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Localized-density-matrix, segment-molecular-orbitals
and poly (p-phenylenevinylene ) aggregates

Satoshi Yokojima, XiuJun Wang, DongHao Zhou, and GuanHua Chen
Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

(Received 8 July 1999; accepted 16 September 1999

The segment-molecular-orbital representation is developed and incorporated into the recently
developed linear-scaling localized-density-matrix method. The entire system is divided into many
segments, and the molecular orbitals of all segments form the basis functions of the
segment-molecular-orbital representation. Introduction of different cutoff lengths for different
segment-molecular-orbitals leads to a drastic reduction of the computational cost. As a result, the
modified localized-density-matrix method is employed to investigate the optical responses of large
Poly(p-phenylenevinyleneaggregates. In particular, the interchain excitations are studied. The
complete neglect of differential overlap in spectroscopy hamiltonian is employed in the calculation.
© 1999 American Institute of Physids$0021-960809)30446-3

I. INTRODUCTION Conjugated polymers have been of great research inter-
ests. Important progress is being made towards the commer-
As researchers are interested in increasingl_y large angigjization of light emitting diode(LED). However, many
complex systems, the development of linear-scaling methodgspects of the photoexcitation mechanism remain controver-
has .becoryoe an active research area of quaniua|. One of the major debates has been the characteristics of
chemistry:~*° Several linear scaling methods have been dephotoexcitations: whether the excitations are intrachain or
veloped to calculate electronic ground stdteS.However, interchain®~% Poly(p-phenylenevinylene (PPV) is the
linear-scaling calculation had been a much more difficulty,qgt widely studied luminescent polymer. Its thin film has
task for the excited states until recently. The first linear-neen used in the fabrication of the LEB®2We choose it to
scaling calculation with explicit electron—electron C0U|0mbinvestigate the nature of photoexcitations.
interaction for excited state properties was carried success- Because of the sizes and complexities of PPV and its
fully to determine the linear optical response of large poly-gerivatives, most theoretical works have been limited to
acetylene oligomers:** The Pariser—Parr—PopléPPB  gingle or double oligomers. The LDM method has been ap-
Hamiltoniarf>~2® was employed in the calculation. The new plied to very large systenfd:22%32and the incorporation of
method, the localized-density-matri. DM) method, has the SMO representation is expected to reduce the computa-
been applied to carbon nanotubes, and generalized to inclu§@nal cost further. In this work, we develop the LDM
the complete neglect of differential overlap in spectroscopynethod with the SMO representatiébDM/SMO) to calcu-
(CNDO/S* and MNDO-Parametric Method 3PM3?"  |ate the linear response of large PPV aggregates and to ex-
Hamiltonian$® and nonorthonormal basis $étBased on &  amine the characters of different photoexcitations. In Sec. Il
similar idea, the LDM method has been modified to carry aye describe our method including the model, the SMO rep-
linear-scaling calculation for the ground sté€ The larg-  resentation and the procedure of the LDM/SMO calculation.
est linear-scaling calculation for excited state properties hag, sec. |1l the results of our calculation are presented, and
been performed for a polyacetylene oligomer containingsmphasis is given to the comparison between the interchain

33000 carbon atoms by employing the PPP Hamiltofifan. ang intrachain excitations. Finally, the discussion and con-
Compared to the PPP Hamiltonian where only the ¢jysion are given in Sec. IV.

orbitals are considered, the LDM calculation employing the

semiempirical Hamiltonians like CNDO/S or PM3 are com-

putationally more demanding since all valence electrons arg. METHOD

included explicitly. To overcome this difficulty, we develop A Model

the segment-molecular-orbité6MO) representation for the "~

LDM method. A SMO is a molecular orbitdMO) spanned We use the CNDO/S Hamiltonian to describe the va-
over a segment of a molecule. It is obtained by solving forlence electrons in PPV aggregates. In the presence of an
the Hartree—Fock molecular orbitalsiFMOs) of the seg- external electric field(t), the total Hamiltonian is given by
ment. To employ the SMO representation in the LDM cal-the following expression:

culation, a local transformation from the atomic orbitals |, _ TH 1)
(AOs) to SMOs is required. Since the density matrices cor- CNDO/S ™ ext:
responding to the low energy orbitals are well localized,Here the Nishimoto—Mataga formdfais employed for two-
much shorter cutoff lengths may then be introduced for thes€lectron integrals irHcyposs. Hex describes the interaction
orbitals. between the electrons and the external electric fem, the

0021-9606/99/111(23)/10444/8/$15.00 10444 © 1999 American Institute of Physics
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dipole matrix elementgi;; in Hey are evaluated using the (2) Those SMOs far away from the Fermi energy or chemi-

zero differential overlap approximatif.Within the time- cal potential are optically inactive the visible range, and
dependent Hartree—FocKTDHF) approximatiorf®°55¢ g may be simply cut off from the density matrix and the

closed nonlinear self-consistent equation of motion is yielded ~€guation of motion.
for the reduced single-electron density maiwit),

.ﬁd
| a;*'y

Hereh(t) is the Fock matrix:

In our calculation we keep all SMOs but adopt different cut-

off lengths for different SMO pairs, i.e., employing only the
p(=[h(t)+f(1),p(1)]. (2 approximation 1.

C. Localized-density-matrix/segment-molecular-
orbitals (LDM/SMO) method

hnm(t):tnm+25nm2 Vi (1) = Vamonm(t), ©) ) )
[ We denote the ground state density matrix and Fock ma-

. O 0 . . .
wheret,, is the hopping matrix element between orbital 11X b.y p? af‘dh( ) respectl\{el)./.eThe.th .ord.er of induced
andn, andv,n, is the Coulomb repulsion between two elec- density matrix or Fock matrix ir£(t) is indicated by the
trons at AOsm andn, respectivelyy is a phenomenological superscript ), i.e., sp) or sh, respectively. Thus the -
dephasingf (t) describes the interaction between an electrorequation for the linear optical response of the density matrix
1 Cns Ay 23 in the SMO is given by inserting=p©+ 5pV+ 5p?
and the external field(t) and f;;(t) =exw;; - £(t). p P pr-Top
+8p®)+--- into (2), retaining the first order ir£(t) and
then transforming the equation from AO to SMO:

> Mo oo =3 (AP st R
To determine the SMO representation, we need to deter- !
mine the SMOs. The following procedure is adopted. First
the entire system is divided into many segments, and the + 20 (sh(Mspf?— spfshiM)
bonds between adjacent segments are severed. Each dangling !
bond is assigned two electrons. Secondly, the Hartree—Fock . . .
solution is determined for each segment by employing + 2 e&(t)- (mipl =), (6)
CNDO/S Hamiltonian. Denote respectively the Hartree— !
Fock molecular orbital coefficients and energySgsandEj* where
for the jth MO of the segmend, wherei is the index of the
ith AO. Finally, all the resulting SMOs are taken as the basis ~ sh{'=2 > SIS jvi; S ndpiSH,

functions, and transformation matr§; from the AO repre- fjamn

sentation to the SMO representation for the entire molecule

is constructed as follows: - E S,Ti 1viljlslm55fn}gs§jlsj1j . (7)

i1jamn
S;= Sij . 1) E,a (4) The locality of the density matrix has been investigated theo-
0, ica, jeB (a#p). retically. A recent reporf shows that the density matrix in

We denote the SMO representation by the bar. The derihe spatial representation decays exponentially,

sity matrix p, Fock matrixh and dipole matrixu in the p(F1,T2)~ exp(— ¥|F1—Fal), (8)

SMO representation are thus expressed as ) ) ]
wherey is proportional to the energy gap for semiconductors

and insulators. Therefore a critical distance foy—r,| is
introduced beyond whicp(r;,f,) is neglected. This critical
(5  distance is proportional to the inverse of the HOMO and
Ej :z S.Ti i 1S - LUMO energy gap. The above result is obtained for infinite
R periodic system in the weak-binding limit. We observe that
different types of orbitals have different critical distances.
"For instance, deeply bounded orbitals or high empty orbitals
rarely contribute to the optical response and thus, they have a
much smaller cutoff lengths. Thus, the cutoff lengths for the
ground state density matrix® in the SMO representation
(1) In the AO representation many orbitals have a long cutmay be given as follows:
off length for the density matrix, whereas in the SMO N p
representation the SMOs far from the Fermi energy or Co—| Eq Eq
phem|cal_ potent!al have much shorter cut_off Iength._ By 4 OtO|Ei“— E“(i)|+ EgtolE,ﬁ— EA(j)|+ Eg
introduction of different cutoff lengths for different pairs
of SMOs, we may reduce drastically the number of den- Eg
sity matrix elements to be considered explicitly, and con- X —, 9
sequently save much of the computational time. tol f(Ef* ,E)| + Eg

— _ T o — U
pij_gjl Slilpiljlsjlj ) hu——Z Silhiljlsjlj )

1)1

11
Note that Eq.(5) is merely a change of the representation
and thus no approximation has been made here.
Computationally, there are two advantages for employ
ing the SMO representation for the LDM calculation.
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fE],EP)=(E{'—E*(i))— (Ef —EA(j)). (10 @ .

_______________________________
' '

HereCj; is the cutoff length for orbitals andj. i andj are P : ??l'l'"";;‘“‘ """" @—

in two different segments and B, respectively Eg (Eg) is (O

half of the energy gap i (8), andE, is half of the aver- i (O 7/

aged energy gap for the entire systeff(i) is the HOMO § ] segmenta

(LUMO) energy of segment if E{* is below HOMO(above SR . it

LUMO). E? is similarly defined. We set the density matrix

eIementEfjé)zo in Eq. (6) when the distance between the " HeE)

centers of mass far and g is longer tharC;; . The first term .

on the right-hand sidérhs) of Eq. (9), Iy, is simply the

cutoff length when andj are either HOMO or LUMO of

respective segments. The second and third terms on the rl

of (9) take into account that further the orbitabr j from the

HOMO or LUMO, the shorter the critical length.E{

—E(i)| and|Ejﬁ—EB(j)| measure the energy difference of

i andj with respect to their segment HOMO or LUM®, is

a scaling constant which is introduced to control the varia-

tion of critical length for orbitals other than segment HOMO

or LUMO. The fourth term accounts for the following fact:

the larger the energy difference betweesndj, the smaller

their critical length. scheme leads to high computational efficiency as well the
The cutoff lengths for excited states are given by replacaccuracy of the calculation.

ing (lg,tp) with (I4,t;). To take into account the bonding

information between segments correctly, we include all the

density matrix elementg;; for i andj which reside on the Ill. RESULTS

same segment or the nearest neighbors. When we ttake

=t,=0, LDM/SMO method is almost equivalent to the

original LDM except that the LDM/SMO method uses the

distance between the centers of mass of two segments i

stead of the distance between two atomgsandl, are the

same as in Refs. 21, 22, and 29.

c() HE)

c(1)
-
C(10) c(@)
H (@)

FIG. 1. Schematic diagrams for the segments of an oligomer.

The SMO representation is obtained by solving for the
SMOs of each segment. The segment 2 in Fig) bas two
I;?gatrbon atom$C(1) and G3)] and two hydrogen atonj$i(2)
and H4)]. Since it has two dangling bonds, two extra elec-
trons are added. We then solve for the Hartree—Fock MOs of
the segment 2 by setting its charge t@®e. The resulting
D. Structures of PPV aggregates SMOs are listed in Table I. SMOs 5 and 7 are obviously the

We use the same bond Iengths and angles of the PPYT orbitals. The HOMO is SMO 6 Wh.iCh is @ orbital WhiCh
oligomer as given in Ref. 38. The C—C bond lengths alonﬂ;as large components at two dagglmg bonds. SMO 7 is the
the benzene ring are set to 1.39 A, and all the angles on tHeUMO. Here the half energy gafi;="5.09eV. The average
benzene are set to 120°. The C—H bond lengths are equal t#OMO and LUMO energy gaf, is found to be 4.57 eV for
1.09 A. The single and double bond lengths in the vinylene3-1 PPV.
group are 1.44 A and 1.33 A, respectively. To investigate the ~We compare the the absorption spectra calculated by the
interchain excitations we construct several PPV aggregateDM/SMO and the full TDHF for 8-1 PPV in Fig. 28 is
Eight chain aggregates are shown in Fig. 6 where eacpolarized along the axis.to=t;=0.35,1,=1,=32.0A are
chain is aligned along the axis and there are 3.28 A and employed in the LDM/SMO calculation. Clearly the LDM/
1.64 A displacements along direction fromC to A and SMO calculation yield the accurate absorption spectrum
from B to A, respectively. The two PPV chains are eitherfrom 1.5 eV to 10 eV. Thus these parameters are employed
parallel (A andC) or tilted to each other with an angle 76° in the subsequent calculations for 2-8 and 8-4 PPV aggre-
(A andB). The axis ofB andC are displaced by4.00 A,  gates. For smaller aggregates like 2-1 and 2-2 PPV the full
3.12 A and (- 0.31A, 4.53 A in y—z-plane from that of TDHF method is used.

A. More chains are added with the same displacement Figure 3 shows the comparison between one and two
vectors and angles among them, see Figs. 6 and 10. Eachain PPV aggregates absorption spectra with the electric
PPV chain is made of multi-units and each unit consists ofield perpendicular to the plane of the ch#in The absorp-

8 carbon and 6 hydrogen atoms except the two ends of thigon spectrum of 2-2 PPV aggregatésolid line) is almost
chain.(The unit at either end of the chain has 8 carbon anddentical to the scaled absorption spectrum of 2-1 PPV oli-
7 hydrogen atomg.In the rest of this paper the notation gomer(dashed lingfrom 8 to 10 eV in Fig. 3. A new peak
M—N PPV represents a PPV aggregate contailh@PV  appears at 4.76 eV for 2-2 PPV aggregates as compared to
chain and each chain having units. The geometries are 2-1 oligomer. This is caused by interaction between the elec-
fixed in the calculation. There are many ways to divide atrons residing separately ok andB. A clear sign of inter-
PPV chain into segments. The scheme that has been usebain effects. Further, the amplitude of the absorption spec-
in our calculation is shown in Fig. 1. We find that this trum from 5.5 eV to 6.5 eV is enhanced for 2-2 PPV.
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TABLE |. MO coefficients and energies of SMOs for segmenfR). 1).2
SMO 1 2 3 4 5 6 7 8 9 10

Ei2 (eV) —18.75 —9.59 —-1.30 —0.51 3.75 4.62 14.80 18.51 19.71 22.82
C(1)2s 0.606 -0.351 —0.073 —0.409 0.000 —0.280 0.000 -0.332 -0.221 —0.316
C(1)2P, 0.173 0.016 —0.222 0.517 0.000 0.609 0.000 —0.282 —0.224 —0.391
C(1)2p, —0.106 -0.361 0.496 0.199 0.000 0.030 0.000 —0.318 —0.492 0.478
C(1)2pP, 0.000 0.000 0.000 0.000 0.707 0.000 0.707 0.000 0.000 0.000
H(2)1Ss 0.303 —0.496 0.446 0.160 0.000 0.224 0.000 0.458 0.399 -0.137
C(3)2s 0.606 0.351 —0.073 0.409 0.000 —0.280 0.000 0.332 —-0.221 0.316
C(3)2P, -0.173 0.016 0.222 0.517 0.000 —0.609 0.000 —0.282 0.224 -0.391
C(3)2P, 0.106 -0.361 —0.496 0.199 0.000 —0.030 0.000 —0.318 0.492 0.478
C(3)2pP, 0.000 0.000 0.000 0.000 0.707 0.000 —0.707 0.000 0.000 0.000
H(4)1S 0.303 0.496 0.446 —0.160 0.000 0.224 0.000 —0.458 0.399 0.137

&C(i)2S and C()2P, stand for the carbon2and 2P, (k=x,y,z) atomic orbitals of carbon atom respectively, H() 1S denotes the hydrogenSlatomic

orbital of hydrogen aton.

Examining the density matrices reveals the existence of thbetweeno and & orbitals in the matrix elements between
interchain excitations for the excited states, although the akehain A and B. The density matrix elements between chain A

sorption spectra give little indication.

The ground and excited state density matrices of 2-2

and chain B are small for the ground state.

The SMO representatidifrig. 4(b)] gives a different pic-

PPV in Fig. 3 are shown in Figs. 4 and 5. Intensities of theture for the density matrix. Compared to Figay where
ground state density matrix elements are shown by a gragearly uniform density matrix is found along the band diag-
logarithmic scalgsee Fig. 4. Darker the color is, the larger onal matrix within a chain, various structures appear in Fig.

the absolute value of matrix element is.

In Fig. 4, the first 78 orbitals correspond to chain
while others are for chaiB. Figures 4a) and 4b) are for the

tation, indices are given as increasing order of segnj&igs

1(a)] and index of atom§Fig. 1(b)]. For carbon atoms indi-
ces are assigned with the order &&,2P,, 2P
orbital. Large square boxes and dots in Figa)&orrespond
to the density matrix elements related doand 7 orbitals,

that the matrix elements @f and 7 orbitals are well decou-

Absorption (arbitrary unit)

SMO method witht,=t;=0.35 andl,=1,=32.0 A. Diamonds: the full

y l

TDHF calculation.

10

and 2P,

4(b). To explain those structures, first let us consider an ideal
case where there is no interaction among each segment. Then
the ground state density matrix in the SMO representation
same ground state but with different representation, i.e., thgives diagonal matrix elemenjs; which are either 0 or 1

AO and SMO representations, respectively. In AO represendepending onE{". (We assume here that the charges are
assigned for each segment as those in the determination of
SMOs) We arrange the indices of the SMOs in an increasing
order ofE{" in segmenta. As a result, the firsk/2 diagonal
elements of the ground state density matrix in each segment
is 1 wherek is the number of the electrons in a segment, and
respectively. Thin white lines between these boxes indicatethers are 0. However, since there is interaction among seg-
ments, the ground state density matrix will deviate from the
pled within the chain in spite of the fact that we have twoabove values. In Fig.(®), we find that the diagonal part has
chains in different parallel planes. We can see the coupling

Absorption (arbitrary unit)

8 8.5 9 9.5 10

FIG. 3. Absorption spectra for PPV aggregates with the electric field per-
pendicular to the plane ofA. The solid line: 2-2 PPV aggregates. The
FIG. 2. Absorption spectra for 8-1 PPV oligomer. The solid line: the LDM/ dashed line: 2-1 PPV oligomek. The amplitude of the dashed line is
magnified by a factor of 2. The inset shows the magnified view of the lower
excited statesy=0.05eV.
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I .

I 0.4217 -- 1.000
I 0.1778 - 0.4217

[ I 0.0750 - 0.1778
ey I 0.03162 -- 0.0750
] B [ 0.01334 -- 0.03162
J 0.00562 -- 0.01334
0.002371 -- 0.00562
0.000 -- 0.002371

20 40 60 80 100 120 140

FIG. 5. Excited state density matricép(w) for 2-2 PPV(in Fig. 3). The
absolute vaule of the matrix elements are shown with the gray logarithmic
scale in the right-upper corner of Fig. 4. The matrix elements are rescaled by
the largest value ofp;;| or |8p;|. (@ The AO representation withw
=4.76 eV.(b) The SMO representation with=4.76 eV, (c) ®=6.10 eV,
and(d) w=8.71eV.

T T T T T v
60 80 100 120 140

5p(w)Ef dt coq wt) Sp(t). (11
FIG. 4. Ground state density matrix for 2-2 PPV as depicted in Fig. 3. The

abs_olu_te value o_f the mgtrix elements are shown by a gray Iogarithmic scaI(T-he lowest excited state density matrix in the AO represen-
which is located in the right-upper corner. The matrix e[ement is rescaled b)fation is shown in Fig. &). The dark lines correspond to the
the largest value 0p” or p{”. (a) The AO representatior{b) The SMO ] g.&. A p
representation. Indices of the orbitals 1-29, 30—39, 40-67, and 68—78 bénatrix elements where one of the indices correspondsito a
long to the segment 1, 2, 3, and 4Af respectively. Indices 15, 35, 54, and orbital. Althoughsr orbitals are most important to the optical
73 correspond to the HOMO of its segment. response, very large orbital contribution to the excitation is

found as well. The matrix elements between segnfeand

B shows the dark area froii®,100 to (60,156 because of

the special arrangement of two chains. The intensities of ma-
the similar feature as just described. A vertical dark colortrix elements are very sensitive to the distance between the
band is observed where the abscissas of matrix element&o orbitals. Note that the two orbitals are in different
stretch from 30 to 39 and the ordinate from 1 to 67. A similarchains. Since the segment 4 in chéins far away from the
horizontal band exists foh. This is because there are large other part ofB, a large white area is observed between the
couplings among segment(8om orbital 30 to 39 and its  orbitals from 68 to 78 and the orbitals in segmént The
neighboring segments (from orbital 1 to 29 and 3(from  same excited state density matrix is transformed to the SMO
orbital 40 to 67. We find the same phenomenon betweenrepresentation and is given in Figibd. The figure exhibits
segment 3 and drom orbital 68 to 78. Ground state density the typical feature of the excited state density matrix in the
matrix elements between non-neighboring segments are veMO representation. The dark lines which form the kiltlike
small. In this case relatively large matrix elements appeapattern correspond to the orbitals near the HOMO or LUMO
only between the pairs of orbitals near the HOMO or LUMO of each segment. Those orbitals are responsible for the lower
in each segment. This is consistent with our assertion in Seenergy excitations and have larger critical length than others.
[IC. Note that the matrix elements among orbitals whichThis supports again our assertion about critical lengths in
have eigenvalues above the LUMO for any segment ar&ec. Il C.
small. This fact indicates that the SMO representation select The distinctions among the excited states density matri-
mainly the orbitals relevant for the ground state, and mayces is clearer in the SMO representatjigigs. 5b), 5(c), and
explain the success of the ground state linear-scaling(d)]. The density matrix fow=6.10 eV[Fig. 5(c)] has mi-
methods: 4 nor but noticeable differences from that ®f=4.76 eV[Fig.

Figure 5 shows the excited state density matrices corres(b)]. Especially thes(below HOMO-o(above LUMO ma-

sponding to three of the peaks in Fig. 3=4.76 eV[Figs.  trix elements appearing in Fig(lH is almost wiped out in
5(a) and §b)], 6.10 eV[Fig. 5c)], and 8.71 e[Fig. 5d)]. Fig. 5(c). Although it retains the kiltlike pattern, Fig(® is
op(w) is obtained by the Fourier cosine transformation:  quite different from Figs. &) and 5c). Surprisingly, it still
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Absorption (arbitrary unit)

300

2504 '
FIG. 6. Absorption spectra for 2-8 PPV aggregate. The solid line: 2-8 PPV
aggregate. The dashed line: 2-2 PPV aggregatar(dB). The dotted line:
2-1 PPV oligomer B). The dashed and dotted lines are magnified by 4
times. The inset shows the magnified view of the lower excited states. The
electric field is perpendicular to the planeAf y=0.1eV.

200 © °

300 350 400 450

(b) A B (c) E F

% 620
has some matrix elements between segmeandB in spite Zzz &k sl oo i b
of the fact that the absorption spectrum in Fig. 3 shows al- « [ D s - I H
most identical results as the absorption spectrum of one : 560
chain. Thus it is important to calculate the density matrix to  ,,, N Sl 540
investigate the interchain excitation. The small change of the a] =~ * 3 | < o0 G
absorption spectrum might be attributed to much stronger 1s{ | '
intrachain excitation which is represented by the darker wol ‘“’°320 ]

strips in Fig. %d). These darker strips correspond to the ma-
trix elements between segmekit-A or segmenB—B in Fig.  FIG. 7. The lowest excited state & 2.95 eV) density matrix¥p(w) for 2-8
5(d). PPV (Fig. 6). The SMO representation is employed. The absolute vaule of
The deviation of the absorption spectrum of PPV aggre_the matrix elements are shown with the gray logarithmic s¢de right-
upper corner of Fig. ¥ The matrix elements are rescaled by the largest

gates from single chain PPV oligomer is more drastic when,; of |53, (a) Matrix elements forC, D, E, andF. (b) Matrix ele-

more chains are involved. Figure 6 shows the compariSOfents betweenq, B) and (C, D). (c) Matrix elements betweerE( F) and
between the absorption spectra of 2ehainB), 2-2 (A and (G, H). The orbital indices 1-78, 79-156, 157-234, 235-312, 313-390,
B), and 2-8 A to H) PPV aggregates. The electric field is 391-468, 469-546, and 547-624 belongAloB, C, D, E, F, andG,
perpendicular to the plane @&. The absorption spectra of "SPectively
2-1 (dotted ling and 2-2(dashed lingaggregates are scaled
by a factor of 4. Similarly as in Fig. 3, the change of the
absorption spectra from one chain to two chains is again verfz are neighbors o€. The matrix elements between chains
small for higher energy. However, the amplitude of the 2-8C andF are very small, which is reflected by a white area in
absorption spectrursolid line) is enhanced, and some of its Fig. 7(a). The matrix elements betwe€handG (or H) are
peaks redshift with respect to those of the 2-2 spectrum. Theegligibly small. Thus the critical length of the interchain
first peak of 2-1 splits into two in 2-2 and larger splitting is componentsabout 10 A is far much shorter than that of
observed in 2-8 PP\isee the inset of Fig.)6All these ef-  intrachain componentgnore than 30 A for a longer chain
fects come from the interchain excitations, which may belThe excitations are almost uniform, which is reflected by
observed from the characteristics of corresponding densit§imilarity between Figs. (0) and 7c). The kiltlike pattern is
matrices. everywhere and this indicates again that the orbitals near
The lowest excited state density matrix for 2-8 PRY ( Segment HOMO or LUMO are important for excitation even
=2.95) is shown in Fig. 7. Complex structure appears in thdor large aggregates.
intrachain Component de, D, F, andH. [|ntrachain com- Ground state charge distribution for 2-8 PPV is shown in
ponent forD andF may be observed in Fig.(&.] Because Fig. 8@). Since the total number of electrons on each chain is
the angle between the applied electric field and the chain i€8, residual charges are rather small. Comparativelgnd
neither 0° nor 90°, larger-7 excitation has taken place H have a little bit more charges. Induced charges
within a segment and between the neighboring segments it =;dp;;) on each chain is plotted ifFig. 8b)], and fluc-
these chains. Since there is no excitation modes near 3 eV fégate alternatively among, B, C, D, E, F, G, andH. This
the 2-1 PPV chain, such a, C, E, and G, the matrix Shows clearly that the excitation at=2.95eV contains in-
elements within the segmef or E appearing in Fig. ®  terchain charge transfer. Similar features are observed for
are thus purely induced by the individual lowest excitedother excitations.
states ofB, D, F, andH. Dark spots may be observed for ~ Figure 9 shows the absorption spectra for 1-cltdotted
the density matrix elements between ch&@nand other line), 2-chain (dashed ling and 8-chain(solid line) PPV
chains likeD, E [Fig. 7(a)] or A, B [Fig. 7(b)]. A, B, D, and  aggregates when the electric fiefdis polarized along the
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At ] differently so that the phases of electron-hole pairs differ by
A B © D E F G H m, the excitation energy is expected to decrease and the os-
Chain cillation strength increases due to the Coulomb attraction.

The absorption spectra of the 8-4 PPV aggregate is plot-
ted in Fig. 10. The electric field is polarized along the chain
axis (solid line), or perpendicular to the plane éf (dashed
line). The first absorption peak is at 2.4 eV while experimen-
chain axis. Blueshift and suppression of the oscillatortally it is found at 2.5 e\’® Compared to the excitations
strength of the first peak are observed as the aggregatmaused byE’ along the chain, new peaks appear wiieis
grows. This is consistent with the 2-chain calculation withperpendicular to the plane @f. This is a clear sign for the
varying interchain distanc® and may be explained as fol- anisotropy of PPV crystal. It is thus desirable for experimen-
lows. The electron-hole pairs are highly limited within indi- talists to investigate the anisotropic effect of dielectric con-
vidual chains wher is polarized along the chain axis. Be- stants in these systerfs.
cause of the special packing of PPV chains in our model
aggregates, the electron-hole pairs in the adjacent chaing. DISCUSSION AND CONCLUSION
have the same phase and thus repel each other. This Cou- _
lomb repulsion increases the excitation energy and suppress PPV aggregates are semiconductor, it# 0. How-
oscillator strength as well. If adjacent chains are displacegver, for metal€y=0, which leads to the divergence in Eq.
(9). In this case, we need to use the different expression for
Cj; including the temperature dependenté/ore elabora-
tion on EqQ.(9) and the choice of the parameter may lead to
higher accuracy as well as the efficiency. A better theoretical
understanding on the locality of the density matrix is needed.

As we notice that interchain excitations do not alter
much the profile of the absorption spectru(8ee also Ref.
59.) However, examining the density matrices reveals con-
siderable contribution from the interchain excitations. Fur-
ther we observe charge transfer among the different chains in
the frequency domain. The contour plot of the density matrix
is a much better mean to investigate the dynamics of the
intermolecular excitations. As has been shown here and in
Refs. 38, and 50 different configurations of the chains will
lead to different results. Thus it will be interesting to vary the

> 95 3 35 4 45 5 55 6 arrangement of chains in the aggregates and investigate the
© (eV) change of photoexcitation dynamics.
FIG. 9. The absorption spectra for 2¢dotted ling, 2-2 (dashed ling and _The elongf‘tlon methGll uses the I.Oca“ZEd molecular
2-8 (solid line) PPV aggregates. Electric field is polarized along the chainOrbltal (LMO)®" to reduce the CompUtat'onal cost. To calcu-
axis. late the ground state of a one-dimensional system, the con-

FIG. 8. (a) Ground state charge distribution for 2-8 PRY) Excited state
(w=2.95eV) induced charge-(Z;dp;;) for each chain.

Absorption (arbitrary unit)
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