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Optical properties of nondegenerate ground-state polymers:
Three dioxythiophene-based conjugated polymers
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We report the optical properties of three dioxythiophene-based conjugated polymers: poly~3,4-
ethylenedioxythiophene! poly~3,4-propylenedioxythiophene!, and poly„3,4-~2,2-dimethylpropylenedioxy!-
thiophene…. Films of ca. 200 nm thickness of these polymers were prepared on indium-tin-oxide coated glass
substrates using a potentiostatic electropolymerization method. The reflectance and transmittance of the
samples were measured over a broad energy range from the midinfrared through the ultraviolet. To extract the
optical constants of the polymers, we modeled all of the layers of this multilayer thin-film structure using a
Drude-Lorentz model. From the parameters obtained, we compute the optical constants, such as absorption
coefficient and frequency-dependent conductivity. These functions yield information about the electronic struc-
ture of the neutral and doped polymers, which show evidence for polaron states at low doping and bipolarons
at the maximum doping level. We observed doping-dependent changes in the electronic structure of these
polymers as well as doping-induced infrared-active vibrational modes.

DOI: 10.1103/PhysRevB.67.115205 PACS number~s!: 76.50.1g, 75.50.Ee
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I. INTRODUCTION

High levels of electronic conductivity are accessible
p-conjugated polymers in their redox doped~oxidized or
reduced! forms. Ever since the initial discovery of thi
effect,1 conjugated polymers have been studied intensiv
on account of this high conductivity, reversible doping, a
low-dimensional geometry. Typically, conjugated polyme
are classified into two groups: degenerate ground-s
polymers2–4 and nondegenerate ground-state polymers.2,4–7

In examining and comparing these two polymer typ
degenerate ground-state polymers are the simpler to mo
In these polymers, interchange of single and double bond
the polymer backbone produces a conjugated chain w
identical electronic structure, and gives rise to the possib
of solitonic defects. In nondegenerate ground-state polym
the interchange of single and double bonds along the p
mer backbone yields two states of different energies;
there is no degeneracy in the ground-state energy
the single-double bond interchange transformation, lead
to polaron or bipolaron states for charged defects on
polymer. Quantum-chemical calculations of the ele
tronic structure of the polaron and bipolaron have been d
on specific nondegenerate ground-state polymers@e.g.,
poly~p-phenylene!, polypyrrole, and polythiophene#.4,5

There are important experimental signatures of polaron
bipolaron formation in nondegenerate ground-state poly
systems:~1! infrared-active vibrational~IRAV ! modes in the
midinfrared attributable to structural distortions,~2! midgap
states and associated electronic transitions~polaronic or bi-
polaronic!, which are revealed by optical-absorption expe
ments.

Figure 1 shows the general features of the doping-indu
electronic structure and the corresponding optical-absorp
bands of nondegenerate ground-state polymers; the pol
0163-1829/2003/67~11!/115205~10!/$20.00 67 1152
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is the expected state when the system is lightly dop
whereas the bipolaron is the expected state when the sy
is heavily doped. Polarons and bipolarons exhibit differe
absorption spectra: the polaron state yields three br
peaks, whereas the bipolaron state yields only a single, e
broader, peak.

In this paper, we study the optical properties of three n
degenerate ground-state polymers belonging to the d
ythiophene family: poly~3,4-ethylenedioxythiophene! ~PE-
DOT!, poly~3,4-propylenedioxythiophene! ~PProDOT!, and
poly„3,4-~2,2-dimethylpropylenedioxy!thiophene…
(PProDOT-Me2). The relevance for the study and compa
son of these optoelectronic polymers is evident, as they h
already proved to be useful for several smart wind
applications.9 Moreover, a recent study shows that these m
terials are able to modulate the reflectivity of a metal surfa
over a broad range of the electromagnetic spectrum, inc
ing the visible, the near infrared, and the midinfrared.10 Here,
we present reflectance and transmittance data for the a
polymers deposited as thin films on indium-tin-oxide~ITO!/
glass substrates, along with a discussion of the dop
induced electronic structure and the infrared-active vib
tional modes as a function of a redox state.

II. EXPERIMENT

A. Sample preparation

Figure 2 shows chemical structures of the polymer rep
units. This group of conjugated polymers has high stability
air and at high temperatures (;120 °C) in their doped
states.13 EDOT was received as a gift from Bayer A.G
whereas ProDOT and ProDOT-Me2 were synthesized using
a published procedure.11,12 Oxidative electrochemical poly
merization is the most direct method to deposit polym
©2003 The American Physical Society05-1
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FIG. 1. Electronic structure of polarons an
bipolarons in nondegenerate ground-state po
mers. Vertical lines show the electronic trans
tions. The lines with3 are for transitions that are
not allowed because of symmetry or the dipo
selection rule~Ref. 8!. P15v1 , P25v22v1,

and BP15ṽ1. ~Here BP means bipolaron.! The
small arrow stands for an electron with a sp
~either up or down!.
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films on ITO/glass working electrodes. We employed a c
ventional three-electrode electrochemical cell with a Pt fl
counter electrode. For control of the electrochemical pot
tial, an Ag/Ag1 reference was placed between the worki
electrode and the counter electrode. All three electrodes w
connected to an EG&G PAR model 273A potentiost
galvanostat, which allowed us to monitor the charge pas
as a function of time. Our films were prepared from a 10-m
monomer in tetrabutylammonium perchlorate/acetonitrile
lutions. We applied 1.0 V vs Ag/Ag1 for EDOT polymeriza-
tion and 1.1 V vs Ag/Ag1 for both PProDOT and
PProDOT-Me2.

The polymerization proceeds with the oxidation of t
heterocyclic monomer at the working electrode immediat
followed by a chemical coupling of two radical cations
give a dication dimer, which loses two protons, yielding t
neutral dimer. Subsequent oxidations and couplings y
conducting oligomers in the vicinity of the electrode. On
these oligomers reach a length at which they become
soluble in the electrolyte solution, they electroprecipita
onto the working electrode surface. Because oxidation of
monomer occurs at a higher potential than that of the po
mer, the electroactive film is deposited in its doped sta
containing ClO4

2 ions. Experiments done in our group su
gest that the doping level corresponds to one ClO4

2 dopant
ion for every three or four rings. Typical film thicknesse

FIG. 2. Chemical structures of~a! PEDOT, ~b! PProDOT, and
~c! PProDOT-Me2.
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measured utilizing a Dektak Sloan 3030 profilometer, w
in the range of 200 nm. The optical fitting procedure, d
scribed below, also produces estimates of thickness in
range.

Lowering the potential after electrosynthesis results in
reduction of the polymer film from the oxidized to neutr
state. The electrochemical reduction used a potential
21.0 V vs Ag/Ag1, applied for about 10 min. It was fol
lowed by a further chemical reduction by treatment with
solution of 85% by weight of hydrazine in water for a perio
of 5 min to ensure that all the dopant ions (ClO4

2 in this
case! were removed from the film and the polymer was fu
charge neutralized.

The polymers in the reduced state are oxygen sensit
due to their electron-rich character. Consequently, the neu
films exposed to air become lightlyp doped in less than 1
min, the doping level reaching a saturation value over s
eral hours. To obtain fully neutral samples, the electroche
cal as well as the chemical reduction processes were ca
out in an Ar-filled glove bag~AtmosBag from the Aldrich
Chemical Co!. Subsequently, we installed the neutral po
mer sample in a sealed optical sample cell in the glove b
The cell used KCl windows, transparent over the midinfrar
through the ultraviolet region. and was filled with Ar for th
reflectance and transmittance measurements. In all these
cedures, we handled the neutral polymer films under Ar
avoid exposure to oxygen and moisture.

B. Optical measurements

All samples consisted of three layers: thick glass subst
(;0.67 mm), thin ITO layer (;250 nm), and thin polymer
layer (;200 nm). The aerial dimension of the sample
0.730.5 cm2. We used three spectrometers for our optic
measurements: a Bruker 113v Fourier-transform infra
spectrometer (400–5000 cm21), a Zeiss MPM 800 micro-
scope photometer (4500–45 000 cm21), and a modified
5-2
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OPTICAL PROPERTIES OF NONDEGENERATE GROUND- . . . PHYSICAL REVIEW B 67, 115205 ~2003!
Perkin-Elmer 16U (3700–45 000 cm21). All measurements
were performed at room temperature~300 K!. We measured
the reflectance and the transmittance of all three polymers
their three different phases. Because we used an alumi
~Al ! mirror as a reference for reflectance measurements
corrected the measured reflectance data for the known re
tance of Al.

III. RESULTS AND DISCUSSION

A. Reflectance and transmittance spectra

The samples studied consisted of a thin polymer layer
an ITO layer on a thick glass substrate~polymer/ITO/glass!,
shown schematically in Fig. 3. Light incident on the polym
surface reflects from all three layers; the absorption wit
each layer as well as the reflection from each interface c
tributes to the measured reflectance and transmittance s
tra. Multiple internal reflections within the polymer, the IT
layers, and the glass substrate~not shown in the diagram!
also contribute. We estimated the optical constants of
polymers by using fits to model dielectric functions for
multilayer film; Sec. IV presents the results of this analys

The reflectance and transmittance spectra for three di
ent states~neutral, lightly doped, fully doped! of three poly-
mers~PEDOT, PProDOT, and PProDOT-Me2) are shown in
Figs. 4–6, respectively, along with fits to the multilay
Drude-Lorentz model~discussed below!. All three layers
contribute to these spectra, with the electrochromic polym
contribution most evident in the visible-region transmittan
spectra. As is known from spectroelectrochemistry,14 the
neutral state shows a strong optical transition at about 2.5
(20 000 cm21), due to thep-p* transition of the undoped
polymer. This feature is seen in our transmittance data
deep minimum at this energy. As the polymer is doped,
feature becomes weaker, and is absent in the spectra o
fully doped polymer.

In the infrared region the spectrum is affected by all th
materials in the sample. The glass and the ITO film prev
any transmission at energies lower than 0.3
(2500 cm21); the ITO has high reflectance at energies low
than about 0.4 eV (3000 cm21), especially in the insulating
~undoped! phase where the polymer is highly transparent;
infrared-active vibrational modes of the polymer are evid

FIG. 3. Cross section of a polymer film on ITO/glass slide.
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between 800 and 1600 cm21. Note that new, strong vibra
tional features appear in the doped state.

Even though the fully doped polymers have relative
high dc conductivity values~above 100 S/cm!, the midinfra-
red reflectance is actually smaller in the doped state tha
the neutral state. This behavior is a consequence of the
that the ITO layer is more conducting than the doped po
mers. The midinfrared reflectance of the neutral sample
dominated by the polymer/ITO interface, and this reflectan
is larger than the reflectance of the vacuum/polymer interf
in the doped sample.

B. Analysis: Thin film optics and Drude-Lorentz model

We have used thin-film optics and the Drude-Loren
model to model the optical properties of the multilay
samples. The thin-film optics problem15 begins with a single
layer of thicknessd1 and complex index of refractionñ1
located between two semi-infinite media with indices of
fraction ñ0 and ñ2. Although the light experiences multipl
reflections within the thin layer, one may use the result
electric-field vectors and match boundary conditions at
two interfaces. This approach yields a matrix equation:

S 1

ñ0
D 1S 1

2ñ0
D r 15M1S 1

ñ2
D t1 ~1!

FIG. 4. Reflectance and transmittance of neutral, lightly dop
and fully doped states of PEDOT, data and fits.
5-3
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HWANG, TANNER, SCHWENDEMAN, AND REYNOLDS PHYSICAL REVIEW B67, 115205 ~2003!
where we have assumed unit amplitude for the incid
electric-field vector. The coefficientr 1 is then the amplitude
of the reflected resultant electric-field vector at the first
terface, andt1 is the amplitude of the resultant transmitte
field behind the second interface. The quantityM1 is known
as the transfer matrix of the single layer; it is given by

M1[S cosd1 2
i

ñ1

sind1

2 i ñ1sind1 cosd1

D . ~2!

This matrix contains all the information about a single lay
the complex index of refraction and the thickness of the la
are contained ind15(2p/l)ñ1d1cosu. ~For normal inci-
denceu50.! If we solve the matrix equation forr 1 and t1,
we obtain the reflectance and transmittance of the layer:

R1[r 1~r 1!* , T1[
ñ2

ñ0

t1~ t1!* . ~3!

Knowing ñ1 and thicknessd, we can compute the reflectanc
and transmittance of the film.

This approach extends in a straightforward way to
N-layer system.15 Each transfer matrix carries informatio
for one layer, and the resultant transfer matrixMN is simply
the product of all transfer matrices for theN layers, i.e.,

FIG. 5. Reflectance and transmittance of neutral, lightly dop
and fully doped states of PProDOT, data and fits.
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MN5M1M2•••Mn , whereMn is the transfer matrix of the
nth layer. ReplacingM1 with MN in Eq. ~1!, allows the
calculation of the reflectance and transmittance of

N-layer system, assuming that one knows all theñi[Aẽ i ,
whereẽ1 is the complex dielectric function of layeri.

The Drude-Lorentz model16 used for the complex dielec
tric function of each layer may be written

ẽ~v!5e`2
vpD

2

v~v1 i /t!
1(

j

vp j
2

v j
22v22 ivg j

. ~4!

The first terme` is the limiting high-frequency behavior o
e(v). The second~Drude! term represents the free carrie
~metallic! contribution, in whichvpD([A4pne2/m* ) is the
Drude plasma frequency~with m* being the effective mass
of the free carriers! and t is the relaxation time associate
with collisions between free carriers and impuritie
phonons, or other excitations in the metal. The final sum,
Lorentz dielectric function, does double duty and is able
represent both the contributions of bound carriers and
contributions of phonons. Here the quantitiesv j , g j , and
vp j , ([A4pnje

2/mj* ) are, respectively, the resonant fr
quency, damping constant, and plasma frequency or osc
tor strength of thej th Lorentz absorption band.

Our procedure consists of fitting the measured reflecta
and transmittance using the Drude-Lorentz model for eac

, FIG. 6. Reflectance and transmittance of neutral, lightly dop
and fully doped states of PProDOT-Me2, data and fits.
5-4
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TABLE I. The fitting parameters for neutral, slightly doped, and doped PEDOT. Here,d is the thickness
of the film.

Neutral Slightly doped Doped

vp j v j g j vp j v j g j vp j v j g j

(cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21)

866 0 809
2000 3000 2300 8500 2925 6691 12380 1098 9192
7350 15870 3000 4600 4500 4500 8267 3467 9105
4950 17200 3000 5300 11300 4700 4120 11459 7500
4790 18500 3000 7757 17556 6711 26117 39342 1525
6429 20501 4855 3209 20966 8265
8769 31050 8860 2672 26305 5727

13294 43540 28396
100 852 20 300 685 37 210 515 15
90 918 10 430 845 50 200 570 18
50 955 8 180 917 20 270 620 20
130 985 18 110 935 14 500 684 35
65 1030 10 300 975 30 600 790 100
220 1070 17 200 1018 35 570 835 50
50 1090 8 470 1059 35 600 915 45
230 1197 50 100 1085 14 450 970 26
35 1263 5 140 1140 25 120 1007 10
380 1305 55 550 1187 80 750 1047 43
320 1320 80 350 1335 80 200 1070 13
110 1360 10 70 1360 20 150 1135 17
100 1430 10 50 1380 20 520 1180 50
110 1462 15 120 1490 20 300 1190 70
45 1496 10 220 1510 40 640 1300 80
90 1510 25 100 1360 15

90 1410 10
150 1480 20
420 1515 40

e`5 1.90 e`5 1.98 e`5 2.17
d5 210 nm d5 211 nm d5 225 nm
tin
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the three layers in our polymer/ITO/glass samples, adjus
the parameters~including the layer thickness! for a best fit to
both measured quantities. To simplify the task of obtaini
results for the polymer/ITO/glass samples, we measured
reflectance and transmittance of bare glass and of the I
glass samples without polymer. The analysis of these m
surements gave the Drude-Lorentz model parameters fo
glass and for the ITO layer. Then, when we fitted the m
sured transmittance and reflectance data for the polym
ITO/glass samples, we used the already-obtained param
for the ITO layer and the glass substrate. In each case
thickness of the layer was considered to be an adjust
parameter.

The Drude-Lorentz model fits are shown as dotted line
Figs. 4–6. The parameters used to fit the data are show
Tables I–III. Note that for each of the nine samples studi
the reflectance and the transmittance were fitted with a si
set of parameters. There are four blocks of data in the tab
which correspond, respectively, to the free-carrier~Drude!
conductivity ~significant only in the doped films!, electronic
11520
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transitions, phonons, ande` and thickness. It required sev
eral oscillators to fit many of the bands in Figs. 4–6. F
example, thep-p* transition in the visible was fit with be
tween 3 and 5 distinct Lorentz oscillators. There are t
reasons why we required so many parameters. First,
bands have vibronic structure, requiring one oscillator
each of the 2 or 3 sidebands evident in the spectra. Sec
we used in some cases two closely spaced and overlap
oscillators in order to try to fit the steeply rising absorpti
edges of this band.

Generally speaking, the fit produced excellent results
the midinfrared, but deviated from the experimental resu
in the near infrared and visible. This is despite the fact t
the least-squares program17 returned x2 values below 3
31024. We believe that there are two causes of these d
culties. One is the steepness of the absorption edge of
p-p* transition mentioned above. Second, much of
structure in the near infrared through visible region, partic
larly in the reflectance spectra, is attributable to multiple
ternal reflections within the thin films, and our assumption
5-5
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TABLE II. The fitting parameters for neutral, slightly doped, and doped PProDOT. Here,d is the thick-
ness of the film.

Neutral Slightly doped Doped

vp j v j g j vp j v j g j vp j v j g j

(cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21)

1,042 0 511
1598 2901 3233 7108 4303 7755 15500 938 9200
1602 3114 2347 2400 10881 4000 8200 3005 3819
5200 16300 900 3400 16200 1100 3864 28573 4176
6500 17600 1450 5200 17700 2300
3300 18900 1100 6200 19500 4468
5000 20173 2500 8937 30175 21398
3332 22702 3776
10241 32202 14474
100 930 40 110 862 30 250 525 30
210 1047 25 250 932 50 400 620 20
50 1080 10 75 980 20 500 669 27
100 1135 15 50 1010 8 600 715 35
170 1180 30 430 1047 55 900 780 100
270 1280 80 140 1080 17 700 837 50
110 1320 30 150 1130 20 750 895 50
140 1367 20 340 1180 45 500 920 40
50 1411 15 60 1210 10 1100 990 65
100 1435 15 90 1265 10 350 1012 20
70 1470 10 90 1285 20 900 1040 35
160 1500 50 400 1325 70 170 1075 10
40 1525 8 140 1362 24 500 1090 50
120 1645 100 70 1385 15 240 1131 10
110 1700 45 30 1410 10 750 1170 30
145 1712 45 60 1430 10 500 1190 50

55 1470 10 450 1262 25
165 1500 30 400 1290 20
30 1520 8 600 1310 60
100 1710 80 250 1355 20

140 1380 20
300 1430 60
700 1500 50

e`5 1.98 e`5 1.73 e`5 2.15
d5 212 nm d5 246 nm d5 175 nm
it
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a layer of uniform thickness~i.e., with parallel faces! is prob-
ably oversimplified. We obtained better fits to the transm
tance spectra than to the reflectance spectra in this w
length region.

IV. OPTICAL CONSTANTS AND DISCUSSION

We can compute any of the optical ‘‘constants’’ of o
materials by using the parameters from the Drude-Lore
fit. These parameters consisted of three quantities for e
absorption band~center frequency, width, and spectr
weight!, e` , and thickness. The optical conductivities a
absorption coefficients for PEDOT, PProDOT, a
PProDOT-Me2 are shown in Figs. 7 and 8, respectively.

In these results~which we stress are the results from t
11520
-
e-

tz
ch

fit of our model dielectric function to reflectance and tran
mittance and are not derived from the Kramers-Kron
analysis or from inversion of the reflectance and transm
tance data! the properties of the polymers in their neutra
lightly doped, and fully doped states are much clearer tha
the reflectance or transmittance spectra. The neutral p
mers have low conductivity in the infrared~except for the
vibrational structure! and a first optical transition in the vis
ible region, with the maximum conductivity occurring a
2.14 eV ~PEDOT!, 2.03 eV ~PProDOT!, and 2.17 eV
(PProDOT-Me2). In the lightly doped samples, this intens
absorption is reduced by about a factor of 2 in spec
weight, and two new bands appear at about 0.62 and 1.4
~These bands are most evident in PEDOT, but occur in
three lightly doped samples.! The doped polymers exhibit a
5-6
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TABLE III. The fitting parameters for neutral, slightly doped, and doped PProDOT-Me2. Here,d is the
thickness of the film.

Neutral Slightly doped Doped

vp j v j g j vp j v j g j vp j v j g j

(cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21) (cm21)

1042 0 865
1700 3354 2000 5070 3751 5569 10923 1255 8999
1000 5672 1777 2450 11434 3500 10304 3264 4160
5200 16000 1000 2622 16300 1144 2568 12336 4000
6800 17382 1400 6767 17700 3366 3442 21869 1358
7800 19001 3244 2161 19822 1686 8964 33464 2451
8605 26217 17133 5573 21946 7018
2859 31918 3415 3621 31787 14164
120 915 45 150 872 30 200 530 20
125 1027 20 85 925 10 200 580 20
205 1055 25 70 950 10 300 623 20
45 1130 8 130 980 20 250 667 20
230 1170 45 170 1023 20 500 710 60
80 1233 27 300 1052 30 250 780 25
40 1260 8 400 1170 50 800 855 55
80 1287 25 50 1190 8 100 890 7
200 1292 60 340 1300 45 700 918 40
45 1317 12 70 1315 10 580 970 30
50 1330 10 170 1331 16 1000 1025 50
70 1362 12 65 1360 10 500 1050 20
110 1395 10 80 1395 8 420 1140 25
120 1435 25 70 1435 20 590 1163 25
98 1470 10 60 1470 10 750 1285 40
80 1510 20 180 1505 35 200 1313 10
120 1720 45 150 1710 100 80 1350 7

80 1380 8
80 1400 8
400 1510 40

e`5 2.19 e`5 2.27 e`5 2.43
d5 198 nm d5 239 nm d5 190 nm
h
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single broad band, with a maximum at about 0.71 eV. T
vibrational structure is considerably enhanced in the do
samples, as will be discussed below.

By extrapolation of the low-frequency conductivities~Fig.
7! to zero frequency, we estimate the dc conductivities of
three polymers in their doped states to be 250 S/cm
doped PEDOT, 390 S/cm for doped PProDOT, and 150 S
for doped PProDOT-Me2. Although these values are ex
trapolations from rather high infrared frequencies, they s
gest that doped PProDOT has the highest dc conductivit

A. Doping-induced electronic structure

The electronic structure of the polymers may be discus
in terms of either the optical conductivity or the absorpti
coefficient. These quantities are closely related, becausa
54ps1 /nc wherea is the absorption coefficient,s1 is the
conductivity, n is the real index of refraction, andc is the
speed of light. The absorption coefficients~Fig. 8!, display
11520
e
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broad electronic absorption bands~some with clear vibronic
structure! and narrow vibrational absorption bands.

Thep-p* transition is the primary electronic transition i
the neutral polymer. As the polymers are converted from
neutral state to the lightly doped state, there is a blueshif
thep-p* transition energy because the new doped states
created from the top of thep band. In the case of PEDOT
this blueshift is about 450 cm21; for PProDOT, 250 cm21;
and for PProDOT-Me2 , 350 cm21. Moreover, the intensities
of the p-p* transitions for the all three polymers decrea
and finally disappear as the doping level increases.

The p-p* transitions of the neutral PProDOT an
PProDOT-Me2 show clear vibronic splitting, identified by
several sharp peaks within thep-p* transition. These fea-
tures are observed when the equilibrium geometries of
ground and excited electronic states differ. For PProDOT,
lowest two maxima are at 16 400 cm21 and 17 750 cm21.
For PProDOT-Me2, we find peaks at 16 150 cm21 and at
17 500 cm21. In both PProDOT and PProDOT-Me2 the vi-
5-7
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bronic splitting is 1 350 cm21, suggesting that the same v
bration, probably a C-C stretching frequency, couples to
electronic coordinates. The origin of the difference betwe
the ground and excited states implies a high degree of re
larity along the polymer backbone.18 Because vibronic peak
are not observed in PEDOT, we infer that PProDOT a
PProDOT-Me2 have a higher degree of regularity along th
backbones than PEDOT. The bipolaronic peaks are
sharper in doped PProDOT and PProDOT-Me2 than in
doped PEDOT, consistent with this conclusion.

Isobestic points are evident in Fig. 8: PEDOT
14 200 cm21, PProDOT at 15 600 cm21, and
PProDOT-Me2 at 15 000 cm21. The isobestic point occur
where the absorbance is independent of the doping leve
the polymers.19

B. Doping-induced infrared active vibrational modes

Within the polaron or bipolaron picture of doped conj
gated polymers, one expects a strong modification of
local structure around the additional electrons or holes in
duced by doping. In turn, this can cause drastic change
the vibrational properties of the polymer. These n
infrared-active vibrational~IRAV ! modes20,21 are a common
feature of doped conjugated polymers and have a numbe
remarkable features. Studies22,23 of polyacetylene showed
that the doping-induced infrared modes have oscilla
strengths enhanced by'103 compared to ordinary infrared

FIG. 7. The optical conductivities of PEDOT, PProDOT, a
PProDOT-Me2.
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active phonons. Such a large enhancement is explaine
arising from coupling of the new vibration modes~induced
by doping! to the electronic oscillator strength of the pol
acetylene chain. Another study24 emphasized the generalit
of these results; the same modes were observed for diffe
dopants~iodine, AsF5, and Na!. The observed generality
suggests that the intense infrared absorption modes are
trinsic features of the doped polymers. Another theoreti
study of the degenerate ground-state polym
polyacetylene25 showed that the dominant motions asso
ated with the IRAV of the soliton involve an antisymmetr
contraction of the single~or double! bonds on the one side o
the soliton center and expansion on the other, thus driv
charge back and forth across the soliton center. It was
pointed out that the expected strengths of the IRAV o
soliton are large enough to be observable at very dilute d
ing. Although studied in less detail, evidence for IRAV e
fects have also been reported in nondegenerate ground-
polymers.26–29

The contribution to the absorption coefficient of both o
dinary and doping-induced phonons is shown in Fig. 9
the three polymers studied here. These curves are the d
ence between the absorption coefficients with and with
the vibrational modes in the model Drude-Lorentz dielect
function. ~In other words, we compute the absorption coe
cient using the model and all of the parameters in Tab
I–III, compute the absorption coefficient with the oscillat

FIG. 8. The absorption coefficients of PEDOT, PProDOT, a
PProDOT-Me2.
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strengths of all the phonon modes set to zero, and then
the difference between these two curves.!

In situ IRAV and Raman spectra of PEDOT have be
studied by several groups.29–31 Comparing our absorption
coefficients for neutral PEDOT with the reported absorba
of neutral PEDOT~Ref. 29! we find that our ‘‘neutral state’’
is not totally neutralized; five peaks from the doped s
ments, which we indicate with asterisks in Fig. 9, occur
these spectra. This conclusion is consistent with the e
tronic absorption~see the neutral state in Fig. 7 or Fig.!
where residual absorption occurs in the 2000–4000 cm21

range, below thep-p* transition. Generally, the sharper v
brational peaks are due to the neutral polymer; these p
do not grow with increased doping. The peaks that clearly
increase in strength with increasing doping in PEDOT

FIG. 9. Infrared-active vibration modes in PEDOT, PProDO
and PProDOT-Me2.
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indicated with circles in Fig. 9. Moreover, when we compa
the absorption coefficient of doped PEDOT with Rama
scattering data30 for doped PEDOT we find that these pea
correspond to the Raman peaks of the neutral PEDOT. D
ing causes Raman active modes to become infrared ac
on account of a loss of translational symmetry induced
the doping process.

Sharp peaks in the neutral absorption coefficient co
spond to characteristic vibrational modes for the prist
polymer. These peaks do not grow in the doped state, all
ing us to identify neutral absorption peaks for PProDOT a
PProDOT-Me2. The peaks due to the neutral state are
follows: at 1047, 1135, 1367, 1410, 1435, 1470, a
1706 cm21 for PProDOT and at 1027, 1362, 1395, 143
1470, and 1720 cm21 for PProDOT-Me2. ~In all three ma-
terials the ClO4

2 absorption peak at 623 cm21 is evident in
the doped phase, because ClO4

2 ions were the dopant spe
cies.!

V. CONCLUSIONS

In summary, we have studied the optical propert
of three nondegenerate ground-state conjugated polym
~PEDOT, PProDOT, and PProDOT-Me2) in their neutral,
lightly-doped, and fully doped states. We observed defin
changes in the electronic spectra of these polymers, with
p-p* transition, which occurs in the visible region in the
materials, becoming bleached with doping, and disappea
completely in the fully doped state. This change with dopi
is the basis of the strong visible electrochromism observe
these polymers. At the same time, infrared absorption ba
appear, interpreted within a picture of the doped carriers
siding in polaron states in the lightly doped polymer and
bipolarons in the fully doped state. Evidence for stro
electron-molecular vibration interactions were observed
the infrared region. Finally, all three systems had signific
low-frequency conductivity when doped, with ClO4

2-doped
PProDOT having the highest midinfrared~and estimated dc!
conductivity, 390 S/cm.
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