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Excitonic splitting in conjugated molecular materials: A quantum mechanical model including
interchain interactions and dielectric effects
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We present a quantum mechanical model for the calculation of the excitonic splitting of conjugated molecu-
lar materials; both short- and long-range interchain effects are explicitly included. The model is based on the
time-dependentTD) density functional approach and it introduces the effects of the proximate molecular
systems in a perturbative framework. The new important aspect of our model is that both the single chain
properties and the interchain effects are evaluated in the presence of an embedding environment which is
modeled to mimic the dielectric interactions of the distant chains. This environment is here approximated with
a continuum anisotropic dielectric. Such anisotropy is introduced to take into account the different dielectric
properties of crystaléor films) of conjugated molecular systems along and perpendicular to the direction of the
chains. In the model the dielectric environment is directly introduced in the quantum-mechanical equations
through proper operators to be added to the Hamiltonian. An application to oligomers of polyacetylene quan-
tifies the relative importance of the adjacent chains as well as of the dielectric medium showing the funda-
mental role played by the latter toward a direct comparison with experimental data.
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[. INTRODUCTION and the 3D arrangement of the chains would constitute a
very important step farther in the in providing structure-
One important area for application of conjugated materi-property relationships that are useful for the engineering of
als is in electro-optic devices such as plastic light-emittingmaterials with improved characteristics.
diodes (LEDs),! photovoltaic and solar celfsand plastic Up to these last years, most of the theoretical modeling
transistors. There are in particular many desirable featureswas at the level of a single conjugated chain: these models
of conjugated polymers that are not simultaneously availabl&ave been powerful in describing many interesting electronic
in other materials; polymers are in fact so widely tunableand optical properties associated withdelocalization in a
through chemical and morphological variations that they of-chain. However, it is also true that in the condensed materials
fer immense potential for many different areas of applica<(single crystals, thin films or bujkinterchain processes can
tion. be equally important as intrachain processes. Due to different
Despite this enormous versatility for optoelectronic appli-reasons(for example, a still incomplete knowledge of the
cations, some of the fundamental physics underlying the corchain packing, and computational difficultjgbe impact of
struction or optimization of practical devices based on thes@terchain interactions has not yet been extensively studied
materials remains controversial or poorly understood. Thigheoretically. Only recently, some papers appeared on theo-
controversy is also due to a still incomplete understanding ofetical models accounting for interchain effeéts>
the interactions between conjugated polymer chains in high- In this paper we present a new quantum-mechanical
concentration solutions, films or single crystals. model for the calculation of the excitonic splitting of conju-
Isolated conjugated molecules are almost onegated materials.
dimensional electronic systems; however, in the condensed The model is based on the time-depend@rd) density
state, the electronic properties depend on three-dimensionfinctional theory(DFT) approach and it introduces the ef-
interactionst For example, interchain interactions in elec- fects of the proximate molecular systems in a perturbative
troluminescent organic conjugated solids cause a splitting diramework. In this aspect, our model resembles the conven-
the lowest excited electronic state into as many componentsonal exciton theories in which the interchain effects are
as the number of molecules in the unit cell. This excitonicconsidered as a slight perturbation to the system and there-
splitting (also known as Davydov splittiighas been experi- fore the excited states of the complex are expressed on the
mentally measured, but still there is no a clear picture orbasis of the electronic wave functions of the individual
how it depends either on the structural properties of thehains!®
chains(especially the conjugation lengtiand on the inter- The new important aspect of our model is that both the
chain interactions. This question is particularly important besingle chain properties and the interchain effects are evalu-
cause the relative location of the excitonic components playated in the presence of an “embedding” environment which
a major role in determining the photophysics of these sysis modeled to mimic the dielectric interactions of the distant
tems, and thus an accurate prevision on the bases of the typbains. This environment is here approximated with a con-
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tinuum anisotropic dielectric. Such anisotropy is introducedsolute, or better the volume containingfitom now on indi-
to take into account the different dielectric properties of con-cated as the “cavity; and the dielectric medium. The result-
jugated materials like crystals, or films, of polymers, alonging boundary(generally called “cavity surfacg’s then used
and perpendicular to the direction of the conjugated chaingo represent the polarization effects induced by the solute on
This kind of description has been already exploited to simuthe dielectric with a significative reduction in the complexity
late screening interactions in bulk polyméfstl2but our and the dimensionality of the problem with respect to ap-
use is different. In the model we have formulated the dielecproaches in which the entire systdimoth the “solute” and
tric environment is directly introduced in the QM equationsthe mediun is treated at the same level.
through proper operators to be added to the Hamiltonian. In This reduction is made possible by introducingeaction
this way, we can account for embedding effects not only irfield originated by anapparent charges displaced on the
the screening of the Coulomb interaction but also in thecavity surface. The charge is completely determined by
modification of the electronic densities of each chain. computing the electrostatic potentig}, due to the solute
The paper is organized as follows: In Sec. Il we explaincharge density on the cavity surface, and by defining the
the computational methods employed to calculate the excielectrostatic response function of the medium. Such function
tonic splitting in material systems. In Sec. Ill, we will is completely determined once we know the dielectric per-
present results for a simple test case, the excitonic splittingittivity of the medium, the shape and the dimension of the
associated with the optically allowed'A_ — 1 1Bu transition  cavity surface, i.e., the three-dimensional structure of the sol-
of aggregates of oligomers of polyacetylene when in a cofaute, and the form of the electrostatic Green functions inside
cial and a herringbone arrangement. In Sec. IV we will dis-(G;) and outsidgG,) the cavity. For example, for an aniso-
cuss these results. tropic medium characterized by a tensorial permittivityve
have

Il. THEORETICAL METHOD
Gi(x,y)=1/x-yl, (1)

In the literature, there are two different models accounting
for the interchain effects in the optical properties of conju- — (Aot -1 1 _ _ )12
gated material$Refs. 7, 8, 11, and )2which introduce an Celx,y) = (Vdete (e x =y)) - (x=y) ], @
anisotropic dielectric screening effect. They are both basedhere G, in Eq. (2) reduces to 1(elx-y|) if the tensorial
on a pseudo-potential plane-wave DFT description and ifpermittivity reduces to the scalar dielectric constant as in
both models the dielectric screening due to long-range intefisotropic medigthe reader interested to the formal aspects of
chain interactions is introduced by adding to the “bare” Cou-the strategy followed in the IEF method can find all the
lomb potential a screened potential defined in terms of gletails in Ref. 1.
dielectric tensor. In the computational practice a boundary-element method
Our model is still based on a DFT scheme but no plangBEM) (Ref. 19 is exploited: the cavity surface is subdi-
waves are introduced, instead atomic orbitals routinely usedided in small finite elements and is expressed in term of
in standard molecular calculations are exploited. The methogoint charges, each one being placed at the representative
couples the TDDFT approach for computing transition enerpoint of each element. As a result of this discretization every
gies and transition densities of the chains anditliegral integral involving o can be solved as a sum over surface

equation formalism(IEF) (Ref. 17) version of thepolariz-  elements. In this framework the equation defining the appar-
able continuum modglPCM) (Ref. 18 to account for the ent point charges can be written as

embedding effects. Below we present some aspects of both

methodologies and, more in details, of their coupling. elements

q= 2 QuiVy,
A. IEEPCM J

In the IEFPCM(Ref. 17 model, the effects of a dielectric Whereq, are the apparent point-charg€y; is the elementJ
medium on a quantum-mechanical molecular systgom of the response matrix connecting point charges placed on
now on indicated as the “solutels introduced by describing the Ith and theJth surface element, anl, is the solute
such dielectric as a structureless continuum, characterized @ptennal inJth element: more details can be found in Ref.
its macroscopic dielectric permittivitieither a scalar quan- 0. )
tity, for standard isotropic liquid solvents, or a tensor, for The effects induced by the apparent chargesn the
anisotropic environments like ordered films or polymericScluteé(i.e., on its charge densipy), are explicitly introduced
matrices as in the present casEven if the two classes of N the Hamiltonian through a specific operatdre reaction
systemg(a solute in the liquid solution or an ordered poly- field operatoy of the form
meric matriy seem quite different, however the basic idea A 5(r)
beyond them is the same: a given syst@mher a sqlvated V’FJ’C'V': > p—ql(e,p), (3)
molecule or a polymer chajrpolarizes its surrounding me- sl

dium and the back-effect of this induced polarization is re- o . .
flected in the changes of its properties. where p(r) is the density operator. In this way the new, or

In both cases, the starting point is the introduction of a €ffective,” solute Hamiltonian is a sum of two terms: one
proper separation between the two parts of the system: thefers to the isolated solutg<°) and the other(V;’C'\") de-
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scribes its interaction with the embedding environment, iF;CJ.'t\”':\/:E1 Ui,
namelyH =H%+V-M.
In Eqg. (3) we have explicitly indicated the functional de- 080 = Q - Vi, @)

pendence of the apparent charggson the solute charge

density (and on the solvent permittivily This dependence where the index %" indicates the transpose of the column

introduces a further source of nonlinearity in the Hamil- matrix V,, containing the electronic potential integrditte-

tonian which can be solved through standard iterative techtermined by the elementary char@é(r)qss(r)] on the cavity

nigues: the main point is that at convergency both the solutgyrface tesserae.

and the embedding medium are mutually or “self- |n the response theory, excitation energies are determined

consistently” polarized. as poles of the response functions, leading to zero eigenval-
The theoretical scheme presented above for the genergks on the left-hand side of E@f). They can thus be deter-

problem of an “embedded” molecular system, will be heremined as solutions to the following non-Hermitian eigen-
applied to a more specific problem, namely that of an orvalue problem:

dered film (or a crystal of conjugated polymers. In this
framework, what we have called “solute” and “medium” as- A B X
sumes a different meaning: both are chains of the ordered MX =0X, M= (B* A* ) X= (y) (8)
film, but among these identical chains, some of thghe
generalized solujeare considered as a QM system while thewhere SP=X and §P* =2 describe to first order transition
others are introduced as an “embedding” medium. In thejensity of each excitation.
following section we will show how this approach can be Let us now consider two “embedded” systems, 1 and 2
introduced in the TDDFT scheme for the calculation of thewith a common resonance frequenay, when they do not
electronic properties of such a generalized solute. interact(in the present case such systems are two identical
chains E=2). When an interaction is turned on, the transi-
tions of the two systems are no longer degenerate, but in-
stead two transition frequencies andw_ are obtained. The

For a system initially in the ground statieere the gener- corresponding splittingA=[w,-w_] can be evaluated by
alized solutg, the effect of a perturbation introduced into the solving a system similar t(8), but twice as large; and now
Kohn-Sham(KS), or the Hartree-FockHF), Hamiltonian by  referring not to a single solute but to the “supermolecule”
turning on an applied time-dependent fi€i@(t)) is, in the 1@ 2, namely,
linear response framework, a first order variation in the elec-
tronic density. In the hole-particle, particle-hole formalism ~ ,_(M 11 M12) _( | 312>

- ) . M'X=wSX, M'= , S= ,
(within the frequency domajrone obtain&t My, My S, |

B. The TDDFT approach and its perturbative (PT)
reformulation

A B 1 9 oP - v 9
* x| @ * = *x /! (4) . .
B* A @ -1 oP - where the matrixS;, accounts for overlap between orbitals
where 6P is the linear response of the KS density matrix in©f 1 and 2 and is the unit matrix.

the reference of unperturbed molecular orbitélsThe ma- Recently, an alternative solution to Sy,St‘fgz has been
trices A and B, sometimes called orbital rotation Hessians, formulated for two chromophores in solutiéhi* here such
are defined as approach is generalized to the problem of computing exci-
tonic splitting for an ordered film or a crystal of conjugated
Az jb = SapSij (€2~ €) = Kia jb, polymer chains.
Let us start from the theory presented in Ref. 24 and let us
Bia,jb = ~ Kiaj» (5)  apply it to the two “embedded” chains, 1 and 2. By consid-

ering the interaction as a perturbation, the splitting,

Where ; are the orbital energie, s is the coupling ma- —-w_] can be obtained without explicitly solving the system

trix, (9). Instead, we rewrite the zero-order eigenvectérsand
. 1 X_ as linear combinations of the unperturbed orbitals
Kia,jb:fdrjdr,qsi(r,)d)a(r,) |r,_r|+gXC(r,1r)
1( X, )
« X,=—+= , 1
Xy (1) 1) (®) : \’2(1X2 (10

and g,. is the exchange-correlation kernel. Here we have . . .
O . , . . “whereX; andX, are eigenvectors describing the transitions
used the usual convention in labeling MQO’s orbitals, i.e.

'of resonance frequenay, for the noninteracting chains; this

(i,j,...) for occupied;(a,b,c,...) for virtual; (s,t,...) for . 0 o y
general orbitals. allows us to define a first-order perturbgeil) splitting ag
By introducing the effects of the rest of the chains through AS’T: 2(XIM DX wo)qslzxz) (11)

the IEF-PCM approach described in the previous section, the - - .
coupling matrix has to be corrected with an additional termr, in terms of theransition densitiepy(r) of the noninter-
;,Cj'r\;ﬂazz acting systems 1 and 2:
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: 1 2
AgTzzferdr'pI (r')|r,_r|p§(r) APT:E[(XIM12X2+X§M32X2)

T T
+ zf dr f dl”pI*(I”)gxc(l‘ r’r,wo)p;(r) wO(X1812X2+ X3832X2)]- (13)
Equation(13) further reduces to a simple scaling of K1)
. 1 if we have a symmetric system, i.e., i=13 and thusM ;,
+ ZJ dfpf(f)lz ——ai(p; ] =M, (and S;,=Ss,); in this case the splitting obtained by
s =l considering a three-chain QM system\eié times the split-
ting A5T obtained in the two-chain QM systefsee Eq(11)]
- Zwoj drp1*(Np3(r) = Acou+ Axc + Apcw— Aou-

(12)

APT=\2APT. (14)

By applying the same strategy to a QM system with an in-
creasing number of identical chains in a symmetric 3D ar-
About Eg.(12) two aspects are worth mentioning. First, an rangement, we obtain that the splittiyzmj’T between the up-
explicit dielectric termApc) appears in the expression of the per and the lower terms in the manifold of the resulting states
splitting, and this term is determined in terms of apparentapidly converges to twice the two-chain splitting' of Eq.
charges induced by the transition density. Second, the pregi1), namely?®

ence of the embedding medium has also modified both the b1 _—

unperturbed(ground statg orbitals (and orbital energigs Ay =2A"" with n=20. (15

and the linear response of the density matrix. In this way, the  grom the formulation above which we can indicate as a
effects of the dielectric anisotropy of the embedding enV'rO”“nearest—neighbor approximation,” we obtain that Eifl)

ment is taken into account in both the ground-state descrifreresents the only equation we need to study interchain ef-
tion and in the response scheme in a self-consistent way: s within the perturbed time-dependefRT-TD) DFT

the best of our knowledge this is the first time that this kindgcheme. This approach has its main advantage in the fact that
of treatment is used to quantum-mechanically study ordereg, heavy computatiofi.e., the evaluation of the transition

films or crystals. density o7 L !
) yp'(r)] is limited to the system formed by a single
The theory can be further developed by enlarging the genzin “The effects of the closest ch@inis successively in-

eralluzed squFe, ’(,)r, n pther words, by switching chains fromtroduced through simple Coulomb, exchange-correlation and
the _embeddlng _med|um to t_he QM part of the_ system. T_ooverlap integrals involving only single chain properties while
obt_al_n an analytical expression for the resulting exCtoNiGh . offects of the rest of the chairihe “embedding” me-
splitting between.the upper anq the lower componém dium) are introduced through a Coulomb-type intedisge
—w-) of the manifold of transitions, some approximations g (11)]. The limited computational effort and the simple
have to be exploited. , form of the integrals(which can be solved with standard
As an example of the general procedure, let us first show, merical techniqugsnakes this approach suitable to study
how the previous equationd0) and (11) change when we aiher Jarge polymer chains on the one hand, and to introduce

pass from a two- to a three-chain QM system, let us say thgqcyrate quantum mechanical level of calculations on the
two previous chaingl and 3 with a further chain(3) still other hand.

having the same transition frequeney and, being the chain As far as concerns the inclusion of the “embedding” ef-

2 placed between 1 and 3. _ fects, it is interesting to make a more explicit comparison
Now, if we assume that interactions are only between they i, previous approaches.

two closest neighbors, and thus 1-3 interactidvlgs, and ~ Ag said above, the introduction of an effective screening
M3, as well as the overlap of the corresponding densitie$nction by a constant diagonal dielectric tensor is not new,
(S13,S19), can be neglected with respect to the stronger 1-2,amples of such approaches can be found in Refs. 7, 8, 11,
and 2-3 interactions, and we apply the same perturbativgng 12; however, a basic difference between such approaches
technique(i.e., we rewrite the zero-order eigenvectofs  and our model has to be noted. In all previous approaches the
and X_ as linear combinations of the unperturbed orbjtals effects of the dielectric tensor are introduced through an ex-
we obtain plicit screening function in the equation determining the ex-
citon states, here, on the contrary, we introduce dielectric
effects also in the calculation of the transition properties of
=X1 the reference systeigthe single chain In this way, the so-
called “unperturbed system” is already affected by the polar-
ization of the other chains, and thus, in addition to the stan-
dard screening of the closest-neighbors interactions, we will
=X3 also have a modification of the response of each single chain:
V2 this, as we shall show in the following sections, acts so to
enhance the splitting.
and, for the splitting between the lower and the upper tran- Another important difference with respect to previous
sitions, we get models, is that we use an explicit boundary between the QM

<
2
11
il
I+
<
N
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system and the rest by defining the cavity; in this way, wereached in the supermolecule approach only the two shortest
introduce an automatic switch for the definition of the regionchains are considered and a 6-31G basis set is used for this
of the interchain screening; in the previous approaches thisomparison.
was obtained by introducing a smooth cutoff for distances In the second part we report an analysis of the effects of
smaller than the interchain distanc@. interchain separation, conjugation lengths and of the “em-
As a final comment, we note that the theory has been hereedding” environment on the energy splitting of the same
presented for a DFT description but the same formulatiorcofacial systems and of the alternative herringbone arrange-
can be equivalently applied to the Hartree-Fock approaciment: for this analysis a larger 6-31 €@ p) atomic basis set
[known as TDHF or equivalently random phase approximais used.
tion, RPA(Ref. 26] and to its simplified single configuration All the calculations have been performed using a modified
interaction versions, generally known as CI®s well as to  version of theGAUSSIAN 03 suite of progran® in which the
simpler descriptions like those introduced in the semiempir{EFPCM PT-TD DFT model has been implemented. All DFT
ical intermediate neglect of differential overlgfNDO/S)  calculations exploit the hybrid functional which mixes the
approactt® The only aspects that have to be modified with Lee, Yang, and Parr functional for the correlation part and
respect to the theory presented above are the definition @ecke's three-parameter functional for the exchange
the elements ofA and B matrices(5); for example, the (B3LYP);3! this functional, in the years, has shown to repre-
exchange-correlation terfg,.(r’,r)) of the coupling matrix sent the best compromise between applicability and accu-
K of Eg. (6) reduces to the exact Hartree-Fock exchangeacy, and in fact it is nowadays the functional most widely
when we pass from TDDFT to TDHF. In addition, when we used in molecular calculations.
work in the approximation of single configuration interac-
tions (like in the CIS version of TDHF or in the semiempir-

ical ZINDO) the elements of matriB disappear. A. PT-TDDFT vs supermolecule
For obvious computational reasons, the comparison be-
IIl. NUMERICAL APPLICATIONS tween the perturbativePT) and the supermolecule approach

is performed on dimeric and trimeric systems only. In the

Bulk material formed by conjugated polymers usually supermolecule approach, in fact, the splitting is computed as
consists of a distribution of conjugated chains with variousdifference of the excitation energies obtained by solving a
finite lengths, which can be better modelized as an ensemblsroper TDDFT scheméfor example the systen®) for a
of interacting finite-size segments rather than as periodigimer] and thus calculations rapidly become too expensive.
systems? Here, we focus on a model system of oligomers ofOn the contrary, in the perturbed framework, the splitting is
increasing size, arranged both in a face-to-famecofacia)  always computed in terms of single molecule properties,
and a herringbongor HB) configuration. In particular, we namely through Eqg11) and(13) [or more simply through
adopt as a model the system formed oftedhs (CH), poly-  Eq. (14) as in this case £2=3]. This analysis is here per-
acetylene chains and we apply the formalism presented in thiermed for “embedded” PT and supermolecule systems
previous section to the description of the energy splittingwhere, the term “embedded” refers to dimers or trimers in
associated with the optically aIIowedlAg—>1 lBu transi-  the presence of a surrounding continuum anisotropic dielec-
tion. We have made this choice in order to be able to discussic. When we introduce the effects of the anisotropic dielec-
the evolution of the energy splitting as a function of struc-tric, we have to define the boundary between the QM system
tural and environmental aspects, interchain separation anghere the dimer or the trimgand the dielectric medium, and
conjugation length, as well as number of interacting chainshe tensor defining the dielectric permittivity. Due to the
and dielectric screening. In addition, this simple system alsymmetry of the system we want to simulate, for the tensor
lows us to make detailed comparisons between the new pewe can always assume a diagonal form with only two differ-
turbative approach and both dipole-dipole approximationsent diagonal elementg; ande, ) corresponding to directions
and the “supermolecule” approach. along and perpendicular to the polymer chains, respectively.

For parallel molecules and in-phase bond alignment, as iThe values we have usé€d for ¢, and 2 fore,) have been
the cofacial arrangement, intermolecular interactions in theaken from experimental data of optical reflectance for light
dimer lead to a splitting of the ]jBu state into a low exci- polarized parallel and perpendicular to the chain &kis.
tonic component which is symmetry-forbidden with respect The boundary has been obtained by considering the sur-
to the ground state and a high component which is dipoleface resulting from the combination of spheres centered on
allowed. For this ideal cofacial arrangement we have considthe carbon atoms of the chains and with radii determined by
ered three different interchain distances, namely 4, 5, anthe corresponding van der WadlsereR=2.28 A). The re-
6 A, while for the herringbone arrangement, the experimensulting cavity is illustrated in Fig. 1 for a dimer.
tal data of the orthorhombic crystal structure taken from The calculations, performed at HF/6-31G and B3LYP/6-
electron diffraction studies have been used. 31G, have been repeated on two different chains containing

The analysis of the results is split in two parts; in the first2, or 4 C=C units, respectively; and for four different in-
we compare the PT-TDDFTand PT-TDHB approach pre- terchain separation@, 4.5, 5, and 6 A in all cases a cofa-
sented in the previous section with the supermolecule apcial arrangement has been used. In Fig. 2 we report only the
proach. This comparison should quantify the accuracy of theesults of systems witiN=4 as for systems wittN=2 a
perturbed method: due to the large dimensions which can beompletely equivalent picture has been found.
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HF

Splitting (eV)

0.7
0.6 - B3LYP
0.5 -
S
)
2
=
&
FIG. 1. Example of cavity used to simulate the “embedding”
effects. 0.0 . . ‘
4 4.5 5 55 6
The results reported in Fig. 2 indicate a very good agree- d(A)

ment between the perturbativ®T) and the supermolecule _ ) )
calculations for all interchain distances with the exception of FIG. 2. Comparison between perturbatiéeT) (full line) and
the shortest ondd=4 A). At this distance, the two ap- supermoleculgdotted ling approaches to compute excitonic split-
proaches are no longer equivalent but with deviations whicfi"9s Of “embedded” cofacial ¢, chains at HF/6-31Gupper

are opposite if we use DFT or HF descriptions. For HF ir]graph and B3LYP/6-31G(lower graph level. The circles refer to

fact, the PT values are lower than those obtained with th(taWO'Cham systems and the squares to three-chain systems. All the

supermolecule approach; in both dimers and trimerd=at Splittings are in eV and the interchain distanced are in
. angstroms.
the PT splittings are 20% lower than the supermolecule ones.

This result is not unexpected as, at such short distances, trtlre nd. Of rse. detailed anal Id be done to further
approximation for the eigenvectoxs, andX_ as linear com- end. I course, detayied analyses could be done o TUrine

bination of the unperturbed orbitals of the isolated chain ignvestlgate this aspect, for example we could .tESt Othef func-.
no longer valid. tionals and _see_lf they show the same trend with the distance;

Things are more complex when a DFT description iShowever, this kind of study would lead far beyond the scope
used. In this case, in fact, the PT splitingdit4 is larger of the present paper. On the contrary, here it is interesting to

that the supermolecule one. This is indeed an unexpecter&me that the shortest-distance cofacial arrangement repre-

result, and such irregular behavior seems to be ascribed I%ents a limit case, as in this system the intermolecular inter-

the supermolecule approach. In fact, instead of monotoni‘f-"Ct'Ons are extremely strorighe overlap between the elec-

cally increasing with decreasing of the distan@s it is :Lomc densities of t?(—iht\/\{otr(]:hams IS |n|fact|maX|crjn|t)IF]etmI(DjT
physically expected and as it is observed for the HF descrip- us we can expect that the supermolecule an erlap-
tion), the DFT splittings in the dimeric or trimeric supermol- proach give different c_ie;cnptpns. lf. we pass from .th's limit
ecule increase frod=6 to d=4.5 A but atd=4 the behay- SYStem to a more realistic one in which the two chains are no
ior abruptly changes and we observe a significant decrease lﬂnger parallel and W'th m-phase pond a_hgnm@’ﬁe Fig. 3

or a 3D representatignwe immediately find a better agree-

the splitting. On the contrary, the behavior of the PT split- t betw PT and lecul h | t
tings with distance is regula@and parallel to that observed ment between and supermolecule approaches also at very

for HF).

The “unexpected” small values of the supermolecule
splittings atd=4 A seem to indicate a difficulty of DFT to 33 ,.38,3,3,38.3..
correctly describe intermolecular interactions and, at the end c,/. TN f&f 3
it prevents one from a coherent comparison with the PT ap- 2 2 2 2 =2 2 2

P A p p ,a,a‘,/a‘/aia‘i‘x‘xr
proacn. P9 9 9 9 s O O 9

The limits of standard DFT functionals in the description
of some kinds of intermolecular interactions are well-known;  FIG. 3. Schematic representation of the herringbone arrange-
here, however, this intrinsic limit does not represent a reaiment of the twotrans-polyacetylene chains in the unit cell of the
problem, as the PT approach seems to keep the right physicalthorombic crystal structure.
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0.7 polyacetylene and of its dependence on structgmamely
the chain length and the 3D crystalline arrangememtd
254 embedding effects.
0.5 -
= B. Structural and embedding effects
2 04
=] We investigate now the evolution of the excitonic splitting
% 0.3 with the size of the individual conjugated polyacetylene
@ chains by considering segments containing up to 16 carbon
02 atoms(8 carbon-carbon double bondé=8). This analysis is
here repeated for isolated two- or three-chain systems as well

as for the “embedded” analogge., in the presence of a
surrounding continuum anisotropic dielecjrién this way
we can in fact separate the effects of the nearest explicit
chains from those of the rest represented in terms of the
anisotropic medium.

FIG. 4. B3LYP/6-31G comparison between perturbatifpd) Let us first analyze the behavior of the splitting for iso-
(full line) and supermoleculedotted ling approaches to compute |ated two-chain system@.e., without the embedding effect
excitonic splittings of “embedded” ¢, chains in a herringbone i the cofacial arrangement with respect to the chain length,

arrangement. The circles refer to two-chain systems and the squarggd let us compare the parallel behavior obtained in the
to three-chain systems. All the splittings are in eV and the inter'point—dipole approximation, namely

chain distancegd) are in angstroms.

ATY () (R R (u)?

short distances. This is shown in Fig. 4 where we report 2 T R RS TR
B3LYP/6-31G energy splittings for the sarhe=4 oligomer
but with a herringbonelike arrangemei get a more direct wheren " is the transition dipole moment of the single chain.
comparison with the graph of Fig. 2, we have maintained the In Fig. 5, we display for three interchaifi=4-6) dis-
same range for both axes tances the IM evolution, with N denoting the number of

It is also worth noting that the irregular behavior of the (C=C) units in the polyene chains of the splittitgereN
supermolecule approach observed for the cofacial arrange=2, 4, 6, and § all the calculations have been done at the
ment is significantly reduced here and, in fact, we just find 8B3LYP/6-31+Qd,p) level.
small change of curvature dt=4. Itis clear from Fig. 5 that the point-dipole model provides

From the comparison with the supermolecule approach, ian erroneous estimate of the splitting for long conjugated
clearly appears that the PT-TD scheme works very well forchains, both qualitatively, the splitting always increases with
intermolecular distances typical of crystals. When one is inN as the transition dipoles grow with conjugation length, and
terested in applying the model to very close chains with coquantitatively, the splitting energy is largely overestimated.
facial arrangements, attention has to be paid to verify that the Contrary to that predicted by the dipole-dipole approxi-
description, still qualitatively correct, is also quantitatively mation, the PT-TD DFT splittings show a peak behavior with
accurate. respect to the chain length with a maximum which shifts

On the basis of such a positive result, in the follow-to longer chain lengths when the interchain separation is
ing sections the PT-TD approach will be applied to a moreraised. A very similar result was obtained by Brédas and
detailed analysis of the excitonic spliting ofranss  co-worker§ by using INDO/S calculations both in the frame-

0.9
dip-dip (d=8)

0.8 1 X‘. x0.5

0.7 1
& G467 FIG. 5. Chain length dependence of the PT
2 951 excitonic splitting(eV) computed at B3LYP/6-
2 31+G(d,p). Three interchain separations are
£ 0.4 considered, namely 4, 5, and 6 A. The dotted line
@ 03] refers to the dipole-dipole approximatiofsee

’ text) and the corresponding values have been

0.2 scaled by 0.5.

0.1 -

0.0 T T T T

0.1 0.2 0.3 0.4 0.5

1/N
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TABLE I. PT-TD energy splittings(in eV) of polyacetylene Coulomb term is included. Clearly, this similarity between
chains of different lengths. Two different levels of calculation the correlated DFT and the semiempirical INDO approach
(B3LYP/6-31+@d,p) and INDO/S, and two different interchain  cannot be generalized to any system; in this case however, it

distancegd=4 andd=5 A) have been considered. appears that the simple INDO description captures the cor-
rect electronic picture and agréeoth qualitatively and also
N Acou  AlX10 Agu(10)  AFT Affpo quantitatively with more accurate descriptions.
We note that the decrease in splitting with chain length
d=4 we and previous quantum-chemical stu@i&sobserved is
4 0.518 ~0.157 0.320 0.502 0418 In agreement with the evolution of the Davydov splitting
6 0512 ~0.088 0.146 0.504 0.426 when going from quatgrtmenyl to sexnhlenyl_ single crysta_ls,
as determined experimentally from polarized absorption
8 0.476 -0.060 0.084 0.470 0.390 measurement¥.
Let us now pass to analyze the embedding effects.
d=5 As shown in the theoretical section, within the IEFPCM
4 0.356 ~0.052 0.060 0.350 0.304 approach, the dielectric effects of the surrounding chains are
6 0.378 ~0.027 0.026 0.374 0.328 Presentin both levels of calculation of the PT scheme. First
8 0.366 -0.009 0014 0.365 0312 they modify the single-chain properti¢s’(r) and the tran-

sition energy, i.e., they induce an “implicit” effect on the
splitting represented by the modification of the,, A,
work of the exciton theory and in the supermolecular ap-2ndAoy terms of Eq(12) with respect to a chain in vacuum.
proach. The coincidence of our PT-TD DFT results with theln addition, there is an explicit dielectric effect in the second
INDO/S calculations of Brédas and co-workers can be bettefevel of calculation which originates th&scy term.
explained by comparing the two levels of calculation in the Ir_1 Fig. 6 we report, as an example_ o_f a general trend, the
framework of the same perturbed-TD scheme. As said abové&hain length dependence of the splitting in the embedded
in fact the PT-TD scheme can be reformulated for Semi_system at an interchain distandef 5 A Three sets of val-
empirical descriptions by starting from the linear responsdi€s are reported, the implicit te_rrﬁAimP”Cg:ACOul-'—Axc
theory known as INDO/$or ZINDO).28 ~Aoy), the PCM termApcyy) and their suntA; '); to have a

In Table | we thus report a comparison between B3LYPmore direct comparison we also report the results obtained
and ZINDO perturbative splittings5T; for DFT data we also ~ for the cor'rgspoding isolated systdthese values are indi-
explicitly indicate the three different components of the split-cated as A; '(gasg”].

ting [see Eq.(12), without the PCM termApcp] While for From Fig. 6 it comes out that the implicit and the explicit
ZINDO only one term survives, namely that correspondingdielectric effects act in two opposite directions: the implicit
to the Coulomb integral. effect induces an enhancement of the splitting with respect to

Results of Table | clearly show that for this kind of systemthe isolated systenfand in fact Ajy,ici is larger than
the Coulomb term is not only largely dominant but also quiteAgT(gas)], while the explicit term(of opposite sighscreens
similar in the two completely different B3LYP/6-31 the interaction; as the second explicit effect is much larger
+G(d,p) and INDO/S descriptions. This is the reason whythan the first, the netor A5") splitting in the “embedded”
the behaviors reported in Fig. 4 resemble those obtained isystem is always smaller than in the isolated system. This
Ref. 9 with an INDO/S exciton model in which only the result is not unexpected; other theoretical models have in fact

0.5
0.4 4 implicit
O----- Blveeeee L =

0.3 1 A;T (gas) T T
02
> w—o—.\. FIG. 6. Chain length dependence of the PT
= 011 AgT (embedded ) excitonic splitting(in eV) for chains at distance
£ d=5 A when computed withoutA5'(gag) or
£ 00 . . . T with the embedding effects. In the latter case
& three sets of values are reported, the implicit term

019 (Aimplicit=ACouI+Axc_AOvl): the explicit PCM

term (Apcy) and their sum(A5T).
024 A
PCM
-0.3 -
-0.4
0.1 0.2 03 0.4 05

1/N
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1.2

" A, (gas) .

. /

09 |
S 08|
2 08 FIG. 7. PT excitonic splittingsin eV) of her-
207 ringbone polyacetylene in the two-chain}")
% 06 | and in then-chain approximatioAP"). In the
o AfT(gas) R R latter case, results referring to the embedded sys-

05 | M — tem (A" "(embeddep are also reported.

04 | /

0.3 - AfT(embedded )

02 : : :

0.10 0.14 0.18 0.22 026

1/N

clearly shown that a dielectric medium screens the Coulomloesses occur following photoexcitation; the latter typically
interactions between chai(see Refs. 7, 8, 11, and 1 low-  lead to a confinement of the excitons on a sin@ea few
ever here such a result is obtained as a modulation of tweohains, thus implying that the photoinduced spectrum bears
opposite contributions and thus according to our model it i;mo complete information on interchain effects.
not impossible that for specific systems an enhancement of A much more correct comparison is given by the theoret-
the interchain coupling is found and a consequent increase édal value of 0.37 eV obtained by van der Hoesial 36 using
the splitting is observed. the model we have briefly sketched at the beginning of Sec.
To further increase the realism of the system, we introdl. The good agreement between such a value and our
duce now a different arrangement of the chains, passing from}"(embeddell seems to confirm the validity of our ap-
an ideal cofacial arrangement to a herringbonelike one. Elegroach.
tron diffraction studies, in fact, show th@mans polyacetylene Besides these comparisons, the graph reported in Fig. 7 is
crystallizes in an orthorhombic structure with a herringbonealso interesting for another aspect; it in fact explains why
arrangement; the unit cell contains two chajas shown in  calculations on isolated dimers often give very good results:
Fig. 4 and the perpendicular unit-cell vectors are 7.32 andn those calculations the underestimation of the enhancing of
4.24 A. the splitting due to the interactions with the other chains
For this HB arrangement we have repeated thecompensates the lack of the screening due to long-range di-
B3LYP/6-31+Q3d,p) calculations of the excitonic splitting electric effects.
by considering couples of neighboring chains of different
lengths(hereN=4-8). Both isolatedgag and “embedded”
chains have been considered. The behaviors corresponding to
the tWO-Chair{AgT of Eq (11)] and then-chain perturbation In this paper we have presented a new quantum-
schemegA]" of Eq. (15)] are reported in Fig. 7. We recall mechanical approach to study excitonic splittings in ordered
that then-chain extrapolation corresponds to the systems ob¢films or crystal$ conjugated materials. The model, which is
tained by replicating the two chains along the diagonal axigormulated within the TDDFT framework, introduces inter-
of the cell. chain effects at two levels. On the one hand, it accounts for
The results reported in Fig. 7 clearly show the import-the presence of the neighboring chains in a perturbative way,
ant role acted by the dielectric screening: the significanbn the other hand it includes the interaction with the rest of
increment of the splitting passing from the simplified two- the chains in terms of an “embedding” continuum medium
chain schemdA5T(ga9) to the n-chain schemdA;'(ga9)  characterized by an anisotropic dielectric tensor. The two
is almost completely nullified by the dielectric effects different components of the tensor correspond to the dielec-
(AFT(embeddep. tric permittivity along and perpendicular to the main axis of
The final AﬁT(embedde)j represents the quantity to be the polymer chain.
directly compared with experimental data of excitonic split- A numerical application is presented on a modellistic sys-
tings. Unfortunately such a direct comparison here is notem, oligomers of different length of the datans polyacety-
possible as the experimental value of the splittingtfans lene: even if extremely simple, this system has revealed
polyacetylene is not known. The only experimental data wemany interesting aspects. In particular, the results obtained
can invoke are the photoinduced absorption band observed &ir cofacial and herringbone arrangements have quantified
about 0.5 eV; if we assume that this coincides with the exthe importance of interchain effects on the excitonic split-
cited state absorption from thellsg state to théB, state, we  tings and, at the same time, they have allowed us to achieve
might identify this value as an upper bound for theinformation on the different terms generating these effects.
splitting 3° We stress, however, that geometric relaxation proBy switching on the two parts of the interactions sequen-

IV. CONCLUSIONS
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tially, we have in fact separated the effects of the nearesthe approach we have followed in fact introduces two new

neighbors from those of the rest represented by the anisdeontaminations.” First, it generalizes a model commonly

tropic “embedding” medium. In addition, we have shownused by chemists to study molecular systems in liquid solu-

that the latter induces two different effects, a polarization oftion, to the completely different environment of an ordered

the chain leading to an enhancement of the splitting, and afilm formed by polymer chains, and secondly, it applies stan-

opposite, and larger, screening of the chain-chain interactiongard theoretical tools in quantum chemistiybrid function-

leading to a quenching of the splitting. als, atomic basis sets, et¢to problems of material physics.
More realistic studies have to be performed before thélhe present performances and the possible future extensions

model can be considered a valid tool in providing structure-of the method make us confident that such a mixing of

property relationships that are useful for the engineering oknowledge from different but interconnected areas of science

materials with improved characteristics. However, the firstrepresent a fruitful strategy in the study of materials and of

applications already have given an interesting result showingheir applications.

the importance of the embedding effects in order to achieve a
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