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Abstract: Prolonged storage (~2 years) or gentle heating (50—80 °C) of crystalline 2,5-dibromo-3,4-
ethylenedioxythiophene (DBEDQOT) affords a highly conducting, bromine-doped poly(3,4-ethylenedioxy-
thiophene) (PEDOT), as confirmed by solid-state NMR, FTIR, CV, and vis—NIR spectroscopies. The novel
solid-state polymerization (SSP) does not occur for 2,5-dichloro-3,4-ethylenedioxythiophene (DCEDOT),
and requires a much higher temperature (>130 °C) for 2,5-diiodo-3,4-ethylenedioxythiophene (DIEDOT).
X-ray structural analysis of the above dihalothiophenes reveals short Hal---Hal distances between adjacent
molecules in DBEDOT and DIEDOT, but not in DCEDOT. The polymerization may also occur in the melt
but is significantly slower and leads to poorly conductive material. Detailed studies of the reaction were
performed using ESR, DSC, microscopy, and gravimetric analyses. SSP starts on crystal defect sites; it is
exothermic by 14 kcal/mol and requires activation energy of ~26 kcal/mol (for DBEDOT). The temperature
dependence of the conductivity of SSP-PEDOT (o = 20—80 S/cm) reveals a slight thermal activation. It
can be further increased by a factor of 2 by doping with iodine. Using this approach, thin films of PEDOT
with conductivity as high as 20 S/cm were fabricated on insulating flexible plastic surfaces.

Introduction While traditional oxidative polymerization with FefIn
Of all the polythiophenes which have received much attention organic solvents gives an insoluble blue-black doped polymer
in recent years for their unique electrical propertiésne of powder3d the use of a water-soluble electrolyte [polystyrene

the most studied is poly(3,4-ethylenedioxythiophene) (PEDOT). sulfonic acid (PSS)] as a charge-balancing dopant during
Owing to its excellent electronic properties (electrical conduc- polymerization, affords a processable polymer solution (com-
tivity, electrochromic properties, etc.) and high stability, PEDOT mercial product, Baytron) that forms semitransparent conducting
is one of the most industrially important conjugated polymers. films*upon spin-casting. To obtain the neutral polymer, a nickel
PEDOT was first synthesized in the early 1990s and was initially (0) complex-promoted polycondensation of 2,5-dihalo-3,4-
commercialized in antistatic coatingsDue to a stereoregularity  ethylenedioxythiophenes has been employedwever, these

of the only possible polymer structure, it has a very high attempts gave either nonprocessable PEE@ar polydisperse

conductivity (up to 550 S/cm in the electrochemical doped oligomeric materiaf?c Consequently, the limitations of tradi-

state)® The remarkable stability of PEDOT in its doped state, tional polymerization methods can be a serious problem for
compared with other conducting polymers, allows a number of PEDOT applications as well as for in-depth investigation of

potential application3. molecular order in this conducting polynfelt.is generally not
T Exotic Materials Institute and Department of Chemistry and Biochem- pOSSIbIg to obtain a W?”'defmed ponmer Str.UCture’ unlless the
istry, University of California. synthesis of conducting polymers is carried out via pure
? Microfabrication Lab, University of California. chemical polymerization routes, without adding any catalysts.
* Department of Physics and Astrophysics, University of California. . . S . .
OINRS-Energie, Mateiaux et Tdécommunications, Universitedu A possible solution for this lies in a solid-state polymerization
Quibec. of a structurally pre-organized crystalline monomer.
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Scheme 1. Synthesis of Dihalo-EDOT Monomers? Table 1. Elemental Analysis of PEDOT Samples Prepared in
7 Different Conditions
i o o
— sample? C,% H, % S, % Hal, % calculated formula
cl 7\ cl PEDOT-A  28.87 1.65 12.90 38.42 s@Ha1551.Bri2
S PEDOT-B  36.74 218 16.33 1257 ¢@H4350.9Bros1
/ \ DCEDOT PEDOT-C 46.84 2.42 19.04 0.42 s@3.750.91Bro.os
o] O PEDOT-D> 46.11 285 16.85 4.96 dgH4.4508LClo2F&02
/\ d o PEDOT-E 2226 1.18 9.62 55.95 ¢@H3550.9711.43
ii U
S T & o\ B a Polymerization conditions. A: DBEDOT crystals heated at’60for
EDOT g r 1 day under Ar, after vacuum-drying at 2C overnight; B: DBEDOT
) stored for two years, after vacuum-drying at“®overnight; C: PEDOT-B
iv DBEDOT after dedoping with NENH,-H,O; D: FeC} synthesized PEDOT after
/\ dedoping with NHNH,-H,O; E: DIEDOT crystals heated at 14C for 3
/N 0 o) days, after vacuum-drying at 7Q overnight ° 0.80% of Fe was also found
H " Y in this sample.
o\ v | |
ACOHg ™\ ~~HgOAc DIESDOT sublimed by gentle heating in a vacuum (or even at normal

2 Reagents and condifion) N-chlorosuccinimide, CHGIACOH, 5°C, pressure in a nitrogen flow, for small quantities). X-ray-quality

8 h; (i) N-bromosuccinimide, CHGIACOH, 5°C, 8 h; (iii) 1) BuLi, THF, Singl.e crystals of DBEDOT! DCEDOT, and PIEDOT were
—78°C—0°C,1h,2) b —78°C— 0°C, 12 h; (iv) Hg(OAc), AcOH, obtained by slow evaporation of ethanol solutions or sublima-
20°C, 12 h; (v) b, MeCN, 20°C, 2 h. tion.

The polymerization of DBEDOT was discovered by chance
as a result of prolonged storage (2 years) of the monomer at
room temperatur& The colorless crystalline DBEDOT, with
time, transformed into a black material without apparent change
of morphology. Surprisingly, the conductivity of this decom-
position product appeared to be very high (up to 80 S/cm) for
an organic solid. Even though this type of noncatalytic coupling
was not known in organic chemistry, indeed, the most likely
- o 4 . explanation for the observed transformation was polymerization
synthesis of PEDOT is still confined to chemical or electro- .o trmation of bromine-doped PEDOT. The following

chemical oxidation of monomer S(_)IUI'O??S' .. characterizations unequivocally confirmed the proposed structure
We have recently reported a facile solid-state polymerization (see below).

of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) to give
PEDOT through an unprecedented catalyst-free cross-coupling
reactiont® This discovery has already found resonance in the
research communitit In this contribution, we describe the
X-ray structure of the dihalothiophenes, detailed studies of the
mechanism of their solid-state polymerization and characteriza-
tion of the polymer.

The idea of solid-state polymerization of a suitable monomer
in a well-ordered crystalline state was realized in the 1960s and
1970s with polydiacetylené8 and (SN).° However, until this
yearl0-11there were no reports regarding the solid-state synthesis
of the most widely investigated conducting polymetise
polythiophenes. The importance of this goal is emphasized by
the high potential of polythiophenes for industrial applications,
as compared to other conducting polym&mor example, the

The reaction was not affected by air, vacuum, or light and
was even successful in hot water. When the reaction occurred
in a closed vial, release of a significant amount of elemental
bromine was detected. Increasing the temperature up to the
melting point (97°C) significantly decreased the reaction time;
however, the material’s solid state is an essential prerequisite:
quick heating above the melting point resulted in a nondecom-
Results and Discussions posing very slowly polymerizing melt of DBEDOT [see

o . o Supporting Information (SI)]. Likewise, no polymerization was

Synthesis Dihalogen-substituted derivatives of 3,4-ethylene- 5pserved in solutions, even at moderately high temperatures
dioxythiophene (EDOT), 2,5-dibromo-3,4-ethylenedioxythiophene (>100°C).

(DBEDOT)?2 and 2,5-dichloro-3,4-ethylenedioxythiophene
(DCEDOTYH have been prepared by direct halogenation of
EDOT according to known procedures (Scheme 1). 2,5-Diiodo-
3,4-ethylenedioxythiophene (DIEDOT) was synthesized by
iodination of either dilithium-EDOT or bis(acetoxymercury)
EDOT with molecular iodine. The EDOT derivatives are
colorless crystalline materials which can be almost quantitatively

Characterization of the Polymerization Product. The
polymer is a black solid (blue in thin films), insoluble in organic
solvents. Thermogravimetric analysis of a dedoped sample
indicated that it was stable up to 33Q (<10% weight loss).
The same analysis of an “as prepared” sample showed that
weight loss started already slightly above rt, due to loss of
molecular bromine (B — Br~ + Br,, see below). An FeGl
synthesized PEDOT sample was stable up to 2Z8{10% of

(7) (a) Magat, M r1962 3, 449. (b) Baughman, R. hiRaktang : X . . . . .
1974 12, 1511. weight lost, see Sl). Dissolution in strong acids (e.g., sulfuric

®) &ggfggf{' 1(‘31% 'g'gt%go{zs,fkhell%g%ﬁ“e géﬁhfg?eYV?;gf‘S&gwﬂg : or trifluorosulfonic acid, but not trifluoroacetic acid) gives a
Bl alt 1977 52, 314. (d) Yee, K. C.; Chance, R. e deep-blue solution and releases molecular bromine. Subsequent

© md\lﬁﬁrfﬁf_:ﬁé, M. M. Perlstein, J. g dilution with water allows recovery of dark-blue PEDOT
1973 31, 1139. (b) Cohen, M. J.; Garito, A. F.; Heeger, A. J.; MacDiarmid,  powder, which is ca. one-half as conductive as pristine, solid-
’i\g%;g'\é!'g‘giﬁ'_' C. M.; Saran, M. S.; Kleppinger, immiiemmlioc. (o0 polymerized PEDOT (SSP-PEDOT). The sample of FeCl

(10) gAS%ng, H.; Perepichka, D. F.; Wud|, |INEREEE- 2003 42, synthesized PEDOT showed the same behavior.

(11) Spencer, H. J.: Berridge, R.. Crouch, D. J.; Wright, S. P.: Giles, M.: Molecular Composition of the Polymer.Elemental analysis
m‘_gg& oy S 9 Hursthouse, M. B.; Skabara, Flbdaiak indicates that the “as prepared” vacuum-dried SSP-PEDOT

(12) Sotzing, G. A.; Reynolds, J. R.; Steel, jnsiimutamibaig’ 1996 8, 882. (sample PEDOT-A) is heavily doped with bromine (Table 1).
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Figure 2. FT-IR spectra of the dedoped PEDOT prepared by (a) solid-
\ state polymerization and (b) Fe@Ixidation polymerization in solution (KBr
‘ pellets).

\\\\\\\\\

N L L A L L S T
PAUVEIS VAN 1) S 1V " F — V— unequivocally assigned to the aliphatic carbon€K), and
Figure 1. Solid-state CP-MAS3C NMR spectra of (a) DBEDOT monomer

and polymer PEDOT (b) as prepared by SSP, (c) SSP, after dedoping, (d)lt_S position does not change during thg polymerl_zatlon._ The
prepared by FeGloxidation, after dedoping. signal due to the 2,& atoms of the thiophene ring shifts

significantly, fromo 84 to 108 ppm, following the substitution
The composition of the polymer has a correct ratio of C, H, S of bromine atoms in DBEDOT with carbon in PEDOT. The

(6:4:1) and contains 1.2 atoms of bromine per each EDOT unit. Signal due to the 3,& atoms undergoes only a small change,
This reflects the maximum possible doping level (twosBr ~ from 6 140 to 138 ppm. Both SSP and FeGynthesized
anions and, therefore, a bipolaron per every five thiophene units)Polymers show practically identical signals, indicating essentially
of polythiophené?3 After dedoping with hydrazine in acetonitrile ~ the same chemical structure. The half-widths of the@&nd
solution, the polymer still had a trace amount of bromine 3.4-Cpeaks in FeGIPEDOT are twice as large as that of SSP-
(0.42%), possibly due to the unreactee-Br end groups on PEDOT, which might be a result of a lower polydispersity in
the polymer chain. Assuming the residual bromine in the the latter.
elemental analysis is due to covalently bound bromine end FTIR Spectroscopy.As in the case of NMR spectroscopy,
groups of the PEDOT chain that are not expected to be displacedthe FTIR analysis of the as-prepared, doped polymer is hindered
with hydrazine at room temperature, the low amount of bromine by strong electronic absorption (see below) in the IR region.
suggests an average molecular weight of the polymer 30 FTIR comparative analysis of SSP- and FeREDOT dedoped
kDa (i.e. ca.>200 thiophene units in the chain). Interestingly, samples revealed very similar spectra for both samples, showing
a room-temperature synthesized, 2 year-old sample (PEDOT-weak characteristic Chtretchings of the dioxyethylene bridge
B), has significantly lower bromine content, when compared (2850-3000 cn1?) and very strong €0 (1200 and 1070 cr)
to a PEDOT-A sample synthesized at®D. This suggests that and G=C characteristic bands (1357 c#) (Figure 2).
the observed high doping level is due to bromine kinetically ~ Uv—Vis—NIR Spectroscopy.The electronic spectrum of an
trapped in the crystal cage, rather than a thermodynamically SSP-PEDOT thin film prepared by in situ sublimation/polym-
stable state. erization of DBEDOT (see “Applications in Plastic Electronics”)
Laser desorption ionization mass-spectral analysis of ais very similar to that previously reported for fully doped
PEDOT-A crystalline sample shows a weak signahat1821, PEDOTZthe only absorption in the visNIR regioriSis a very
corresponding to a [(EDOTH]* fragment and an increasing-  broad band, starting at ca. 500 nm and extending into the mid-
in-intensity sequence of lower-molecular weight fragments |R region (beyond 3000 nm; a tail of this band is seen in FTIR
differing by one EDOT unit (MW= 140): n/z 1681, 1541,  spectra) (Figure 3). Dedoping with hydrazine results in im-
etc. Although we could not detect higher-molecular weight ions mediate change of the film from sky blue to dark violet. In situ
(which are less volatile under MS conditions), the actual spectral monitoring of the dedoping process shows a very fast
molecular weight of the polymer should be higher than 1820, reduction of the near-IR band, characteristic of a bipolaron state
as the polymer molecule should be end-capped with bromine of PEDOT and emergence of a new bandlaf, ~ 550 nm,
atoms, not found in the heaviest detected ion. due to the neutral state. A band gap of 1.63 eV can be estimated
NMR Spectroscopy.Solid-state CP-MAS3C NMR spec- from the red-edge of this band-60 nm). A shoulder at+900
troscopic studies were performed to establish the structure ofnm and a NIR band at2000 nm are due to intermediate
the polymer. The spectrum of the starting DBEDOT (Figure formation of a polaron (radical cation) state, and the intensity
1a) changes drastically during the polymerization (Figure 1b). of these bands drops quite slowly with time (a trace of these
Owing to the radical character of polarons in doped poly- bands is seen even aft2 h of soaking the film in hydrazine
thiophene (see below), the NMR signals suffer a strong solution). Difficulties in complete dedoping of PEDOT films
paramagnetic broadening which, as expected, was very strongcan be explained by the strong electron-donor character of
for the thiophene nuclei atoms and less so for the remote neutral PEDOT, allowing air-doping; indeed, when the dedoped
oxyethylene bridge. Dedoping with hydrazine destroys the
radical character of the polymer, and higher resolution of the (14) (a) Dietrich, M.; Heinze, J.; Heywang, G.; Jonaml.
spectrum is restored (Figure 1c). The peakdab5 ppm is 1994 369 87. (b) Ahonen, H. J.; Lukkari, J.; Kankare s

2000Q 33, 6787.
(15) There is also a UV absorption at ca. 300 nm, not observed in electrochemi-
(13) Patil, A. O.; Heeger, A. J.; Wudl, iahamag 1988 88, 183. cally doped PEDOT and attributed to absorbance af Bounterion.
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Figure 3. UV —vis—NIR spectra of the SSP-PEDOT film on glass slide  Figure 4. Four-probe measurement of the temperature dependence of
substrate (a) “as formed”, (b) after dedoping in hydrazine solution for 5 conductivity of SSP-PEDOT.
min, (c) after dedoping during 50 min.

Table 2. Conductivity Data of the PEDOT Polymer Measured at metallic” PEDOT materials, electrochemically doped with

Room Temperature? PR, BF,~, and C|Q,_-1f3 .
o (SSP—PEDOT) on (FeCh—PEDOT) ESR Spectroscopy.Like most other conductive polymers
Scm! Scm™? such as polypyrrole and polyacetylene, the conductivity of the
reaction temperature (°C) 20 60 80 120 0-5 doped SSP-PEDOT is brought about by dication and radical
reaction time 2years’  24h  4h  24h 240 cation charge carriefé.Consequently, a strong ESR signal was
p‘;rﬁ’:zg';/sf';nfife e 8030 3318 2016 NAo . NANA observed ag ~ 2.004, with a temperature- and doping level-
pellets after J doping 53 30 27 58 76 dependent shape. When the temperature increased from 5 to
thin films NA 23 NA NA NA 300 K, the ESR signal line-shape changed from a symmetric
thinfilms afterdoping ~ NA 48 NA  NA NA narrow line (line width ca. 5 G) to a broad line (20 G) with the

aReported values are an average of at least three measurementé"ght V_V'ng much broade_r then the left (Flgure 5a). S'm'lar_
(reproducibility of each measurementi80%)." The monomer was stored ~ behavior was observed in other conducting polymers and is
in a closed jar for 2 years at room temperature (ca*@p indicative of increased conductivity with increasing tempera-

ture? The ESR line width is determined by the relaxation rate

film was removed from hydrazine solution and rinsed, a slow of the radical and is a characteristic of the degree of delocal-
increase in the intensity of the radical-cation bands was jzation. Therefore, the increase in line width with temperature
observed. is in agreement with the temperature dependence of conductivity

Electrochemistry. A cyclic voltammetry experiment was  (Figure 4). Interestingly, the temperature dependence of the ESR
performed on a thin polymer film deposited by in situ sublima- signal integrated intensityigsp) follows the Curie law . ~
tion/polymerization on a platinum electrode. On anodic sweep- |zsg = C/T): a perfectly straight line crosses the (0,0) point
ing, SSP-PEDOT exhibits a quasi-reversible oxidation wave at (Figure 5b), which is characteristic of standard paramagnetic
EP2,x = 0.07 V vs Ag/Ad', resulting inp-doping of the polymer  pehavior with no (anti)ferromagnetic ordering. This trend is not
(see SI). Onreverse scan, a cathodic peak is seen at considerablysual for highly conducting media and is in contrast to previous
more negative potentiaE{ o« = —0.62 V). Multiple scanning  observations in other conducting polymers, including electropo-
between—1 and+0.2 V reveals high stability of the material:  |ymerized PEDOT, where a strong contribution from Pauli-type
less than 1% reduction of the current was observed after 50 spin susceptibility (temperature-independent) was obsépyéd?
repetitive scans. Scanning into more negative potentials results - Microscopic Analysis.At small magnification & 100), there
in an irreversible reduction wave &"‘eq = —2.15 V vs is no visible change in morphology on polymerization: the
Ag/Ag*. The band gafEg = 1.65 eV was determined from  colorless needle-shaped crystals of DBEDOT gradually trans-
the onset of then- and p-doping waves. These values are form into black crystals (Figure 6a). However, on higher
comparable with those of electrochemically polymerized PE- magnification, it is seen that the crystal surface is damaged
DOT films.*4 during polymerization (Figure 6b). The anisotropic character

Electrical Conductivity. The room-temperature conductivity  of the defects can be clearly seen on the “crystal” cut, Figure
of different SSP-PEDOT samples was measured by the four-6¢,d, where a layered structure might reflect some order in the
probe method (Table 2). The highest conductivity belongs to formation of a polymer chain.
the polymer prepared at lowest temperature and longest reaction \wide-Angle XRD Analysis. To shed light on the question
time (PEDOT-B, Table 1), which may reflect achievement of a of possible crystalline order, we performed wide-angle X-ray
higher degree of order. Indeed, heating above the monomer'spowder diffraction (XRD) studies on SSP-PEDOT (2-year old
melting point results in dramatically reduced conductivity (0.1 sample PEDOT-B, Figure 7a) and in thin film form (polymer-
S/cm), which rises up to 5.8 S/cm after doping with iodine, ized for 24 h at 60°C, Figure 7b). Even though both samples
approaching the value of an Fe&lynthesized PEDOT (7.6
S/cm). Not very significant, but certain increase in conductivity (16) nﬁftbgggé TSLAL%SGhin’ A.; Hutchison, K.; Wudl, F.; Heeger, A3kall).
of SSP-PEDOT (ca. 2 times) was found on exposing a sample (17) a) Pereira, E. C.; BulfiseL. O. S.; Pawlicka, A.; Nascimento, O. R.;
to iodine vapor. The temperature dependence of the conductivity ~ Fa1a R. "A"-?,\X"a'ms'ey' L 10909éf%037648- (b) Demirbda,
(Figure 4) reveals a typical semiconductive behavior, and no (18) (a) Mizoguchi, K t2001, 119 35. (b) Eichele, H.; Schwoerer,
semiconductormetal transition was found down to 20 K. This M.; Huber, R.; Bloor, D 11976 42, 342.

L. . . (19) This comparison should be made with reservation, since our experiments
behavior is in contrast to the previously observed behavior of measured spin-susceptibility only and not total susceptibility.
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Figure 5. Temperature dependence of the ESR spectrum of SSP-PEDOT. (a) Evolution of the ESR sig0al KSinterval); (b) temperature dependence
of the ESR integrated signal intensity<800 K interval).
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Figure 6. (a) Preservation of the crystal morphology of DBEDOT (colorless crystal, bottom) upon conversion to PEDOT (black crystal, top), optical
microscopy image; (b) surface of SSP-PEDOT “crystal” under higher SEM magnification; (c) and (d) enlargement of a cut of an SSP-PEDOT crystal,
showing layered structure.

are significantly disordered, compared to the crystalline DBE- main peaks at@= 8.6, 17.0, 25.4, 27.0, 29.1, and 3%4.and
DOT (Figure 7c), strong and quite sharp (line width ca°’p.3  thus must be attributed to the structure of the formed polymer.
diffraction peaks observed af2= 29.4, 36.0, 39.5, 43.2, 47.7, The strongest peak in the DBEDOT diffractogram corresponds
48.6° reveal relatively long-range order. A stronger signal was to ad spacing of 3.50 A, which is an interplane distance between
observed for the thin film sample. These peaks obviously do the DBEDOT molecules in the stack (see Crystallographic
not belong to the starting DBEDOT, which is characterized by section). A close (but different) reflection at 26dbrresponding
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Figure 7. XRD spectra of (a) PEDOT-B sample (see Table 1), (b) SSP- jine shows the experiment where the temperature scan was reversed
PEDOT thin film deposited on glass substrate, (c) DBEDOT monomer, immediately after melting.

and (d) FeGsynthesized PEDOT.

accumulation of catalytic impurities (presumably, bromine)
during the heating of large samples of DBEDOT. Similar
autocatalytic decomposition of liquid 2,5-dibromopyrrole can
OE)e inhibited by addition of base (tertiary aminék).

To understand the mechanism of this unique reaction, its
kinetics were studied by calorimetric, gravimetric, and ESR
spectroscopic methods.

Differential Scanning Calorimetry (DSC) Studies.Heating
the monomer DBEDOT at-520 °C/min results in an endot-
hermic melting process\H = 4.8 + 0.1 kcal/mol) before the
exothermic polymerization event occurs (Figure 8). As expected,
the position of the melting peak (998 °C) is only scarcely
affected by the heating rate, and when the temperature scan was
reversed immediately after the melting, a very sharp exothermic
crystallization peak was observed around-89 °C (at a scan
rate of 10°C/min).

Continuing heating above the melting point results in an
exothermic polymerization peak, releasing2.8 kcal/mol,

. . and its position changes significantly with the scan rate (Figure
recording was undertaken to understand the macroscopic featureg). This energy is a complex value, including polymer formation,
of the reaction (see Sl). When the DBEDOT crystals were doping, and endothermic crystallization process, which corre-

heated at 92C (i.e., below the ”?e'““g point), a polymerization sponds to formation of a solid polymer from the liquid DBEDOT
process, observed as a darkening of the crystal, took place after

o . . h low).
a ca. 20-min induction period. Importantly, the color change phase (see below)

. The kinetics of the SS polymerization was studied by
was not uniform throughout the crystal, but occurred as a . .
L . ! ) isothermal DSC measurements. Figure 9 shows the DSC
polymerization “wave” initiated from several points, which

indicates that the crystal defects act as intuitively expected behavior of the DBEDOT monomer crystals heated at 85

reaction centers. The SSP. br d not r 1 b°C (i.e., below the melting point). The DSC curves are
gaction centers. The process does not appear 10 D&, terized by relatively symmetric exothermic peaks due to
dependent on the sample morphology, size, or purification

. o th I izati ion. The relative heat flow = W —
method. Indeed, rigorous purification of DBEDOT by column e polymerization reaction. The relative hea A.
L . Wp (whereW andW, are the observed and a baseline heat flow)
chromatography, several recrystallizations, and vacuum subli-

mation has no apparent effect on the reaction rate (althou hreflects the reaction ratev(= AW/vAH,, wherew is the reaction
pparent . 9N ate andv is the amount of sample in mole®)Broader peaks
accelerated polymerization was indeed observed for a crude

o o . "at low temperatures correspond to lower maximum reaction rate
unpurified sample). The liquid-state behavior of the DBEDOT - L -
. . W nd, corr ndingly, longer r ion time. The integra-
is very different: when the temperature ramp was set to 100( may and, correspondingly, longer reaction time. The integra

°C (to rapidly melt the sample), no polymerization occurred: tion of the peaks gives the heat of polymerizatiaf, = —14.0

. + 1.3 kcal/mol, which is less than the energy for liquid-phase
o, (#4400 20 DB calimo) aimos exacy by e e
However, when Iarg| er samples Z)f the materiallowgre heated ét aenthalpy (4.8t 0.1 keal/mol);i.e,, the total energy of the liquid-

' R ge P L phase polymerization and SSP is virtually the same. The
rate of ca. 10°C/min, a spontaneous polymerization was

reproducibly observed 2t140°C (see SI). We explain this by conversion half-timet{,;) was taken as a point of release of

to a lowerd spacing of 3.42 A was observed in the PEDOT-B
powder sample (Figure 7, line a) as a very broad peak (line
width ~3°). This reflection at 26 has been occasionally
observed in several samples as a narrower peak and shoul
probably be attributed to a different phase. It is possible that
excess bromine, which is kinetically trapped in the SSP-PEDOT
crystal lattice (especially, in thick crystals), is the most
significant contributor to the amorphous part of the XRD spectra.
Not surprisingly, these sharp peaks were not observed in the
PEDOT powder or thin films samples, obtained by solution
polymerization techniques:¢ Furthermore, the control XRD
measurement of Fegsynthesized PEDOT indicated an amor-
phous solid. However, it was reported that polythiophene with
some degree of crystallinity can be achieved by high-temperature
annealing2¢ and by electrochemical polymerization under
precise potential contra.

Reaction Mechanism StudiesThermomicroscopy monitor-
ing of the polymerization process with slow-time regime movie

(21) Gilow, H. M.; Burton, D. E jesiiesisiagn 1981, 46, 2221.
(20) Niu, L.; Kvarnstion, C.; Friberg, K.; Ivaska, A Syl hdet2001 122 (22) Chance, R. R.; Patel,.®l.; Turi, E. A.; Khanna, Y. Plisiiiasssiioc.
425. 1976 100, 1307.

15156 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja037115y&iName=master.img-007.jpg&w=239&h=163
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja037115y&iName=master.img-008.jpg&w=233&h=156

SSP of a Conducting Polythiophene

ARTICLES

=

3

g 19.6-

[ =

&

=

E

3

[T

3

I

- T T T 1
0 100 200 300 400
t/ min

Figure 9. Isothermal DSC curves of the monomer crystals heated at
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Figure 10. Arrhenius dependence of the SSP reaction as determined by
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Table 3. Kinetics of SSP of DBEDOT, as Determined by Different
Methods

gravimetry: DSC: ESR:

T/°C tyo/min tyo/min tmax/Min
60 470
65 200 228 270
70 105 135 148
75 88 83
80 45 46 53
85 27
90 14
Eskcal/mol 23.2+£ 2.3 271+ 11 25.9+0.6
InA —29.3+34 —349+15 —33.0+£0.8
R 0.995 0.997 0.999
S 0.107 0.092 0.038
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Figure 11. Conversion percentage vs reaction time of thermal polymeri-

zation of DBEDOT at different temperatures.

quantitatively followed by extraction of the crude reaction
product (with CHCJ) and gravimetric analysis of the resid{té?

The resulting kinetic curves, measured at different temperatures,
are presented in Figure 11. As in the DSC experiments, the
initial period is characterized by a low increase in conversion
(induction period), which might be associated with an auto-
catalytic effect of bromine and also strain energy accumulated
during the reactiod® The difference between the final weight
(~85%) and the theoretical 100% value is due to release of
molecular bromine (according to elemental analysis, the doping
level in the final product, before vacuum drying, is 1.4 bromine
atoms per EDOT unit, which corresponds to 16% of the weight
loss). The observed “final conversion” in these experiments only
indicates complete transformation of all starting DBEDOT,
although further polymerization of higher oligomers may still
take place. However, the mass spectral analysis of the extracts
showed no dimer present in the reaction mixture in detectable
guantities at any time, which is consistent with a chain reaction
mechanism including formation of reaction centers and relatively
fast polymer chain growth. An activation energy was found from
the Arrhenius equation to be 232 2.3 kcal/mol (Figure 10,
Table 3), which is somewhat lower than that found in the DSC
analysis but also is less reliable because it is based on only
three points.

ESR Analysis. Since the reaction in question produced an
ESR active, doped polymer from the ESR silent monomer
(DBEDOT), it could be followed by in situ ESR experiments
(see Sl). Again, there is a temperature-dependent induction
period before the ESR signal intensity starts to increase rapidly,

50% of the heat, which in most cases (except the fastest reactiorindicating formation of radical intermediates (Figure 12). While

at 90°C) is close to thevmax The position of the exothermic

the polymerization proceeds, consumption of the monomer

peaks depends on the reaction temperature, and plotting In(1/prevents creation of new radical species; therefore, the ESR

tiz) vs LT according to the Arrhenius equation gives an

activation energy of 27.% 1.1 kcal/mol with a high correlation
coefficient (Figure 10, Table 3):

Ink=In(1t,,) = In A — EJRT

Extrapolation of the Arrhenius plot to 2 predicts the half-
life time of DBEDOT around 70 days, which qualitatively fits
the observation of decomposition of the material at room
temperature.

Gravimetric Analysis. The solubility of DBEDOT in organic

intensity reaches a maximum and then decreases to a steady
value, corresponding to radical concentration in the doped SSP-
PEDOT. This is in agreement with the fact that the time to reach
a maximum in the ESR intensity{) is equal (or somewhat
higher) than the reaction half-time, determined by DSC or
gravimetry. The higher the heating temperature, the shorter the
time needed to reach a maximum ESR signal. The ratio of the
signal intensity in the maximum to that at the final conversion
also changes with temperature from 3.5 at higher temperatures
to 1.5 at lower temperatures (Figure 12). This can be interpreted
as increasing concentration of radical intermediates formed at

solvents decreases drastically during the polymerization due tohigher temperatures.

(a) increased molecular weight and (b) formation of bromine

salts from higher oligomers. Therefore, the conversion can be (23) Chance, R. R.; Sowa, J. iy 977, 99, 6703.
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80 —8—50°C Scheme 2. Calculated Energies for Dimerization of
Dihalo-substituted Thiophenes
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Figure 12. ESR kinetic curves of the polymerization of DBEDOT at-60 /
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Plotting thetmax versus temperature in In¢L/— 1/T coordi-
nates (according to the Arrhenius equation) gives a straight line

with excellent correlation parameters (Figure 10). Assuming " h
(with certain approximation) that the time of the maximum diacetylene (22 kcal/moff,although the reaction enthalpiii,

radical concentration is inversely proportional to the constant ~ ~14 kcal/mol) is substantially lower than that of diacetylene
rate k ~ 1/tmay), the above dependence can be used to acquirepolymerlzatmn 36 kcal/mol). The ESR monitoring strongly

the activation energy of this solid-state polymerization (Table suggests radical (or radical ion) species as the reaction inter-
3): Ea= 25.9+ 0.6 kcal/mol, which is very close to the values Mediates. _ _
determined in the DSC and gravimetric experiments. Calculation of the Energies of Elementary Reactions

The Influence of Substitutents and “Leaving Group”. To Involved in the Polymerization. To assess the possible
better understand the reaction, it was important to compare theP0lymerization mechanism we performed guantum mechanical
reactivity of different substituted dihalothiophenes, although we Gensity functional calculations at the B3LYP/6-31G(d) |ével
were limited by a low melting point for a number of derivatives (including unscaled zero-point vibrational energisy. The
(e.g., 2,5-dibromothiophene). Studying the reactivity in the three following model reactions were studied (Scheme 2). _
dihalosubstituted EDOTSs revealed that, surprisingly, DBEDOT e analysis of the results allows to draw the following
is not only much more reactive than DCEDOT, which does not ¢onclusion: Dimerization of DBEDOT is exothermic by 11.2
polymerize at all below 60C (melting point), but also more ~ kcal/mol (AG = 9.4 kcal/mol), similar to dimerization of 2,5-
reactive than DIEDOT. In the DSC, the, of polymerization dlbromothlophene (exothe_rmlc by 8.3 kcal/mol). Dlmer_|zat_|on
of DIEDOT is 30 min at 160°C (cf. DBEDOT parameters in of DCEDOT is endothermic by 6.0 k_cal/mol. Polymerization
Table 3). Accordingly, in bulk synthesis, a reaction time o2 0 produce PEDOT from DBEDOT is also expected to be
days is required to complete the polymerization of DIEDOT at &xothermic by roughly 10 kcal/mol, in good agreement with
140°C, which also affords highly conductive SSP-PEDG( DSC measurements-(L4 kcal/mol), taking into account en-
NMR and elemental analysis confirms the structure of the thalpy of in situ doping with bromine. We note that our
product, see Table 1, sample PEDOT-E, and Sl). The electron-calculations neglect steric effects in polymer formation which
donor 3,4-ethylenedioxy substituent also plays an important role &re expected to be relatively small due to the possibility of anti
in this SSP. Its replacement with electron-acceptor bromine conformation of thiophene ring.
atoms Complete|y suppresses the p0|ymerizati0n: no Sign of The reaction mechanism remains SpeCUIatiVe. A neutral
decomposition of tetrabromothiophene was found after incubat- radical polymerization is not expected to proceed af®dn
ing this compound at 115C for 2 weeks. We believe that the ~ the dark, since the calculated homolytic cleavage of-eB€
low oxidation potential of the thiophene monomer as well as bond in DBEDOT requires 85.0 kcal/mol, similar to homolytic
high reduction potential of the halogen dopant are the key factorscleavage of a €Br bond in the nonpolymerizable dibro-
in this reaction, and the doping of the intermediate oligomers mothiophene (84.3 kcal/mol). This is even higher than in
with molecular halogen (formed from the Br/I leaving groups) bromoform, expt 72.3 0.3 kcal/moE? indicating a very strong
provides a driving force for the polymer growth. Exposing
DBEDOT crystals to molecular bromine at room-temperature 29 ,(s\a)[l)‘ ee, T vang Wﬁg%%rrég '5‘2%_“ 1988 37, 785. (b) Becke,

results in fast polymerization observed on the crystal suface. (26) All calculations used the GAUSSIAN 98 series of programs. Frisch, M.
J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;

the crystal) is quite close to the value found for SSP of

In support of this hypothesis, the observed low reactivity of Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, Jr., J. A.; Stratmann,
DIEDOT can xplain he lower oxidation ntial of R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
.. O C.a be e pla ed byt e 0 er oxidatio potential 0 K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
iodine, which cannot dope small oligomers. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
To summarize, although the complexity of this muItistage Petersson, G. A,; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,

. . . K . K P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
solid-state reaction does not allow a simple kinetic analysis of Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
H A H H i B.; Liu, G. Liashenko, A. Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin,
the reaction, it is rer_narkab_le t_hat three independent kinetic R'L: Fox. D. J.: Keith. T.: Al-Laham. M. A: Peng, C. ¥ - Nanayakkara,
experiments give similar activation enerds, ~ 26 kcal/mol. A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.

P ; ; B P Pk At R W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
This activation energy (associated with the initiation event in 3. A, Gaussian 98Revision A.11.4: Gaussian, Inc.. Pittsburgh, PA. 2002.
(27) All optimized structures were found to be minima by frequency analysis.
(24) We note however, that a trace amount of HBr cannot initiate the SS (28) In addition, our calculations show that the “dimer” of DBEDOT has coplanar

polymerization of DBEDOT at room temperature, ruling out the possible thiophene rings, in contrast to dibromobisthiophene, which has a twist angle
acid catalysis of the polymerization. of 21°.

15158 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja037115y&iName=master.img-012.jpg&w=188&h=126
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja037115y&iName=master.img-013.png&w=203&h=144

SSP of a Conducting Polythiophene

ARTICLES

Al
G W
A T M
N % -é'_l"?
PN
/9"'/\' ~
N '~ W
LT 0
T o &
S 7 N
XY 3 j
Bt Wab
NV N
A d

NS
/\f|| &\ _e
/ ./
?\\\,\;—; Y
Vi
'"@j‘j\/\w
e
¥ L %

Figure 13. Crystal packing diagram dDPCEDOT (left), DBEDOT (middle), andDIEDOT (right): (red®) bromine atoms;®) carbon atoms; (gree®)
chlorine atoms; (gree®) hydrogen atoms; (magen®) iodine atoms; (yellow @) sulfur atoms; (- - -) short intermolecular contacts between halogen atoms.

Scheme 3. Proposed Mechanism of the Initiation of SSP of DBEDOT
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C—Br bond in DBEDOT. The most notable difference between halogen atoms positioned over the aromatic ring of an adjacent
DBEDOT and dibromothiophene, due to the electron-donating molecule. In all three structures, the stacks form rows, running

ethylenedioxy substituent in the former, is the stability of the
cations produced by hererolytic cleavage of-aB? bond to a
carbocation and Br. Dissociation of dibromothiophene to
produce bromothiophene cation requiieghe gas phase21.1
kcal/mol, while dissociation of DBEDOT to produce mono-
bromo-EDOT cation requires 201.3 kcal/mol.

along the crystallographigaxis (for DCEDOT) and axis (for
DBEDOT and DIEDOT). The sulfur atoms are situated on the
same side of a row, but in adjacent rows the sulfurs are opposed.
Hydrogen bonds between ethylenedioxy fragments of different
rows provide a dimerized row architecture; there are also weak
S+--S contacts between the molecules of adjacent row dimers

On the basis of the above studies we propose an oxidativein DBEDOT and DIEDOTS! In DCEDOT the thiophene

polymerization mechanism for DBEDOT, similar to oxidation
of thiophenes by Fegl(the reduction potential of B[1.07 V]
is 0.3 V higher than that of Fe€]0.77 V], in solution; in the

solid the difference is unknown). The reaction is autocatalytic,

catalyzed by the released bromine (Scheme 3).
Crystallographic X-ray Analysis of Dihalo-EDOTs. To

molecules of stacks within the same row (and adjacent row of
another dimer) are parallel, forming a quasi-sheet structure (i.e.
a continuous two-molecule-wide lane). The closest:-Cl
contact (3.58 A) is found between molecules in the same row,
but the distance is longer than the sum of van der Waals (vdW)
radii (3.5 A). The “superstack” architecture in DIEDOT is

understand the importance of the crystal structure on this somewhat similar, but the above quasi-sheets direction is
polymerization reaction, single crystals of three dihalo- perpendicular to the row. In DBEDOT the planes of molecules
substituted EDOTs (dichloro-, dibromo-, and diiodo-) were in all adjacent stacks are significantly tilted relative to each
grown from EtOH solution and studied by X-ray analysis (Figure other, so that the only parallel adjacent DBEDOT molecules
13). The molecular units do not have any particular feature are found within the stack. An important packing feature of

which could explain the solid-state reactivity:—Elal distances
(1.705 A for C-Cl, 1.87 A for C-Br, 2.08 A for C-1) are
usual for normal €&Hal single bonds. In all three compounds,

DBEDOT and DIEDOT, possibly governing their reactivity in
the solid state, is a remarkably short intermolecular-+idhl
contact: 3.45 and 3.50 A for DBEDG?7 and 3.73 A for

the thiophene molecules form stacks whose axes are significantlyDIEDOT [cf. the sum of vdW radii is 3.7 A (Bf-Br) and 4.0

tilted from the normal (4645°).39 This tilt results in a
considerable shift of the adjacent molecules and precludes

A (1--+1)]. These contacts occur between almost perpendicular

interaction within the stacks, despite a favorable interplanar (31) DBEDOT: shortest S-S is 3.56 A (double vdW radius 3.6 A):SBr is

distance of 3.5 A. The interaction within the stack occurs via

(29) Blanksbhy, S. J.; Ellison, G. 2003 36, 255.
(30) The stack axis is parallel to the crystallograpiaxis for DBEDOT and
DIEDOT, and to thea axis for DCEDOT.

3.62 A (sum of vdW radii 3.65 A), ©-H are 2.47, 2.62, and 2.69 A (sum
of vdW radii 2.9 A). DIEDOT shortest'$'S is 3.49 A (double vdW radius
3.6 AA, S-+l is 3.81 A (sum of vdW radii 3.86 A), ©-H are 2.46 and
2.60 A.

(32) This structure consists of two unequivalent DBEDOT molecules, belonging
to different rows.
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that of recently reported PEDOGTglycerol and PEDOF+
sorbitol composite films used in creation of all-organic photo-
voltaic cells (surface resistance:10°® /00, conductivity: ~10
S/cm)#

Conclusions

h ] | =) __:‘l We have shown that heating of dibromo- and diiodo-3,4-

Figure 14. Semitransparent conducting films &EDOT on a plastic ethylenedloxyt.hlophene n Fhe solid ,State results inan gnprec—
substrate (left) and a glass slide (right), prepared by in situ SSP of vacuum €dented coupling self-reaction and gives highly conducting and

depositedDBEDOT. relatively well-ordered halogen-doped poly-3,4-ethylenedioxy-
thiophene. X-ray analysis of the monomers indicates very close
molecules, so that the angle-Elal---Hal is 106.7 (DBEDOT) Hal---Hal contacts, which facilitate this unusual reaction in the
and 101.8 (DIEDOT), in contrast to a 180geometry of these  solid state. The solid-state polymerization of DBEDOT is
contacts in DCEDOT. exothermic by 14 kcal/mol and requires an activation energy

The most probable direction of polymerization would be of ~26 kcal/mol. ESR monitoring of the reaction indicates that
formation of a C-C bond between C-2 and C-5 atoms of the a radical (or an ion-radical) polymerization mechanism and
adjacent thiophene molecules of the same stack, facilitated bykinetic behavior are similar to those observed in SSP of
Hal---Hal interaction between the molecules of adjacent stacks diacetylene. Polymerization of DBEDOT above the melting
in the same row. The corresponded intermolecular-@ point leads to a lower-conductivity polymer. The temperature
distance is 3.78 A for DIEDOT, 4.09 A for DBEDOT and 4.27 dependence of the conductivity of SSP-PEDOT reveals a
A for DCEDOT. The observed SSP, however, requires signifi- semiconducting behavior. Highly conducting thin films of
cant rotation of the molecules (see SI). PEDOT can be easily fabricated using our method.

In summary, the specific stacking structure of DBEDOT and  This work marks the first synthesis of conducting poly-
DIEDOT and, especially, close HalHal contacts obviously  thiophenes in the solid state. The strategy will be applied to
play an essential role in the SSP of these compounds. Howeverother conducting polymer systems through a rational design of
we could not find a crystal motif that would allow a, difficult the monomers and should have a substantial technological
to imagine, topotactic polymerization (due to the required impact.
expulsion of excess halogen). Most likely, the polymerization
occurs along the stacks of the monomer, but must be ac-
companied by significant rotation and some movement of the  Materials. Reagent chemicals were purchased either from Aldrich
molecules. or Fisher Chemical Co. 3,4-Ethylenedioxythiophene (EDOT) was kindly

Applications in Plastic Electronics. We believe that the  donated by Bayer Co. and was distilled (+222°C/10 mmHg) before
described polymerization of DBEDOT that occurs under very Use. Chloroform and acetonitrile were distilled from calcium hydride
gentle conditions and does not require external agents will haveunder an argon atmosphere. Other solvents and reagents were used as
many practical applications; as, for example, all-organic light- "éceived. _
emitting diodes, polymer field-effect transistors, etc. By virtue __Measurements Solution NMR spectra were taken on a Bruker ARX
of a simple fabrication procedure and higher degree of order, 500 spectrometer. All chemical shift®)(are reported relative to

. . . tetramethylsilane (TMS) at 0.0 ppm. The solid st&@ NMR spectra
SSP-PEDOT constitutes an efficient alternative to the water- were acquired on a Bruker Avance 300 spectrometer operating at 75.476

processable Baytron PE'_DOT material, Whlch_affords f"”_]_s with MHz. The samples were ground and packed into zirconium oxide rotors
surface resistance as high as° Xo/00.% The time instability  jth Kel-F end caps for use in a 4-mm magic angle spinning probe
problem, usually associated with halogen-doped conducting from Bruker. The data were acquired at spinning rate of 10 kHz with
polymers, seems not to be an issue for our SSP-PEDOT, asvariable amplitude cross-polarization experiméhthe 3C NMR
demonstrated by the highest conductivity of the 2-year-old chemical shifts were referenced to an external sample of adamantane
sample. with the methylene resonance assigned to 38.03 ppm. As a secondary

Here we demonstrated a facile preparation of highly conduc- reference for &°C scale, tetramethylsilane was assigned 0.0 ppm.
tive polymer films on an insulating support as an important step ' he EPR measurements were performed with a Bruker EMX X-band
to creating all-organic electronics. A reduced pressur(( spectrometer at 9.78 GHz, using a microwave bridge and a rectangular
mbar) sublimation of DBEDOT With gentle heating of the TE102 cavity. The temperature of the samples was controlled between

b Its in in situ d - | lid 90 and 400 K by a flow of either cooled or heated nitrogen gas, and
substrate, results in in situ deposition onto glass slides (or @petween 4 and 300 K by a flow of helium gas. The modulation

plastic substrate, Figure 14) of semitransparent blue uniform frequency was 100 kHz, and the modulation amplitude usee®.1
PEDOT films3* The average surface resistances of the glass Hz. For the temperature-dependent ESR experiments, a single “crystal”
slide and the plastic substrate are 2.10° Q/0O0 and 3.6x 10° (3 mg) of SSP-PEDOT was sealed in a quartz ESR tube in a vacuum
Q/0O, respectively, at an average thickness of 2700 and 1300and cooled to the lowest achievable temperature5(K). The data

A, respectively. The surface conductivity reaches 20 S/cm. were acquired after gradual warming up to the higher temperatures and
Further doping with iodine vapor increases the conductivity of stabilizing for 20 min before recording the spectrum.

the films by a factor of 23. The very high surface conductivity X-ray crystallographic data were collected on a Bruker Smart 1K

of the present thin films is comparable and even higher than X-ray diffractometer equipped with a large area CCD detector. Single
crystals of each compound were mounted on a glass fiber, and

Experimental Section

(33) The greenish shading of the flexible substrate in Figure 14 is due to
bromination of the upper layer of commercial ink-jet transparency used in (34) Peersen, O. B.; Wu, X.; Kustanovich, |.; Smith, S. s
this experiment with excess of bromine (gives yellow color). Ser A1993 104, 334.
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diffraction data were acquired using a MaxKadiation sourceA(= 393.8 (100%, M). HRMS (El): 393.80233; calcd For¢Hal,0,S:
0.71073 A) at 100 K. Structure solution and refinement were conducted 393.802161H NMR (500 MHz; CDC}): 4.26.33C NMR (125 MHz;
using a SHELXTL package from Bruker (see Sl for details). CDCly): 143.7, 65.0, 51.7. Elemental analysis found: C, 18.46; H,

The powder and thin film X-ray diffraction experiments were 0.84; S, 7.93; calculated fore40.Slx: C, 18.29; H, 1.02; S, 8.14.
performed on Bruker AXS D8 Advance X-ray diffractometer, with Cu Method 2. To a mechanically stirred solution of EDOT (1.40 g,
Ko radiation source A = 1.5406 A) in ©/20 mode, at room 0.01 mol) in acetic acid (100 mL) was added dropwise of a solution of
temperature. mercuric acetate (6.40 g, 0.02 mol) in acetic acid (200 mL) over 2 h.

FT-IR spectra were recorded on a Perkin-Elmer 1 spectrometer in A white precipitate formed, and the reaction mixture was stirred
KBr pellets. UV-visible spectra were obtained on a Shimadzu-UV overnight. The white precipitate was filtered, washed with methanol
NIR 3100 spectrophotometer. Melting points were measured using a and diethyl ether, and dried under vacuum to give a white product of
capillary melting point apparatus (MelTemp from Laboratory Devices) 2,5-diacetoxymercufEDOT (6.25 g, yield 95%). This compound is
and are uncorrected. Thermogravimetric analysis (TGA) was carried insoluble in common organic solvents, mp 350 °C. MS (El) m/z
out on a Perkin-Elmer TAC 7/DX Thermal Analyst system at a heating 659 (100%, M). Elemental analysis found: C, 18.18; H, 1.51; Hg,

rate of 10°C/min and at a nitrogen flow rate of 75 émin. Differential 61.03; S, 4.81 calculated forig110Hg.06S, C, 18.21; H, 1.53; Hg,
scanning calorimetry (DSC) was run on a Perkin-EImer DSC Pyris 60.84; S, 4.86.
instrument. To a mechanically stirred suspension of the above white powder

Cyclic voltammetry (CV) was performed on a BAS 100B Electro- (5.00 g, 0.0075 mol) in acetonitrile (500 mL) was added dropwise a
chemical Analyzer with a three-electrode cell in a MeCN solution of ~Solution of iodine (4.06 g, 0.016 mol) in acetonitrile (300 mL). During
0.1 M BwNPF; at a scan rate of 50 mV/s. The polymer films were in  the addition of iodine, the suspension cleared to produce a yellow
situ sublimed on a platinum electrode (0.5%ny heating the monomer solution. After evaporation of the solvent, the residue was dissolved in
DBEDOT crystals at 60C in a vacuum overnight (the sublimer was & saturated potassium iodide agueous solution. The product was ex-
evacuated to 10 mbar, closed, and incubated &Gfbr 24 h). A Pt tracted with chloroform (50 mix 3) from the aqueous solution. After
wire was used as the counter electrode and an Ag/@y01 M of evaporation of the solvent, the crude product was recrystallized from
AgNO; and 0.1 M of BUNPR; in MeCN) electrode was used as the ~ €thanol to produce light brown crystals (1.63 g, yield 55%), mp 189
reference electrode. Its potential was corrected by measuring the °C. Spectral data were identical to the sample obtained in method 1.

ferrocene/ferrocenium couple in this system (0.11 V versus AtyAg SSP-PEDOT.In a typical experiment DBEDOT (0.612 g) was
Elemental analyses were performed by Desert Analytics Co. incubated at 60C for 24 h in a closed vial, during which period the
2,5-Dibromo-3,4-ethylenedioxythiophene (DBEDOT!2 To a color of the material changed from white to black and a brown bromine

stirred solution of 3,4-ethylenedioxythiophene (EDOT) (14.0 g, 0.10 Vapor appeared in the vial. Performing the reaction in an inert
mol) dissolved in a 2:1 solvent mixture of chloroform (300 mL) and &tmosphere (Ar) or in a vacuum-sealed vial does not have any apparent
acetic acid (150 mL) was added slowlifbromosuccinimide (36.0 g, effect on the polymerization time or the properties of the product. El.
0.202 mol) at 6-5 °C under argon atmosphere. The mixture was Anal- Found: C, 27.56; H, 1.53; Br, 41.77; S, 12.19. Calcd fei£
allowed to stir for 8 h at room temperature and quenched with water. Br1402S(H:O)s: C, 27.41; H, 1.98; Br, 42.56; S, 12.20. The polymer
The organic layer was separated, and the water layer was extractedVaS vacuum-dried overnight to afford the bromine-doped polymer
with chloroform (100 mLx 3). The combined chloroform extractwas ~ (PEDOT-Ain Table 1). El. Anal. Found: C, 28.87; H, 1.65; Br, 38.42;
neutralized with 5% sodium bicarbonate solution, washed with distilled S 12-90- Caled for §44Br: 20,S(H:O)os: C, 29.19; H, 2.10; Br, 38.84;
water, and dried with anhydrous magnesium sulfate. The filtered S, 12.99.

solution was concentrated, passed through a silica gel column, and _ The well-ground material was additionally dried in a vacuum (0.1
eluted with methylene chloride to give a crude white powder. It was MPar) at 150°C overnight, then dispersed in MeCN (200 mL/g) and

recrystallized from ethanol to produce 22.8 g of white needlelike crystals Stirréd with 50% hydrazine hydrate (10 mL/g) overnight, filtered, and
in 76% yield, mp 96-97 °C. MS vz 298, 300, 302 (M, 55, 100, washed with neat MeCN. Vacuum drying afforded a nearly fully
55).2H NMR (500 Hz) (CDCH), oy 4.27 (s, 4 H) ppmi3C NMR (125 dedoped PEDOT-C (see Table 1). El. Anal. Found: C, 46.84; H, 2.42;
Hz) (CDC), oc 139.6, 85.4, 64.9. CP-MASC NMR (75 Hz, solid Br, 0.42; S, 19.04. Caled for ¢840:Bro0:S(NHNH,:3H;:0)o.12 C,
state) dc 140.3, 84.6, 65.1. Elemental analysis: Found: C, 23.79; H, 47-63; H, 3.44; N, 2.22; Br, 0.53; S, 21.19. CP-MA®E NMR (75

128, Br, 53007 S, 1086, Calculated fOEl‘QBrzOzS, C, 2402’ HY MHZ, solid State):éc 1365, 1087, 649, IR (KBr):V = 1645, 1510,
134 Br 5397 S 10.69, 1431, 1357, 1202, 1069, 984, 920, 849,

2,5-Dichloro-3,4-ethylenedioxythiophene (DCEDOTY was ob- SSP-PEDOT Films on Different _SubstratesA cry_stall_ine DBE-
tained by a method similar to that for DBEDQUising N-chlorosuc- DOT sample {100 mg) was placed in a 200-mL sublimation apparatus

cinimide NCS instead: white needles (80%), mp-62 °C. MS (EI): together with substrates of interest (microscope slides, plastic films,
iz 209.9 (100%) HRMS (El): 209 93054- calcd Fogl-GCIZOZS: platinum sheets). The system was evacuated to ca. 10 mbar, sealed,
209.930911H NMR (500 MHz: .CDCD' 4,95 13C NMR (125 MH2: and incubated in an oven at 8@ for 24 h to produce a blue film on

CDCl): 137.2, 100.3, 64.8. El. Anal. Found: C, 34.15: H, 1.85; Cl the inside surface of the apparatus and the above substrates. The correct
33.24- S, 15.27. Calcd for.eé4B-rQOQS'. C 3414'H 191-Cl 33.59  Pressure should be kept to get uniform good quality films (mind the

S. 15.19 increase of the actual pressure in the system due to bromine liberation).
2,5-Diiodo-3,4-ethylenedioxythiophene (DIEDOT). Method 1To Acknowledgment. We thank the United States Air Force
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in one portion. The reaction mixture was allowed to warm to°€0 acknowledges the support from the Natural Sciences and

overnight, the solvent was removed in vacuo, and the residue was taker\E : ina R hC il of C da f h h
up in CHCE. After washing with Kl solution (to remove excess iodine) ngineering Researc ouncil of Canada for support throug

and water, the organic layer was concentrated in vacuo and purified @ Discovery Grant. We thank Dr. R. Helgeson at EMI, UCLA,
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analysis, Dr. R. E. Taylor and Dr. J. Strouse for help with solid- selected pictures of supramolecular architecture of DBEDOT,
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Supporting Information Available: Plot of the ESR line
width vs temperature; ESR spectrum of the dedoped SSP-
PEDOT,; 2D graph of evolution of the ESR signal during the
polymerization; TGA analysis plot; details of the thermomi-
croscopy analysis and the recorded video files of the polym-
erization process (in avi format); cyclic voltammograms; JA037115Y
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