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On the Excited Electronic States of Isotactic Polystyrene and PolyvinyJnaphthalene 

MARTIN T. VALA, JR., * ROBERT SILBEY, t STUART A. RICE, AND JOSHUA JORTNER 

Department of Chemistry and Institute for the Study of Metals, University of Chicago, Chicago, Illinois 

(Received 4 May 1964) 

A detailed theoretical analysis of the band structure and Davydov splittings in the p and fJ bands of iso
tactic polystyrene and polyvinylnaphthalene has been undertaken. It is shown that singlet band splittings 
are large and have different symmetry characteristics from those of crystalline benzene and naphthalene. 
The triplet bandwidths are, however, very small. The rate of triplet-triplet annihilation is shown to be 
considerably less than that characteristic of a monomeric aromatic crystal such as anthracene or naphthalene 
and therefore phosphorescence from the pure polymer is a distinct possibility. The role of aperiodic potentials 
on the bandwidths is briefly discussed. 

I. INTRODUCTION 

THE electronic properties of ordered (and disordered) 
polymers are of considerable interest for a variety 

of reasons: 
(a) There exist a number of photoinduced biological 

reactions in which the properties of a particular macro
molecule may define the reaction mechanism. For 
example, energy transfer along the desoxypentose 
nucleic acid double helix may be involved in the muta
genic reaction resulting from the absorption of high
energy electromagnetic radiation. 

(b) On formation of a regular helix from a disordered 
array there may occur changes in the optical rotatory 
dispersion and the absorption intensities of certain 
electronic transitions. These changes in optical pro
perties are of great intrinsic interest. An understanding 
of the conditions under which they occur and their 
origin is rendered even more important by the fact that 
changes in optical properties are often used to monitor 
the content of helical configuration when such informa
tion is required for other investigations. 

(c) A helical macromolecule provides an ordered 
environment for any selected monomeric chromophore. 
Because of the difference in site symmetry and in 
interactions between a chromophore in an ordered 
polymer and in a crystal, optical studies impossible in 
the crystal may be possible in the ordered polymer. For 
example, the bandwidth for transfer of triplet excitons 
is sufficiently large in any pure molecular crystals of 
aromatic compounds that there is rapid exciton migra
tion leading to efficient triplet-triplet annihilation. In 
these cases it is impossible to study phosphorescence 
from the crystal. We show in this paper that the triplet 
exciton bandwidths in polystyrene and polyvinylnaph
thalene are very small (in contrast with crystalline 
benzene and naphthalene where the bandwidth is of 
the order of magnitude of 30 cm-1)! and therefore that 

* U.S.PHS Predoctoral Fellow. 
t NSF Cooperative Fellow. 
1 (a) G. C. Nieman and G. W. Robinson, J. Chern. Phys. 39, 

1298 (1963). (b) J. L. Katz, J. Jortner, S. I. Choi, and S. A. Rice, 
ibid., p. 1897. 

triplet exciton migration may be sufficiently slow that 
phosphorescence can be studied. 

Theoretical studies of the electronic properties of 
helical polymers have been reported by several workers 
in recent years. From the work of Moffitt, Kirkwood, 
and Fitts,2 Tinoco,S and Rhodes4 has come an under
standing of the optical rotatory dispersion and hypo
chromism of the isolated helical macromolecule. In 
contrast, very little attention has been focused on 
detailed calculation of energy level splittings, exciton 
band structure, singlet and triplet energy transfer, and 
related topics. It is the purpose of this paper to discuss 
several of these phenomena. 

This paper presents a detailed theoretical analysis 
of the band structure and Davydov splittings in the p 
band and {3 band of isotactic polystyrene and polyvinyl
naphthalene. These substances have been chosen as 
prototypes because of the wavefunctions available for 
complex molecules, the best are for the planar aromatic 
hydrocarbons. Because of the small overlap of mono
meric residue wavefunctions in the polymer a simple 
product is a good first approximation to the polymer 
wavefunction. But the small overlap introduces diffi
culties as well as simplifications, for the tail of the 
wavefunction must be known with considerable accu
racy if meaningful calculations are to be made. We 
have used both Huckel molecular orbitals and self
consistent field molecular orbitals for the monomer 
wavefunctions. In each case the atomic basis functions 
were Hartree-Fock carbon 2P7r orbitals. It is found 
that the singlet band splittings for the 2000-1 band 
of isotactic polystyrene and the 2750-1 and 2200-1 
bands of isotactic polyvinylnaphthalene are large (400, 
1600, and 6800 cm-1 respectively). Triplet band split
tings were also calculated and found to be two to three 
orders of magnitude smaller than for the singlet bands 

2 W. Moffitt, J. Chern. Phys. 25,467 (1956); W. Moffitt, D. D. 
Fitts, and J. G. Kirkwood, Proc. Nat!. Acad. Sci. U.S. 43, 723 
(1957) . 

3 I. Tinoco, Jr., J. Am. Chern. Soc. 82, 4785 (1960); J. Chern. 
Phys.33, 1332 (1960). 

4W. Rhodes, J. Am. Chern. Soc. 83, 3609 (1961). 
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(the 3BIu band in isotactic polystyrene is split 0.46 
cm-I ). The very small splitting of the triplet band is 
directly attributable to a very small triplet exchange 
interaction, which interaction is small because of the 
large intermonomer separation. 

In this paper we do not consider any mixing oOon
pair exciton states with neutral exciton states. The role 
of such charge-transfer interactions in determining 
fluorescence and phosphorescence spectra will be con
sidered in a separate publication. The neglect of the 
influence of charge-transfer states is probably satis
factory for the case of solid polymers since the large 
distances between chromophores (larger than in the 
corresponding crystalline benzene and napthalene) 
considerably reduce the stabilizing polarization energy. 

II. GENERAL THEORY 

Isolated molecules of isotatic polystyrene and iso
tactic polyvinylnaphthalene may be considered to be 
perfect crystals characterized by one-dimensional 
Brillouin zones. The unit cells of these two polymers 
contain three and four monomers, respectively. If it is 
assumed that the electronic states of the polymer arise 
from the weak binding of nonvibrating monomer 
electronic states, then the most naive analysis leads 
to the expectation that each monomeric band is split 
into three bands in polystyrene and four bands in 
polyvinylnaphthalene. By the application of group 
theoretical arguments this prediction may be refined 
to include degeneracies and the identification of levels 
connected by allowed transitions. 

Consider now the application of the formalism of 
exciton theory5 to the cases under study. Because of 
the. weak interaction and very small overlap of the 
monomeric wavefunctions ¢, the zeroth-order ground
state wavefunction of the polymer will be taken to 
have the form 

(1) 

where the superscript (0) denotes the ground state and 
the indices m, {3 denote the unit cell (m) and the site 
within the unit cell ({3). One-site exciton functions are 
defined to have the form 

\}£ ",,/ = arp",/ II' ¢mfJo, 
m/3 

(2) 

where a is the antisymmetrization operator equal to 
Lp( -1)P P (here P permutes electrons between 
molecules), the nath monomeric subunit is excited to 
the fth isolated molecule state, and the prime indicates 
that the product includes all N monomers of the helix 
except the nath. To obtain a wavefunction representing 
a stationary excited state of the polymer a suitable 

6 (a) A. S. Davydov, Zh. Eksperim. i Teor. Fiz.18, 210 (1948). 
(b) A. S. Davydov, Theory of Molecular Excitons (McGraw-Hill 
Book Company, Inc., New York, 1962). 

TABLE I. Correlation table for isotactic polystyrene. 

lsotacfic 
Site 

Isolated Monomer Symmetry 
ldeot PS Symmetry 

Heli. Symmetry (!I.-O) 

D6h C2v 03 C3 

linear combination of one-site exciton functions must 
be taken. 

The choice of proper linear combination coefficients 
is determined by the requirement that the polymer 
wavefunction transform as one of the irreducible 
representations of the site group (the group whose 
elements describe the symmetry of the monomeric 
subunit). In the solid state, isotactic polystyrene is a 
single stranded helical polymer with three monomers 
per unit cell, unit cell repeat distance of 6.65 A, and 
with the phenyl ring planes tilted 20° from the hori
zontal and twisted 13° about the axis connecting the 
phenyl ring to the polymer backbone.6 Because of 
large repulsive forces acting between overlapping rings, 
in isotactic polyvinylnaphthalene there are four mono
mers to the unit cell, a repeat distance of 8.10 A, and 
the angle of twist about the axis connecting the naphthyl 
group to the polymer is increased to 68° (from 13°).7 
Since the monomeric subunits of both polymers lie in 
a plane neither perpendicular not parallel to the helix 
axis, 1T-1T* transitions which are polarized in the plane 
of the ring will have components both along the helix 
(z) axis and the plane (xy) normal to it. 

When a benzene ring with symmetry D6h is attached 
to a polymer backbond to form polystyrene, the site 
symmetry becomes Cz•• The basis functions for iso
tactic polystyrene must belong to one of the irreducible 
representations A or E of the helix group Ca. The 
correlation table (Table I) shows this process diagram
matically: in forming symmetrized basis functions for 
the entire helix, the irreducible representations of the 
site group go over into the irreducible representations 

6 G. Natta and P. Corradini, Makromo!. Chern. 16, 77 (1955); 
Nuovo Cimento Supp!. 15, 68 (1960). 

1 P. Corradini and P. Ganis, Nuovo Cimento, Supp!. 15, 104 
(1960) . 
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TABLE II. Correlation table for isotactic polyvinylnaphthalene. 

liolated Monomer Site 
Symmetry Symmetry 

02h Cs(Clh) 

Ag 

BIO 

lsotactlc 
~VN Symmetry 

C4 

B2g 

B3g 

Au 

BI.(%) 

rIXAIz
) A'b 

B 

If(%) 

E(l,y) 

B2.(y) 

B3.(X) 

of the helix. The correlation table only presents the 
symmetry species of the helix for the factor group 
representation (k= 0). The third column lists the 
irreducible representations of a helix whose side groups 
lie in a plane perpendicular to the helix axis. This 
condition is relaxed in the last column, which describes 
the prevailing configuration in the polymers under 
discussion. 

There are only two irreducible representations in 
the factor group of an isotactic polymer of pitch three 
(i.e., three monomers per unit cell). Two bands are 
predicted, one doubly degenerate and one nondegene
rate, transitions to each of which are allowed, since at 
least one of the transition dipole moment operators 
transforms as each of the two levels. In Table II a 
similar correlation analysis is given for isotactic poly
vinylnaphthalene (PVN). In this case there are three 
irreducible representations of the helix factor group, 
two of which are nondegenerate and one doubly de
generate: transitions are allowed to only two of these 
levels. Our simple predictions from Davydov theory 
for the number of bands are indeed correct when de
generacies are accounted for. 

To form the helix wavefunctions we take a linear 
combination of the one-site excitons 

(3) 
n,a 

where 
(4) 

na 

and the anak1 must transform as one of the irreducible 
representations of the helix group. From the work of 
Rhodes8 it is readily shown that 

{ [
kn ka la]} an,/,l= exp 21ri M+ PM+ P , (5) 

where P is an integer equal to 3 for isotactic poly
styrene and 4 for isotactic polyvinylnaphthalene, k is 

8 W. Rhodes, J. Chern. Phys. 37, 2433 (1962). 

the magnitude of the lattice wave vector, llabels the 
band, and M is the number of unit cells in the helix. 
Clearly PM=N. The introduction of (5) into (3) 
followed by normalization leads to 

<Pkl=_l_L: exp{21ri[kn + ka +laJ}w I. 
(PM)! na M PM P na 

(6) 

Given Eq. (6) and the helix Hamiltonian 

X= L:[Xna+ L: V na,m/l] (7) 
na mfJr'na 

with Vna,m/l the interaction energy operator between 
monomers na and mf3, and Xna the Hamiltonian of the 
isolated monomer, application of the first-order pertur
bation theory to obtain the eigenvalues of 

(8) 

leads to the energy EI of the excited state of the helix 
and a system of algebraic equations for determining 
the band structure, Upon subtraction of the ground
state energy, we obtain the excitation energy of the 
polymer: 

where 
(10) 

is the excitation energy of one molecule, Dm/ is the 
Davydov "crystal shift," and e/(k, l) characterizes the 
band structure. In explicit form, the secular equation is 

[L:Mlna,m/lanakLe/(k, l)am/lkl]=O, (11) 
na 

where 

Mlna,m/l= Jlna,m/l+Klna,mfJ' (12a) 

Considering only the fth excited state, the excitation 
transfer matrix element is 

and the excitation and electron exchange matrix ele
ment is 

Equation (11) when solved for e/(k, l) leads to the 
following band structure formulas: 

polystyrene: 

2 

e1(k, I) = L: expI21ri[(ka/3M)+tta)]} 
a-O 

M 

XL' expI21ri(kn/M) }Mlna,OO, (13a) 
..-0 
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polyvinylnaphthalene: 

3 

fI(k, 1) = L exp{21ri[(ka/4M+ila)J} 
a-O 

M 

XL' exp{21ri(kn/M) }M'ncr,CO, (14a) 
n-O 

where the primes indicate omission of the term M'oo,co, 
Using Eqs, (13a) and (14a) the first-order splitting 

in the absorption spectrum (at k=O) may be readily 
calculated. For polystyrene: 

M M 

E'(O, 0) =2L'M'no,oo+2L(M'~1,00+M'n2,CO), 

M M 

fI(O, ±l) =2L'M'no,oo- L(M'n1,Oo+M'n2,OO) , (13b) 
n-O n=O 

Here an arbitrary monomer is selected and labeled as 
the 0, Oth: zeroth unit cell, zeroth site position. Thus, 
the Davydov splitting (at k=O) is 

M 

AE' =3 L(M'n1,OO+ M'n2,OO). (13c) 
n=O 

For polyvinylnaphthalene: 

M 

fI(O, 0) = 2L'(M'no,oo+M'n1,Oo+M'n2,OO+M'n3,00) , 
n-O 

M 

fI(O, ±1) = 2L'(M'no,oo-M'n2,CO) , 
n-O 

M 

E'(O, 2) =2L'(M'no,oo-M'n1,oo+M'n2,Oo-M'n3,OO) , 
.. -0 

(14b) 

and the splitting between the two allowed components 
(l=0 and 1= ±1) is 

M 

AfI=2L(2M'n2,Oo+M'nl,OO+ M'n3,CO)' (14c) 
.. -0 

It is noted from Eqs, (13c) and (14c) that only matrix 
elements between translationally inequivalent chromo
phores contribute to the Davydov splitting, while 
interactions between translationally equivalent mono
mers contribute to the band shift, 

The preceding discussion has been concerned with 
the Davydov splitting and band structure due to only 
one molecular electronic state. A more complete theory 
must include the crystal field induced mixing of other 
excited molecular states into the state f under con
sideration. To this end the Hamiltonian, Eq. (7), 
must be diagonalized using a basis set <Pk,lu where the 
indices g refer to all the excited monomeric states. 
The diagonal elements are calculated from Eqs. (9), 

(11), and (12). The off-diagonal elements are 

XJI/= (<Pk,/ I X I <Pk,lu), (lSa) 

X,g= L: exp{21ri(km + kfj +~)}roo,m/'/I 
m,p;><oo M PM P 

+ L Aoo,I/'u, (1Sb) 
l,ar'OO 

where 

rOO ,m/,II = H (cf>oo'cf>mpo I V OO,m/J I cf>m/Jllcf>oOO) 

+ (cf>oollcf>m/JO I VOO,mll I cf>m/cf>ooO») (1Sc) 

AOO,m/,II=!{ (cf>oo'cf>la° I VOO,la I cf>oollcf>la°) 

+ (cf>OO°cf>L/ I V OO,La I cf>OO°cf>la ll »). (1Sd) 

III. NUMERICAL CALCULATIONS 

In order to evaluate the interaction matrix element 
M'na,m/J, it is necessary to specify both the intermono
meric potential and the monomeric wavefunctions. 

The intermonomeric pair potential is 

V .. cr,m/J= L zrzJ e2 - L Zre
2 
- L zJ e2 + L ~, (16) 

I,J RIJ I,j R Ij J,i RJi i>i Tij 

where I and J refer to the nuclei in the different mono
mers na and mfJ, and i refers to the electrons on na 
and j to the electrons on mfJ. 

The monomer units were assumed to benzene and 
naphthalene in polystyrene and polyvinylnaphthalene, 
respectively. The monomeric wavefunctions for the 
singlet states were taken to be antisymmetrized prod
ucts of Huckel molecular orbitals, and the semiempirical 
configuration interaction wavefunctions of Pariser.9 In 
Table III the relevant molecular states and wave
functions used in these calculations are tabulated . 

The interaction matrix element, M'na,m/J, upon which 
the first order of Davydov splitting is dependent may 
be written in terms of the molecular wavefunctions. 
For the 1B1u (p) state of benzene monomer in polysty
rene, the component integrals JPna,m/J and KPna,m/J are 

JPna,m/J= (U4m/JU3na I U4naUamll) 

+ (U4m(JU3na I u.nauzm/J)+ (U5m/JU2na I U4naUamll) 

+ (U5mfJUZna I U.naU2m/J), 

KPna,m/J= -!{ (U4m/JU4na I U3naU3mfJ) 

+ (U4mfJU.na I Uanauzmll)+ (U.m/JU4na I U2f1aUamfJ) 

+ (u.mfJu•na I U2naUZm/J), 

== (ur/J(a)ur(a) I Tab-1 1 uana(b)u3m/J(b», (18) 
-----

gR. Pariser, J. Chern. Phys. 24, 250 (1956). 
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TABLE III. Monomer wavefunctions. 

State Wavefunctiona Energy (cm-I ) Reference 

Benzene 

%,,(p) 

I Elu ((J{J') 

SBI«(3p) 

Naphthalene 

%u(p) 

(2) -i (<I>2-Ii+<I>3-4) 

{ 
(2) -. (<I>2-1i _ <1>3-4) 
(2) -i (<1>2-4+<1>3-6) 

(2)-i (<1>3-4+<1>2-6) 

<l>fr-fl 

48000 

54500 

29500 

34500 

Popleb 

Popleb 

Popleb 

Popleb 

{ 
o. 96682<1>fr-fl+O. 23643<1>4-7 

-0.07683<1>3-8- [0. 04265/ (2)'J (q,'-IO+<I>1-7) 
+0.02432<1>2-9-0.03226</>1-10 

Pariserc 

(2)-i (q,'-iI+<I>Ii-7) 45 500 Popleb 

{CO. 95369/ (2)'J(<I>4-8+<I>1i-7) 
[ -0.20707/ (2)'J(<I>Ii-IO+<I>I-iI) +[0.21818/ (2)'J(<I>3-9+<I>2-8) Parisero 

<l>1i-8 21 300 Popleb 

{ 

0.91929<1>fr-fl+0.20507<1>4-7 
+0.27354</>3-8+[0.03217/ (2)'J(<I>4-1O+<I>1-7) 
+0.17192<1>2-9+0.08625<1>1-10 

Pariserc 

a The wavefunctions 9ii - j are antisymmetrized excited states in which one electron is excited from Orbital i to Orbitalj. The molecular orbitals are labeled in 
order of increasing energy. 

b J. A. Pople, Proc. Phys. Soc. (London) A68, 81 (1955) and references cited therein. 
c R. Pariser, J. Chern. Phys. 24,250 (1956). 

where Uh'Y is the hth molecular orbital on monomer 'Y. 
The molecular orbitals Uh'Y are represented as linear 
combinations of carbon atom 2p. wavefunctions. 

Uh'Y= ECihW/, 
i 

(19) 

where the Cih are Huckel coefficients without overlap 
for the hth molecular orbital. (Hoyland-Goodman 
coefficientslO were used in the triplet case.) Using these 
orbitals a component of the Coulomb matrix element 
JP"a,mfJ becomes: 

(U5m{JU2"a I U4"aUam{J) = E Ci5Ci2Ck4Cla 
',j,k,l 

In this calculation all terms involving more than 
two-center integrals have been neglected. l1 It is ex
pected12 that three- and four-center integral contri
butions will be small. Correction terms introduced by 
the orthogonalization of molecular orbitals located on 
different monomers have also been neglected. The two
center integrals between two carbon SCF orbitals 

10 J. R. Hoyland, Thesis No. 61-6790, University Microfilms, 
Inc., Ann Arbor, Michigan, 1961; J. R. Hoyland and L. Goodman, 
J. Chern. Phys. 36, 12 (1962). 

11 In the off-diagonal matrix element H lu it may be shown that 
the Aoo". term equals zero when only two-center integrals are 
considered. This result arises from the pairing of molecular orbi
tals in alternant hydrocarbons. 

12 Order of magnitude estimates by Silbey et al. [J. Chern. Phys. 
(to be published) ] based on the Mulliken approximation indicate 
a contribution of order 10% for crystals of naphthalene and 
anthracene. 

located on different molecules were expressed as a 
linear combination of five atomic integrals for the 
Coulomb terms: uuuu, 7r7rUU, U7r7rU, ++++, and 
+ - - +, in the notation of Kotani et al. ls The exchange 
terms were expressed in terms of six atomic integrals: 
uuuu, 7r7rUU, 7rU7rU, 7rUU7r, + + ++, and + - - +, in 
the same notation. These 11 integrals were computed 
using a program supplied by the Laboratory for Molec
ular Structure and Spectroscopy of The University of 
Chicago. 

Since the interaction matrix element involves essen
tially long-range intermolecular interactions, the be
havior of the carbon 2P. wavefunction at large distances 
from the nucleus is of considerable importance. It has 
been shown by. Katz et al.14 that using a Slater orbital 
with an orbital exponent, r= 1.625 a.u. is seriously 
inadequate for exchange integrals since it drastically 
underestimates the magnitude of the tails of the wave
functions. To overcome this difficulty, a linear combi
nation of 4 Slater-type orbitals were fitted empirically 
to a SCF wavefunction for carbon 2p. electron. 

w/=r cosk2:ai(aN7r)i exp( -a'''i)' (21) 

Further details and parameters may be found in Katz 
et al,l4 To gain greater accuracy, this linear combina
tion was used for both Coulomb and exchange integrals 
in this calculation. 

13 M. Kotani, E. Ishiguro, K. Hijikata, T. Nakamura, and A. 
Amemiya, J. Phys. Soc. Japan 8,463 (1953). 

14 J. L. Katz, S. A. Rice, S. I. Choi, and J. Jortner, J. Chern. 
Phys. 39, 1683 (1963). 
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Convergence in the sum over intermonomer inter
action matrix elements was accomplished after 18 
monomer residues in the case of polystyrene and after 
16 in polyvinylnaphthalene. Convergence in the triplet 
exciton case was complete after essentially one unit 
cell in both polymers. Since spin-orbit coupling was 
neglected, the short range of the exchange integrals 
accounts for this rapid convergence. 

In Table IV the Davydov splittings and energy 
level shifts in the region of optical interest, k=O, are 
sketched. At the left are the free monomer states with 
their appropriate group theoretical symmetry designa
tions and experimental energies. The first-order Davy
dov splittings are then diagrammed, followed by the 
splittings due to crystal field induced mixing of the 
first-order states. It is noted that the crystal field 
induced mixing has the greatest effect on the splitting 
of the p band of both the polymers. Figures 1 and 2 

TABLE IV. Energy level shifts and Davydov splitting in isotactic 
polystyrene and polyvinylnapthalene. 

If 
I, 

I. 
I, 

I ... 

~ 
Polyslyrene 

Aflo....t First 0., Cryo!Q1 fl.ld o-ydo¥ 
Sfohl T ...... illan t.. .... ISpUnI"" Induc-.lShlfls Sptlmng 

,--A/J" .a)-v. --""'60 cm-.!-·-+~cm-l 
/...--U!-!1)_V ___ +2.580"",-1.. __ +2580cm-1 

SUOOClll-l---4~-E(l -!J)-V. -- -21JCIft- I-, __ 21.5c .. - 1 

--'-ACl·tOl-V.---22S6cm-!.....--n'Ocm-1 

~I #_AU-tO)-V.-- ""'Oem:!.., 
4,000_ --"'-E{J-!l)-V.-- -25C111-1 ...... i"'--1lcm-l ) .1 

''--_431lcm-1 -409cm 

Polyvioylnophlhalene 

,--8U"+2)-No-_+J8&4_-.!..,...-•• 'CM-1 

1~_E(l .. !I)-V.--d618c"'-.!.......-+J!.44"",-1 } 
45.~_-1-<... 68J6Cft1- f 

-,.,(/""O)-V.---4362 ..... - I_--.4I82<;:M-l 

-1 ,.....--AU .. <tOl-V. --+1786Cft1-1~""'+1598_-I} 1635_-1 
34.500_ ~--E(1.!11-V.-- ... cm-1 ...... '- _11_- 1 

'''''-..-111 "+2)-No-- -.6:1101'1-1- ......... 723_-1 

show the complete band structure for isotactic poly
styrene and polyvinylnapthalene, respectively. 

Splittings and shifts have been calculated for only 
the IB1u(p) and lE1u (/3, /3') bands of polystyrene and 
the IB2u (p) and IB3u (/3) bands of polyvinylnaphthalene. 
Because of the well-known pairing of molecular orbitals 
in alternant hydrocarbons, the interaction matrix 
elements of the IB2u (a) state of the benzene monomer 
in polystyrene and the IB1u(a) state of the naphthalene 
monomer in polyvinylnaphthalene are zero. This is 
true for two-center integrals involving Huckel as well 
as Pariser configuration interaction wavefunctions. The 
splittings in these bands are expected to be small: con
figurational mixing of change-transfer exciton states 
into neutral exciton states may be of considerable 
importance. 

It should be noted that the results discussed thus far 
are for the entire electronic band and do not include 
effects of vibrational motion. The effects of vibrational
electronic coupling are considered in the next section. 
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FIG. 1. Band structure of isotactic polystyrene. The letters to 
the left refer to the band symmetry representation of the helix 
group. The numbers to the right are the band labels l [see Eqs. 
(13) and (14)]. The ordinate shows only relative energies; the 
zero energy band is the E component of the P (2000-..\) band in 
polystyrene. 
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FIG. 2. Band structure of isotactic polyvinylnaphthalene. The 
E component of the P (2750-..\) band of PVN lies at the zero of 
energy. 
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IV. VIBRATIONAL COUPLING EFFECTS 

Throughout the previous discussion we have assumed 
that the Davydov splitting is large relative to the vibra
tional spacing. In this strong coupling limit there will 
be two well-separated absorption peaks. In the other 
limit, the weak coupling limit, the Davydov splitting 
is amall compared to the vibrational spacing and in
stead of starting with the total electronic wavefunction 
a different formalism must be used. In the weak cou
pling limit we take the molecular wavefunctions in 
vibronic form 

(22) 

where Xm/J'; is a vibrational wavefunction for the m,Bth 
molecule in the vith vibrational state. If the functions 
defined by Eq. (15) are used as the basis for calculating 
the matrix elements of the intermolecular potential, 
the integrals are all modified as follows: 

(arPna/"irPml'o I Vna,m/J I rPnao'°rPml"') 

= (acpn/rPmll Vna,m/J I rPna°rPm/) 

X (Xna"i I XnaO)(Xm/J'i I XmfJO). (23) 

It is seen that in the weak coupling limit, the total 
electronic matrix element is multiplied by a vibrational 
overlap factor, being otherwise unmodified from the 
matrix element in the strong coupling limit. 

From the figures displayed in Table IV it is clear 
that the splittings in the IBa,. and IB2,. states of the 
naphthalene residue represent strong coupling, as do 
those for the I E lu state of the benzene residue. However, 
the splitting of the IBlu states of the benzene residue is 
better represented as a weak coupling case. 

It is now necessary to comment on the magnitude of 
the computed matrix elements, since this will influence 
the validity of the deduction made in the preceding 
paragraph. It is well known that the available wave
functions often lead to an overestimate of the transition 
dipole moments of aromatic molecules. For example, 
the Pariser functions overestimate the transition 
moment from the ground state for the P(1B2u ) state 
of naphthalene by a factor of about 2.5, and the 
(j(1Bau) state by a factor of about 1.2. For the case of 
benzene no easy comparison is possible because some 
of the transitions of interest are formally forbidden in 
the lowest order. Now, it might be asserted that the 
computed matrix elements should be scaled by a factor 
!exPtl./!theoret. where! is the oscillator strength. From 
the data displayed in Table III it is clear that such an 
alteration would not change our description of the 
splittings since they would remain individually large 
enough to still require description in the strong (or 
weak) coupling limit. Therefore, the most important 
qualitative feature of the calculated splittings is inde
pendent of the error made in computing transition 
moments. 

V. EXCITON-EXCITON ANNIHILATION 

One of the most interesting uses to which helical 
polymers may be put is the study of phosphorescence 
from the monomer in an ordered environment. In many 
instances, pure crystals of the molecule equivalent to 
the side group do not display phosphorescence because 
of the very efficient triplet-triplet annihilation reaction. 
The product of this reaction, an excited singlet, gives 
rise to a delayed fluorescence. Because the interactions 
between residues on the polymer are less than the 
interactions in a crystal of a similar compound, it may 
be possible to cut the rate of triplet-triplet annihilation 
to a level wherein phosphorescence can compete with 
annihila tion. 

For the triplet states, the only relevant matrix 
elements arise from exchange interactions. Following 
Jortner, Choi, Katz, and Ricel5 we set the rate of 
encounter of two excitons equal to 

(24) 

where z is the number of nearest neighbors, nt the 
concentration of triplet excitons, N the density of 
of residues, and rna is given by 

..!..= L(7) I (rPmlrPnao I Vna,m/J I rPna1c/Jm/JO) 12 
rna mfJ Ib 

X j!(E)F(E)dE, (25) 

where F(E) andf( E) are the normalized S~T absorp
tion and the normalized T ~S phosphorescence func
tion, respectively. 

Alternatively, we may consider the annihilation 
reaction to occur between two diffusing triplet excitons, 
whereupon 

na 

where (R) is an average monomer spacing, Rna,m/J is 
the distance between nO'. and m,B and Wna,mfJ is the 
frequency of jumps of length Rna,m/J, i.e., Wna,m/J= 
r-Ina,m/J. Calculations based on either of these rate 
equations lead to the same numerical results (within 
the precision with which we are concerned). 

In Table V are listed the triplet matrix elements of 
importance. With the values displayed in Table V, it 
is found that 

ffiu= 1Q-16nt2 cm-a secl (PS), 

(PVN) , (27) 

which should be compared with the value 2.1 X 1Q-lln,2 
cm-a'secl calculated for crystalline anthracene. Thus, 
for comparable triplet exciton concentrations, the rate 
of triplet-triplet annihilation in PS and PVN is several 

15 J. Jortner, S. Choi, J. L. Katz, and S. A. Rice, Phys. Rev. 
Letters 7, 323 (1963). 
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orders of magnitude less than that for crystalline 
anthracene. Since the annihilatbn rate in anthracene 
should be typical, to order of magnitude, of crystals of 
aromatic molecules, we conclude that there is a distinct 
possibility of observing phosphorescence from polymers 
under conditions wherein phosphorescence from the 
corresponding monomer crystal cannot be seen. 

VI. DISCUSSION 

The calculations presented in this paper are a neces
sary preliminary to the study of the electronic states of 
disordered polymers. From these calculations we can 
deduce the following about isotactic PS and PVN. 

(1) The expected singlet band splittings are large 
and have symmetry characteristics considerably dif
ferent from those of crystalline benzene and naph
thalene. 

(2) The triplet bandwidth is extremely small and 
therefore the rate of triplet-triplet annihilation is 
several orders of magnitude less than that charac
teristic of a typical aromatic crystal (anthracene). 

(3) Despite inadequacies in the available molecular 
wavefunctions it is concluded that the predicted 
Davydov splittings are best described in the strong 
coupling limit for a number of the transitions. It is 
interesting that in the isotactic polymer a transition 
may be an example of the strong coupling case, whereas 
the same transition in the crystal corresponds to the 
weak coupling case (e.g., IB2u state of naphthalene in 
PVN and the pure crystal). 

(4) Because of the narrowness of the triplet exciton 
band, it is conceivable that interaction with vibrations 
can lead to a localized state. 

When the regularity of the potential field is de
stroyed (as is the case in an atactic polymer) the 
techniques which lead to a band structure of the type 
discussed herein can no longer be used. It is still possible 
to construct polymer wavefunctions from a linear 
combination of molecular orbitals, but now the lack of 
symmetry prevents the construction of a simple phase 
factor which successively transforms one molecular 

TABLE V. Triplet matrix elements and splitting. 

(a) Polystyrene residue 

1 
2 
3 

1. 82X lo--6} 
S.58XlO-7 

-6.S2XIQ--7 

(b) Polyvinylnaphthalene residue 

0.46 

2 3.0XIO--7 
1 1.58XIQ-41 

3 3.2XlO-s 2.60 
4 0 

wavefunction into another. Two limiting cases are of 
interest: 

(a) When the potential is nearly periodic (i.e., 
isotactic or syndiotactic except for an isolated chromo
phore) it may be possible to generate a set of localized 
states. Aside from the intrinsic interest which these 
states have, if properly located they may act as energy 
traps. 

(b) When the potential corresponds to a disordered 
configuration (i.e., an atactic polymer) it is necessary 
to average over a representative ensemble of disordered 
systems to obtain the observable electronic structure. 
While there is expected to be considerable broadening 
of the energy levels (corresponding to k = 0 in the 
isotactic polymer) it is still possible to have localized 
states which may act as energy traps. The study of the 
various relationships between these levels, the level 
width and the corresponding levels in the regular case 
will be the subject of a separate paper. 
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