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We have implemented a coupled-cluster equation of motion approach combined with the
intermediate neglect of differential overlap parametrization and applied it to study the excited states
and optical absorptions in positively and negatively charged conjugated oligomers. The method is
found to be both reliable and efficient. The theoretical results are in very good agreement with
experiments and confirm that there appear two subgap absorption peaks upon polaron formation.
Interestingly, the relative intensities of the polaron-induced subgap absorptions can be related to the
extent of the lattice geometry relaxations. Z)04 American Institute of Physics.

[DOI: 10.1063/1.1776113

I. INTRODUCTION Upon addition of positive or negative charges to the con-
jugated chains, new electronic states are created. These
Since the discovery of conductive polymers by Heegercharges can result from chemical or electrochemical doping.
MacDiarmid, and Shirakawagonjugated polymers and oli- Alternatively, an electric field, as applied in a LED or a tran-
gomers have attracted major interest due to their remarkablistor, can lead to injection of holdépositive chargesand
electronic and optical propertiésincluding photolumines-  electrons (negative chargesfrom the electrodes into the
cence and electroluminescencé.These properties lead to polymer or oligomer film. Charge injection gives rise to the
the possibility of using conjugated materials in a wide rangeappearance of spatially localized geometric defects, as a re-
of applications, such as light-emitting dioddsEDs),>°~**  sult of the strong electron-phonon coupling that is character-
photodiodes?** and organic transistor-'° To guide syn- istic of conjugated chain€ In terms of condensed-matter
thesis toward materials with improved performance, it is im-physics, such charges coupled to a local lattice distortion of
portant to achieve a detailed understanding of their geomethe backbone are described as positive or negative polarons.
ric and electronic structures at the molecular scale. In that  The formation of polarons induces major modifications
respect, the comparison of experimental data with the resulig the electronic structure of the conjugated chains: two new
of quantum-chemical calculations can prove useful. localized one-electron levels, i.e., a lower polaron level
The study of conjugated oligomers is especially appeal{POL1) and an upper polaron lev¢éPOL2), appear within
ing since they can be obtained with high purity and well-the original gap, as shown in Fig. 1. For a singly positively
defined chemical structure and conjugation length. In addi¢negatively charged state, the low¢upped polaron level is
tion, oligomers are amenable to high-level correlatedsingly occupied. According to the one-electron band-
quantum-chemical methods, which have been shown to bstructure model developed by Fesser, Bishop, and
essential to understand the photophysics of conjugated sy&ampbell*® two new subgap optical transitions are expected
tems. The oligomer approach is thus convenient to investin an oligomer: highest occupied molecular orbital
gate the fundamental electronic properties and nature of th¢tHOMO)—POL1 [POL2—~LUMO (LUMO—Ilowest unoc-
excited states in neutral and doped conjugated matéfials.cupied molecular orbit#) and POL1-POL22° Here, we ap-
This approach is further justified by the fact that the polymerply coupled-cluster approach to the description of the optical
chains can often be described as an array of conjugated segroperties of a wide range of conjugated systems in their
ments interrupted by conformation@r chemical defects. singly charged state. Our goal is twofold) to address the
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E (2 (b) {c) very much limited by the exponentially increasing dimen-
. LUMO+3 LUMO+2 LUMO#2 sion; of the Hilbert space. Although Fime dependent dgnsity
—— LUMO+2 LUMO+1 LUMOH functional theory(TD-DFT) might provide reasonable cation
— LUMO+ LUMO LUMO excitation energie¥ it suffers from the shortcomings of
——F— LUMO - -3 “ ” . . .
3 } pure” (local density approximationDFT methods that

—PoL2 4L PoL2 el ) g
overshoot delocalization effects and fail to describe self-

I +—POLL 4l POLI qguenching of the charge induced by electron-phonon
o 4L HOMO 44 HOMO coupling®*~%2 The coupled-clustefCC) method has been
-H—Egﬁgj 44— HOMO-1 44— HOMO-1 shown to provide accurate descriptions of electron correla-
+4—HOMO3  —— HOMO-2 +—— HOMO-2 tion effects in many-body systerft&:>! Bartlett and co-
workers have widely extended the application scope of CCM
neutral state 1081y positively singly negatively to quantum chemistry?>°The equation-of-motion coupled-
charged state  charged state cluster single and double excitatiofBOM-CCSD method
FIG. 1. Schematic single-particle representation of the absorption process #¢ POth size consistent and numerically efficient. We have
neutral(a), positively chargedb), and negatively charge) states. shown previously that this approach provides an accurate

description of the electronic structure and optical properties
of conjugated materials in their neutral st3té!
accuracy of our approach for the calculation of polaron ab- | this work, we apply the CCSD method to study the
sorption spectra; indeed, a method that would be both traGsptical properties of a variety of charged conjugated oligo-
table and reliable to calculate the excited states of chargeghers. The ground-state geometry of these oligomers has
systems is much in demand; afit) to explore the depen- peen optimized with the semiempirical Hartree-Fock Austin
dence on chemical structure of the polaron optical transitiofjgdel 1 (AM1) method, which is known to provide good
energies and intensities. estimates of geometric structures for organic molecifles.
We report in this work a study of the optical properties The AM1 approach also yields a reasonable description of
of polarons in oligomers of polyacetylen@PA), poly-  torsjon potential energy curves when compared to those ob-
thiophene(PT), polyparaphenylenéPB), and polyparaphe-  tained byab initio calculation€® The singly charged mol-
nylene vinylene(PPV). The reason for this choice of mate- ecyles are treated with the restricted open-shell Hartree-Fock
rials is the following. approach, which better reproduces the localized nature of the
(i) Polyenes and polyacetylene are among the MOS§eometry relaxations around the charge carriers than the un-
studied conjugated systems and are usually considered 8sstricted Hartree-Fock approa®hThe transition energies
prototypical examples in model studies. and absorption cross sections of the singly positively and
(ii) Studies of PT and its oligomers have opened the egatively charged species are simulated by combining the
way to the design of optoelectronic devices with improvedsemiempirical intermediate neglect of differential overlap
performancé’ Oligothiophenes are currently incorporated in (;NDO) parametrizatioff” to the CCSD technique, on the
electronic or optoelectronic devices such as organigasis of the AM1-optimized geometri¢fNDO/CIS results
transistors.*'>*?light-emitting diodes>* and spatial light are also provided for comparisonNote that the INDO
modulators’>*® _ EOM-CCSD calculations are based on the INDO one-
(iii) Phenylene-based materials, such as PPP or polysiectron structure of the neutral systems. The Coulomb re-
fluorenes, are widely used in light-emitting devices due Oulsion terms are expressed via the Mataga-Nishimoto
their high quantum efficiencies combined to improvedpotential®® For the neutral ground state, the close-shell re-
stability.”’~**they have been used in the fabrication of red-stricted Hartree-Fock approach is applied. Below we give a
green-blue full color displays via color conversion prief overview of our implementation of the EOM-CCSD

techniques® - _ N method for the calculation of closed-shell and open-shell
(iv) PPV is the first and among the most efficient elec-gystems.

troluminescent polymers. The fabrication of electrolumines- = A |imited set ofab initio TD-DFT (the non-local Becke

the nature of the lowest energy excited states in PPV hagnctionaf® and CCSD calculations, both at the 6-3&*

been the focus of many theoretical investigatidhs. basis set level, were also performed to assess the sensitivity
of the excitation energies in the singly charged state of model
Il. METHODOLOGY systems on the used quantum-chemical approach.

One of the most used theoretical approaches to describ® Neutral state
molecular excited states in quantum chemistry is configura-
tion interaction(Cl); F:onﬁguranc_m interaction smglg(SZIS) e expressed i the following, indices,j k,I,... refer to
method has been widely exploited for the calculation of lin- : . . i .

occupied spin-orbitaléSOs9; a,b,c,d,... tounoccupied mo-

ear absorption spectra. In principle, the Cl wave function . ) .
can be easily improved over the CIS approximation by in-SIeCUIar orbitalyMOs); andp, ¢, 1, s to generic MO$

cluding multiexcitation configurations, which allows for the 1
inclusion of correlation effects to a larger extent but quickly H=> h.pta+ rs\otg*

= — S Sr. 1
faces the size-inconsistency issue. Full Cl, though exact, is % paP 4 4pqzrs (pallrs)p™a @

The general electronic Hamiltonian for a molecule can
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The first term is the one-electron part, which includes thes the Hausdorff similarity transformed Hamiltonian. In prin-
electron kinetic energy and the electron-nucleus interactiongiple, the expansion is infinite. However, in CCSD, the Haus-
The second term, the two-electron part, is given in the antidorff transformation terminates exactly after five terms be-
symmetric form:(pqg||rs)={(pqg|rs)—(pg|sr) and the two- cause the Hamiltonian contains only one- and two-body
electron integrals are defined as terms.

It is convenient to extract the CCSD ground-state energy

1 . .
(pq|rs>=f f drldr2¢;(r1)¢;(r2)r_gpr(rl)%(rz), to give the following compact form:
12
(2 AR=EgR, (11

whereEg,=E—E. andA,,=H,,—Eccd,, . The A matrix
is a Jacobian matrix which can be diagonalized to give rise to
|CC)=exp(T)|0), (3) the excited states.

) ) Because the similarity transformed Hamiltonian, or the
where\O} is the Hartree-Fock ground-state determinant ob-j,cohian, is no longer Hermitiatactually, within a real ba-
tained from self-consistent field iteration®; consists in a s the Jacobian matrix is not symmelrione can associate
linear combination of single and double excitations each eigenvalue with a right and a left eigenvector. The left
eigenvector is given by

with ¢ denoting the MO wave function.
The CCSD ground state ansatz reads as

T=T+T,=> tfa’i+ > t3a’ib"j, (4)
ia i>j,a>b

<eA=§ (mIL, exp(—T). (12)

where the coefficients are the amplitudes of the excitation
configurations. The ground state is obtained by solving th

following Schiainger equation: ?_M can be determined in a way similar ), .

In order to evaluate a physically observable quantity,
H exp(T)|0)=Ecc exp(T)|0). (5)  such as the electric dipole transition moments for the optical

Based on the CCSD ground state, we can construct th@rocess, we glso need the left eigenvector of the .CCSD
Heisenberg equation of motion within the configurationground state, i.e., the so-calledstate in the CCSD gradient

space by promoting one and two electrons from occupied t(t)heory, which is defined as

gnoccup!gq MOs. The. resulting equation is sir_nile_xr toaCl- (L |=(0|(1+A)exp—T), (13)
like Schralinger equation. We denote the excitation opera-

tors asu, v, o, etc. The excited-state wave function is con- where

structed as a linear combination of all single and double

excitations on the CCSD ground state A= Aita+ X Albi*taj*b (14)
ia i>j,a>b
|ex>=% R, exp(T)|u), (6) is the deexcitation operator. The amplitudds determined

by the Schrdinger equation of the\ state
where|u)=u|0) represents an excitation determinant ahd
is the corresponding coefficient to be determined. The (Lo/H=(O[(1+A)exp—T)H
excited-state Schdinger equatiorH |ex) = E|ex) writes —(0|(1+A)exp — T)Ece. (15)

HEV R, exp(T)|v)= EEV R, exp(T)l»), (7} B. positively charged states

whereE is the excited-state energy. When multiplying the ~ We apply the ionization potentia(lP)-EOM-CCSD
above equation by exp(T) from the left and then by an method® to investigate the positively charged states. When
excitation bra configuratiofu|, we obtain the following an electron is extracted from a molecule, one can form the

eigen-equation: following set of positively charged configurations:
— |o)={k,ckl,c*d*kIm}, (16)
> H,LR,=ER,, ®)
v where indices, |, mrefer to occupied MOs and d refer to
or unoccupied MOs. Then, the eigenstates can be expressed as:
> (H,,~Eccd,)R,=(E-EcoR, ) py=2 X, expT)|o), (173
whereE.c is the CCSD ground-state energy, and
— (pl=2 (oY, exp(—T). (17b)
H=exp(—T)H exp(T) v
=H+[H,T]+Y[H, T, T]+ [[H,T],T1,T] To derive the eigenvalue equation, we insert Eya into
the Schrdinger equationH|p)=E|p) and extract the CC
+ Z[[[[H,T],T],T],T] (10 ground-state energy. We then obtain
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(H_Ecc)g X, exp(T)|o) <Cllﬁ|Cm>=§p Y Xo{plexp(—T)u exp(T)| o)
=(E—Eq) > X, expT)|o). (18) =2 Y Xk (23)
o ap

When multiplying the above equation by expl) from the  The absorption spectrum is simulated by using the following
left and then by(o]|, the following eigenvalue equation is expression:

derived: °

_ - |(w)~§|m(axx+ ayyt azy), (24

> (Hyp—Eccdp,)X,=AEX,, (193

p wherea,,, ay,, ande,, denote the diagonal elements of the
where AE=E—Ecc is the IP. The eigenvalue equation for polarizability tensor

v i . . il A A
- IS obtained in a similar way o (C1|Mx|Cm><Cm|Mx|C1>( 1
=t (C1|C1(CmlCr) Em—Ei—fo—il’

> Yo(Hyp—Eccdy,) =AEY,. (19b)

1 )
+ —|. (25)
C. Negatively charged states En—Ei+thow—il

We apply electron attachme(EA)-EOM-CCSIF® to in- r i; the danjpipg fact.or(i.nversely proportipnal to the
vestigate the negatively charged states. When adding an elegxcited-state lifetimg which is set to 0.05 eV in the present
tron to a neutral closed shell, we can construct the configuStudy-
ration space as

I1l. OPTICAL ABSORPTION SPECTRA OF CHARGED
lv)={d",e"d"k,g"c"d"kl}. (20 OLIGOMERS

Then, the eigenstates are expanded within this subspace as \yie have applied the CCSD approach introduced above

to describe the nature of the electronic excitations in the

|n>=2 U, exp(T)|v), (21a singly charged states of a variety of conjugated oligomers:
" polyenes, oligothiophenes, oligophenylenes, and Ghige-

nylenevinylengs. First of all, in order to gauge the accuracy

(nl= ; (v[V, exp(=T). (21b) of various theoretical approaches to reproduce excitation en-

) ) ] ergies in singly charged conjugated molecules, a set of model
For the negatively charged states, we write the e'genvalugystems(ethylene, bithiophene, and terthiophgfier which
equations fol, andV, as both experimental and high-levab initio CCSD multicon-
_ figurational second-order perturbation theory 46ASPT2

> (H,,—Eccd,,)U,=AE'U,, (228 results are available, has been investigated. Table I collects

a the energies for the lowest optical excitations in the charged

state of these molecules, as predicted at the semiempirical

% Vu(Huy=Eccdu) =ARY,, (22 |NDO/EOM-CCSD, INDOICIS, andab initio CCSD (6-31
, _ o +G*), CASPT2, and TD-DFT6-31+G*) level. Overall, all
whereAE’ =E—Ecc is the electron affinit EA). these formalisms yield a reasonable agreement to experi-

Note that, for both the positive and negative polarons, anent. We note, however, that the INDO/EOM-CCSD ap-
set of frontier 7 orbitals is included in the calculation of proach is found to provide a significant improvement over
single ¢f) and double (1) excitation coefficients. For |NDO/CIS in comparison to the experimental or the state-of-
single excitations: alkr orbitals are taken into account in the-artab initio CCSD or CASPT? results. Since the semi-
polyenes; forn-ring oligophenylenes and oligothiophenes, empirical INDO/EOM-CCSD method is much more trac-
the 2n highest occupied andrlowest unoccupiedr orbit-  taple than itsab initio counterpart and amenable to large size

als are involved; fom-ring oligo(phenylenevinylens, the  systems with a good accuracy, we have therefore opted for
3n—3 frontier occupiedr orbitals and 8 —3 frontier unoc-  thjs technique in the following.

cupied 7 orbitals are considered in the active space. For

double excitations: the number of active molecular orbitals ig" Polyenes

divided by two for practical reasons related to computing  Due to the strong electron-phonon coupling, injection or

demand. removal of an electron leads to significant modifications in

the geometric structure of the polyene backbone. As illustra-

tion, the changes in C-C bond lengths upon single oxidation

are shown for GH,, in Fig. 2. The C-C bond lengths are
The matrix element of the dipole operator between thesignificantly modified. The lattice distortions are mostly lo-

lowest charged staté.e., the ground state of the charged cated around the center of the chain and extend over about

speciey and themth charged excited state is 16 A (when considering a cutoff of 0.01 A for changes in

D. Optical absorption spectra
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TABLE I. Transition energiesin eV) to the lowest excited states in the radical cations of ethylene, bithiophene,
and terthiophene, as calculated at the semiempirical INDO/EOM-CCSD, INDO/ClSafanditio CCSD,
CASPT2, and TD-DFT level.

ethyleng”
CCSD TD-DFT (BLYP)
INDO/CCSD INDO/CIS 6-31+G*?2 6-31+G*P
12A, 3.01 2.64 3.17 3.26
bithiophené*
TD-DFT(BLYP)
INDO/CCSD INDO/CIS 6-31+G* CASPTZ Experiment
127, 1.47 1.37 1.65 1.54
224, 2.30 2.43 2.07 1.95 2.402.14
327, 2.79 3.42 2.65 2.78 2.95 2.95
terthiophené*
INDO/CCSD INDO/CIS TD-DFT(BLYP) CASPTZ Experiment
6-31+G*
12A, 1.23 0.92 1.65 1.31 1.46
2°2A, 1.9 1.87 2.65 1.94 2.25

@Calculations performed with-cHem (Ref. 72.
bCalculations performed witbaussian o8 (Ref. 73.
‘Reference 74.

YReferences 75 and 76.

®Reference 77.

Reference 78.

9Reference 75.

"Reference 79.

bond length with respect to the neutral sjata the middle ~ ~

of the chain, the single bonds are shortened while the double ~ {(State|u|state) = ; LyR)ole” TieT|v)

bonds are elongated, leading to a vanishing degree of bond-

length alternationBLA), defined as the difference between _ 1 =m _ 1mm

the lengths of consecutive single and double bgnB&A _; LURV<U|E|V>—; LRy
then increases when moving away from the center and
reaches the ground-state value towards the chain ends, as

shown in Fig. 2. . . . : .
9 is dominated by the configuration where an electron is re-

anc;h;lszoéﬁbo'\g_cgfs?)rca::g:litelg?jr'eld';aiiéhzsggre%:moved from the HOMQH) for the positively charged state
gap P P l~O.95), or an electron added to the LUMQ) for the

spectra of singly charged polyenes, which result from thehet;atively charged stateEq. (26) can be simplified as
lattice relaxation phenomena and the formation of polarons

(26)
Because the ground-state wave function for the polaron

defects, as shown in Fig. 3. Interestingly, the calculated spec- (statq|,&|state,)~2 R, (27)
tra show a very large cross section for the higher-lying tran- 2
sition while the lower-lying optically allowed excitation car- For the positively charged molecule, the two relevant

ries a very weak intensity. This is fully consistent with the excited states are dominated by the HOM®OL1 (P1) and
experimental results discussed by Badlyal. for the radical POL1—POL2 (P2 excitations. When only retaining expan-
cations oftert-butyl-capped polyené®. They conclude that sion coefficientsRy, p; andRp; po, EQ. (27) can be simpli-
such an intensity distribution arises from configuration mix-fied as
ing, a feature that is confirmed by the detailed Cl analysis (statg|x|state) ~ — Ry _.p1in p1+ Rp1paitpip2s
presented below. (28
The relative intensities of the two absorption bands caRyhere wij is the dipole in MO basis. Note that
be understood from the following wave function analysis.(statg|u|statg) involves a destructive interaction between
The transition moment from the ground stdstate), to the  the two main configurations if the signs Bf; p;uy p1 @and
excited staten, |statg), of the singly charged molecule Rp; .poup1p, are the same and a constructive interaction if
writes the signs are different.
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FIG. 3. INDO/EOM-CCSD absorption spectra of positively charged
polyenes.

Because the signs ofRy .pjup p1(Rpz . upp) and
Rp1 .pomp1p, are different(the samg the transition mo-
ments add up constructively and the resulting oscillator
strength is large. Thus, as described by Batyal,?° the
relative intensities of the two polaronic peaks calculated for
polyenes chains can be rationalized by the destrudfime
the first bang and constructiveéfor the second bandcom-
bination of the HOMG-POL1 and POL%+:POL2 configu-
rations for the positive polarofor the POL2-LUMO and
POL1—POL2 configurations for the negative polayon

In Fig. 4, we show the evolution of the lowest two opti-
cal transitions calculated by the INDO/EOM-CCSD method
as a function of the inverse number of double bonds along
the polyene chains. The theoretical results are found to agree
very well with the experimental data reported by Bally and

For negatively charged states, the two relevant excite@¢o-workers for the radical cations ofert-butyl-capped
states the PGLRUMO and

are dominated by

polyene€® As expected from the increaseddelocalization,

POL1-POL2 excitations. When only retaining expansion
coefficientsRp, andRp; p,, EQ. (27) can be simplified as

(statg|ustatq) ~RpaLp2L + Rp1patprpz.  (29)
In contrast to the positively charged statéstate| u|state)

TABLE 1.
0.S., and the major coefficienfsof the lowest two energy absorption peaks
for positive and negative polarons in polyenes.

INDO/EOM-CCSD transition energieg&, oscillator strengths

involves a constructive interaction between the two main
configurations if the signs of Ry_pjupyp; and

Major coefficients

Rp1_.pomp1po are the same and a destructive interaction if Energy(eV) oS Riu—p1 Re1-r2
the signs are different. CgHio 161l 0.02 0.78 0.53

A detailed description of the main contributions for the | 2.59 115 0.66 —0.63
excited states of singly charged polyenes is presented ifpie ;'26 f':?? (()).Ss? 70(;(3)2
Table . For the first optical transition of the positively i 106 053 003 019
(negatively charged polyenesRy_ p1(Rps_.) increases 1.66 1.52 0.34 —0.76
with increasing chain length whilBp;_,p, decreases. Thus, CyH;, 0.93 0.86 0.94 0.12
in the long chain limit, the excited state leading to the first 1.43 1.55 0.28 —0.77
peak mainly 0riginate§_ from the ele_ctronic HOM@®OLL Rep .1 Rpy_pp
(POLZH_LUI\/_IO) trqnsmon. The oscillator strength associ- o 127 0.07 0.67 _0.38
ated with this excited state is small because the signs of 2.45 0.98 0.50 0.75
RH_,p]_,U/H’pl(széL/.LpzyL) and Rp1_> p2MpP1P2 are the same ClZHI; 1.08 0.22 0.91 -0.26
(different), therefore leading to a partial cancellation of the 1.83 1.28 0.42 0.75
transition dipoles. For the second transiti®, .p;(Rp,_1)  Ciis 0.97 0.44 0.93 —0.16
decreases with increasing chain length whie;_p, in- é'gé (1)'23 8'32 _O%f
creases. For long polyene chains, the second absorption peai? 22 1.42 1.40 0.25 0.76

mainly arises from the electronic POLIPOL2 excitation.
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FIG. 5. EOM-CCSD transition densities for the pure excitations
FIG. 4. Evolution of the lowest two energy transitions calculated by INDO HOMO—POL1 and POL$-POL2 and for the excited states leading to the
EOM-CCSD, method, for positively charged polyenes as a function of thdower-energy(LE) transition and the higher-enerdyiE) transition (from
inverse number of double bonds. The filled triangles are the experimentdPp to bottom for the positive polaron in ggHo, .

results for the radical cations dért-butyl-capped polyenegtaken from

Ref. 80.

transition (corresponding to HOM©:POL1 for a positive

polaron and POL2;LUMO for a negative polaronshould
the peak positions are shifted to lower energies as the chaff the most intense; however, when allowing these configu-
size increases and roughly follow a linear evolution withations to mix, it turns out that most of the oscillator strength
inverse number of repeating units. is contained in the upper-lying excited state as a result of

In order to get further insight into the electron redistri- constructive interferencejde supra
butions associated to the optical excitations, it is useful to
have a look at the corresponding transition densities; thesB. Oligothiophenes

are defined a¥. The changes in geometric structure when going from the
neutral to the charged form of oligothiophenes are similar to

Pnn’(rl):j (ST PY V)| those calculated in polyenésAround the center of the mol-
ecules, the inter-ring C-C bond lengths get significantly
Xty (ry,r2,.. r)dry--dry, (30 shorter than those in the neutral geometry, while the

whereM is the number of valence electrons included in thethiophene rings adopt a quinoidic character. As a result,
state wave functionsny and n’ denote the initial and final twisting of the rings around the inter-ring bonds is hindered.

states. Thus, the transition density diagrams represent thelis leads to a planar configuration in the doped state.
overlap between the initial and final wave functions of the ~ The INDO/EOM-CCSD calculated absorption spectra of

states involved in the electronic transition. They can be reSingly positively and negatively charged oligomers are illus-

garded as providing a map of the reorganization in electroniéated in Fig. 6. These results are found to be in good agree-
density occurring upon excitation. ment with the experimental datisee Fig. 7. Both measure-

The transition densities for the pure excitationsMents and calculations indicate the emergence of two subgap

HOMO—POL1 and POLE+POL2 in the singly positively
charged state of §H,, are shown in Fig. fblack and light
shadings correspond to increased and decreased charge de
sity, respectively. We note that the POLZ:POL2 transition
corresponds to local redistributiofsith successive positive
and negative valugswhile the HOMG-POL1 excitation
induces a significant charge separation over a large distanc
and therefore results in a larger transition mom@able ).
The transition densities for the excited states leading to the
lower-energy(LE) and higher-energyHE) transitions are
also illustrated in Fig. 5. These are consistent with the analy-
sis for the pure configurations; the important charge reorga:
nization upon excitation to the upper-lying excited state leads
to an intense absorption cross section for the HE peak while
the weak intensity calculated for the LE peak stems from the
more local shift in electronic density associated with excita-
tion to the lower-lying state. It is interesting to note that, in g, 6. INDO/EOM-CCSD absorption spectra for the positive polaron in
the case of pure electronic configurations, the lowest opticadligothiophenes.

ty (a.u.)

nsi

rption intel

Absol

06 07 08 09 10 11 1.2 1.3 14 15 16 17 1.8 1.9 20 21 22
Energy (eV)
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2.4 —T T — —T T T TABLE IV. C-C bond lengths(in A) in the neutral and positive polaron
25 ZINDO/EOM-CCSD - states of the five-ring oligophenylene, as optimized at the AM1 level. The
’ experiment ' AM1-calculated dihedral torsion angles for the positive polaron are indi-
cated below each inter-ring bond.
2 3 6 7 10 11 .
% 1 45 8§ 9
‘é 34° 20° 20° '34°
o}
] Bond Neutral state Positive polaron
12 1395 1.395
23 1393 1.393
34 1.403 1.405
] 4-5 1.461 1454
0.4 —7fT 1T r 1 rr1rr 1111t T T 5-6 1402 Lall
0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 6-7 1.391 1.382
1/No. of rings 7-8 1.402 1.420
89 1.461 1.428
FIG. 7. Evolution of the lowest two energy transitions, as calculated by 9-10 1.391 1.426
INDO/EOM-CCSD method, for the positive polarons in oligothiophenes as 10-11 1.402 1373

a function of the inverse number of thiophene ririf®e experimental data

are taken from Ref. 84

can be concluded that the nature of the excited states leading

absorption features, whose peak energies decrease almgstihe lowest two optical transitions in oligothiophenes is
linearly with the inverse number of repeat units. In addition,ery similar to the corresponding states in polyene. While the
the first transition is found to be of lower intensity than the |gywer-lying excited state is mostly formed by a destructive
second one, especially in short oligomers. Similar conclujpteraction between the HOMOPOL1 and POL1:POL2
sions were drawn from a combined experimental-theoreticabjectronic configurationsfor the positive polaron the
investigation of the optical properties of charged 3,4-ypper-lying state stems from a constructive interaction be-

ethylenedioythiophene oligomefts.
From the analysis of the wave functiofiable IlI), it

TABLE 1ll. INDO/EOM-CCSD transition energies, oscillator strengths
0.S., and the major coefficien®sof the lowest two energy absorption peaks
for positive and negative polarons in oligothiophenes.

Major coefficients

Oligomer EnergyeV) 0.S. Ry_p1 Rp1_.p2
T2** 1.47 0.02 0.46 0.8
2.3 0.32 0.76 —0.28
T3** 1.23 0.01 0.73 0.59
1.9 1.11 0.72 —0.58
T4+ 1.06 0.1 0.84 0.43
1.6 1.37 0.61 —0.66
T5** 0.93 0.32 0.9 0.29
1.43 1.48 0.5 -0.72
T6*" 0.81 0.57 0.93 0.18
1.26 1.45 0.41 -0.74
T7+* 0.72 0.86 0.94 0.1
1.19 1.37 0.3 -0.77
Rpo_t Rp1_p2
T2°° 1.28 0.04 0.82 —0.48
2.32 0.58 0.53 0.76
T37° 1.06 0.09 0.85 -0.42
1.89 0.92 0.36 0.54
T4 0.91 0.19 0.89 -0.34
1.63 1.16 0.46 0.76
T57° 0.81 0.34 0.92 —0.25
15 1.34 0.4 0.77
T6™° 0.71 0.52 0.93 —0.18
1.33 1.39 0.33 0.78
T77° 0.65 0.65 0.94 -0.13
1.27 1.36 0.26 0.78

tween the same excitations. However, the relative weights of
these two configurations in the wave function expansion of
the polaronic excited states differ more significantly in olig-
othiophenes than in polyenes. This effect is particularly pro-
nounced in long thiophene oligomers, where the lowest-lying
excited state is dominated by the HOME@POLL1 transition
while the upper-lying state arises mostly from the
POL1—-POL2 excitation. As a consequence, with respect to
the polyene case, there is a significant amount of oscillator
strength transferred from the second to the first optical ab-
sorption feature in oligothiophenes.

C. Oligophenylenes and oligo (phenylene-vinylene )s

As for oligothiophenes, removing or adding an electron
to oligophenylenes induces a significant relaxation in the
conformation of the chairfS. The amplitude of the inter-ring
torsion angles are reduced with respect to the neutral state;
however, because of strong steric hindrance between H at-
oms on adjacent rings, the torsion angles remain significantly
different from zero in the polaronic geometries. For the sake
of illustration, we show in Table IV the equilibrium bond
lengths and torsion angles in the neutral and charged states of
the five-ring phenylenéP5) oligomer. The optimized torsion
angles around the central ring is calculated to be about 20° in
the singly charged P5 oligomer, while the torsion angles in-
volving the outer rings~34°) are found to be closer to their
neutral ground-state value-40°).

The INDO/EOM-CCSD absorption spectra of singly
positively charged phenylene oligomers are illustrated in Fig.
8. As for the other conjugated systems, the spectra show two
dominant features. The evolution with inverse chain length
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TABLE V. INDO/EOM-CCSD transition energies, oscillator strengths O.S.,
] and the major wave function coefficierRof the lowest two energy absorp-
tion peaks for positive and negative polarons in oligophenylenes.
g i Major coefficients
ﬂg | Oligomer Energy(eV) 0.S. Ry_p1 Rpi_p2
g | p3* 1.38 05 0.96 0.17
5 2.71 0.66 0.21 -038
8 1 P4** 1.08 0.72 0.97 0.12
2 | 2.61 071 0.15 -0.8
< pP5** 0.88 0.88 0.97 0.11
1 2,51 0.82 0.10 -0.82
| P6** 0.74 0.97 0.97 0.08
2.46 0.77 0.07 -0.78
0.4 D..B DTB 1.'0 1.'2 1?4 1.I5 1.'3 2,'0 2..2 2.'4 2.Is 2?8 3,'0 32 Reo .1 Re1_.p2
Energy (eV) P3~ 1.05 0.4 0.96 -0.15
. . ) 2.69 0.6 0.17 0.8
FIG. 8. INDO/EOM-CCSD absorption spectra of for the negative polaron in P4 0.87 0.56 0.97 o011
oligophenylenes. 26 0.69 0.12 0.78
pP5~° 0.74 0.68 0.97 —0.09
. o . 2.53 0.77 0.09 0.78
of the two calculated optical excitations is compared to the g 0.64 078 097 007
corresponding evolution of the experimental data reported by 2.49 0.81 0.07 0.76

Khannaet al®® in Fig. 9.
A detailed description of the main expansion coefficients

obtained for the excited states of singly charged oligophe-

nylenes is presented in Table V. In contrast to the situatioﬁoFa.I excited-state wave .funct|.or(see Fig. 10 The weak
encountered in polyenes aritb a lesser exteptoligoth- ~ MXINg of these two configurations leads to two intense op-

iophenes, the HOMO-POL1 (POL2—LUMO) configura- tical transitions. A very similar analysis holds for phenyle-

tion largely dominates the wave function expansion of thenevinylene oligomergTable V). The INDG/EOM-CCSD

first transition in the positivelynegatively charged species. absorption spectra of singly positively charged PPV oligo-

In addition,Ry;_p1(Rps_..) is only weakly affected by chain mers are illustrated in Fig. 11. The theoretical results are
length. The oscillator strength for the second optically al_compared to the experimental data of Schenk, Gregorius, and

NP e
lowed excited state, which mainly originates in the eIectronicMu"en in Fig. 12.

POL1-POL2 transition, is comparable to that of the first

absorption band. In oligophenylenes, the transition momentt/- DISCUSSION

from the grOUnd state to the lowest two excited states are The geometric deformations takn’]g p|ace upon Charge

thus mainly dictated by the magnitude of the purejnjection in the inner part of representative oligomers

HOMO—POL1 (POLZ*)LUMO) and POL1-POL2 elec- (C20H22, T5, P5, and PP\&re Compared in Table V|u is

tronic Conﬁgurations. This Clearly shows up in the transitionthe Change in bond |ength When going from the neutra| state

density diagrams, Computed for the Single excitations and thﬁ) the S|ng|y positive'y Charge state. For po'yenes and O”g-

othiophenes, the amplitude of the bond-length modifications

28 i i i . i i i i . . amounts to about 0.04 A around the center of the charged

26 ] defect; phenylene-based materials, oligophenylenes, and oli-
2] ] go(phenylenevinylenss, give rise to lattice relaxations where
22 PR o h the calculated changes in bond lengths are on the order of
2.0 ]
18 1 ® ZINDO/EOM-CCSD
%‘ <] O experiment b 4 e se e
= 1.6 E 4 o3 4 »e ee & HOMO—POL1
5 1 G d e ee &
Q 1.4 ]
c
w 1_2_- — @ @ .
] ¢ '~e @ e e 5 POLISPOL2
1.0 . e e @ &
0.8 4 =
1 — et e e ;
064 § 4 od o e /O'OH,O LE transition
—G b—f e e o [ 2
0.4 —7r - r - 1 1< r > 1 11T 117"
0.14 0.16 0.18 020 0.22 024 026 028 0.30 0.32 0.34 036

> HE transition

1/No. of ri ol o O

o. of rings ) e
¢ ‘\'—'I_.l .’fqr‘f.} - b

FIG. 9. Evolution of the lowest two energy transitions, as calculated by

INDO/EOM-CCSD method, for the negative polarons in oligophenylenes,FIG. 10. Transition densities for the pure excitations HOMPOL1 and

as a function of inverse number of phenylene riifie experimental data POL1—POL2 and for the excited states leading to the LE and HE transi-

are taken from Ref. 86 tions (from top to bottom for a positive polaron in the P5 oligomer.
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TABLE VI. INDO/EOM-CCSD transition energies, oscillator strengths 22 T T T — T T T T I
0O.S., and the major wavefunction coefficiefof the lowest two energy
absorption peaks for positive and negative polarons in @igenylenevi- E
nylenes.
Major coefficients 1
16 - Qe O .

Oligomer EnergyeV) 0.S. Ry_p1 Rp1_.p2 I
PPV3" 1.07 0.67 0.95 0.17 E 4] ]

211 0.98 0.25 -0.77 8 12] e zINDOEOM-CCSD .
PPV4"" 0.81 1.04 0.96 0.09 2 | O experment Qo=

1.97 1.02 0.15 -0.78 Wood = i
PPV5" 0.63 1.29 0.96 0.06 s

1.97 0.94 0.08 -0.72 084 K ]
PPV6"" 0.53 1.45 0.96 0.05 1 e :

1.92 1.04 0.07 -0.73 06 .. E

RPZ"L RPlHPZ 04 L L I L e

PPV3° 0.87 0.52 0.95 ~0.16 0.14 0.16 0.18 0.20 0.22 0.24 026 0.28 0.30 0.32 0.34 0.36

2.09 0.89 0.23 0.78 1/No. of rings
PPV4™ 0.69 0.81 0.96 —0.09

1.93 0.79 0.14 0.65 FIG. 12. Evolution of the lowest two energy transitions, as calculated by
PPV5° 0.55 1 0.95 —0.07 INDO/EOM-CCSD methods, for the positive polarons in oljgjieenylenevi-

1.91 1.08 0.09 0.74 nylengs, as a function of the inverse number of phenylene rilgs ex-
PPV6 0.48 1.21 0.96 —0.05 perimental data are taken from Ref.)87

1.89 1.13 0.07 0.73

tions) and a strong HE transitiofconstructive interaction

0.02 A. The more rigid character of phenylene-based oligonote thaty decreases when the chain length increases as a
mers with respect to polyenes and oligothiophenes arisegsult of the local character of the geometric deformation in
from the aromaticity of the phenylene rings. the charged state; accordingly, an increase in the cross sec-

In Table VIII, we present the AM1-optimized polaron tjon for the LE peak is expected.
size and chain length as well as their ragi¢=polaron size/ In contrast, phenylene-based materials lead to smaller
chain length, and the INDO/CCSD oscillator strengths com- distortions as illustrated by the smallewvalues. As a result,
puted for the two absorptions ofgBi5, CoHzy, T3, the polaronic levels are closer to the band edges: the
T7%, P3™", P6"", PPV3™" and PPV6 . The y value pro-  HOMO—POL1 (POL2-LUMO) and POL1-POL2 transi-
vides a measure of the degree of delocalization of the poons have very different energies; therefore, there is no sig-
laronic species. In gH;; and T3"*, the polaron is found to  njficant wave function mixing. Both optical transitions then

delocalize nearly over the whole chain and the first peak |$ead to two intense features in the Optica| absorption spec-
very weak. This leads to polaronic levels lying deep in thefrym.

gap. As a consequence, the energies of the HOMRDL1
(POL2—LUMO) and POLX-POL2 transitions are close
and these configurations mix significantly leading to a weak

LE transition (destructive combination of the two excita- TABLE VIl. AM1-optimized geometry deformations in the central part of
different oligomers: GH,,, T5, P5, and PPV5. The C-C bond lengths in the
neutral state and the positive polaron state are given i i&;the change in
bond length when going from the neutral state to the polaron.

PPV6 **

B ) Oligomer  Central part Bond  Neutral state  Polaron A
~ 1 5 CpHp, 1 3 12 1444 1395  —0.049
3 VAVAN
< 2 23 1347 1392 0.045
£
o
L
E 7 T3 \(—S]/ 1-2 1.419 1.383 —0.036
S 3
e 1 2 23 1.390 1.430 0.04
2
e}
<

P5 < > 1-2 1.391 1.373 —0.018

J 3

1 2 2-3 1.402 1.426 0.024
04 06 08 10 12 14 16 18 20 22 24
PPV5 1-2 1.390 1.372 —0.018
Energy(eV) 3
1 2 2-3 1.406 1.429 0.023

FIG. 11. INDO/EOM-CCSD absorption spectra for the positive polaron in
oligo(phenylenevinylens.
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TABLE VIIl. AM1-optimized polaron size, chain lengthy, (=polaron size/  doped polyenes and oligothiophene chains; this leads to the
chain length, and INDO/EOM-CCSD oscillator strengths forgklis,  appearance of polaronic levels deep in the gap. Due to the
Catzz, T8™, T7™", PS™, PE™, PPVS™, and PPVE". aromaticity of the benzene rings, the geometric modifications
Oscillator strength ~~ are  weakened in oligophenylenes and dlyeenylene-
vinylenes; the POL1 and POL2 levels are then closer
to the band edges. As a result, the HOM®OL1
CgHyo 85 8.5 1 0.02 1.15 (POL2—LUMO) and POL1-POL2 transitions have very

Polaron sizgA) Chain length(A) y LE peak HE peak

_Cl_:goﬂgz' ig-g ig-g 2-63 g-gf 111515 different energies, which prevents significant wave function
T7+ 17.2 254 068 086 137 mixing and leads to two intense polaronic optical transitions.
P3™ 7.2 11.4 063 05 0.66
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