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Evidence for Generation of Delocalized Polarons
in Conducting Polyaniline: A Raman Scattering
Spectroscopy Approach
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Institut de Chimie des Surfaces et Interfaces, Ecole Nationale Superieure
de Chimie de Mulhouse, Mulhouse, France

Hristina Zhekova and Alia Tadjer
Faculty of Chemistry, University of Sofia, Sofia, Bulgaria

Abstract: Photoexcitation as a novel route for obtaining delocalized polarons in
conducting polyaniline is predicted theoretically and confirmed experimentally.
Original model experiments and theoretical calculations on protonated emeraldine
species with various chain alignments as well as of isolated chains were carried out.
In addition, experimental models matching theoretical models of isolated and bulk
polyaniline (PANI) chains were synthesized and their absorption and Raman
spectra recorded. The detection of the photoexcited states was performed by
conventional Raman scattering spectroscopy (generally employed for studying
ground states), which is an attractive alternative for generating and characterizing
photoexcited delocalized polarons in polyaniline. The occurrence of photoexcited
delocalized polaronic species is favored by chain stacking.
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INTRODUCTION

Interaction between polyaniline (PANI), a conjugated conducting poly-
mer, and visible light is still not fully elucidated. It is well known that
electronic absorption spectra of conducting PANI (emeraldine salt)
obtained by conventional chemical or electrochemical polymerization
are characterized by an intensive transition in the visible range
(Zmax ~800nm). This state is referred to as primary doped polyaniline.!
Upon the so-called secondary doping, caused by mixing of the noncon-
ducting emeraldine base form of PANI with camphore- or dodecylbenze-
nesulfonic acids in the presence of m-cresol, the absorption maximum is
shifted further to the near infrared region (NIR) (Apnax from ~1200 to
>2600nm) accompanied by conductivity enhancement of about two
orders of magnitude. The nature of these transitions is widely discussed:
the visible absorption is attributed to localized polarons and the NIR
transitions are often related to delocalized polaronic excitations.["
Speculation is that the former originate from protonation of the imino-
nitrogens in emeraldine base and the latter are due to structure rearrange-
ment of the polymer chains, e.g., transition from coil-like to extended
chain conformation upon secondary doping.'"* The two types of polar-
ons are deemed responsible for the electron transport in conducting
PANI. It is claimed that the localized polaronic form prevails in shorter
phenyl- or amino-capped oligomers,™ while the ground state multiplicity
of longer species remains questionable. The existence of polaronic (mag-
netically active) states is evidenced by numerous measurements of PANI
electron paramagnetic resonance (EPR) spectra.l® However, the structure
of these two types of PANI polarons has not been addressed at the
atomic level so far. Apparently, at least two factors govern the generation
of delocalized (mainly high-spin) polarons in emeraldine: degree of pro-
tonation and stacking (pattern of chain alignment).

Additional evidence for the importance of the pattern of chain align-
ment offers the treatment of PANI emeraldine base films cast from sol-
ution in N-methylpyrrolidinone and stretched at 80°C with aqueous
HCI solution (a typical primary doping procedure).”) This leads to
growth of PANI conductivity, which is analogous to the effect of second-
ary doping.

It is straightforward to analyze the nature of the polaronic states by
means of photoexcitation techniques. A number of studies have tackled
the photoexcitation of the nonconducting emeraldine (semi-oxidized)
and pernigraniline (fully oxidized) base forms of polyaniline.’'" They
report nearly steady-state photoinduced absorption spectra or light-
induced ESR results of short-lived polaronic photoexcited states. To
our knowledge, there are few communications presenting long-time (3 h
at 10K) weak photoinduced infrared-active vibrational mode detection
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of localized polaronic excited states in pernigraniline base.'®!" If the
nonconducting forms can be photoinduced to conducting ones, then
the same route should be even more operative for the emeraldine salt,
i.e., the effect of secondary doping could be achieved by photoexcitation.

In an attempt to mimic emeraldine salt behavior we performed theor-
etical simulations on partially and fully protonated emeraldine tetramers.
In order to account for secondary doping factors, various chain align-
ments are considered and the results are compared to those for isolated
chains. The optical parameters of the model systems will elucidate the
alternatives for interaction between PANI and light. In parallel, experi-
mental models of isolated and bulk PANI chains are synthesized and
their absorption and Raman spectra recorded.

The Raman scattering technique relies on irradiation with fixed-
wavelength visible laser beams and simultaneous detection of Raman
vibrational fingerprints. Currently, Raman spectra of polyaniline are
interpreted in terms of Raman resonance scattering based on the idea
of selective vibrational mode enhancement upon coincidence of the
absorption maximum of a given chromophore group with the irradiating
laser line.l"*'"! The frequency range 1300-1400 cm ™' is usually associated
with the polaron lattice (C-N'* stretching). Bands in the interval 1390—
1400 cm™ are specifically attributed to vibrational frequencies of deloca-
lized polarons featured by extended emeraldine salt chains resulting from
conventional secondary doping.!'*)

Herein, Raman scattering will be used to provide an efficient route
for studying photoinduced delocalized polarons in conducting PANI at
ambient conditions. It should be noted that a concomitant fluorescence
emission may be anticipated to accompany the recorded vibrational
spectra.?® A quenching technique will be utilized to suppress the fluores-
cence contribution.

EXPERIMENTAL SECTION
Synthesis and Characterization of PANI Samples

Reagent-grade aniline and ammonium peroxydisulfate were purchased
from Aldrich and used as received. Mica sheets, Artikel G250-1
(MP/GSI), were treated ultrasonically for 5min in ethanol and dried in
nitrogen flow. The oxidative polymerization of aniline was carried out
with 10mL of aqueous solution of aniline (8.8 x 10>mol/L) in the pres-
ence of 1.5M HCI and oxidant (8.8 x 107> mol/L (NH,),S,0g) at 0°C in
the presence of mica templates. After polymerization the PANI-mica
sheets were removed, rinsed with 1.5M HCI aqueous solution, treated
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ultrasonically for Smin in 1.5M HCI aqueous solution, and dried at
ambient conditions.

The morphology and layer thickness of PANI adsorbed on the mica
sheets were determined by atomic force microscopy (AFM) (Digital
Instruments MultiMode TM SPM NanoScope IV controller) step height
measurement on a scratched sample. According to these data the thick-
ness of the layer formed by closely packed uniform (20 nm in diameter)
spherical particles is also 20 nm, i.e., it is a monomolecular layer.

Suspension of PANI single-molecule nanoparticles (SMNP; diameter
of ~3nm) was obtained as described previously.*!’ PANI thus prepared
was characterized by UV /vis/NIR spectra. Films were cast on Si wafers
and used for Raman spectroscopic investigation.

Raman scattering spectra of PANI-on-mica and SMNP-on-Si-wafers
were obtained using a LabRam Yobin-Yvon (Horiba) Raman spec-
trometer with CCD detector and a two-grating (600 and 1800 grooves/
mm) monochromator. The device was equipped with an Olympus micro-
scope. Short working-length objectives, 50x and 100x , with respective
numerical apertures of 0.5 and 0.9 and three confocal pinholes (400,
600, and 1000 pm) were employed. Frequency-doubled Nd-YAG and
He-Ne lasers (4 =532.1nm and A= 632.8nm respectively) were used
as sources of excitation irradiation, with laser power between 0.42 pyW
and 5.0mW. UV/vis/NIR spectra of SMNP-suspension and PANI-on-
mica sheets were recorded with a Beckman DU640 spectrophotometer.
All spectral measurements were made at room temperature.

Computational Protocol

All studied emeraldine models were enclosed in a TIP3P water periodic
box.”? The details are provided in Table I. Chloride anions were
used as counterions for the positively charged tetramers to achieve overall
electro-neutrality of the system. A combined Monte Carlo/molecular
mechanics technique was employed for low-energy structure sampling.

Table I. Monte carlo simulation parameters for the studied emeraldine tetramer
clusters

No. of Protonation No. of water Box Cutoff radii,
tetramers degree molecules size, A A (inner/outer)
1 1" 125 14 x 14 x 30 3/72

2 1* 250 18 x 18 x 30 5/9

1 27 197 18 x 18 x 30 5/9

2 2" 394 20 x 20 x 35 6/10
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The hydrated PANI tetramers were subjected to Monte Carlo simulation
based on the Metropolis scheme!*”! for acceptance of low-energy config-
urations. The energy of the structures was calculated with the AMBER96
force field.** All water molecules were explicitly included in the structure
calculation. The original parameters of the AMBER96 force field were
augmented with a nonstandard bonding parameter for the CB-CD bonds
during the molecular mechanics simulation, with equilibrium bond length
lo=1.46 A and force constant of the bond 334cm'. (Adopted from
AM1 results averaged on a series of similar structures in order to repro-
duce properly the structure of quinoid rings).

This is necessary for proper reproduction of the structure of the qui-
noid rings, not included in the original force field. This is a standard pro-
cedure in force field methods. A switched cutoff® with inner radius of 5
A and outer radius of 9 A was applied to the non-bonded interactions.
The electrostatic interactions used the same cutoff and were calculated
in the monopole approximation. The 1-4 electrostatic interactions are
scaled by 0.833; the “dielectric constant™ is not scaled when calculating
the electrostatic interactions. Atomic charges for PANI and aniline were
adopted from Mulliken analysis of the AM1 optimized molecules in vac-
uum, either with singlet or triplet multiplicity in the fully protonated case.
Although the use of HF/6-31G* RESP derived charges is recommended
by the authors of AMBER, and the use of other density-partitioning
schemes has some disadvantages (e.g., the electrostatic interactions are
overestimated), we do not think that the use of the Mulliken charge dis-
tribution will lead to incorrect results in this case, since we compare ten-
dencies between similar structures. An additional reason to choose the
Mulliken atomic charges is our attempt to preserve the balance in our
model, which combines methods from two different levels of theory.
The employment of electrostatic potential (ESP) derived charges as the
initial guess would be even more “unnatural” for AM1 in the second
stage of the calculations (simulation of spectral behavior), which could
result in incorrect molecular orbits (MOs) and qualitatively wrong
absorption spectra—the main and final goal of this study. Therefore,
we have decided to use the Mulliken partitioning scheme as an acceptable
compromise. A unit negative charge was assigned to each chloride anion,
which is a reasonable assumption with respect to the large distances
(>3A) of the counterions from the main chain and their complete
hydration. Moreover, the aqueous HCI introduced experimentally is
already dissociated.

The electrostatic interactions were calculated in the monopole
approximation. Standard AMBER scaling factors were used.”* The
employed version of the force field is applicable for simulations of conju-
gated organic molecules and is parametrized for the essential fragments
present in PANI. In addition, the suitability of the computational
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protocol in general and of AMBER96 in particular for calculations on
PANI has been validated in previous studies®® by comparison of the
obtained structural parameters with those reported at other theoretical
levels.

After equilibration of the Monte Carlo simulations (from 20 000 to
80 000 steps), a series of lowest-energy configurations (from 15 to 20
depending on the cluster) were selected from each Monte Carlo trajectory
for further optimization and characterization. The geometry of every ser-
ies of lowest-energy clusters was fully optimized (PANI and water) with
AMBERY96. The optimized structures were used for structural analysis
and optical spectra simulation. The absorption spectra were calculated
for the set of PANI tetramer and counterions only. The aqueous environ-
ment was treated as a fixed point-charge enveloping field in spectra com-
putation. The UV /vis spectra were obtained with AM1/CIS(10,10) for
isolated and AM1/CIS(20,20) for stacked PANI chains.®® The above
abbreviations mean that the active space comprised 10/20 electrons in
10/20 m-molecular orbitals. The size of the active space was selected on
the basis of two criteria: lack of MO degeneracy at the terminal orbitals
and inclusion of the same number of n-orbitals in the simulations. The
above active spaces satisfy the non-degeneracy requirement and involve
10/20 PANI 7-MOs in the spectra simulations of hydrated single /stacked
tetramers.

Although the electron correlation is somewhat overestimated by
AMI1/CI due to the parametrization fitted to reproduce experimental
properties at the super critical fluid (SCF) level, it still provides correct
trends in the UV /vis optical properties at the expense of acceptable com-
putational time. Moreover, AM1/CI has proven to reflect adequately the
experimental UV /vis spectra of some conjugated n-systems of similar
nature.?”!

RESULTS AND DISCUSSION

The theoretically designed models include singly (SPE) and doubly (DPE)
protonated emeraldine tetramers (Figure 1(A), (B1), (B2)). Protonation
leads to redistribution of the electron density, which may preserve the
singlet multiplicity of emeraldine base or produce higher spin states such
as triplets, quintets, etc., where some spin density is localized in the vicin-
ity of the protonated nitrogens.”® Figure 1 (structures Bl and B2) offers
a schematic representation of the two possible electron and spin-density
distributions corresponding to localized (B1) and delocalized (B2) polaro-
nic states in a fully protonated emeraldine tetramer.

SPE and DPE are optimized in vacuum with AM1 Hamiltonian.
The obtained structures are used to construct stacks of two species,
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Figure 1. Schemes of (A) singly (SPE) and (B1, B2) doubly (DPE) protonated
emeraldine tetramers and AMBER96 optimized geometry of hydrated (C) SPE
and (D) DPE stacks; numbering of the nitrogen atoms is provided.
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counterions are added, and the clusters are optimized with AMBER96.
Various mutual alignments are considered and treated according to the
protocol described above. After the Monte Carlo simulation, the sampled
snapshots are reoptimized with AMBERO96 (an illustrative cluster is
shown in (Figure 1(C), (D)). The optical spectra are simulated. The cal-
culated spectra provided in Figure 2(A), (B) are averaged over the reop-
timized series.

The experimental spectra used for comparison are taken for 3nm
PANI particles, SMNP (Figure 2(C)), the closest approximation to iso-
lated chains, and for ~20 nm PANI particles layered on mica (Figure
2(D)). The latter case corresponds to the conventional conducting form
of polyaniline, the band at Ay, ~ 830nm being evidence of localized
polarons present in the polymer. The graphs in Figure 2(C), (D) reveal
that no sign of secondary doped PANI can be traced, whereas even in
the isolated DPE tetramers NIR absorption is theoretically predicted.
Analogous UV /vis/NIR spectra of primary doped PANI corresponding
to Figure 2(D) (but recorded up to 2600 nm)™! give no bands in the NIR
either. The resemblance between the simulated and experimental optical
spectra of single molecules looks disputable but the profile is similar.
Bearing in mind that chain elongation leads to redshift, the experimental
spectra in Figure 2(C) represent oligomers with indefinite degree of pro-
tonation and longer than the modeled tetramers in Figue 2(A).

The conclusion that can be drawn from Figure 2 is that chain-
stacking both in experimental and in simulated spectra results in redshift
of the absorption maxima. On the other hand, PANI obtained directly
from standard synthesis is obviously never fully protonated and far from
tightly packed (as modeled theoretically). Thus, PANI possessing
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well-known fingerprints of delocalized polarons cannot be obtained with-
out additional post-synthesis treatment consisting in rearrangement of
the polymer chains by stretching or by secondary doping procedures.
The latter are probably accompanied by additional protonation too.

The calculated longest-wavelength transitions (LWT) and spin-state
energy splitting of hydrated tetramers in different degrees of protonation
are summarized in Figue 3 (left-hand side). The increase in degree of pro-
tonation leads to bathochromic shift in the absorption maximum of a sin-
gle emeraldine tetramer. An extra factor responsible for this redshift may
be the decrease of the energy difference between the lowest lying states of
various multiplicities upon protonation. In terms of the states of a single
tetramer visualized in Figure 3 (right-hand side), not only A; is reduced to
produce the redshift of the intensive absorption band, but also Aj lessens
even to negative values, indicative of coexistence of two multiplicities in
the tetramer ground state. The high-spin states then would give rise to
numerous transitions in the NIR /IR region. The variety of multiplicities
and the range of transition wavelengths are expected to be extended with
chain elongation, but we have limited our simulations to the shortest
oligomer allowing all degrees of oxidation and protonation.

To test the latter hypothesis, quantum mechanical calculations for
the energy separation between the low-spin and high-spin ground state
in protonated emeraldine were performed. The energy splittings (AEgt =
Es — Er or AErg=Er—Eg) between the spin states of single and
stacked half- and fully protonated emeraldine tetramers were estimated
by calculations of Egcrgy—the respective AM1/CAS(10,10) energies

S.T.Q
s AEg; =-0.017 t0 0.04 ¢V s
S ABg; =-0.810-1.0eV  AE;o=0.11004 eV !
t LWT =641 nm LWT =800 to 25 000 nm
a -
c 2 half protonated 2 fully protonated A T,
Kk A A,
i S S.T A | T
n AEg =-1.0eV AEgp =-0.017 t0 0.02 eV A
o LWT =550 nm LWT = 800 to 4 000 nm *3
=)
0
1 half protonated 1 fully protonated

Degree of protonation

Figure 3. Stacking and protonation effect on spin-state splitting and LWT of
emeraldine tetramers (left); energy diagram of the calculated ground and excited
states of protonated emeraldine. Sy (S;) designate singlet states and T (T5,) the
corresponding triplet states. A; (i =1, 2, 3) are the energy splittings of the spin-
states estimated via transition energies (right).
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obtained from a single-point complete active space (CAS) computation
for the AMBER96 optimized hydrated tetramer structures.””>"! The
energy splitting for the only possible ground states (singlet and triplet)
of a single oligomer corresponds to Az in Figure 3(B). The results define
unequivocally singlet ground state for the half-protonated tetramer
(AEsT =—1¢V), but the triplet and the singlet states are almost degener-
ate for the fully protonated molecule (AEgt = 0.02¢eV). Stacking of
two fully protonated tetramers in aqueous environment stabilizes the
high-spin states (depending on the atomic charge distribution used,
AEgt =—0.017-0.040eV, AErq is in the range 0.1-0.4eV). AM1/CIS
analysis of an ensemble of 270 fully protonated structures reveals that
quintet ground state is feasible for 23%, singlet ground state for 11%
of the stacks, and triplet ground state for 66% of the clusters. These data
confirm the possible spin-states switch upon irradiation with visible light
summarized in Figure 3. Depending on the degree of protonation, A;
proves to be positive or negative, and A; and A, decrease upon increase
of protonation level.

In contrast to DPE, the half-protonated tetramers undergo
~100nm redshift upon stacking, whereas AEgt reduces negligibly.
Accordingly, no NIR transitions are witnessed in the simulated spectra.
Therefore, the longest wavelength absorptions (from 900nm to
6000nm) in Figure 2(B) can be correlated with the experimentally
observed free carrier band and correspond to the presence of delocalized
polarons in the high-spin species. The more blueshifted excitations
(4 < 900 nm) are thus attributed to the experimental (localized) polaronic
bands arising from high population of low-spin excitations. It should be
noted that the theoretical model of two stacked fully protonated tetra-
mers does not match completely the molecules present in the experi-
mental samples, where the chains are longer and not necessarily fully
protonated, which hinders complete polaron delocalization throughout
the chain. However, substructures as the ones modeled theoretically
herein are present in the samples, and thus we deem the comparison
between the calculated and the experimental spectra appropriate.

Additional evidence for the above speculations is provided by the
simulated Raman spectra (Figure 4(A), (B)) of the studied tetramers.
The Raman vibrational frequencies were calculated at the RHF/6-31G*
and B3LYP/6-31G* levels after full geometry optimization of the respect-
ive (half- or fully protonated) PANI tetramer in vacuum.?! In order to
juxtapose to experimental Raman spectra of PANI films, 0.8929 (RHF)
and 0.9610 (B3LYP) scaling factors were applied to the theoretical fre-
quencies. The main differences between the theoretical Raman spectra
of the half- and fully protonated tetramers are the band sequence in the
region 1300-1400cm™' and the band intensity in the region 1500
1600 cm™'. More important is the former effect, which will be discussed in
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detail. The half-protonated molecule features a single RHF/B3LYP
vibrational mode at 1351/1399 em' and the fully protonated one
has three vibrational bands, at 1315/1316em™', 1344/1346cm ™,
and 1389/1326cm™'. All three of them correspond predominantly to
C-N-H mixed with some C-C-H bending. However, those at
1351/1399cm™" and 1344/1346cm™" involve only a small portion of the
molecule, whereas at the other two the entire core part of the molecule
participates in the vibration. Therefore, the bands at 1315/1316cm™
and 1389/1326cm ™' can be considered as characteristic for delocalized
polarons. In the region above 3000cm ™' the simulation results in several
low-intensity N—H stretching bands, at 3018/3076 cm !, 3427/3425 cm !,
and 3535/3459cm™' for SPE, and at 3026/3095cm ', 3353/3406cm ',
and 3424/3446cm™' for DPE. The apparent shift of the 3535/
3459 cm ™! band in SPE to 3353/3406cm ' in DPE is just due to enhanced
N-H stretching of the first ptotonated N-atom (N2) in the presence of the
second (N3). Thus, this band cannot be attributed specifically to deloca-
lized polarons. All B3LYP bands are blueshifted with respect to the
RHF ones, except for the peak at 1389/1326cm ™. This is due to milder
twisting in the vicinity of the protonated nitrogen atoms yielded by the
B3LYP geometry optimization, which affects the energy of this collective
vibration. Both simulated Raman spectra are in good agreement with
experiment results (Figure 5), the performance of B3LYP being better.
In the present work, Raman scattering spectra of emeraldine salt films
were measured at ambient temperature in conditions that can enhance
or quench photoexcited species and concomitant fluorescence selectively.
The factors are the laser line and power; the agent suppressing fluores-
cence emission by affecting the excited state lifetime is water. The proper
balance of experimental conditions allows vibrational fingerprint assess-
ment of photoexcited delocalized polarons in conducting PANI.

The Raman spectra of the investigated PANI species were obtained
with two laser lines (4 = 632.8 nm or 532.1 nm) at various laser powers
between 0.42puW and 5.0mW at 298 K. The spectra are presented in
Figures 5 and 6. The vibrational bands characteristic of conventional
PANI!2 T are observed in all cases, but some differences are witnessed
too. Figure 5(A), (B) represents the Raman spectra of SMNP with the
two laser lines. In neither of them is the 1390 cm™' band, which is charac-
teristic of delocalized polaronic states,!'*! traceable. Assuming that the
degree of protonation is the same in the 3nm and 20 nm particle layers
(same pH maintained during synthesis), the major difference is in the
possibility of stacking, which is insignificant in SMNP and considerable
in the large particles. Judging by the optical spectrum, however, no delo-
calized polarons are expected to exist in the polymer. Interestingly, the
Raman spectra for the 20 nm particle layers with both lasers contain a
band at ~1390cm™" (Figure 6(A), (B)). Since no electronic absorption
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Figure 5. Raman scattering spectra of SMNP cast on Si-wafers at different laser
power: (a) 5.0mW, (b) 2.7mW, (¢) 1.2mW, (d) 0.5mW, (e) 0.04mW; (A)
recorded upon A = 632.8 nm laser irradiation; (B) recorded upon A = 532.1 nm
laser irradiation.
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Figure 6. Raman scattering spectra of 20 nm PANI particles layered on mica at
different laser power: (a) 5.0mW, (b) 2.7mW, (c) 1.2mW, (d) 0.5mW, (f)
0.42 uW; spectra (A) and (C) are recorded upon A = 632.8 nm laser irradiation;
spectra (B) and (D) are recorded upon 4 = 532.1 nm laser irradiation; spectra
(C) and (D) are obtained from samples A and B covered with 1.5 M HCIl aqueous
solution.
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Figure 6. Continued.

transition corresponding to delocalized polaronic states is detected in the
samples before laser treating, we assume that delocalized polaronic spe-
cies are created during the laser irradiation, i.e., they have photoexcited
nature. The standard technique for quenching excited states is addition
of water. Therefore, a second series of Raman scattering experiments
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included covering the PANI layers with a 1.5M HCI aqueous solution.
The HCI was used in order to maintain the conducting emeraldine form
of the polymer. The resulting spectra are shown in Figure 6(C), (D).

The effective quenching of the excited states is evidenced by almost
complete absence of fluorescence, which also leads to enhanced resol-
ution of the spectra. The band at ~1390cm ™' disappears entirely from
the spectrum obtained by irradiation with the lower energy laser, but it
remains in the spectrum yielded by higher energy laser irradiation. This
confirms the photoexcitation nature of this band. Moreover, it is
consistent with the higher population of excited states produced by the
higher energy laser. The high-energy laser treatment of primary doped
PANI may prove to have the same effect as secondary doping of the
samples, 1.e., it can increase the amount of charge carriers associated with
delocalized polarons and thus improve conductivity. Since laser
irradiation is strictly focused, this opens perspectives for further practical
applications of photoinduced local conductivity of PANI.

CONCLUSIONS

In summary, the present study addresses the possibility of generation of
photoexcited delocalized polarons in conducting polyaniline films.

The problem is accessed both from experimental and theoretical
standpoints, the two approaches being designed to match each other as
much as possible. A specific synthetic procedure is developed to fabricate
small single-molecule PANI nanoparticles (~3 nm) corresponding to mol-
ecular simulations on isolated hydrated emeraldine oligomers. For com-
parison with synthetically obtained nano-size monolayers of 20 nm PANI
particles, models of stacked hydrated oligomers were tailored. The inter-
play of protonation degree and stacking pattern was monitored and an
attempt to rationalize the occurrence of delocalized polarons based on
spin-state energy splittings was made, attesting that the interstate gap
grows smaller upon protonation and a variety of quasi-degenerate spin
states becomes feasible upon stacking. Experimental characterization of
the species was achieved by UV/vis/NIR and Raman scattering spec-
troscopy. Very good agreement between the experimental spectra and
the theoretical estimates was obtained.

The data reveal that no delocalized polarons can be induced in
SMNP, regardless of the laser wavelength or power. The possibility for
generation of conducting delocalized states appears due to intermolecular
interactions, illustrated by experimental Raman spectra of 20 nm PANI
particles. The different behavior of the layers, depending on the energy
of the irradiating light, shows that the effects typical for secondary dop-
ing can be triggered by photoexcitation. Thus, light-assisted polaron
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redistribution can be used as an alternative to other conductivity-
enhancement procedures such as protonic or oxidative doping.

Raman scattering proves to be an efficient nonstandard route for
studying photoinduced delocalized polarons in conducting PANI at
ambient conditions.
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