)//iouslypin dacair2 O O O O O O O O
In this work the ultra-soft pseudopotenffalvas used, and the
electron-electron interaction was treated by a generalized gradient ~ 211PDIC 310PDIC
approximation (GGAJ? Alkyl side chains were replaced in the  carhaz0le: (a) The 3,6-dihexylsubstituted polycarbazoles
ce_llcylatlons_ by hydrogen atoms, to make the calculations fea5|ble(27PCHS) coupled in the 2,7-positions of the carbazole
within practical time frames. . .

moiety are novel polymers presented in Scheme 1. (b) The

2,7-polycarbazole series (27PCs, Scheme 2) are substituted
with a hexylbenzoyl moiety on the nitrogen atom and do

Polymers Studied. All homopolymers and alternating not have any substituent at the 3,6-positions. Synthesis,
copolymers studied in this work are presented in Schemesoptical, electrochemical, and conducting properties of 27PC
1-4. Four distinct classes of polymers were synthesized, and 27PCT were previously report&cand these polymers
involving one ring, two fused-rings, or three fused-rings of are used for comparisons with the two novel 27PCs in
Scheme 2. (c) The polyindolocarbazole series (PICs, Scheme

Results and Discussion

(3675) Eresse, G.; Eurtmen J. gﬁmplg- Méﬂfr. Sd?ﬁ 16, 15. 3) is separated into three groups, depending on the substituent
228; V;?dsg}'bfﬁ"D}F’Iﬁys_‘*g;g 15’8'0 461' 7899’2?6 54, 11169. on the nitrogen atom; the first one where the benzoyl group

(29) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13 244, is substituted with a-hexyl side chain, 39PI1C(a), the second
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Figure 1. Band structure calculations for (a) 310PDIC, (b) 211PDIC, (c) 27PCHEZ2, and (d) 27PCT2.

one where the benzoyl group is substituted with two octyloxy 3,6-coupled derivatives (unpublished results), and the results
side chains, 39PIC(b), and the third one, where two other corroborate the lower conductivity which strongly affects the
copolymers of polyindolocarbazoles are bearing 2-ethylhexyl thermoelectric behavior. Among the polymers studied, the
substituents, 28PIC(c)T2 and 39PIC(c)T2. For the polyin- band structures for two different classes ((i) one ring and
dolocarbazoles, the 3,9-coupling (positions meta to the (ii) three fused rings) are compared in Figure 1. In Figure
nitrogen atom) is analogous to the 2,7-coupling in polycar- 1a, for 310PDIC, the flat band condition near the Fermi level
bazoles, whereas the 2,8-coupling (positions para to theis shown to be fulfilled. By comparing parts a and ¢ of Figure
nitrogen atom), such as in 28PIC(c)T2, it is analogous to 1, we can see that 310PDIC shows both flat bands and
the 3,6-coupling in polycarbazoles. The PIC(a)s and PIC(b) dispersive bands near the Fermi level, whereas the bands
are novel polymers containing a benzoyl moiety. (d) Finally, for 27PCHE2 are more dispersive. This would suggest that
the last family studied, polydiindolocarbazoles (PDICs), is thermoelectric behavior should be better for 310PDIC than
presented in Scheme 4. The four last polymers (the PIC(c)-for 27PCHEZ2. 211PDIC (Figure 1b) has a calculated band
T2s, and PDICs) have been the subject of previous publica-structure similar to that of 27PCHE2. 27PCT2 (Figure 1d)
tions!>1 and for these polymers, we will focus on the shows less dispersive bands than 27PCHE2, indicating a
conducting and thermoelectric properties. possibly lower electrical conductivity, which could also result
Band Structure Calculations. Selection of the polymers  in a lower Seebeck coefficient. These indications are,
was guided by previous conductivity restitt¥?*and the however, only qualitative. Starting with this information, the
band structure calculations. The calculations were performedpolymers in Schemes-14 were investigated experimentally.
to understand the importance of chemical structure in the Synthesis and Characterization.The synthesis of the
thermoeletric behavior. As stated earlier, a good thermo- monomers and polymers are given in detail in the Supporting
electric material should possess flat bands and dispersivelnformation, and the syntheses of some novel monomers are
bands close to the Fermi levél?° The band structures of  presented in Scheme 5. The introduction of different flexible
2,7-coupled polycarbazoles (27PC series) were compared taside chains was meant to improve the solubility, whereas
3,6-coupled polycarbazoles (36PC series, Supporting Infor-the benzoyl susbtituents were introduced to try to enhance
mation), and the conclusion was that we generally see morethe conductivity. For the 39PIC(b) series, the benzoyl
dispersive bands for the 27PC series, which would suggestsubstituents were obtained using perfluorophenyl 3,5-bis-
a higher conductivity for 2,7-coupled polymers compared (octyloxy)benzoate §) instead of the corresponding acyl
to 3,6-coupled polymers. We have in fact synthesized thesederivative used for 27PC and 39PIC(a) series. Comp@&und
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Scheme 5. Synthesis of Novel Monomets

a
) Br Br n-hexylboronic acid CeHiz CeH1s BBr; / CH,Cl, CeH13 CeHi3
HaCO / \ OCHy ———————» H3CO / \ OCHs » HO / \ OH
ll\l 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl ’I‘l 789C 1o 0°C ’I\l
CaHiz piwions CgHiz 30 min CgHi7
reflux 24h M Y=71% @ Y=72%
(o]
OB—H ,Et;N CeH13 CeH1s
(2) DMAP, CF;80,080,CF; Cetra CeHia - Og / \ g0
o F€080 I )—0s0,cF, PAC12(dppf) >;o N 'o<<
Pyrid N /CLEY CeHi7
cy'ndme CaH L)
0°Ctort.12h 817 85°C, 24h
B Y=96% @ Y=48%
b) O/_\O — O/—\O
4-hexylbenzoylchloride T\ 0 o
pyridine _Q_Q_ S~ Sn(Bu); \
S WLy O - A 3O
N reflux 24h N S N S
. o Pd(PPhs);
H / toluene /@ (0}
CsH»] f reflux 24 h CeH13
®) Y=6T% (6) Y=31%
R2
©) H R
N 1) NaH
2) hexylbenzoyl chloride or (8) R, o
Br —_— 2 = = =479
Br O \ O / DMF ? (7) Ri=C¢H;3, Ry=H Y=47%
N . 12h N ©) R;=H,Ry= OCgH,; Y=88%
i (S -
Br \
1
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Ry
R, Ry
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F F OCeH1r DCC / THF 0
voHO 0°Ctort. F 0 OCeHir
F OH 12h F
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a(a) 3,6-Hexyl substituents on the carbazole unit, for 27PCH derivativelt-

for 3,9-indolocarbazoles.

OCgH47
@) Y=95%

[ie)ylbenzoyl subsituent, for the 27PC derivativesNd)enzoyl Substituents

was synthesized with good yield (95%) and could be easily (CHCI), or NMP, none of these polymers form thick free-

purified. Polymerizations were perfomed by Stille, Yama-
moto, Suzuki-Miyaura, or oxidative coupling with ferric
chloride. In general, for the polyindolocarbazoles bearing

standing films.

Physical and thermal properties of the different polymers
synthesized are presented in Table 1. The variety of

hexylbenzoy! side chains (39PIC(a)), the polymers start to molecular weights obtained is probably due to a lack of
precipitate soon after the polymerization process took place.solubility in some cases as well as to the different poly-

Polymerizations (especially Yamamoto coupling reaction) for
polyindolocarbazoles were done in very dilute solutions.
Even though it is possible to obtain a very thin film on a
substrate by casting the polymer from THF, chloroform

merization methods used. We have not tried to optimize the
solvent or the concentration for the polymerizations. For the
27PCH series, relatively modest molecular weights can be
obtained for 27PCH and 27PCHE, possibly due to the
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Table 1. Structural and Thermal Properties of the Polymers 1.0 T : T ) ) N
Synthesized W | ——39PIC(b) film
N o | ==== 39PIC(b)T2 film
polymer MuyP (g/mol) Pl Ty (°C) Ta (°C) § 0.8 '.'.‘ --------- manomer 39IC(b) sin | -
27PCH 10 200 1.6 n.d. 415 8 Tl B
27PCHP 83 400 16 n.d. 450 S 06 it ccidbin e Lo i
27PCHE2 22 500 1.9 n.d. 385 3 :
27PCR19) 64 100 1.9 n.d. n.d. T o oA
27PCT 55 500 2.4 109 367 N 1 7
27PCT2 58 80 2.3 131 341 g v LY
27PCE2 36 600 1.7 245 385 S 02 [Vt N -
39PIC(a) 5500 1.6 435 = N
39PIC(a)T2 2500 1.1 370 oo
39PIC(b) 64 900 25 368 i — e
39PIC(b)T2 32709 25 400 400 500 600 700 800
apl, polydispersity index; n.d.: not determined; blank, not visible on Figure 2. UV—visible absorption spectra of the 39PIC(b) derivatives in
the scans performed Soluble part of the polymef.In THF. ¢ In CHCL. solution in THF (gray) and in solid state (black). (Films cast from THF or
ein NMP. CHCl.)
- . . T T
reasons mentioned above. 27PCH is freely soluble in a)
chloroform and THF. 27PCHE?2 is fairly soluble too, but P
27PCHP is less soluble once thidtert-butoxycarbonyl - = 27PCT
(BOC) protecting group (present during polymerization) is g;ﬁgz
removed.
For the relatively insoluble polymers, 39PIC(a)s and
39PIC(a)T2s, gel permeation chromatography (GPC) mea- g
surements were inadequate because only the lowest molecular E
weight fraction was analyzed, even when the solvent was 5 I RE TEF PO
NMP instead of THF. Moreover, because polystyrene 2
calibration standards were used, the GPC analysis overes- 3 b)
timates the molecular weight of these rigid-rod polymers due % — o7PC
to the different behavior of the flexible coils in solutiéh. g -- g;ggz
There. also seemed to be aggregation of the polymers, and 2 - 27POE2
retention on the columns was shown by very broad peaks at
higher molecular weights. For these polymers, the polymer-
ization’s success was proven by UVisible absorption oo
spectroscopy (Supporting Information) where the spectra of A A nv vy nvanen
the polymers are red-shifted compared to the monomers and el R
are represented by a broader spectrum. The 39PIC(b)s are o

more soluble than the 39PIC(a)s and easier to characterize, 300 400 500 600 700 800

39PIC(b)s having molecular weights of 32.7 kD and 64.9 Wavelength (nm)
kD, and a polydispersity index (PI) of 2.5. 39PIC(b)T2 is Figure 3. UV—visible absorption spectra for the 2,7-coupled polycarbazole
freely soluble in THF and chloroform, and even though 9€Mvaives (&) in THF and (b) in the solid state.
39PIC(b) is much less soluble, GPC characterization is

ossible using very dilute solutions to overcome possible "~ =~ . . . .
b g very P with similar conformations in both cases. The increasing

aggregation. . wavelengths of the absorption maxima indicate that the
DSC measurements reveal a glass transition temperature

N . ~ polymers are more conjugated as more thiophene units are
E:Er)b:ggl\;es 1(225;? ' zﬂ;igiglgengz?jﬂ fgb;gu;sg tr;](()aly added to the structure. When two units of 3,4-ethylenedioxy-

27PCE2 derivative. No clear melting is observed by DSC thiophene (EDOT) are present, the. increa;ed absorpt_ion
measurements (on the second scan, after erasing thermal avelength can be explained by the higher highest occupied
history). The polyindolocarbazole derivatives do not show molecular orbital (HOMO) energy levélscompared to the

any clear transition by DSC. TGA demonstrated excellent bithiophene unit. The optical characteristics (and molecular
thermal stability: a 5% weight loss can be observed from weight) of 27PCT are similar to the polymer first synthesized

340°C to 450°C depending on the polymer. As expected, (previogsly called PTNBC in the IiteratgréB.UV—visible .

the polymers containing thiophene units are generally |essabsorpt|_on spectra _Of the 39PIC(a)_ Series _are_presented in

stable at high temperatures (in the range-3400 °C). Supportmg I.nforma.tlon. 39PIC(b) (F|gqre 2) is slightly more
Optical Properties. UV —visible absorption spectra of the ~ coniugated in solution (212 nm red-shift) compared to the

27PCs are presented in Figure 3. The solid-state spectra ar&°lld-state. This could be explained by some reorganization
generally broader than in solution. The spectra and their and better packing in the solvent. This phenomenon was also

maximum wavelength of absorption in the solid are closely ©Pserved for 27PC and 27PCT.

related to the spectra in solution, indicating very rigid systems

(30) Kreyenschmidt, M.; Uckert, F.; Mien, K. Macromolecule4995 28, (31) Tsuie, B.; Reddinger, J. L.; Sotzing, G. A.; Soloducho, J.; Katritzky,
4577. A. R.; Reynolds, J. RJ. Mater. Chem1999 9, 2189.
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Table 2. Electrochemical, Electrical, and Thermoelectric Properties of the Polymefs

E°ox o [FeCk] T S S PF
polymer (mV; vs Ag/Ag") (in situ; S/cm) (mol/L) (h) (ex situ; S/cmdt= 10%) (uVIK £ 5%) (W/(K2m) 4 20%)

27PCH 0.80

27PCHP 0.50; 0.72 ¥ 103

27PCHE2 0.45;0.75 4103 0.01 1.75 4.5¢ 1073 55 1.4x 10°°
27PC 0.65; 0.95 1x 10222 0.1 2 1.2x 1072 61 4.6x 107°
27PCT 0.68 5¢ 1072 0.05 2 2.9x 1072 64 1.2x 1078
27PCT2 0.55 0.1 0.05 2 0.29 71 51077
27PCE2 0.35;0.78 0.2 0.01 0.5 0.16 62 62078
39PIC(a) 0.45

39PIC(a)T2 0.60 4 102 0.05 2 0.12 53 3.4 108
39PIC(b) irrev.

39PIC(b)T2 0.40 0.2 0.05 2 19102 7.3 1.0x 10710
28PIC(c)T2 0.15; 0.46 0.7%6 0.05 2 0.21 4.9 5. 10710
39PIC(c)T2 0.30; 0.68 0.116 0.05 2 0.29 65 1. 1077
211PDIC 0.08; 0.64; 0.89 0.04 (0.5%° 0.007 0.5 3.0x 1073 127 4.8x 107°
310PDIC 0.09; 0.71; 0.89 0.01 (0.04)® 0.007 0.8 2.7 1074 290 2.3x 107°

airrev., irreversibleT, doping time;o (in situ), conductivity obtained from electrochemistoy(ex situ), conductivity from chemically oxidized polymers
by two-probe measuremer$; Seebeck coefficient; PF, power factor.

The optical band gapH;, obtained from the onset of the units, making it difficult to determine the location of the
UV —visible absorption spectra) is the lowest for 27PCE2 oxidation processes from the two subunits. Two thiophene
(2.11 eV) and 27PCT2 (2.28 eV). For the indolocarbazole units shift the oxidation potential to lower values, as expected
series, the lowest band gaps are observed with 39PIC(b)T2for a more conjugated system and with perhaps better
(2.25 eV) and 39PIC(a)T2 (2.27 eV). Larger band gap delocalization. For 27PCE2, two oxidation processes are
polymers such as 27PCH and 27PCHP showed absorptiorobserved, the first one probably due to the'-BR2EDOT
maxima at 317 and 373 nm respectively in the solid state, moiety, and the second one may involve the carbazole unit.

while 27PCHE2 was at 388 nm. 39PIC(a) homopolymer shows a reversible oxidation, but
Electrochemistry. The redox oxidationk®) potentials of 39PIC(b) homopolymer shows only a non-reversible oxida-
the polymers studied are presented in Table 2. The polymerstion peak around 1:41.2 V. 39PIC(a)T2 shows a higher
show similar behavior in NBiBF, or NBwClO, electrolytes.  oxidation potential compared to 39PIC(a). 39PIC(a)T2 should
The subunits of 27PCHEZ2, carbazole and-BjZEDOT, are  be more conjugated than the homopolymer and have a lower
electron donors with a significant difference in ionization oxidation potential, but because the films were cast from
potential. The repeat units of the copolymers can be the soluble fractions, the low molecular weight fraction
compared as a first approximation to the relevant monomers(which generally is less conjugated) of the soluble part of
(cooperative conjugation lowers the whole redox potential). 39PIC(a)T2 could affect its oxidation potential. The oxidation
The oxidation peak potentials of the individual molecules peak potentials (vs Ag/AQ of the individual molecules are
are 0.95 V2 and 0.53 V2 versus Ag/Ag respectively, so  0.97 V (bithiophene), whereas indolocarbazole (IC) is
that the first oxidation process of the polymer may be oxidized at 0.55 \2® 39IC(a) (dibromine monomer) is
assumed to involve the 2;Ri-EDOT moiety. The subsequent  oxidized near 0.60 V versus Ag/Agin dichloromethane.
process is likely to involve the carbazole ufit* The This time, the N-benzoyl substituents do not cause a clear
subunits of 27PCHP, carbazole and pyrrole, are electronpositive shift of the oxidation potential in the N-benzoyl
donors with quite close ionization potentials. The oxidation substituted polyindolocarbazoles compared to the N-alkyl
peak potential of pyrrole is in fact 0.97%%ersus Ag/Ag. substituted compounds (PIC(c)). Because 39PIC(a)T2 and
In this case the location of oxidation is not evident. The 39PIC(b)T2 show only one oxidation peak before degrada-
polymer starts to degrade at the second oxidation procession, it is difficult to distinguish where the oxidation occurs
near 0.75 V versus Ag/Ag first. The oxidation of the 39IC(b) (dibromine monomer)
Homopolymer 27PC presents two oxidative processes. displays non-reversible peaks around 1.4 V versus Ag/Ag
Compared to the N-alkylated polymer, the oxidation poten- showing the same trend as in the homopolymer.
tials of N-benzoyl substituted polymétsre shifted to more Chemical Oxidation and Spectroelectrochemistry Fig-
positive values as a result of the electron-withdrawing side yre 4 represents the UWisible—NIR absorption spectra of
chain on the nitrogen atom. The individual oxidation some oxidized polymers. Upon oxidation with ferric chloride,
potentials for thiophene and bithiophene units are 1.73 andthe polymers become black, and new absorption bands appear
0.97 V, respectively> Only one oxidation process is in the visible-NIR range. The intensity of the initial
observed with copolymers containing one or two thiophene absorption band decreases drastically for 27PCT2, 39PIC-
(c)T2, and 27PCHEZ2, as usually observed for doped poly-
(32) Zotti, G.; Schiavon, G.; Zecchin, S.; GroenendaalChem. Mater mers. Upon doping, new polaronic bands appear, the initial

(33) 1R999d%#lée3re§4l_ Sotzing, G. A.; Reynolds, J.@em. Commun absorbance band is shifted in most cases to higher energies,
1996 1777. ’ ’ ' and its intensity is decreased. The two absorption bands are

(34) Sotzing, G. A.; Reddinger, J. L.; Katritzky, A. R.; Soloducho, J.;
Musgrave, R.; Reynolds, J. Rhem. Mater1997 9, 1578.

(35) Diaz, A. F.; Crowley, J.; Bargon, J.; Gardini, G. P.; Tottance, J.B. (36) Wakim, S.; Bouchard, J.; Simard, M.; Drolet, N.; Tao, Y.; Leclerc,
Electroanal. Chem1981, 121, 355. M. Chem. Mater2004 16, 4386.
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Figure 4. UV—visible—NIR absorption spectra for various polymers in  conductivity obtained is lower compared to the maximum
wittahs?elirc:igtiﬁo?iréguartz. Dashed line, undoped; black line, same film doped gphseryed by in situ conductivity. UWvisible—NIR spectra
' obtained using ferric tosylate as a dopant were comparable
related to the formation of polarons (radical cations) and to those obtained with ferric chloride as a dopant for the
bipolarons (bications). few polymers tested (for example, 27PCHE2).

For 211PDIC and 310PDIC, the intense band related to Conductivity. Table 2 shows the results for conductivity
the 7—n* transition does not seem to decrease significantly Measurements performed by an electrochemical technique
upon doping. This has been previously attributed to the fact (in situ conductivity) and from chemical oxidation with
that low intensity absorption bands (slightly red-shifted from FeCk. The in situ conductivity represents the highest
the 7—s* transition), related to the electronic transitions of conductivity obtained for the polymer as a fim on an
the nitrogen atoms, are the ones affected during the doping€lectrode, while the ex situ conductivity in this table is linked
proces<s Moreover, these polymers have two oxidation © the thermoelectric data that will be discussed in the next
states. By comparison with the spectro-electrochemical Section. In the case of the carbazole homopoly#{@7PC),
spectra previously registered for these two polymetee it has been shown previously that the benzoyl moiety helps
spectra in Figure 4 seem to represent the neutral polarond© increase the conductivity by a factor of*lébmpared to
created upon doping, which correspond to the first oxidation @n N-alkyl substituted polymer. In the present study, the
state obtained by chemical doping with ferric chloride. with 27PC copolymers are in fact more conductive than the
a stronger chemical oxidant (nitrosonium tetrafluoroborate, 27PCH copolymers by a factor of 100.

NOBF,), for 310PDIC, the doping was slightly increased ~ Figure 6 represents the in situ conductivity (bottom) of
(hypsochromic shift to 1340 nm, not shown). For 211PDIC, three polymers, along with their respective CVs (top),
the second oxidation state is 10 times more conducting (0.5hamely, 27PCHE2, 27PCT2, and 39PIC(b)T2. 27PCHE2 is
Slcm)1 Attaining this oxidation state would be very difficult, Nnot very conductive (4x 10°* S/cm), and although its
requiring a strong oxidant that would not degrade the conductivity increases at higher potentials it then decreases
polymer. Also, stability problems may occur (see below). due to degradation. The low conductivity is probably due to

Figure 5 corresponds to the spectro-electrochemistry datathe steric decoplanarization by the hexyl substituents at the
for 27PCT2. The UV-visible—NIR spectra on an ITO  3,6-positions. In fact, the polioctyl-2,7-carbazolediyait-
substrate were recorded along with the electrochemical 3,4-ethylenedioxy-2,5-thienylene) (PEDOPEYerivative,
oxidation of the polymer. Because ITO is less conducting Which contained only one EDOT comonomer unit but no
than platinum, the voltage necessary to oxidize the polymer substituent on the carbazole cycle, was even more conductive
is slightly higher than the one found on platinum. The (2 x 1072 S/cm). Semiempirical calculations (unpublished
appearance of polaronic and bipolaronic bands can beresults) have shown a significant torsion angle between
observed, and a hypsochromic shift is also noted as the60°and 118 in 27PCHE2 compared to PEDOTOwhich
oxidation is increase#. As depicted in Figure 4, ferric  prefers a planar conformation.
chloride can oxidize this polymer, giving rise to new As for the polyindolocarbazole copolymers, 39PIC(b)T2,
absorption bands around 600 and 1400 nm, similar to those28PIC(c)T2, and 39PIC(c)T2 show comparable or superior
observed in Figure 5 at high oxidation potential. However, conductivities compared to the 27PCT2 (in situ conductivities
as stated above, for other polymers with higher oxidation 0.1-0.7 S/cm). For 39PIC(a)T2 (4 102 S/cm), the in situ
potentials, it is possible that ferric chloride does not oxidize conductivity of the soluble low molecular weight fraction

the polymer to a sufficiently high level, so that the (about three to four repetition units revealed by GPC
measurements) may not be representative of the polymer,

(37) Bradas, J. L.; Street, G. BAcc. Chem. Re<985 18, 309. but ex situ conductivity (in which we use the bulk material)




2136 Chem. Mater., Vol. 19, No. 8, 2007 Lévesque et al.

27PCHE2 27PCT2 39PIC(b)T2
144 3l
0.10}
2L
120
= 0.05 1k
g — <
£ < 3
o 5 —_—
e ol
10
0.00 |
KNS
8 L L 1 ! ! -0.05 L L L L L 2 L L L L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 06
8L
0.20 -
0.10}
~ 6r 015}
£
(5]
n — S
B £ 5
< al @ 0.05 é 0.10 |
o o o
oL 0.05
0.00 |
0.00 -
ol
1 1 1 1 1 1 1 1 1 1 1 1 1 1
00 02 04 06 08 00 02 04 06 08 0.0 0.2 0.4 0.6
E (Volts vs Ag/Ag") E (Volts vs Ag/Ag") E (Volts vs Ag/Ag")

Figure 6. CVs (top) and in situ conductivity (bottom) of PCHE2, 27PCT2, and 39PIC(b)T2 in acetonitrile with 0.1,M@0s.

of the polymer revealed a conductivity up to 0.12 S/cm, backbone. Because the conductivity is an important issue
which is also comparable to the other PICT2s. The ho- for thermoelectric behavior, the new 39PIC derivatives
mopolymer 39PIC(a) is not soluble enough to cast as a thick mentioned above became the main focus.
enough conducting film on the electrode, and thus the in  The three fused-ring homopolymers (211PDIC and
situ conductivity measurement could not be performed. For 310PDIC) show also high in situ conductivities but only in
39PIC(b), measurements were not possible as a result oftheir higher oxidation states (up to 0.5 S/cm for 211PDIC).
degradation. These results indicate that in the case of thewe could assume that with bithiophene comonomers, the
copolymers, the benzoyl moiety does not seem to interfere conductivity would be increased even further. The main
with the conduction pathway in the bithiophene copolymer. interest in studying this polymer is its rigidity which tends
Also, the addition of one fused ring does not seem to increaseto improve the stability of the doped materials.
dramatically the conductivity, compared to 27PCT2 and  Thermoelectricity. The relevant parameters for thermo-
27PCE2. electric properties are also given in Table 2, and the relative
Previous studies showed that for bithiophene copolymers errors represent an average of the uncertainties due to the
(28PIC(c)T2 and 39PIC(c) T2} the in situ conductivity was  instruments used, principally due to the measurement of the
higher (0.7 S/cm compared to 0.1 S/cm, Table 2) for the sample size for the ex situ conductivity and to the temper-
2,8-coupled polyindolocarbazole. In this case, it was assumedature for the Seebeck coefficient. The ex situ conductivity
that the nitrogen oxidation over this conjugation pathway s obtained via a two-probe measurement, which indicates
was more favorable. We have synthesized the 2,8-coupledonly the order of magnitude of the conductivity. Because
derivatives of the polyindolocarbazoles containing benzoyl none of the polymers synthesized in this work formed flexible
substituents on the nitrogen atom, but we observed thefree-standing films, thermoelectric characterization was
opposite behavior. On the basis of in situ and ex situ performed using pressed pellets. Some pellets (39PCT2, for
conductivity measurements, 39PIC(a)T2 and 39PIC(b)T2 example) were extremely brittle, and others (39PIC(b)T2)
showed 0.12 and 0.20 S/cm, which was about 100 timeswere more flexible.
superior to the conductivity of the 2,8-coupled derivatives  Fqr thermoelectric purposes, the most interesting candi-
_(unpublished results). A possible expla_mat.ion of thig result gates are the polymers having a low oxidation potential,
is as follows: In the 2,8-coupled derivatives bearing N- which generally results in enhanced stability in the doped

benzoyl substituents, the electron pair on the nitrogen atomgiate3s-40 |t is important to note that the conductivities
which is attracted by the benzoyl group could inhibit the

nitrogen oxidation process. The oxidation process would then (38) Dietrich, M. Heinze, J.. Heywang, G.; JonasJFElectroanal. Chem
be attributed to the bithiophene unit or thara-phenylene 1994 369, 87.
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obtained by doping with Feg€lan also be limited by the The PDIC polymers show less interesting power factors,
oxidation potential of the polymers. However, it is more around 10° W/(K? m). However, PDICs are homopolymers
interesting to use a medium strength dopant such as ferriccompared to the other two classes of copolymers, and their
chloride or ferric tosylate, compared to nitrosonium salts power factor is similar to the 27PC homopolymer. From
(NOBF, or NOBF;) where overoxidation and degradation these results, there does not seem to be any significant
often becomes a problem. improvement of the power factor when increasing the number

Generally, the Seebeck coefficient decreases when theof fused rings, as long as the hexyl benzoyl side chain is
conductivity increases, and the power facw®j reaches a  present on the carbazole unit or the coupling pattern of the
maximum, which is not necessarily at the highest conducting Polyindolocarbazole is in the 3,9-positions. There would be
state. Different doping conditions for a few promising & possibility to enhance the power factor of 211PDIC because
polymers (doping time and dopant) and results of conductiv- its maximum of conductivity (from in situ measurements)
ity, Seebeck coefficients, and power factors are presentedcould go up to 0.5 S/cri. However, as stated earlier, on
in Supporting Information for a few polymers. A good the basis of the UV visible—NIR spectra in the doped state
balance between conductivity and Seebeck coefficient is (Figure 4), for 211PDIC and 310PDIC, the maximum
required to obtain a maximum power factor. In the present conducting state is not reached when chemically doped with
study, a comparison of the conductivites and Seebeck FECE. Ferric chloride has the power to oxidize only up to
coefficients by a family of polymers was done by doping at the first process (about 0.53 V vs SCEpnd at that point
high enough concentration (0.60.1 M of FeC}) for 30 the conductivity of the two polymers is very similar (in situ,
min to a few hours. We have already measured the poweraround 10?2 S/cm)!® If the second oxidation state was
factor as a function of the doping level of polymers (poly- reached, the conductivity of the 2,11-coupled polymer would
(3-decylthiophene), PDT, and PCVPAand we have found  increase by a factor of 10. Thus the maximum increase in
that the best conditions were obtained below the highestpower factor could be a factor of 10, but this increase would
doping level for these two polymers. To do a screening of be mitigated to an unknown extent by an expected reduction
all the polymers synthesized, up to four different conditions in the Seebeck coefficient at the higher conductivity. The
were tested on each sample. The results are quite reproducintroduction of low oxidation potential and highly conductive
ible for a particular set of experimental conditions. One of moieties such as bithiophene units as comonomers would
the conditions used was at 0.05 M of Fe@ acetonitrile  facilitate the doping process. Synthesis of such potentially
for 2 h, which very often corresponded to a conductivity more conducting copolymers of polydiindolocarbazoles are
just below the maximum obtained by ex situ measurements.in progress.

However, we obtained better results at lower doping con-  The band structure calculations predicted promising ther-
centration for the low oxidation potential polymers such as moelectric materials such as 310PDIC, 211PDIC, 27PCHE,
bi-EDOT derivatives. To fully optimize the samples for the and 27PCT2. In our experimental study, the two PDICs are
highest power factor possible, more conditions (dopants, Not at their maximum conductivity state, and the first three
solvents, and doping time) would need to be tested, but thispolymers seem to give essentially similar results (.40~

is not the objective of this study. to 4.8 x 10°° W/(K? m)) at the adequate doping level for

For the sake of clarity, in Table 2, only the best results in Maximum power factor. 27PCT2 finally seems to perform
terms of the power factor obtained for the different doping Petter than 27PCHE (1.5 10°" W/(K* m)), and this could
conditions tested for each polymer are represented. TheP€ explained by the fact that, during the band structure
results represent the adequate doping level to achieve thé:alculanons, the fcorsmn angle of the 27PPCHE is not takgn
highest power factor. This allowed us to select the candidatesiM© account, which can affect strongly the thermoelectric
with the best thermoelectric properties among all the Pehavior of the polymer.
polymers produced. As a result of their low conductivities ~ Stability. Attempts to improve the power factor by
(in situ and ex situ), the thermoelectric measurements were@Nnealing some doped samples (211PDIC, 310PDIC, and
not performed on 27PCHP and 27PCHE2. From Table 2, it 27PCHE2) at 100C for 1-5 h did not result in significant
is obvious that the best candidates are 27PCT2 and 39pP|cincreases. There was generally a small decrease of the

(c)T2, with power factors in the range of TOW/(K2 m). conductivity _(probably related to dedoping _at this _tempera-
At room temperature, assuming that the thermal conductivity ture) and an increase of the Seebeck coefficient which overall
is 0.1 W/(m K), this would correspond @T = 3 x 104 resulted in a decrease of the power factor. For one sample

27PCE2 and 39PIC(a)T2 displayed results similar to those ©f 211PDIC, a weak increase of both properties was
of PCVH (on the order of 168 W/(K2 m)). Even if its in observed. Although no extensive study of the stability has

situ conductivity is high, 39PIC(b)T2 is not selected as a been done in.this work, the polymers studied are generally
good thermoelectric material due to its low Seebeck coef- MOre stable in the doped state than the PCVH polymer
ficient. Table 2 shows that in the same doping conditions, Previously studied? The high stability in the doped state

39PIC(c)T2 has a higher power factor than 28PIC(c)T2, due has been observed for samples stored under nitrogen (no

to the higher conductivity and Seebeck coefficient. special precautions were taken, the samples being exposed
to air for transport between measurements), for a period of

10 days to 3 months; for example, (a) for highly doped

(39) Tourillon, G.; Garnier, FJ. Electrochem. Soc., Electrochem. Sci.
Technol.1983 53, 2042.

(40) Koeckelberghs, G.; De Cremer, L.; Vanormelingen, W.; Verbiest, T.; (41) Havinga, E. E.; Mutsaers, C. M.; Jenneskens, L.Ghlem. Mater.
Persoons, A.; Samyn, Glacromolecule2005 38, 4545. 1996 8, 769.
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samples of 310PDIC, the conductivity and Seebeck coef- which has a power factor of 1.35 10°® W/(K? m)?? even

ficient were stable for 10 days, (b) after 3 months, the though its Seebeck coefficient is very low. To obtain higher
conductivity of 211PDIC decreased by a factor of 2 and the power factor, we still need to increase the conductivity
Seebeck coefficient decreased also (factor of-1.B), and  without decreasing the relatively high Seebeck coefficient
(c) for 27PCT2, the Seebeck coefficient had not changed found in polycarbazoles, polyindolocarbazoles, and polydi-

after 3 months. indolocarbazoles. We are currently investigating the use of
) carbon nanotubes to increase the electrical conductivity of
Conclusions our materials.
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