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Abstract: Calculations with Gaussian orbitals and periodic boundary conditions using several density
functionals are carried out to study the proton-doping of polyaniline. We explore previously proposed

mechanisms to explain the spectacular increase of the e

lectrical conductivity of polyaniline upon protonation.

The structural and spectroscopic theoretical predictions for both polaron and bipolaron lattices agree quite
well with the experimental data, and we find that the bipolaron structure is lower in energy.

1. Introduction

The discovery of conducting polymers and their doping ove
the full range from insulator to metal by Heeger, MacDiarmid,

Shirakawa and co-workérshas been landmark research leading methods are able t
to what has been designated as the “fourth generation of polymer

materials”®4 Polyaniline (PANI) is a family of polymers that
represents the oldest electroactive synthetic matefidts

potential applications in organic lightweight batteries, micro-

electronics, and optical displays, among otheas, well as its

significantly different properties than those of earlier studied

materials such as polyacetylehare behind the great deal of
attention received by this material in the recent literafure.

In the mid-1980s MacDiarmid and co-work&showed that

valence effective Hamiltonian (VEHY,as well as molecular
mechanics (MM), AM1, ZINDO, HF, DFT# and MP25
calculations. All these studies focused on different oligomer
structures of PANI. As a general conclusion, most of the
0 predict band gap structures that, once
extrapolated to the infinite chain, are in reasonable agreement
with the corresponding experimental values.

In a recent feature articleHeeger has analyzed the doping
mechanism of PANI by protonation according to the process
presented in Scheme 1 in which, upon protonation, the semicon-
ducting emeraldine badeB leads to the emeraldine s&sl|
through a mechanism, originally proposed by MacDiarmid and
co-workerst® involving a structural change with one unpaired
spin per repeat unit but with no change in the number of elec-

r

PANI can render conduction by protonation of the emeraldine {rons.ESII represents a potentially metallic material with a half-

base EB) leading to emeraldine salEE) through acid-base

filled band. In terms of self-localized nonlinear excitatidfs.e

chemistry. Heeger and co-workers proposed the use of func-jt is said that the protonation &B leads to a spinless charged

tionalized protonic acids with the goal of making PANI
processable in the conducting foifh.

structureESI (bipolaron), which rearranges to a charged radical
open-shell structur&Sl’ (polarons) and finally splits into two

A number of theoretical studies have been devoted to study ESII units (polaron). Heeger has concluded thakhis remark-

the electronic structure of PANI, including extendedckel
theory (EHT)! the Su-Shrieffer-Heeger model (SSHY, the

T Universidad de Oviedo.
*Rice University.
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able conersion from semiconductor to metal has been well-
described, but it is not well understood from thiew of basic
theory. There are no calculations showing that the metallic
(emeraldine salt) final state is lower in energy than the
semiconductor and there is no detailed understanding of the
rearrangement reactions showed in Scherhelhis statement
has prompted us to undertake a computational analysis on the
different structures involved in MacDiarmid and co-workers’
mechanism.

In this paper, we employ recently developed methodolégfy,
especially suited for dealing with periodic systems such as the

(13) Libert, J.; Cornil, J.; dos Santos, D. A.; Bles, J. LPhys. Re. B 1997,
56, 8638.

Kwon, O.; McKee, M. LJ. Phys. Chem. R00Q 104, 1686.
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) 112, 10648.
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(15

(16) Stafstion, S.; Brelas, J. L.; Epstein, A. J.; Woo, H. S.; Tanner, D. B.;
Huang, W. S.; MacDiarmid, A. GPhys. Re. Lett. 1987, 59, 1464.
Bradas, J. L.; Street, G. BAcc. Chem. Red.985 18, 309.

Heeger, A. J.; Kivelson, S.; Schrieffer, J. R.; Su, WRi&.. Mod. Phys.
1988 60, 781.

(1
o

10.1021/ja051012t CCC: $30.25 © 2005 American Chemical Society



Doping of Polyaniline by Acid—Base Chemistry ARTICLES

Scheme 1. McDiarmid and Co-Workers Proposed Mechanism It should be noted that the fully ionic picture in which the
(see Ref 16)® structure€ES| andESI’ would correspond to a dicationic poly-
'f' mer chain with two Ct anions (counterions) and the structure
/O/Nﬂ /@/N EB ESII to a cationic polymer chain with one Chnion (counte-
N N X rion) are particular cases of the models presented in Scheme 1.
H As we will show below, the analysis of the electron density
protonation (HCl) corresponding to the wave function, solution of the Schroedinger

equation for the systems under study, provides information about
the final partial charges on the counterion (gl

Cl-8
|L 2. Computational Details
i All calculations were carried out using the development version of
/O/ N\Q /O/ theGaussiarsuite of program&2 enabling geometry optimizations using
N N periodic boundary conditions (PBC) with density functional theory
|!| ﬁm’ (DFT)* methods and Gaussian basis sétBurther details on this
| < methodology can be found elsewhéte??
CId

Pople’s split-valence 6-31G(d,p) basis®sé@as been employed. To
test the reliability of different functionals, we have carried out calcu-
lations using: (a) the LSDA Slater’s local density exchafgéus the
Vosko—Wilk —Nusair correlation functional ¥, (b) the nonempirical
CI Perdew-Burke—Ernzerhof (PBEY functional which is a generalized
gradient approximation (GGAY,and (c) the hybrid PerdewBurke—
Ernzerhof functional (PBEK)which combines 25% of exact exchange

H
_ . ,!1 with the PBE functional. Preliminary calculations indicated thak32
N ° N ESI' points were enough to converge the energy tof Hu.
ﬁ a

internal redox reaction

The DFT methodology has been shown to perform rather well in
+8 the study of radical, diradicdk*?and “multiradical®®3'systems. Fur-
&6 thermore, in the particular case of PANI several recent sttfdiesn
oligomer models demonstrated that DFT is able to provide structural
and spectroscopic information fully consistent with the experimental
data available.
— . The present methodology represents one step forward with respect
to previous theoretical methods employed to study PANS,in particu-
lar semiempirical approaches and oligomer models. As we will show
below, some of the PBC/DFT geometrical and spectroscopic results are
ESII in good agreement with those reported in previous studies on oligo-
mers!41> However, the band gap structure which emerges in a
straightforward manner from PBC calculations requires extrapolation
| 2x techniques when estimated from the oligomer calculations. Our tools
a—@ Represents a Negative Charge on the Counterion®j@nd +¢ encompass the explicit consideration of the important electron correla-
Represents the Counterbalancing Positive Charge Delocalized over thetion contributions and the appropriate treatment of a periodic system
Chain. (polymer chain).

polaron separation

Ze==T---0Q
+ T
=d o

/

0
9

I

ones in Scheme 1. This methodology has been successfully3 Results and Discussion

applied in our research group to the study of periodic systems 3.1. Equilibrium Geometries. Figure 1 shows the DFT-

such as single-walled carbon nanotutfe® polymers?’ polypep- (PBC)/6-31G(d,p) optimized geometries for the structures
tides2829and bulk actinide oxide®.31 As we show below, the involved in the mechanism presented in Scheme 1. Table 1
bipolaronic latticeESI in Scheme 1 is lower in energy than the

polaronic latticesESI' and ESII. Therefore, it should be (1) Frodan, b sslﬁrgr"esg A.. Kudin, K. N.; Scuseria, G. E.; Martin, RJL.
responsible for the metallic behavior experimentally observed (32) Frisch, My.J et alGaussian Olrevisions A02, BO1, an@aussian 03
whenEB is proton-doped. Indeed, the computed band structure '2%‘851[’280394 B07, development versions; Gaussian, Inc.: Pittsburgh, PA,
for ESI is in good agreement with experimental data from (33) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional
absorption spectra. (g om0 i Wiey: Welnhelm, Germary. 2000,

(35) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AfAinitio Molecular

(19) Kudin, K. N.; Scuseria, G. EChem. Phys. Lettl998 283 61. Orbital Theory Wiley: New York, 1986.

(20) Kudin, K. N.; Scuseria, G. EChem. Phys. Lettl998 289, 611. (36) Slater, J. CQuantum Theory of Molecules and SojitcGraw-Hill: New

(21) Kudin, K. N.; Scuseria, G. El. Chem. Phys1999 111, 2351. York, 1974; Vol. 4.

(22) Kudin. K. N.; Scuseria, G. BRhys. Re. B. 200Q 61, 5141. (37) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(23) Kudin,. K. N.; Scuseria, G. FPhys. Re. B, 200Q 61, 16440. (38) (a) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett.1996 77, 3865.

(24) Kudin, K. N.; Bettinger, H. F.; Scuseria, G. Bhys. Re. B 2001, 63, (b) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1997 (E), 78,
045413. 1396.

(25) Barone, V.; Heyd, J.; Scuseria, G.E.Chem. Phys2004 120, 7169. (39) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules

(26) Barone, V.; Heyd, J.; Scuseria, G. Ehem. Phys. Let2004 389, 289. Oxford University Press: New York, 1989.

(27) Pino, R.; Scuseria, G. H. Chem. Phys2004 121, 8113. (40) Ernzerhof, M.; Scuseria, G. H. Chem. Phys199Q 110, 5029-5036.

(28) Improta, R; Barone, V.; Kudin, K. N.; Scuseria, G.JEChem. Phy2001, (41) Sullivan, M. B.; Brown, K.; Cramer, C. J.; Truhlar, D. G. Am. Chem.
114, 2541. S0c.1998 120, 11779 and references therein.

(29) Improta, R.; Barone, V.; Kudin, K. N.; Scuseria, G.EAm. Chem. Soc. (42) Lim, M. H.; Worthington, S. E.; Dulles, F. J.; Cramer, C. J.0ansity-
2001, 123 3311. Functional Methods in ChemistnACS Symposium Series; Laird, B. B.,

(30) Kudin, K. N.; Scuseria, G. E.; Martin, R. [Phys. Re. Lett. 2002 89, Ross, R. B., Ziegler, T., Eds.; American Chemical Society: Washington,
266402. DC, 1996; Vol. 629, p 402.
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ESI, ESI'

2x

Figure 1. Emeraldine baseEB) and emeraldine saltsESI (bipolaron),ESI' (polarons), andESIl (polaron).

collects the most representative geometrical parameters asond lengths of 1.398(11) A [theBEH6-31G(d,p) C-C and
estimated with the different functionals employed (LSDA, PBE, C=C bonds in GHgN, are 1.467 and 1.342 A, respecitively,
and PBEh). After exhaustive searches, B&' structure could and the carboncarbon bond in gHg is 1.393 A]. The carbon
not be located on the LSDA potential energy surface. As a nitrogen bonds of the two nitrogens attached to the quinoid ring
general comment, all the functionals employed in this work led (1.302 A) are shorter than the rest of the carbnitrogen bonds
to quite similar geometrical predictions. Bearing in mind that in the structure [1.386(6) A]. Therefore, B geometry is
the PBEh functional renders superior spectroscopic results (seeconsistent with the formal structure represented in Scheme 1.
below), the PBEh geometrical parameters will be used in the An important feature oEB is the fact that while the-electron
rest of the discussion. delocalization energy favors all the; @ngs to be in the same

In the case ofEB, one of the rings exhibits a quinoidlike plane, the steric repulsions force the appearance of a torsional
geometry with G-C bonds of 1.456(2) A and=€C bonds of angle. Our theoretical calculations predict the four nitrogen
1.349(1) A, while the other three rings are benzenoid like with atoms to be nearly coplana+0.3°—0.0°) forming tilt angles

11320 J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005
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éab/e l-t _ DFE(PBC)/tG-?:lfG(dE,pB) (ED;T E=SII-SDAd. EE:IE, )I?Bsh) bonds of 1.398(14) A and the fourth ring is a quinoid structure
eometrical Parameters for EB, , ', an . X=Y, . _ - g
X—=Y—Z, and X—Y—Z—W Represent Distances, Angles, and V_Vlth C=C and C-C bonds (_)f 1.440(4) f’:md 1'356_A' respec
Dihedral Angles, Respectively tively. The HCI molecule interacts witiEB forming two

hydrogen bonds with an NH distance of 1.140 A. The +

system geometry? LSDA PBE PBEh X ) N )
Cl interacting distance becomes 1.721 A (to be compared with
EB C1-C2 1.403 1.413 1.401 , -
C2—N3 1.384 1.401 1395 the PBEN6-31G(d,p) H-CI bond length in hydrogen chloride:
N3—H4 1.021 1.017 1.007 1.281 A).
ggiﬁio %“3“1% iggg %gg; The four nitrogen atoms remain almost coplarna®.6—0.0%)
N10-C11 1.362 1.380 1.383 as in EB, and the tilt angles with the {xings (from left to
Cl1-C12 1.415 1.426 1.409 right in Figure 1) become 27°3—26.C¢°, 10.5, and —25.7°,
C2-N3-C5 129.3 129.8 128.9 ivel ina in mind the relationshio b
Co-N10-C11 1232 1237 1236 respectively. Bearing in mind the relationship betweecon-
C1-C2-C5-C6 —37.3 —40.3 —43.6 jugation and electrical conductivity, the closer these angles are
ﬁfi—,\ﬁf’gfél—m? 630-7 6‘(‘31-7 :323;3 to each other (in absolute value) and the closer they are to zero,
EsI C1-C2 1.403 1.414 1.401 the greater the electrical conductivity should be. Therefore, we
C2-N3 1.383 1.400 1.398 conclude that the notable reduction of two of the torsional angles
Ca-C9 Laoe 1436 1437 en passing fronk tc_) S sug_gests ag _egte conjugatio
C9—N10 1.337 1.352 1324 and, consequently, an increase in conductivity (see below the
N10-C11 1.363 1.381 1.377 band gap analysis). Using a rather simplified model for the
ﬁﬂ:ﬁﬁ i;‘é& %ﬁ; %-1‘28 geometry, MacDiarmid and co-workers concluded in their X-ray
H14—CI15 1.679 1.733 1.721 study on polyaniline that the ring torsion should decrease to a
C2—-N3—-C5 129.3 129.8 128.9 value 0—15° for the emeraldine satf The geometrical
e 1308 1300 1304 parameters from the present calculations might be useful to carry
C8-C9—C11-C12 —291 —33.0 —325 out a more confident fitting with the X-ray experimental data.
, N—N—-N-N 0.0 0.0 —0.6 On the other hand, the theoretically predicted unit cell length
ESI g%:ﬁg i'géz i'gggl for ESI (20.8 A) matches twice the experimental value based
N3—H4 1.019 1.009 on a half-size celt® Therefore, the 1-D model adopted in the
C8-C9 1.423 1.406 present study is fully compatible with the experimental observa-
C9-N10 1.381 1.385 .
N10-C11 1.377 1.347 tion. _ _ _ _
C11-C12 1.423 1.421 The transformation of the bipolaron lattideSI into the
Hiiﬁgﬂﬁs i-gg? }%g polaronsESI' parallels the conversion of the quinoid like ring
C2—N3—C5 129.8 128.9 in ESI into a more benzenoid form &SI with carbor-carbon
C9-N10-C11 130.0 129.0 bonds of 1.400(19) A. The NH and H--Cl interaction
gé:gg:gi—cglz i§3'§ :gg'g distances are 1.119 and 1.753 A, suggesting a slightly stronger
N—N—-N—-N 00 ~0.4 interaction with the doping acid than in the caseESl.
ESII Cl-C2 1.408 1.419 1.407 As in EB and ESI, the four nitrogen atoms are almost
C2-N3 1.376 1.392 1.386 . ) o :
N3—H4 1024 1019 1009 coplanar inESI' (—0.4°—0.0°). Although two of the tilt angles
N13-H14 1.126 1.094 1.141 increase (one of them in a remarkable way), the notable
g%ﬁ\g'_lg 5 i-3704g 1-38053 15700‘3‘ reduction of the other two tilt angles favors the conjugation (see
C1-C2—C5-C6 331 361 381 below the band gap analysis).

Finally, the geometrical parameters of the polaron latE&&#
remain rather similar to the corresponding ones in B&'
polaron lattice (see Table 1). The proton interaction becomes a
little bit weaker (the N13-H14 distance in Figure 1 increases
slightly), and the tilt angles between the plane defined by three
nitrogen atoms (one of them in the next cell) become 2argi
—21.2, respectively. These relatively small and very similar
angles suggest an efficient conjugation that should lead to an

aDistances are given in angstroms, and angles, in degrees.

with the G rings (from left to right in Figure 1) of 210—39.C,
10.C°, and —37.2, respectively. As expected,these angles
alternate in sign for adjacent rings along the chain to minimize
steric repulsion between neighboring ithgs. MacDiarmid and
co-workers modeled the emeraldine base geometry making no
distinctiqn between quinoid and benz_enoid units and assumingincrease in electrical conductivity (see below the band gap
geometrical parameters based on oligomer vaii&us, the analysis). The theoretically predicted unit cell length ESlII

only variable in their model was the ring tilt angle. These authors (10.2 A) is in good agreement with the experimentally estimated
reported that the relative intensities of the X-ray reflections value (10.4 Ay3

depend strongly on this angle. They found that a value of about
30° leads to the best fit to the experimental data. Our calculations
show that the situation is much more complex than in the
simplified model employed by MacDiarmid and co-workers.
The present theoretical geometries could be useful to try new
fittings.

The proton-doping oEB leads to the structuréSI where
three rings remain benzenoid structures with carbmarbon

Natural bond orbital (NBG} analyses and Bader-type
calculationé® show that, as expected, the counterions become
rather ionic. Charges of abot0.7e (NBO) or—0.75 e (Bader)
on every chlorine and-0.7e (NBO) or+0.75 e (Bader) (per
chlorine) delocalized over the corresponding chains are close
to MacDiarmid and co-workers’ formal representatfoof a
positively charged chain (monocationic in the cas&8fl and

(44) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
(43) Pouget, J. P.; Zefowicz, M. E.; Epstein, A. J.; Tang, X.; MacDiarmid, A. (45) Bader, R. F. WAtoms in Molecules. A Quantum ThepBxford University
G. Macromoleculesl 991, 24, 779. Press: New York, 1989.
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Table 2. DFT(PBC)/6-31G(d,p) Total Energies (E; au) and
Entropies (S; cal mol~1 K-1) for EB, HCI, ESI, ESI', and ESII
Structures as Computed with the LSDA, PBE, End PBEh
Functionals; Electronic (AE; kcal mol~1) and Entropic (—TAS; kcal
mol~1) Energy Contributions for the Formation of ESI and ESI' [EB
+ 2HCI — ESI (or ESI')] and ESII [EB + 2HCI — 2ESII] Are Also

is the most stable structure, independently of the DFT functional
employed, and should be responsible for the notable increase
in electrical conductivity when dopingB with HCI.

The relative stability of polarons and bipolarons in conjugated
polymers is an open question. Different theoretical methods lead

Given
fonctonal_ystom gy . e o to opposite conclusions:#7-50 One'of .the most recent studies
has been that reported by de Oliveira and dos Séhtelso
LSDA EBCI :%gg:;gg égg 121‘23 employed AM?2 and ZINDO-S/C¥ semiempirical Hamilto-
ESI —2052.939555  190.6 —57.2 19.6 nians. These authors concluded that the bipolaron creation
ESI energy exceeds that involved in the creation of a pair of pola-
PBE EESQ' :ﬂig:gg; égg iég:g Tar4 180 rons. Their results were consistent with the coexistence of pola-
HCl —460.591 482 44.62 rons and bipolarons in short oligomers and the predominance
Eg: :gggi-%gg %g 133-1 :gg-? i% of polarons in long chains. The reported ZINDO-S/CI YV
ESIl  —1032.109367 1243 -239  16.9 visible absorption bands were in good agreement with experi-
PBEh EB —1143.077781  165.8 mental absorption spectra of several emeraldine oligofers.
HCl ~460.631 044 44.59 While the good performance of methods such as ZINDO-S/
ESI —2064.389364 1889 —31.1  19.7
ESI —2064.374314 1936 -21.6 18.3 Cl to predict UV~visible absorption spectra in organic systems
ESIl —1032.185089 1205 —19.0 17.6 cannot be disputed, the AM1 energy analysis, which contrasts

with the present DFT-PBC/6-31G(d,p) predictions, is question-
able. It should be also stressed at this point that the ab initio
calculations presented in this work do explicitly include the

dicationic forESI andESI') and one ESII) or two (ESI, ESI') effect of the counterions (€?) in the doped emeraldine. Their

negatively charged chlorine counterions in the hollows of the screening effect on the Coulomb repulsion between the two
polymer zigzad? positive charges in the bipolaron defects must be an important

3.2. Energies.Table 2 collects the total energies for the factor in order to determine their relative stability with respect
systems under study obtained at the DFT(PBC)/6-31G(d,p) to polaron defect$47:51.55
(DFT = LSDA, PBE, PBEh) level of theory. The entropy Apart from the good agreement with the experimental bands
contributions, also included, were estimated within the ideal gas, of the visible absorption spectra, which as we will show below
rigid rotor, and harmonic oscillator approximatidiisto keep are also compatible with a bipolaron structure in dojR)
the required frequency calculations within practical limits, MacDiarmid and co-worket§ based their preference for the
H-capping four-rings oligomer models were used for Hig, polaron lattice on the far-infrared activity of the optical
ESI, ESI', and ESII structures. Analytical methods for the absorption spectra that is interpreted as intraband absorption at
evaluation of the Hessian matrix are not available for PBC low frequency. The band structure of a polaron defect provided
calculations at preseft. A temperature of 298.15 K and a by the VEH simple modéf with a half-occupied polaron band
pressure of 1 atm were assumed. supports the far-infrared absorption. However, at the DFT-PBC

While the entropic destabilizations are rather similar as level, only the LSDA local density and PBE generalized gradient
estimated with the different functionals, there are substantial functionals generate density of states (DOS) are compatible with
variations in the computed total energy stabilizations. The LSDA intraband absorptions for the polaronic structe®| (but not
values are about 225 kcal/mol lower than the corresponding for the other polaronic structurESI" which presents a gap
ones estimated with the more realistic PBEh functional, which between the valence and conduction bands) (see Figure 2). The
includes a portion of Hartreg=ock-type exact exchange. The more sophisticated and generally more accurate PBEh functional
differences between PBE and PBEh relative energy predictionsrenders DOSs exhibiting gaps between the valence and conduc-
(about 5 kcal/mol) are much less pronounced. Interestingly, quite tion bands for both polaron and bipolaron structures (see Figures
similar relative electronic energy stabilization &SI with 4—6). It should also be pointed out that the VEH approach has
respect taESII (or ESI') is predicted by the three functionals: been reported to fail in reproducing the optical properties of
—15.8,-12.9, and—12.1 (~, —10.7, and—9.5) kcal/mol for EB.12 Such a poor performance has been attributed to the one-
LSDA, PBE, and PBENh, respectively. electron nature of the VEH formalism.

Heeger and co-workerspeculated that the driving force for MacDiarmid and co-worket8 have also mentioned the
convertingESl to ESI' in a mechanism like the one in Scheme  evolution of the magnetic data upon protonation in support of
1 is expected to be provided by the gain in resonance energythe polaron lattice model for PANI. However, several ESR, EPR,
obtained in going from a quinoneimine to a diaminobenzene.

a Entropies were estimated from the corresponding H-capping four-ring
oligomers.? TASwas estimated from the monomer structure at 298.15 K.

The present calculations show tliz8I' is less stable thaBSI
by about 10 kcal/mol. Furthermore, the formation of Ef@ll

(47) Brdas, J. L.; Thmans, B.; Fripiat, J. G.; Andrel. M.; Chance, R. R.
Phys. Re. B 1984 29, 6761.
(48) Shimoi, Y.; Abe, SPhys. Re. B 1994 50, 14781.

polaron lattice is, according to the data in Table 2, disfavored (49) Brazovskii, S.; Kirova, N.; Yu, Z. G.; Bishop, A. R.; SaxenaQ¥t. Mater.

when considering total energies. The entropic contributions are

similar for the three structures considerdgs|, ESI', andESII.

Although they slightly favor the latter (by about-2 kcal/mol),
it is not enough to makESIl more stable tha&SI. Therefore,
the present calculations suggest that the bipolaronic IRle

(46) McQuarrie, D. A Statistical ThermodynamigEniversity Science Books;

Mill Valley: CA, 1973.
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1998 60, 781.

(50) Kuwabara, M.; Shimoi, Y.; Abe, S. Phys. Soc. Jpri998 67, 1521.

(51) de Oliveira, Z. T. Jr.; dos Santos, M. 8olid State Commu200Q 114, 49.

(52) Dewar, M. J. S.; Zoebish, E. G.; Healy, E. F.; Stewart, J. 1. Am.
Chem. Soc1985 107, 3902.

(53) Zerner, M. C.Quantum Theory Project, ZINDQJniversity of Florida:
Gainesville, FL 32611.

(54) Sadighi, J. P.; Singer, S. L.; Buchwald, S.1.Am. Chem. Sod 998
120, 4960.

(55) Kahol, P. K.; Spencer, W. R.; Pinto, N. J.; McCormick, BPys. Re. B
1994 50, 18647.
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Figure 4. PBEh density of states fdSlI.

and cyclic voltammetric studies do not discard the presence ofthe HOMO-LUMO energy difference provides a very good
bipolaronic lattices in dopefB.55-58 estimate of the band gaps.

3.3. Density of StatesFigures 2-6 depict the DOS curves In general, the LSDA and PBE DOSs (Figure 2) look very
for the structures involved in the mechanism under study to similar to each other and differ substantially from the PBEh
explain the spectacular increase in the electrical conductivity DOSs (Figures 36).
down into atomic orbital components (2p-C, 2p-N, and 3p-Cl) absorption band should be observed in E& photoemission
within the Mulliken population analysis approximation. spectrum at about 0.9 eV. A second rather broad band extending

In what follows, the absorption bands are going to be esti- from 2.4 to 4.1 eV is also theoretically predicted. The PBEh
mated from the DOSs curves without accounting for orbital functional (see Figure 3) locates the first peak at about 2.2 eV,
relaxation effects. Kwon and McKee have shown recéhthat

(57) Lippe, J.; Holze, RSynth. Met1991, 43, 2927.
(56) Libert, J.; Cornil, J.; dos Santos, D. A.; Bredas, JPhys. Re. B 1997, (58) Tang, J.; Allendoerfer, R. D.; Osteryoung, R.JAPhys. Cheml992 96,
56, 8638. 3531.
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Figure 6. PBEh density of states fdSII.

and the broader band starts at about 4.0 eV. This latter predictionpresent significant contributions, thus showing bonéingti-
agrees much better with the experimental optical absorption bonding patterns characteristic of aromatic systems.

measurements of the polymetitB base (in film form or in The LUCO shows smaller contributions from the benzenoid
solution) which shows the presence of two bands at about 2yings as compared with the quinoid ring. Therefore, our results
and 3.6-3.8 eV, respectivel§>° The first band involves the  sypport the assignment of this band to a charge-transfer exciton-
highest occupied crystal orbital (HOCO) and the lowest unoc- jike transition between benzenoid and quinoid rikgs.
cup_ied crystal orbit_al (LUCO). A graphical analysis of the Figure 3 shows that the second band involves the HOCO and
?;ggﬁ;sfrg?r:rzsc%?gssr?agti(t)(?] g}ﬁz_ p?)':gi tzrl]so(\;\ll‘scgr]t?(t)r:gi dHrgi)t(r:ooen the LUCO+ 1 with almost no contributions from the nitrogen
atoms (see also Figure 3). Al tF;]e rings and nitrogearbitals 9 2p orbitals. The graphical analysis shows that this LUEQ

’ exhibits #* characteristics delocalized over all the @ngs.

. ; - .
(59) Leng, J. M.; McCall, R. P.; Cromack, K. R.; Sun, Y.; Manohar, S. K; _Therefore’ it Car_] be aSSIQne_d torecs* band gap absorptlon,
MacDiarmid, A. G.; Epstein, A. Phys. Re. B 1993 48, 15719. in agreement with the experimental observafion.
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Transformation oEB into ESI implies a notable reduction Other potentially influential factors such as the degree of
of the first band gap. Again, the LSDA and PBE func- doping#85860-63 disordered distribution of the symmetric or
tionals lead to the prediction of a much lower absorption band asymmetric bipolaron®,%5or interchain interactiod$>°should
(about 0.4 eV) than the PBEh functional (about 1.6 eV; see be further explored at the same level of theory employed in the
Figure 4), and interestingly this latter prediction is fully present paper, and work along those lines is in progress.
compatible with the experimental observed optical transition
for emeraldine salt at 1.5 e%A% A graphical analysis of the
two orbitals involved in the first absorption band shows that  The doping of polyaniline by acigbase chemistry has been
both of them (HOCO and LUCO) represent typical bonding  studied by means of ab initio DFT calculations with periodic
antibonding patterns of aromatic systems with contributions of boundary conditions and a 6-31G(d,p) basis set. Three funtionals
the zz-ring and z-nitrogen orbitals. The 3p chlorine orbitals  (LSDA, PBE, and PBEh) were here employed. All the structures
contribute predominantly to the HOCO1. The experimentally  involved in the mechanism proposed by MacDiarmid and co-
observed optical transition at 2.8 eV that is associated with the workers to explain the electrical conductivity increase observed
HOCO — 1 — LUCO transition by MacDiarmid and co- when the emeraldine base is proton-doped, have also been
workers® agrees rather well with the PBEh energy difference considered: the emeraldine badeBj, the bipolaron lattice
between the huge peak-a0.8 eV mostly arising from chlorine  formed after proton-dopingESI), the two polaron lattice
3p states (counterions) and the first peak above the Fermi levelgbtained from the quinoid-to-benzenoid transformatioft 81
(at about 1.4 eV). Also, the optical absorption at 4.1 eV is in (ESI'), and, finally, the polaron lattice arising from the separa-
excellent agreement with the PBEh energy difference betweentjon of the two polarons ifESI" (ESII).
the peak close to the Fermi level and the first peak of the band The PBEh calculations lead to Spectroscopic parameters in
starting at about 4 eV. Therefore, the PBEh DOS is fully mych better agreement with the available experimental data than
compatible with the three experimentally observed transitions the corresponding LSDA and PBE predictions. This conclusion
for dopedEB. is supported by other recent studies in our research group on

A polaron-like lattice ESI'), geometrically close td&SlI, different chemical species.
would imply (see Figure 5) the appearance of two small bands  The fully optimized geometrieBB, ESI, ESI’, andESII are
at approximately 0.9 and 1.8 eV. In any case, the energetic consistent with those foreseen in MacDiarmid and co-workers’
analysis carried out in the previous section strongly suggestsmechanism. The computed torsional angles among the different
that the formation of th&SI’ structure is disfavored with respect 4 rings in those structures are consistent with the corresponding
to ESI. structural information derived from X-ray data.

On the other hand, the polaron latti&SIl should lead, The computed energies indicate that the bipolaronic lattice
according to the LSDA and PBE results (see Figure 2), to ESI is more stable than the rest of the structures and,
a virtually metallic behavior with a practically inexistent first  consequently, should be responsible for the properties exhibited
band gap, and a second very broad band extending from 2.0py the proton-doped emeraldine base, particularly, its conductiv-
to 4.4 eV with a prominent peak at about 2.5 eV. The PBEh ity
hybrid functional (see Figure 6) predicts the existence of abroad The PBEh density of states for emeraldine b&Se show
polaron band extending from 0.6 to 2.0 eV that should be the presence of two band gaps of about 2.2 and 4.0 eV, respect-
responsible for the optical absorption band of protonated jyely, which agree rather well with the experimentally observed
emeraldine at 1.5 eV with a bandwidth of about 1 V.  apsorptions at about 2 and 3.8 eV. The analysis of the different
The transition involving the peak at abotD.6 eV (exhibit-  contributions to the crystal orbitals involved in these absorptions
ing predominantly Cl 3p character) and the broad conduction gyggest the first one to be a charge-transfer exciton-like
band (0.6-2.0 eV) should be associated with the experimental transition between benzenoid and quinoid rings and the second
2.8 eV transition. Finally, the PBEh theoretical transition gne to represent a traditionat-z* transition, in agreement with
involving the peak closest to the Fermi level (abeult.2 eV), previous assignments from the experimental data.
and the first peak of the complex band starting at about 3.7€V" 1he pBER density of states for emeraldine $BBI is
should be responsible for the optical transition observed at 4'1compatible with optical transitions at about 1.6, 2.2, and 4.1

ev. eV, which agree rather well with the optical absorption spectra

According to the analysis presented above, both Eis of protonated PANI, exhibiting peaks at 1.5, 2.8, and 4.1 eV.
bipolaron lattice and thESII polaron lattice give rise to DOSs
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