Real space analysis of the nonlocal optical response of PPV oligomers
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We investigate the linear optical polarizabilities of p@hyphenylene vinyleneoligomers using the

time dependent Hartree Fock procedure. Our analysis is based on the computation of a nonlocal
response function, which describes the effects of an interaction with the electromagnetic field at one
carbon atom on the distribution of charges at other atoms. This provides physical insight into
intramolecular charge dynamics and the anisotropic tensorial properties of the linear polarizabilities.
The results are analyzed using the coupled electronic oscill@®®) representation, which allows

the assignment of absorption peaks to distinct transitions between Hartree Fock orbitals. The size
dependence of the linear absorption shows that at 10 repeat units the optical gap has almost
converged to its infinite size value, and the oscillator strength of the lowest absorption line scales
linearly with size. This implies that the sizes studied exceed the exciton coherence size and the
resulting spectra should mimic the infinite size limit. 96 American Institute of Physics.
[S0021-960606)50418-1

I. INTRODUCTION of PPV polymers, based on four states in each phenylene
monomer, which captures the essential photophysics in these
m conjugated polymers have become the subject of insystems® Su-Schrieffer-HeegefSSH Hamiltonians which
tense studies, as they can be used in a variety of electrereglect electron-electron correlations, but include electron-
optical applications, including conducting polymeafter  phonon coupling are used to investigate vibrational proper-
doping and light emitting diodes. The particular interest in ties of PPV4
poly(p-phenylene vinylene(PPV) and its derivatives, stem- In this work, we analyze the optical spectra of PPV oli-
ming from their electroluminescence and unusually Iargegomers with up to 10 repeat units by means of nonlocal
second and third order response, has greatly increased singRctronic response functions. The approach is based on the
its preparation in form of high quality thin filnfs® reduced single electron density matrix obtained by solving

Experimental inves‘t‘i_gsations_include Raman, infrared,ie ime dependent Hartree FOEKDHF) equations for the
and UVAvisible spectra;® photoinduced absorptiochand  ppp Hamiltoniad? This method provides direct information

site selective fluorescence studfesnisotropy in the linear charge distribution and electronic coherences within the

response and the third order susceptibility have been Merolecules. Using the density matrix we calculate a nonlocal

sured and a modgl 011; the lowest-energy electronic trans‘itiorllesponse functiom,,,,, which relates the induced charges to
has been proposed:” "Resonance Raman spectroscopy ha%he driving field, thereby revealing the mechanism of the

been used to characterize polarons and bipolaténsrder optical response. The full polarization tensor can then be

to clarify the nature of the various excitations in PPV, a " . . . : . L
) . . easily calculated without invoking the dipole approximation.
variety of time resolved measurements were carried out. PI:

cosecond photoinduced absorpiibwas used to identify po- Nonlocal response functions represent a convenient approach

i 2424 . .
laron pairs and spatially indirect excitons in PPV films. Timet0 study charge dynamics.* Hunt and coworkers investi

resolved fluorescence measurements could be successfuﬁ?ted force-balance between molecules, response of mol-

interpreted in terms of the Fster dynamics of excitons in a ecules to(?nfipitesim.ab ghifts of their nuclear coordinates,
system with inhomogeneously broadened density of states.2nd electric field shielding tenso%%Chernyak, Jenkins and
Early theoretical investigations focused on the calculaMukamel St‘é'g'ed the nonlocal optical response of molecular
tion of band structures. Single chain, 1D band structure@99regates and conjugated molegulé%.
have been computéd* The first 3D band structure was In order to interpret the absorption spectra we make use
calculated using a local density functional metfdd order  Of the coupled electronic oscillat¢EEO) representatiofi
to investigate the effects of interchain coupling. Other meth2nd compute the oscillators relevant for the linear response.
ods employed for the calculation of IR to UV spectra includeBY depicting them in the Hartree Fock Molecular Orbital
the theory of the effective conjugation coordindEEC),® (HFMO) representation we identify the optical transitions
semiempirical molecular orbitdMO) calculations at the in- between the relevant HFMOs.
termediate neglect of differential overlaiNDO) and In Sec. Il we provide a brief review of the PPP Hamil-
Pariser-Parr-Pople(PPP levels, and valence effective tonian and the method used for solving the TDHF
Hamiltonian (VEH) technique<®!7 Since such methods are equations? We also outline how it may be used for the
computationally costly, they cannot be applied to large syseomputation of the nonlocal response tensor. We then apply
tems, and a number of simpler models have been devisethis method to PPV oligomers and present the linear polar-
Rice and Gartstein proposed a model for the photoexcitationizability in Sec. Ill. Thereafter we analyze the optical re-
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sponse using the CEO representation in Sec. IV, and sunHere we have neglected the off-diagonal matrix elements of
marize our results in Sec. V. P. This may be rationalized by the negligible overlap of the
basis functions),, due to their localized naturé.The expan-

sion coefficienti)m,(r) denotes the polarization density of

Il. THE PPP MODEL AND THE TDHF EQUATIONS the ¢, orbital. Hence the matter-field interaction can be re-
cast as
In order to describe the optical properties of conjugated
mo!ecules s_uch as Plzgaollgomers we adopt the PPP Hamil- Him(t)ZE PTVno(t), ®)
tonian for 7r-electrons no

n#m

- R — 1 o, whereV, (1) is defined as
H= 2 tnmPﬁm"'E UprTmprlm"_ 2 2 Unmpgnp%m
n,m,o n n,m,o,o’ -
. Vm,(t)zfdr Do) -E(r,1). 9
+ Hint, (1)

where we have neglected electron — phonon coupling. ThAssuming that the electronic wave functigif (t)) can be
one electron density operatpf,, is defined in terms of cre- €xpressed as a single Slater determinant at all times, the

ation and annihilation operatof, ,, ¢, for an electron ~density-matrix elements

with spin oTat siten: Pl (D) =(W(1)|p% | ¥ (1)), (10)
Pnm=Cn,oCm,o - @) obey the TDHF equation$

The first term in the Hamiltonian Eq.l) is the Hickel

Hamiltonian. Its diagonal matrix elements, are the Cou- ihapgm(t):([h”(t)+f”(t),p”(t)])nm, (11

lomb integrals at siten, and off-diagonal elements,, rep-
resent electron hopping between siteand m: with

tim= 5nmzl Uni+ (1= 68— B (ram—d)]. 3 he (1) =tym+ 5nm2 Un|Pf|T'(t)_UnmPgr’n(t). (12)
l,o'

Herer,m=|rn—rm, with the sitesr;,i=1,... N, andd is
the average bond-length. We have chosen the same paraﬁ‘f]d
eters used for polyenegg=—-2.4 eV, B8'=—-3.5 eV. The £7 (£)= SpmVno(1). (13)

second and third terms in the Hamiltonian describe electron-
electron Coulomb interactions, whete=7.42 eVdenotes Working with the density matrix has the advantage of deal-
the on-site(Hubbard repulsion, and the repulsive interaction ing with physically relevant quantitigsharges,,, and elec-

between sites andm is given by Ohnos’ formula tronic coherencep,,,) instead of wavefunctions. The appli-
— cation of this approach to multi-electron systems was
U extensively discussed by McWeef}Eq. (11) is a nonlinear

Ynm VI+(rhmlag)?’ @
with ag=1.2935 A. d

In order to interpret electronic dynamics using nonlocal
response functions we consider a spatially inhomogeneous p(t)=p+ sp(t)+ SpND(t). (14)
electric fieldE(r,t). Using the multipolar Hamiltonian, the
interaction with the radiation field is then given®y

system of differential equations that will be solved by a
power series expansion in the electric fieldTo that end we
efine

Hereafter we shall drop the spin index, restricting the calcu-
lation to spin symmetrigsingled excitations.p is the re-
duced one-electron ground state density matrix. Its diagonal
elementsp,,, represent the static charge on site and its
off-diagonal elementsp,,, measure the chemical bond
strength between sitas and m (bcz?)d-orde}. The induced

A - 1 X density matrix is split into a termdp'*’(t), which is linear in
P(r):%: da(Ta=R) fo dAS(r=R-A([,—R)), (6 e driving field, and higher order tern#gpNY(t). Substi-

] ] _tuting Eq.(14) into the TDHF Eqg.(11), and collecting terms
and a runs over all charges in the system. This operator i, first order in the electric field leads to

defined with respect to an arbitrary reference p&inbut its L
transverse par®* is independent oR. Upon expansion in 0=[h,p], (15
the m—electron basis set we obtain

Him<t>=—fdr E(r,0)-P(r), (5)

where the polarization operatofis

. P . ey - iﬁiép“)(t):E7%’nmrsép<l><t>+Anm(t>, (16)
P(r)=%cl,ocn,gwnalP(r)wna):% P no(1). O s

(7) with
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h_nm:'[nm"'Z‘sanl Unlﬂ_unmEma (17

':%}nm,rs: 5mJ]nr_ 6nrhms+ 25rs(Uns_ Ums)ﬁm
_5annsﬁws+ 5msUmrP_nrv (18)

Anm:Em(Vn_Vm)- (19

The self-consistent solution of E¢L5)*° yields the ground

T. Wagersreiter and S. Mukamel: Nonlocal optical response of PPV oligomers

PPVa(M): @_f@—f

<~

- M-2

state density matrix, together with the Hartree Fock molecu-
lar orbitalsc,,,, in the form

NOCC

Em:zl Cm,ICni>» (20)

PPVb(M): @f@J@

4 M-2

where the sum is carried out over all occupied orbital/e

are interested in the half filled band case, whidgg.=N/2.

Eq. (16 b dil lved b = ier t 6% It FIG. 1. Geometry and labeling of the monomeric unit of PPV oligomers.
q'( ) can be rea Iy Solved Dy a Fourier ransiorm resuft-g 4 angles are 120°, excepi(rq;,r;¢=128°, and distances are;

ing in = T3 Taa=Tas=Tse=Te:1=1.39 A rg,=1.44 A r,,=1.33A. PPVb is a
symmetric oligomer obtained from PPVa by eliminating the terminating
vinylene group.

Spit(0)=2 Tnl @)V (o). (21)

Here we have defined a nonlocal response function

(@)= (Zanmi(@) = Zanim(®©)) pim . (22)  is the Greens’ function of the homogeneous problem.
! The computation of the linear polarizability, which
where relates the expectation value of the polarization to the driving
HAw)=[ho— Aw)] L (23) field is carried out in two steps. First the TDHF equations are
010} PPVa(1) 10.15
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FIG. 2. Real(left) and imaginary(right) part of the linear polarizabilityx for PPVAM), with M=1,2,4,10. A,B,C,D indicate four distinct bands which
develop for large oligomers.
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solved for the source term,,. This yields the induced

chargessp,, to first order in the driving field. In the second 0.501 ST PRURPRPRPR
step we compute the polarization using Ef. and obtain e
< 045 o
P(r,w)zf dr' &(r,r'; ) E(r',w), (24) T 0.40 '
0.35 .

where the nonlocal polarizability tensor is given by 0.30] ‘:

&Erriw)= % Ul @) (1P (1)), (25) 451 .

N < 4.0

Here 7%, (r)Z’m(r") denotes the tensorial product, which we o
write as a dyadic. The response functians, defined in Eq. Ci< 351 ¢ ..
(22) are characteristic molecular quantities. They describe 3.0 % e 600 .. N
the effects of the field interactiowi,,, with the charge distri- 25
bution on atonm on the charge at atom. These key quan- .
tities for the computation of the optical polarizabilities will 241 -
be investigated below. The local polarizabilities computed in E‘”
Ref. 19 are obtained by applying a homogeneous field and *E 2.3 o
imposing the dipole approximation. The total polarization of O
the molecule is then an induced dipole, which is related to 2.2] (e e e
the driving field byP(w)= &(w)E(w), and the total polar- : v T " T
izability tensor& is given by 0 2 4 v 6 8 10

#(@)= 2 Tn( @)l m, (26)

nm
. FIG. 3. Convergence with size of the oscillator strenfithof the lowest
where we chose the reference pdR# 0. The diagonal ten-  apsorption line, its frequenc§) (the optical gap and the effective mass
sor componentsa(n,w)=n-a&(w)-n can be written in m*. f, converges most rapidly and 8 =5 it essentially reaches its as-
Drude form ymptotic value.(), saturates at aboutl=10 wherem* still depends
weakly on size.

B 622 f,(n)
a(n,w)—NW - mg, (27)

_ ) _ the second intense absorption band C—centered around
wherem* is an effective mass, determined by the suT rule_g 5 eV—hardly depends on the chain length, only its shape
E;,,: 1, andfjgsa damping constant, set 1?)=0.089A_ /" becomes narrower and it seems to be dominated by a single
V®=1.037610"" esu. Expressions for the oscillator jine for jonger oligomers. We further observe two weaker
strengthsf,(e,) were given in Ref. 19. absorption features. Fdvi>2, a small peak B occurs be-

tween the main absorption bands, which is red shifted with
lIl. LINEAR POLARIZABILITY OF PPV OLIGOMERS increasing oligomer size. And in the UV there is a peak
centered around 7 eV, which hardly depends on oligomer
We have applied the method outlined in Sec. Il to twosize. The overall convergence pattern suggests Nhatl0
types of PPV oligomers, referred to as PPMg(and PPVb  repeat units essentially represent an infinite polymer. For a
(M), whereM denotes the number of repeat urléee Fig. more quantitative analysis we display the enefljy of the
1). PPVa is obtained by a simple repetition of the monomeridowest absorption A, its oscillator strength, and the effec-
unit*® and hasN=8-M carbon atoms. This oligomer is not tive massm*, as a function oM in Fig. 3. f, converges
inversion symmetric. In the second molectRPVhH we re-  already at small oligomer sizdd>5, implying a linear size
moved the terminating vinylene groupites 8 M —1,8-M)  scaling of the polarizability, whered3, has a larger satura-
resulting in centro symmetric oligomers withi=8-M—2  tion lengthM =10. Contrary to these quantities, characteriz-
carbon atoms. ing the low-energy end of the spectrum, the effective mass is
The electromagnetic field is assumed to be a plane wavejetermined by the entire spectrum and still varies somewhat
polarized parallel to the molecular plafféig. 1). Its in-plane  at the largest size studied/(=10).

orientation js defined by its anglg with respect to the long Although we used optimized parameters for poly-
chain axis (). Unless indicated otherwise we s¢t=0, and  acetylen&’ without any adjustment to PPV we find the cal-
a(w)=a(l,w). culated absorption frequencies to be in good agreement with

The frequency dependent linear polarizability for  previous studies. The convergence of the energy gap is simi-
PPVa is shown in Fig. 2 for different sized(=1,2,4,10). lar to the results of Wangt al,>* who used a Su-Schrieffer-
The spectra are dominated by very few bands, and theleeger(SSH—type Hamiltonian(which does not include
strongest absorption is always the lowest band A, whose fres-e correlationsin the investigation of vibrational properties
quency depends markedly on oligomer size. The position 0bf PPV. Their (neutra) band gap also converges for
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FIG. 4. Real(left) and imaginary(right) part of the linear polarizabilityx for PPVgM) (solid) and PPVIgM) (dashedl for M=1,2,3 as indicated.

M~10. This illustrates that it is possible to mimic the satu-structure. However, with increasing length the overall effect
ration length properly without including explicitly e-e corre- of the terminating vinylene group becomes less pronounced,
lations(these correlations are included implicitly by the SSHand the absorption converges towards the same limit.
parametrization Our energy gaps agree with those reported  We next investigate the tensorial properties @fby

in Ref. 31 to within 13%. The lowest absorption frequency iSComparing the absorption of PP#a for two polarizations,

in good agreement with infrared spectra of PR3Jbup to  parallel and perpendicular to the long oligomer axis. The
PPVK7).>° For PPVI§3) the difference is less than 1%, and most striking observation of Fig. 5 is a blue shift of the
for larger oligomer sizes it increases, but stays below 10%gominant absorption for perpendicular polarization. In this
Note, that the Iowest—gnergy transition in Fig. 5 of Refs. 5:55e pand C, which depends only weakly on chain length,
and 6 is not the maximum of the peak, but the shouldef,a5 the dominant absorption in terms of oscillator strength.
(~0.15-0.20 eV below the maximumThis is due to dis-  Aiso, absorption peaks at higher frequencies are strongly en-
order,_affected py the preparation process of the Ollgomerﬁanced. This is not surprising, considering the delocalized
and discussed in Refs. 1 and 3. Also the frequency of th?]ature of the electrons. It takes little energy to displace them

!ntermed|ate peak B Wh'Ch develops fd>2 in our model, in the chain direction, whereas a perpendicular field cannot
is reproduced to within 3% foM>4. The error decreases . Lo o
excite such longitudinal oscillations.

with increasing size. We find for the frequency of the size- Following this observation, we computed the full angu-

independent peak C a value, which is too large by 16%. This _ _ _
deviation cannot be explained by the neglect of other valenci dependence of the linear response function. Singgis
electrons fromo-bonds. as J. Cornit al” use a sum over @ Symmetric tensor, the directions of minimum and maxi-

state technique including all valence electrons, and find af?um absorption(its principal axes must be orthogonal.
even larger frequency for this peak. Therefore we plot only the angle of maximum absorbance as
In order to study the role of the terminating vinylene @ function of frequency in Fig. 6. This figure also shows the
group we compare the linear absorption of PPVa and PPvBngular dependence of the absorbance at six selected fre-
for the three oligomers =1,2,3 in Fig. 4. The difference is quencies, marked as vertical lines in Fig. 5. These are peri-
most striking forM = 1, where the symmetric benzene ring is odic functions with periodicity 7, and their minima
characterized by a single absorption peak. The symmetrymaxima give the direction of minimuntmaximum) absor-
breaking by the vinylene group in the corresponding styrendance.
results in four distinct peaks. For longer oligomers the domi-  Up to a frequency of=4 eV, the maximum absorbance
nant absorption is red shifted and the spectra show a richarccurs atp~173°, i.e. almost parallel to the long axis. This

J. Chem. Phys., Vol. 104, No. 18, 8 May 1996
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FIG. 5. Comparison of parallel(=0, solid and perpendicularg=90°, 72’
dotted polarizabilities of PPV@l). Also shown are the orientational aver- =
aged polarizabilitiegdashed lines, see tgxtThe vertical lines, labeled | to 1
VI, indicate the positions of the strongest six transitions.

0 50 100 150

can be expected due to the high polarizability of electrons ¢

along the delocalizedr-network. Therefore the absorbance

of the 3.05 eV mode drastically decreases, as the angle aprc. 6. Anisotropy of the linear polarizability of PPW. The bottom

proaches¢~90°. The same holds for the 4.12 eV mode. graph shows the angular dependence of the absorption)ira( the six

Both oscillators are associated with delocalized, longitudina$elected frequencies shown in Fig.®.is given in degrees. The top graph

oscillations, and, therefore depend on oligomer size. As th%ﬁo""s the anglehmay Of maximum absorbance as a function of frequency.
. . . gles are measured with respect to the long é&sée Fig. 1

third band C is approached, the angle of maximum absor-

bance reaches 90° and switches back=tt80°. The orien-

tational independence of the 5.48 eV absorption further sug-

gests that the corresponding excitation is localized within thénaxima of the polarizability occur between carbon atoms on

phenylene groups. Oscillations perpendicular to the long axig§e vinylene groups, so that the bridge states between the

also show up at frequencies?.5 eV. In the frequency range Phenylene rings are of crucial importance for the low-energy

between these extremes, several orientations of maximu@ptical dynamics in PPV. This finding is at variance with the

absorbance occur, as shown in Fig. 7.

We conclude this section by presenting the nonlocal re-
sponse functionx,,, for PPVg8) for selected frequencies in
Fig. 8. We have computed all optical transitions and discuss
only the eight strongest ones, whose oscillator strength is
larger than 3% off 5. The absorption spectrum of PP3a
is almost identical to that of PPVE)) shown in Fig. 2, so
that we did not repeat it here. A,=2.86 eV, significant
correlations between atoms up to six units apére.
[n—m|<6-8) show up. This reflects the onset of saturation
and suggests an effective conjugation length of 6 repeat units
or 48 carbon atoms. However, this is only a rough, qualita-
tive estimate influenced by finite size effects, which lies o ) )
markedly_below the value estabished in Fig. 3. Thefye, . Drectons of maxmum sbeotepce of Peior e o peske
levelling-off at the ends of the oligomer parallel the sameyarious peaks are: 172@), 173.7°(), 170.6°(1), 6.30°(Il),
behavior for HOMO and LUMO(see next section The  147.2°(V), 56.77°W), 48.1°(VI).
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FIG. 8. Contour plot of the nonlocal linear polarizability lm(,) of PPVd8) calculated at eight frequencies, corresponding to the strongest peaks in the
linear absorption. We used five contour lines, chosen automatically by the plotting softynagloy, the lowest one being=10% of the largest onén
magnitudé. The corresponding frequenciéa eV) are indicated in the upper right corner of each panel. The oscillator strengths at these frequencies are
0.500, 0.044, 0.055, 0.064, 0.061, 0.105, 0.016, 0.045.

assumption of Rice and Gartstéftwho propose a system of lowest-energy peak A, as the oligomer-size increases. A
coupled benzene rings for the interpretation of the opticaflance at its polarizabilityy,,,, shows that the third and sixth
response of PPV. units are almost inactive at this frequency. Generally two
As mentioned above, the absorption at 3.32 eV correneighboring units are strongly coupled, and these units in
sponds to the small peak B between the two main absorptioturn couple only to other units, which arg 2inits away,
maxima, which eventually turns into a shoulder of thewherej is an integer. Obviously the estimate of the coher-

J. Chem. Phys., Vol. 104, No. 18, 8 May 1996
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in the vinylene group, the last repeat unit does not make a
5 significant contribution.

IV. REAL SPACE ELECTRONIC OSCILLATOR
15 ANALYSIS OF THE OPTICAL RESPONSE

20 In addition to providing a convenient computational
scheme, the density matrix also allows a real space analysis
of the spectra by relating them directly to the motions of
80 electrons and holes, as well as to the dynamics of electronic
coherence®’ This is very different from the conventional
chemical analysis in terms of eigenstates, and has many ad-
vantages. In this section we examine the density matrix and
5 the electronic oscillator picture for PPV oligomers.
10 The reduced ground state one-electron density matrix
pnm for PPVd4) is shown in Fig. 9. This graph illustrates
the chemical bonding structure. Since we are not treating
20 donor-acceptor substitutiong,,,=0.5 on all carbon atoms
and the net chargesg,=e(1—2p,,) vanish at all sites. Also
shown are the off-resonant density matfi 1,21(0):0) and
30 the density matrix at the lowest absorption frequency
P gln),(QA). Both are delocalized over the entire molecule and
show strong coherences between different repeat units. The
block structure af) 5 reflects the large extent of delocaliza-
s tion. It levels off at the oligomer ends because of finite size
10 effects, and does not indicate a coherence length. The
Charges?ﬁln)(QA) indicate a polarization along the long axis
I. The two carbon atoms of the vinylene groups carry charges
20 of opposite sign and roughly the same magnitude. A similar
charge separation in the direction of the long axis occurs
within the phenylene rings. Atoms-+28j, 3+8j, 4+ 8]
30 have an opposite sign compared to those on site8jl
5+8j, 6+8j, wherej=1,2,....
A coupled electronic oscillator representati@@EO) for
the linear and nonlinear response of conjugated molecules
FIG._9.lhe top graph sh_ows the _reduced one-elgctron ground state densi\was developed in Refs. 19 and 25. The equations of motion
ﬂatnx pnm Of PPVd4) in the site repre'.sentatlon. D.|agona| elements were solved in the HEMO representation, yielding a set of
A measure fo he Srength of the chemical bond betweerrstadny. The  Coupled oscillator€”,v=1,.... N4, which determines the
other two panels show the density matrix to first order in the field atlinear and nonlinear response. For the current analysis we
=0 (middle paneland at the lowest absorption frequenay-(Q2, (bottom  have computed these oscillators in the site representation
ggpg).c(l)\lrg;eatz(ejz ts(;%uflcant electronic coherenedf diagonal elemenjsof (Q;m:<n|QAV|m>) as well as in the HEFMO representation
(Qup=(alQ"B)). Here |a),a=1,... N denote the HF-
MOs, numbered with increasing energy, so that the first
ence size at this frequency is beyond 8 repeat units (6M/2 are the occupietparticle, and the uppeN/2 the unoc-
siteg, which is in accord with the marked size dependence of
this absorption peak.

The next four transitions contributing to the second larg- . ; . .
est absorption peak C have very close energies
(5.47,5.52,5.57,5.64 eV Consequently, the polarizabilities « . . s
have a very similar structure, characterized by large suscep- ' ' ' '
tibilities between atoms on neighboring units, i.e. if
[n—m|=<2-8. Contrary to the lowest transition frequency, 10 5 0 5
the largest polarizability for these four frequencies comes
from atoms on the phenylene groups. From this graph the Q(eV)

apparent conjugation length is 3, which compares well with ) for PRYR(t0p), and o (bottom
: ; ; ; IG. 10. Hartree Fock energies for P top), and PPV ottom).
the size dependence of the correspondlng peak B in Fig. ihe states at the band edges are hardly affected by the terminating vinylene

For the last two transitions arourtd eV) the largesivym aré  group. The HOMO for PPV s red shifted by 34 meV, and the LUMO is
the diagonal elements. With the exception of the outer atonlue shifted by 34 meV compared to PPVa.

25

()

25
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FIG. 11. HF molecular orbitals for PP\, numbered with increasing energy from left to right, and from top to bottom.

cupied (hole) orbitals. Their site representatian,,=(n|a) ized over the entire molecule, with the exception of one state
is depicted in Fig. 11 for PP\(4). The HFMOs of PPV®®)  (H-3), which is localized. In case of the asymmetric PPVa-
(not shown herglook quite similar, and the following state- molecules this state is localized at the phenyl-end. For the
ments hold for both types of oligomers. The correspondingymmetric molecules PPVb it is localized at both ends. This
HF energies are displayed in Fig. 10. HOM®) and  gtate pelongs to an interesting group of statés3,H-4,H-
LUMO (L) are delocalized states, which are not affecte JH-6) having negligible amplitudes on the vinylene group.
appreciably by the terminating vinylene group, as their enerAnother interesting feature of the HF states is that the only

ff I \ % h f
?rlzsvc; e?lr(:gnb);rl?gl—?f imie: 1(3 > 0)) :rt:;i g:at”ye (Eiggi_o difference betweei —i andL+i is that every other com-
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FIG. 12. Contour plot of the six dominant e-h oscillat@sin the HFMO representation for PP¥. The oscillator frequencidin eV) are indicated in each
panel.

ponent differs in sign. This property can be shown analyti- The second peak B at 4.12 eV emergesNbr-2 and is
cally and is known as the pairing theorém. red-shifted with increasing chain length. Rdr=10 it turns

In order to investigate the physical origin of the different into a shoulder of the main pedkee Fig. 2. This oscillator
absorption features, we computed the coordin@é®f the is characterized by three major coherences betweéer
six most important oscillators with an oscillator strength ex-and L+3—i, i=0,1,2 with the same magnitude, and the
ceeding 5% of the strongest oscillator. Since the argument®levant states are again delocalized. Secondary coherences
presented below hold for both types of molecules, we presenhclude an H-L transition and have amplitudes smaller than
this analysis only for PP\(4). 30% of the main ones.

By depicting the oscillators in the HFMO representation ~ The absorption feature around 5.5 eV does depend only
(Fig. 12, one clearly sees which HFMOs are involved at aweakly on chain length, and comes from two oscillators,
given absorption line. The lowest peak always correspond&hose features are quite similar. The major coherences are
to the HOMO-LUMO transition as can be seen in Fig. 12, betweenH—i andH+i, i=0,...,5, the dominant one be-
where the dominant coherence occurs between the levelsg i=5. They fall into two categories.=0,1,2 are transi-
H:=N/2=16 andL:=N/2+1=17. Secondary coherences tions between delocalized states. These transitions depend
betweenH—i andL +i, i=1,2,3 are also present and carry strongly on the sizeNl). i=3,4,5 corresponds to the states
45%,26%,15% of the amplitude of the H-L transition for mentioned above, which have no amplitudes on the vinylene
i=1,2,3. As can be seen from Fig. 11, all relevant HF stategroup, andi=3 is a localized state. Matrix elements of an
are delocalized. operatorO between such states are consequently given by a
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FIG. 13. Contour plot of the six dominant e-h oscillat@s in the site representation for PPMa The oscillator frequencie@n eV) are indicated in each
panel.

sum of contributions from the phenylene grouﬁ‘qjj(,pj) and (H-1L+7), (H,L+8), (H,L+2). All states involved are
couplings between then®, , i # j). Since the main cause delocalized.

of delocalization in our PPP Hamiltonian comes from nearest ~ Finally, a look atQ™ in the site representatiaffrig. 13

neighbor charge exchange, the coupling between differertOWs that the lowest-energy qscillathA is delocalized
phenylene groups is negligible, and the matrix element cafRver the molecule and has considerable coherences between

be written as a sunE;O, , over uncoupled phenylene different_ repeat units. This is to be expected in view of the
1" strong size dependence of peak A.

groups. Therefore the peak associated with these twd
oscillators should depend only weakly on chain length. There

are also minor coherences, such &s5L+4), (H-4,L v SUMMARY

+5), (H-2L), (H,L+2).

The absorption at about 7 eV is connected with the last We have investigated the anisotropic, linear polarizabil-
two oscillators, which have a fundamentally different struc-ity of poly(p-phenylene vinylene(PPV) oligomers using the
ture. CoherencesH—i,L+i) only play a minor role, and Pariser-Parr-PopléPPH Hamiltonian. By solving the time
other coherences dominate the oscillator. They are given bgfependent Hartree FodkDHF) equations to first order in
H—i,L+j. Each coherence has a counterpart j,L+i the electric field, we obtained a nonlocal response function
with the same magnitude, which is a consequence of the,(w), describing the effects of a field interaction at site
electron-hole symmetry. The dominant ones are given byn on the charge at sita [Eq. (22)]. It is then possible to
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calculate the complete nonlocal optical polarizabilitieswhich depends only weakly on frequency is characterized by
a(r,r';w) using Eq.(25). It is not necessary to invoke the correlations between units next to each other. A field inter-
dipole approximation, as the full polarization densitiesaction at one unit predominantly affects neighboring units, so
) can be calculated. However, in the computation of thethat the total response is the sum of susimilar) contribu-
total polarizabilities of oligomers we applied a homogeneoudions; this results in a rapid convergence with size.

field and invoked the dipole approximation. We finally analyzed our results in terms of the coupled
By calculating the optical absorption of oligomers with eIectrolr;ig5 oscillator(CEO) representation. It was shown

up to 10 repeat units, we found that the oscillator strength of@rlier;” = that the TDHF equations can be mapped onto a
the lowest absorption line begins to scale linearly with size af€t of coupled harmonic oscillatos’, which fully describes

M =5 repeat units. The optical gap converges at a larger siZ&'€ System under investigation. For polyenes the linear ab-
of 10 units. This is in good agreement with other experimenSOrption is governed by one oscillator. Our calculation for

tal and theoretical resulf®3% Also, the calculated absorp- PPV showed that up to 8 oscillators are necessary for de-
tion spectrum compares well with experimé&fitwe used scribing the resonant linear response of the studied oligo-

the same parameter set used to describe polyenes succeBE'S: By expanding the relevant eigenmodes in the Hartree
fully, and our method provides a good description of theFOCk Molecular Qrbnal(HEl\_/IO) representation we could
photophysics of both systems study the underlying transitions between the HFMOs. The

We further calculated the orientational dependence Opwest oscillator carries 50% of the oscillator strength and is
the resonant polarizability via Eq26). We found that ab- dominated by HOMO-LUMO transitions. The calculated

sorption with polarization perpendicular to the long Chain!_”:'vloS show clgarly, that HOMO and LUMO are delqcal-
|Fed over the entire molecule. In the same manner we inves-

axis predpmlnantly occurs at higher frequenc_:les. The IOWeshgated the other dominant oscillators and identified the tran-
peak A(Fig. 2) does not carry the largest oscillator strength, . . ) .
sitions responsible for a particular absorption. The most

it is the band C around 5.5 eV which dominates the absorp- : .
. . : : . notable result is the structure of the states responsible for the
tion. Upon orientational averaging, which corresponds to an

noriented sample. the qualitative behavior is chanaed onlabsorption band C. The dominant amplitudes@f come
unori hpie, quaitativ vior'| 9€d ONlY.5m transitions between states, which are localized on the
slightly (see Fig. 5 The magnitude of the averaged first

. _ Phenylene rings. Another strong transition involves the state,
absorption has decreased, the second intense band remaifs .0 s |ocalized at the phenyl-end of PR, or at both

virtually unchanged, and the averaged absorption for higheénds of PPVEM). This explains the weak size dependence
bands is increased. Thus the basic conclusions of an analysis o corresponding absorption band C. The present ap-

with parallel polarization remain unchanged when applied t‘}groach can be extended to the computation of nonlinear re-

an unoriented sample. The analysis of the orientation depe ponse functions, and to the inclusion of intermolecular in-

dence vyielded the principal axis @f(w), which we com- teractions and local field effects.

puted for the six most dominant peaks in the spec(eem

Fig. 7). The lowest two absorption bands A and B could be

associated with longitudinal charge oscillations, and band D

beginning at 7 eV with transverse oscillations. The middleaACKNOWLEDGMENTS
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