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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 polymerg3,4s0ly
ethylenedioxythiophene poly(3,4-propylenedioxythiophefe and poly3,42,2-dimethylpropylenedioxXy
thiopheng. 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.
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[. INTRODUCTION is the expected state when the system is lightly doped,
whereas the bipolaron is the expected state when the system
High levels of electronic conductivity are accessible inis heavily doped. Polarons and bipolarons exhibit different
m-conjugated polymers in their redox dopéoiidized or  absorption spectra: the polaron state yields three broad
reduced forms. Ever since the initial discovery of this peaks, whereas the bipolaron state yields only a single, even
effect! conjugated polymers have been studied intensiveljproader, peak.
on account of this high conductivity, reversible doping, and In this paper, we study the optical properties of three non-
low-dimensional geometry. Typically, conjugated polymersdegenerate ground-state polymers belonging to the diox-
are classified into two groups: degenerate ground-statgthiophene family: pol§3,4-ethylenedioxythiophene(PE-
polymer$~* and nondegenerate ground-state polymdérs.  DOT), poly(3,4-propylenedioxythiophengPProDOT), and
In examining and comparing these two polymer typespoly(3,442,2-dimethylpropylenedioxghiopheng
degenerate ground-state polymers are the simpler to moddlPProDOT-Mg). The relevance for the study and compari-
In these polymers, interchange of single and double bonds ospn of these optoelectronic polymers is evident, as they have
the polymer backbone produces a conjugated chain witllready proved to be useful for several smart window
identical electronic structure, and gives rise to the possibilityapplications’ Moreover, a recent study shows that these ma-
of solitonic defects. In nondegenerate ground-state polymerserials are able to modulate the reflectivity of a metal surface
the interchange of single and double bonds along the polyever a broad range of the electromagnetic spectrum, includ-
mer backbone yields two states of different energies; i.e.ing the visible, the near infrared, and the midinfrat@eiere,
there is no degeneracy in the ground-state energy fowe present reflectance and transmittance data for the above
the single-double bond interchange transformation, leadingolymers deposited as thin films on indium-tin-oxid€O)/
to polaron or bipolaron states for charged defects on thglass substrates, along with a discussion of the doping-
polymer. Quantum-chemical calculations of the elec-induced electronic structure and the infrared-active vibra-
tronic structure of the polaron and bipolaron have been dontonal modes as a function of a redox state.
on specific nondegenerate ground-state polymiEs.,
poly(p-phenyleng polypyrrole, and polythiopherhé
There are important experimental signatures of polaron or Il. EXPERIMENT
bipolaron formation in nondegenerate ground-state polymer
systemsi1) infrared-active vibrationallRAV) modes in the
midinfrared attributable to structural distortion&) midgap Figure 2 shows chemical structures of the polymer repeat
states and associated electronic transitigprdaronic or bi-  units. This group of conjugated polymers has high stability in
polaronig, which are revealed by optical-absorption experi-air and at high temperatures~@20°C) in their doped
ments. states> EDOT was received as a gift from Bayer A.G.
Figure 1 shows the general features of the doping-inducedhereas ProDOT and ProDOT-Me&ere synthesized using
electronic structure and the corresponding optical-absorptioa published proceduré:'? Oxidative electrochemical poly-
bands of nondegenerate ground-state polymers; the polaranerization is the most direct method to deposit polymer

A. Sample preparation
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FIG. 1. Electronic structure of polarons and
bipolarons in nondegenerate ground-state poly-
mers. Vertical lines show the electronic transi-
tions. The lines withx are for transitions that are
not allowed because of symmetry or the dipole
selection rule(Ref. 8. Pi1=wq, Py=wy— 0y,
and BR=w,. (Here BP means bipolaronThe
small arrow stands for an electron with a spin

o (either up or dowhn
Q - 0 O\:/
Neutral Polaron Bipolaron

films on ITO/glass working electrodes. We employed a conmeasured utilizing a Dektak Sloan 3030 profilometer, were
ventional three-electrode electrochemical cell with a Pt flagn the range of 200 nm. The optical fitting procedure, de-
counter electrode. For control of the electrochemical potenscribed below, also produces estimates of thickness in this
tial, an Ag/Ag" reference was placed between the workingrange.
electrode and the counter electrode. All three electrodes were Lowering the potential after electrosynthesis results in the
connected to an EG&G PAR model 273A potentiostat/reduction of the polymer film from the oxidized to neutral
galvanostat, which allowed us to monitor the charge passestate. The electrochemical reduction used a potential of
as a function of time. Our films were prepared from a 10-mM—1.0 V vs Ag/Ag", applied for about 10 min. It was fol-
monomer in tetrabutylammonium perchlorate/acetonitrile sotlowed by a further chemical reduction by treatment with a
lutions. We applied 1.0 V vs Ag/Agfor EDOT polymeriza-  solution of 85% by weight of hydrazine in water for a period
tion and 1.1 V vs Ag/Ad for both PProDOT and of 5 min to ensure that all the dopant ions (GlGn this
PProDOT-Ms. case were removed from the film and the polymer was fully
The polymerization proceeds with the oxidation of thecharge neutralized.
heterocyclic monomer at the working electrode immediately The polymers in the reduced state are oxygen sensitive,
followed by a chemical coupling of two radical cations to due to their electron-rich character. Consequently, the neutral
give a dication dimer, which loses two protons, yielding thefilms exposed to air become lightly doped in less than 1
neutral dimer. Subsequent oxidations and couplings yielanin, the doping level reaching a saturation value over sev-
conducting oligomers in the vicinity of the electrode. Onceeral hours. To obtain fully neutral samples, the electrochemi-
these oligomers reach a length at which they become ineal as well as the chemical reduction processes were carried
soluble in the electrolyte solution, they electroprecipitateout in an Ar-filled glove bagAtmosBag from the Aldrich
onto the working electrode surface. Because oxidation of th€hemical Co. Subsequently, we installed the neutral poly-
monomer occurs at a higher potential than that of the polymer sample in a sealed optical sample cell in the glove bag.
mer, the electroactive film is deposited in its doped stateThe cell used KCI windows, transparent over the midinfrared
containing CIQ ions. Experiments done in our group sug- through the ultraviolet region. and was filled with Ar for the
gest that the doping level corresponds to one Clbpant reflectance and transmittance measurements. In all these pro-
ion for every three or four rings. Typical film thicknesses, cedures, we handled the neutral polymer films under Ar to
avoid exposure to oxygen and moisture.

s
s \@, W B. Optical measurements
m o\ 4 On 0%0 All samples consisted of three layers: thick glass substrate
QO O ~0.67 mm), thin ITO layer £ 250 nm), and thin polymer
- P, e e ( ) yer ) poly

layer (~200 nm). The aerial dimension of the sample is
0.7X0.5 cnf. We used three spectrometers for our optical
measurements: a Bruker 113v Fourier-transform infrared
FIG. 2. Chemical structures @¢&) PEDOT, (b) PProDOT, and  Spectrometer (400-5000 crh), a Zeiss MPM 800 micro-
(c) PProDOT-Me. scope photometer (4500-45000¢cH), and a modified

a) PEDOT b) PProDOT ¢) PProDOT-Me2
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were performed at room temperatyB00 K). We measured 0.2~ \

the reflectance and the transmittance of all three polymersfo g |4
their three different phases. Because we used an aluminur -
(Al mirror as a reference for reflectance measurements, we 0.8 |-
corrected the measured reflectance data for the known reflec i
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A. Reflectance and transmittance spectra 1000 10000
The samples studied consisted of a thin polymer layer on Frequency (cm_1)

an ITO layer on a thick glass substrdfmlymer/ITO/glass
shown schematically in Fig. 3. Light incident on the polymer ~ FIG. 4. Reflectance and transmittance of neutral, lightly doped,
surface reflects from all three layers; the absorption withirgnd fully doped states of PEDOT, data and fits.
each layer as well as the reflection from each interface con-
tributes to the measured reflectance and transmittance spdzetween 800 and 1600 crh. Note that new, strong vibra-
tra. Multiple internal reflections within the polymer, the ITO tional features appear in the doped state.
layers, and the glass substrdteot shown in the diagram Even though the fully doped polymers have relatively
also contribute. We estimated the optical constants of théigh dc conductivity valuegabove 100 S/cin the midinfra-
polymers by using fits to model dielectric functions for ared reflectance is actually smaller in the doped state than in
multilayer film; Sec. IV presents the results of this analysis.the neutral state. This behavior is a consequence of the fact
The reflectance and transmittance spectra for three diffetthat the ITO layer is more conducting than the doped poly-
ent stategneutral, lightly doped, fully dopedof three poly- mers. The midinfrared reflectance of the neutral sample is
mers(PEDOT, PProDOT, and PProDOT-Meare shown in  dominated by the polymer/ITO interface, and this reflectance
Figs. 4-6, respectively, along with fits to the multilayer is larger than the reflectance of the vacuum/polymer interface
Drude-Lorentz model(discussed below All three layers in the doped sample.
contribute to these spectra, with the electrochromic polymer
contribution most evident in the visible-region transmittance g Analysis:
spectra. As is known from spectroelectrochemistryhe ' ' o .
neutral state shows a strong optical transition at about 2.5 ev We have used thin-film optics and the Drude-Lorentz
(20000 cm'}), due to them-7* transition of the undoped Model to modell the optl'cal propertles'of the mqlt|layer
polymer. This feature is seen in our transmittance data as $Mples. The thin-film optics probléfrbegins with a single
deep minimum at this energy. As the polymer is doped, thidayer of thicknessd; and complex index of refraction,
feature becomes weaker, and is absent in the spectra of thecated between two semi-infinite media with indices of re-
fully doped polymer. fractionn, andn,. Although the light experiences multiple
In the infrared region the spectrum is affected by all threereflections within the thin layer, one may use the resultant
materials in the sample. The glass and the ITO film prevenglectric-field vectors and match boundary conditions at the

any transmission at energies lower than 0.3 €Viwo interfaces. This approach yields a matrix equation:
(2500 cm'1); the ITO has high reflectance at energies lower

Thin film optics and Drude-Lorentz model

than about 0.4 eV (3000 cm), especially in the insulating 1 1 1
(undoped phase where the polymer is highly transparent; the ~ |+ =~ ) ri=M 1<~ )tl (1)
infrared-active vibrational modes of the polymer are evident No —No Ny
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FIG. 5. Reflectance and transmittance of neutral, lightly doped, FIG. 6. Reflectance and transmittance of neutral, lightly doped,
and fully doped states of PProDOT, data and fits. and fully doped states of PProDOT-Medata and fits.

where we have assumed unit amplitude for the incidenMy=M;M,---M,, whereM, is the transfer matrix of the
electric-field vector. The coefficiemt, is then the amplitude nth layer. Replacingvl; with My in Eq. (1), allows the
of the reflected resultant electric-field vector at the first in-calculation of the reflectance and transmittance of the

terface, and; is the amplitude of the resultant transmitted N-layer system, assuming that one knows all the \/LE_.
field behind the second interface. The quanhity is known whereTsl is the complex dielectric function of layér

as the transfer matrix of the single layer; it is given by The Drude-Lorentz mod¥i used for the complex dielec-

i tric function of each layer may be written

COSd; — =-sing,; @ , )
M= ng . 2 w wy:
~ pD PJ
~ e(w)=€,— . + . 4
_inlsin§1 C0551 ( ) w(w+|/T) 2 (,()12_0)2_”.0’)/] ( )

This matrix C_ontains all the i_nformation ak_)out a single layer:Tne first terme., is the limiting high-frequency behavior of
the complex index of refraction and the thickness of the Iayere(w)_ The secondDrude term represents the free carrier

are contained insy=(27/\)n;d;cose. (For normal inci-  (metallig contribution, in whichw,p(= V47ne?/m*) is the
dencef=0.) If we solve the matrix equation far, andt;,  Drude plasma frequendyvith m* being the effective mass
we obtain the reflectance and transmittance of the layer:  of the free carriersand r is the relaxation time associated
with collisions between free carriers and impurities,
phonons, or other excitations in the metal. The final sum, the
Lorentz dielectric function, does double duty and is able to
represent both the contributions of bound carriers and the
Knowingn; and thicknessl, we can compute the reflectance contributions of phonons. Here the quantities, y;, and
and transmittance of the film. wp;, (E\/4wnje2/m}*) are, respectively, the resonant fre-
This approach extends in a straightforward way to amguency, damping constant, and plasma frequency or oscilla-
N-layer systent® Each transfer matrix carries information tor strength of th§th Lorentz absorption band.
for one layer, and the resultant transfer maivly; is simply Our procedure consists of fitting the measured reflectance
the product of all transfer matrices for th¢ layers, i.e., and transmittance using the Drude-Lorentz model for each of

n
Ry=r1(r)*, leﬁ—ztml)*. 3
0

115205-4



OPTICAL PROPERTIES OF NONDEGENERATE GROUND. . PHYSICAL REVIEW B 67, 115205 (2003

TABLE I. The fitting parameters for neutral, slightly doped, and doped PEDOT. ldasethe thickness

of the film.
Neutral Slightly doped Doped

Wpj wj i Wpj wj Vi Wpj wj i
(cm™1 (emYy  (em?l)  (emb  embH  (emb  (embH  (emb)  (em )

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
€,.= 1.90 €,.= 1.98 €,.= 2.17
d= 210 nm d= 211 nm d= 225 nm

the three layers in our polymer/ITO/glass samples, adjustingransitions, phonons, anel, and thickness. It required sev-
the parameteréncluding the layer thicknesdor a best fitto  eral oscillators to fit many of the bands in Figs. 4—6. For
both measured quantities. To simplify the task of obtainingexample, ther-7* transition in the visible was fit with be-
results for the polymer/ITO/glass samples, we measured thsveen 3 and 5 distinct Lorentz oscillators. There are two
reflectance and transmittance of bare glass and of the ITGfasons why we required so many parameters. First, the
glass samples without polymer. The analysis of these medands have vibronic structure, requiring one oscillator for
surements gave the Drude-Lorentz model parameters for theach of the 2 or 3 sidebands evident in the spectra. Second,
glass and for the ITO layer. Then, when we fitted the meawe used in some cases two closely spaced and overlapping
sured transmittance and reflectance data for the polymeoscillators in order to try to fit the steeply rising absorption
ITO/glass samples, we used the already-obtained parameterdges of this band.
for the ITO layer and the glass substrate. In each case, the Generally speaking, the fit produced excellent results in
thickness of the layer was considered to be an adjustablihe midinfrared, but deviated from the experimental results
parameter. in the near infrared and visible. This is despite the fact that
The Drude-Lorentz model fits are shown as dotted lines inhe least-squares programreturned x? values below 3
Figs. 4—6. The parameters used to fit the data are shown iR 10 *. We believe that there are two causes of these diffi-
Tables I-I11l. Note that for each of the nine samples studiedculties. One is the steepness of the absorption edge of the
the reflectance and the transmittance were fitted with a single-=* transition mentioned above. Second, much of the
set of parameters. There are four blocks of data in the tablestructure in the near infrared through visible region, particu-
which correspond, respectively, to the free-carfiBrude larly in the reflectance spectra, is attributable to multiple in-
conductivity (significant only in the doped filmselectronic  ternal reflections within the thin films, and our assumption of
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TABLE Il. The fitting parameters for neutral, slightly doped, and doped PProDOT. ldasethe thick-
ness of the film.

Neutral Slightly doped Doped
Wpj wj Vi Wpj wj Vi Wpj wj i
(ecm™1 (ecmy  (em?bH  (embH  eml)  (embH  (emb  (emY  (em
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
€,= 1.98 €,= 1.73 €,= 2.15
d= 212 nm d= 246 nm = 175 nm

a layer of uniform thicknes6.e., with parallel facesis prob-  fit of our model dielectric function to reflectance and trans-
ably oversimplified. We obtained better fits to the transmit-mittance and are not derived from the Kramers-Kronig
tance spectra than to the reflectance spectra in this wavenalysis or from inversion of the reflectance and transmit-

length region. tance datathe properties of the polymers in their neutral,
lightly doped, and fully doped states are much clearer than in
IV. OPTICAL CONSTANTS AND DISCUSSION the reflectance or transmittance spectra. The neutral poly-

mers have low conductivity in the infrare@xcept for the
We can compute any of the optical “constants” of our vibrational structurgand a first optical transition in the vis-
materials by using the parameters from the Drude-Lorentible region, with the maximum conductivity occurring at
fit. These parameters consisted of three quantities for each14 eV (PEDOT), 2.03 eV (PProDOT, and 2.17 eV
absorption band(center frequency, width, and spectral (PProDOT-Mg). In the lightly doped samples, this intense
weight, €., and thickness. The optical conductivities andabsorption is reduced by about a factor of 2 in spectral
absorption coefficients for PEDOT, PProDOT, andweight, and two new bands appear at about 0.62 and 1.4 eV.
PProDOT-Mg are shown in Figs. 7 and 8, respectively. (These bands are most evident in PEDOT, but occur in all
In these resultgwhich we stress are the results from the three lightly doped samplesThe doped polymers exhibit a
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TABLE lll. The fitting parameters for neutral, slightly doped, and doped PProDOT-Mere,d is the
thickness of the film.

Neutral Slightly doped Doped
Wpj wj Vi Wpj wj Vi Wpj wj j
(ecm™1 (ecmy  (em?bH  (embH  eml)  (embH  (emb  (emY  (em
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 13580
7800 19001 3244 2161 19822 1686 8964 33464 24511
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
€,.= 2.19 €,.= 2.27 €,.= 2.43
d= 198 nm d= 239 nm = 190 nm

single broad band, with a maximum at about 0.71 eV. Thebroad electronic absorption ban@ome with clear vibronic
vibrational structure is considerably enhanced in the dopedtructurg@ and narrow vibrational absorption bands.
samples, as will be discussed below. The 7r-7* transition is the primary electronic transition in

By extrapolation of the low-frequency conductiviti¢gsg.  the neutral polymer. As the polymers are converted from the
7) to zero frequency, we estimate the dc conductivities of théneutral state to the lightly doped state, there is a blueshift in
three polymers in their doped states to be 250 S/cm fothe 7-7* transition energy because the new doped states are
doped PEDOT, 390 S/cm for doped PProDOT, and 150 S/crareated from the top of the band. In the case of PEDOT,
for doped PProDOT-Me Although these values are ex- this blueshift is about 450 cnt; for PProDOT, 250 cm;
trapolations from rather high infrared frequencies, they sugand for PProDOT-Mg, 350 cm . Moreover, the intensities
gest that doped PProDOT has the highest dc conductivity. of the 7-7* transitions for the all three polymers decrease
and finally disappear as the doping level increases.

The m-w* transitions of the neutral PProDOT and
PProDOT-Meg show clear vibronic splitting, identified by

The electronic structure of the polymers may be discussedeveral sharp peaks within the-7* transition. These fea-
in terms of either the optical conductivity or the absorptiontures are observed when the equilibrium geometries of the
coefficient. These quantities are closely related, because ground and excited electronic states differ. For PProDOT, the
=4mo,/nc wherea is the absorption coefficientr, is the  lowest two maxima are at 16 400 crhand 17 750 cm?.
conductivity, n is the real index of refraction, anclis the ~ For PProDOT-Me, we find peaks at 16 150 cmh and at
speed of light. The absorption coefficier{gg. 8), display 17500 cmi®. In both PProDOT and PProDOT-Mehe vi-

A. Doping-induced electronic structure
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FIG. 7. The optical conductivities of PEDOT, PProDOT, and

PProDOT-Mg. FIG. 8. The absorption coefficients of PEDOT, PProDOT, and

PProDOT-Meg.

bronic splitting is 1 350 cm?', suggesting that the same vi-
bration, probably a C-C stretching frequency, couples to thé@ctive phonons. Such a large enhancement is explained as
electronic coordinates. The origin of the difference betweerarising from coupling of the new vibration modésduced
the ground and excited states implies a high degree of regy doping to the electronic oscillator strength of the poly-
larity along the polymer backborl& Because vibronic peaks acetylene chain. Another studyemphasized the generality
are not observed in PEDOT, we infer that PProDOT andof these results; the same modes were observed for different
PProDOT-Meg have a higher degree of regularity along their dopants(iodine, Ask, and Na. The observed generality
backbones than PEDOT. The bipolaronic peaks are alssuggests that the intense infrared absorption modes are in-
sharper in doped PProDOT and PProDOT,Miaan in trinsic features of the doped polymers. Another theoretical
doped PEDOT, consistent with this conclusion. study of the degenerate ground-state polymer
Isobestic points are evident in Fig. 8: PEDOT at polyacetylenés showed that the dominant motions associ-
14200 cm?, PProDOT at 15600 cht, and ated with the IRAV of the soliton involve an antisymmetric
PProDOT-Meg at 15000 cm?. The isobestic point occurs contraction of the singléor double bonds on the one side of

where the absorbance is independent of the doping level dhe soliton center and expansion on the other, thus driving
the polymers?® charge back and forth across the soliton center. It was also

pointed out that the expected strengths of the IRAV of a
L ) o soliton are large enough to be observable at very dilute dop-
B. Doping-induced infrared active vibrational modes ing. Although studied in less detail, evidence for IRAV ef-
Within the polaron or bipolaron picture of doped conju- fects have also been reported in nondegenerate ground-state
gated polymers, one expects a strong modification of th@olymers?®-2°
local structure around the additional electrons or holes intro- The contribution to the absorption coefficient of both or-
duced by doping. In turn, this can cause drastic changes idinary and doping-induced phonons is shown in Fig. 9 for
the vibrational properties of the polymer. These newthe three polymers studied here. These curves are the differ-
infrared-active vibrationallRAV) mode$®?*are a common ence between the absorption coefficients with and without
feature of doped conjugated polymers and have a number dlie vibrational modes in the model Drude-Lorentz dielectric
remarkable features. Studf$® of polyacetylene showed function.(In other words, we compute the absorption coeffi-
that the doping-induced infrared modes have oscillatocient using the model and all of the parameters in Tables
strengths enhanced by10° compared to ordinary infrared- 1-Ill, compute the absorption coefficient with the oscillator
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FIG. 9. Infrared-active vibration modes in PEDOT, PProDOT,
and PProDOT-Mg

strengths of all the phonon modes set to zero, and then tal§

the difference between these two curyes.

In situ IRAV and Raman spectra of PEDOT have been

studied by several groups:3! Comparing our absorption

coefficients for neutral PEDOT with the reported absorbanc

of neutral PEDOT(Ref. 29 we find that our “neutral state”

is not totally neutralized; five peaks from the doped seg

r]é?ProDOT having the highest midinfraréaind estimated dc

ments, which we indicate with asterisks in Fig. 9, occur i
these spectra. This conclusion is consistent with the ele
tronic absorption(see the neutral state in Fig. 7 or Fig. 8
where residual absorption occurs in the 2000—4000%m
range, below ther-7* transition. Generally, the sharper vi-

e
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indicated with circles in Fig. 9. Moreover, when we compare
the absorption coefficient of doped PEDOT with Raman-
scattering dat¥ for doped PEDOT we find that these peaks
correspond to the Raman peaks of the neutral PEDOT. Dop-
ing causes Raman active modes to become infrared active,
on account of a loss of translational symmetry induced by
the doping process.

Sharp peaks in the neutral absorption coefficient corre-
spond to characteristic vibrational modes for the pristine
polymer. These peaks do not grow in the doped state, allow-
ing us to identify neutral absorption peaks for PProDOT and
PProDOT-Meg. The peaks due to the neutral state are as
follows: at 1047, 1135, 1367, 1410, 1435, 1470, and
1706 cm'* for PProDOT and at 1027, 1362, 1395, 1435,
1470, and 1720 cm* for PProDOT-Me. (In all three ma-
terials the CIQ absorption peak at 623 ci is evident in
the doped phase, because ¢l@ns were the dopant spe-
cies)

V. CONCLUSIONS

In summary, we have studied the optical properties
of three nondegenerate ground-state conjugated polymers
(PEDOT, PProDOT, and PProDOT-Mein their neutral,
lightly-doped, and fully doped states. We observed definite
changes in the electronic spectra of these polymers, with the
m-a* transition, which occurs in the visible region in these
materials, becoming bleached with doping, and disappearing
completely in the fully doped state. This change with doping
is the basis of the strong visible electrochromism observed in
Fese polymers. At the same time, infrared absorption bands
appear, interpreted within a picture of the doped carriers re-
siding in polaron states in the lightly doped polymer and as
bipolarons in the fully doped state. Evidence for strong
électron-molecular vibration interactions were observed in
the infrared region. Finally, all three systems had significant

low-frequency conductivity when doped, with GJ@loped

conductivity, 390 S/cm.
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