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(Received 16 June. 1978) 

The local or extended nature of molecular ion or exciton states in molecular solids is determined 
by a competition between fluctuations in the local site energies of these states (which tend to 
localize them) and the hopping integrals for inter-site excitation transfer (which tend to delocalize 
them). This paper constitutes a brief survey of a body of work in which the parameters governing 
the localization of molecular ion states are evaluated spectroscopically with the aid of molecular 
orbital theory and subsequently utilized to assess the character of these states in a variety of 
molecular solids, including pendant-group polymers, Van der Waals crystals, and segregated- 
stack, quasi-onedimensional charge transfer salts. 

To illustrate the utility of this approach the example of electron localization in polystyrene 
(PS) and poly(2-vinyl pyridine)(PVP) is developed. Specifically, a model of electron interactions 
with longitudinal polarization fluctuations is described and shown to predict the (relaxation- 
energy) shifts and broadening of the photoemission lines from these polymers relative to those 
from the model molecules ethyl benzene and 2-vinyl pyridine, respectively. This example reveals 
the power of the methodology because the relaxation energy shifts in PS and PVP are identical 
although their low-frequency dielectric constants differ by a factor of two: a result which was 
unexplicable within the context of previous models of solvation in dielectric media. 

Applications of the methodology to predict successfully extended states in segregated-stack 
charge transfer salts, relaxation-energy-induced surface states in Van der Waals solids, and a 
localized-extended state transition in Van der Waals crystals are indicated. 

I N T R 0 D U CTI 0 N 

In spite of considerable interest over the years in applications of polymers 
with controlled electrical and mechanical properties,' the qualitative nature 
of the electronic states in both  polymer^^-^ and molecular  crystal^^-^ re- 
mains a subject of controversy. The central issue9 is whether these states are 
localized (e.g., molecular ion states) or extended (e.g., energy band states) in 
character. Our purpose in this paper is to present a brief overview of a body 
of recent work devoted to the spectroscopic characterization of polymers, 
molecular solids and molecules and to the utilization of the resulting data in 
an analysis of localization in certain pendant-group polymer~,~-" Van der 
Waals s ~ l i d s , ~ ~ ~ * ' ~ ~ ' ~  and segregated-stack quasi-one-dimensional charge 
transfer salts.8*' 3*14 
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64 C. B. DUKE 

The central theme characteristic of this approach is the specification 
of the nature of electron and exciton states in molecular solids in terms of 
independently observable properties of the underlying molecular moieties 
and measured spectra (e.g., dielectric response) of the solids themselves. 
Appropriate gas-phase molecular species are characterized by photoemission 
spectroscopy (PES) and ultraviolet absorption spectroscopy (UVA). ' The 
resulting molecular spectra are interpreted in terms of molecular cation and 
exciton states, respectively, which are in turn described by a spectroscopic 
CNDO molecular orbital model referred to as CNDO/S3 for aromatic 
hydrocarbons' 5-18 and heterocycles thereof." Fol wolecules built of group 
V and VI atoms, a variant of this model is used which is called CNDO/S.20J' 
The energies, wave functions, and electron coupling constants to molecular 
vibrations of molecular cation and exciton states are extracted from these 
CNDO molecular orbital analyses of measured molecular PES and UVA 
spectra. 

Polymeric and molecular solids are characterized by PES and the variety 
of spectroscopies which must be used to obtain a complete description of the 
dielectric response function, E(q, w)." The measured E(q, w) together with 
the CNDO/S3 wave functions suffice to define uniquely a model Hamiltonian 
describing electron and exciton interactions with longitudinal (" intermo- 
lecular ") polarization fluctuations characteristic of molecular dielectrics. ' 
The eigenstates of this Hamiltonian permit the evaluation of intermolecular 
contributions to the relaxation energies of injected charges (electrons, holes) 
and excitons in uniform dielectric media, as well as the dynamic fluctuations 
in these energies. These dynamic longitudinal polarization fluctuations lead 
to the homogeneous contributions to observed PES and UVA linewidths. In 
addition, however, surfaces, defects, and in polymers local compositional 
variations lead to inhomogeneous contributions to the observed line- 

These may be described by a tight-binding (Huckel) model in 
which the site energies (hopping integrals) are taken to vary from one site 
(pair of sites) to another. For example, in polymers the site energies may be 
described by (static) statistical distributions caused by the influence of local 
compositional variations on the relaxation energies of injected charges or 
excitons. These fluctuations in site energy may be evaluated in terms of 
simple models for surface energies and compositional variations. The result- 
ing parameters are utilized to provide an analysis of the localized or extended 
character of the wave functions of injected charges or excitons in non-uniform 
molecular insulators. 

The major results of our examination of localization in molecular solids 
are that in polymers and molecular glasses static-polarization-induced site 
energy fluctuations in the bulk nearly always produce localized states whereas 
in molecular crystals usually only surface states are generated by this mech- 
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LOCALIZATION IN MOLECULAR SOLIDS 65 

anism.'-' Dynamic fluctuations of both the site energies and hopping 
integrals occur in all molecular solids. These cause strongly temperature de- 
pendent scattering of extended (band-like) states in the segregated-stack, 
linear-chain quasi-one-dimensional charge transfer  salt^^"^*'^ and a dy- 
namic hopping regieme leading to temperature insensitive mobilities at  high 
( T  2 100 K) temperatures in many Van der Waals They do not 
generate major (homogeneous) contributions to the widths of PES line 
spectra, however, because static site-to-site variations in the electronic con- 
tributions to the molecular cation relaxation energies lead to wide (inhomo- 
geneously-broadened) lines for solid state ionizations. 

This paper is organized to highlight the major concepts, models and mea- 
surements leading to these results. We proceed by considering molecular ion 
states in the next section followed by a description of (dynamic) longitudinal 
polarization fluctuations in the following one. These discussions set the stage 
for the development of a model of the interaction of molecular ions with 
dynamic polarization fluctuations and its use to evaluate the density of 
molecular cation states in molecular solids for comparison with PES data. 
A consideration of the criteria for localization ensues, including examples of 
the verification that PES line spectra from both molecular crystals and 
pendant-group polymers are inhomogeneously broadened by site-to-site 
variations in the electronic-polarization-induced cation relaxation energies. 
The paper concludes with a synopsis. 

MOLECULAR ION STATES 

Molecular photoemission (PES) and ultraviolet absorption (UVA) spectro- 
scopies measure the properties of molecular ion states and excited states of 
neutral molecules, respectively. Specifically, if both the variation with elec- 
tron and photon energies of the dipole matrix elements of electromagnetic 
field of the incident light wave and the existence of final-state resonances are 
neglected, then measured PES elastic-emission intensities, Z(Ek, hv), are pro- 
portional to the probability, P(E) ,  of obtaining a molecular ion state of bind- 
ing energy E = hv - Ek. The incident photon and exit electron energies are 
designated by hv and Ek , respectively. Consequently, the customary pro- 
cedureZ2 in molecular spectroscopy is to calculate P ( E )  and compare this 
quantity directly with measured I(Ek, hv) for fixed hv. This analysis scheme 
is not without difficulty. For example, in x-ray photoemission spectroscopy 
(XPS) the higher binding energy carbon-2s-derived molecular ion states of 
hydrocarbons are emphasized relative to 2p derived states whereas in ultra- 
violet photoemission spectroscopy (UPS) the converse is the case. If one 
recognizes these facts, however, comparisons of Z(Ek, hv) and P(E)  can be 
quite useful, so we shall utilize them herein. 
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66 C. €3. DUKE 

A separate issue concerns the approximations utilized to calculate the 
energies and wave functions of molecular ion (or exciton) states.” For an 
isolated molecule, most molecular valence-electron cation states are com- 
prised of an individual half-filled (nondegenerate) valence molecular orbital 
accompanied by distortions from their values in the neutral molecule both 
of the other occupied molecular orbitals and of the nuclear coordinates of 
the atomic constituents of the molecule. These distortions can be envisaged 
as  the response of the other molecular coordinates to the charge density 
created by the vacated orbital. The energy gained by the molecular ion system 
upon undergoing such distortions relative to the neutral molecule state is 
called the intramolecular relaxation energy, E,(intra), which in turn is divided 
into electronic (e) and atomic (a) contributions. If a molecule is embedded in 
a (solid or liquid) medium, then the charge density on the corresponding 
molecular ion induces analogous electronic and atomic distortions in the 
surrounding medium. These lead to the intermolecular contributions, 
EJinter) and &,(inter), respectively, to the relaxation energy. For typical 
molecular solids the total relaxation energy is E, - 4-5 eV, roughly equally 
divided between intramolecular and intermolecular terms.’ Since these values 
of E, are quite large, we next must inquire into how they are incorporated 
into our analyses of PES spectra. 

A complete evaluation of molecular ion eigenstates and eigenvalues in- 
volves first obtaining a good Hartree-Fock description of the ion and sub- 
sequently extending this description to include the influence of electron corre- 
lations by either configuration-interaction” or Green’s functionz3 methods. 
While such calculations are feasible for small (e.g., diatomic through tetra- 
tomic) molecules, our interest is centered around considerably larger mole- 
cules (e.g., s,, Se, , ethyl benzene) of interest in electrophotographic applica- 
tions. Consequently, it was necessary to develop semi-empirical spectro- 
scopic CNDO-level molecular orbital (MO) models which describe simul- 
taneously the low-energy excited singlet states (molecular excitons) of the 
neutral species and the low-ionization-potential molecular ion states of the 
molecules of interest.’ ’-‘’ In these models the intramolecular electronic 
contributions to the relaxation energies, E,,(intra), are built into the molecu- 
lar-orbital eigenvalues by construction. Stated differently, these models are 
perhaps best regarded as extrapolation procedures which permit the deter- 
mination of the molecular ion and exciton states of complex molecules given 
a description of these states in simpler ones. 

Given the semiempirical CNDO/S models, the molecular-ion-state prob- 
ability density, P(E) ,  is evaluated by representing each orbital eigenvalue by 
a Gaussian of width w ‘v 0.2 eV which stimulates the experimental resolution 
of the PES instrument. A comparison of the calculated P ( E )  for orthorhom- 
bic sulfur with measured gas-phaseZ4 and thin-filmZ5 UPS data is shown in 
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LOCALIZATION IN MOLECULAR SOLIDS 67 

Figure I .  It is t y p i ~ a l ~ ~ . ’ ~  of Van der Waals solids that the solid-state spectra 
replicate the gas-phase spectra but are broader and shifted to lower electron 
binding energies by an average intermolecular relaxation energy Er(inter) 
N 1-2 eV. Comparisons of calculated CNDO P ( E )  with PES spectra have 
been performed for a wide variety of molecules, including substituted ben- 
zenes,’ ’ * 1 8  polyacenes,” paracyclophanes,16 substituted p~lyenes , ’~  nitro; 
gen  heterocycle^,'^^^^ oxygen  heterocycle^,^' Se, ,21 S4N4 ,20 As4S4 ,30 

As,S~,,~’ As4S6 ,” and TCNQ.3’-33 The results in all cases are comparable 
to those shown in Figure 1 for s, . 

While intramolecular electronic contributions to the relaxation energy are 
incorporated a priori in the CNDO/S models, the intramolecular atomic 
contributions are evaluated by analysis of vibrational progressions in the 
PES s p e ~ t r a . ~ ~ , ~ ~ - ~ ’  For the purpose of analyzing PES data, the important 
electron interactions with molecular vibrations are those which describe the 
modulation of molecular-ion-state energies by the symmetric modes of 
vibration of the ion.34 Using the CNDO/S formalism, the linear electron- 
intramolecular-vibration coupling constants, {gyi }, for a molecular orbital 
labeled by y are defined by expanding the orbital eigenvalues, E, , in terms of 
dimensionless vibrational normal mode coordinates, i.e. : 

The normal coordinates Q ,  are related to the lattice displacement vectors 
by well-known  relationship^.'^ The linear terms in Q ,  in 

Eq. ( 1) correspond to the linear electron-intramolecular-vibration interac- 
tions. The corresponding coupling constants are defined by writing Eq. (1) 
in second-quantized form34 

rn 
- + +  u, = rn - - (O) 

in which i denotes the vibrational quantum modes, c: and b: are the creation 
operators associated with the electronic orbital and vibration quanta of 
energies Ey and hw, , respectively, and the {gyi } are the desired dimensionless 
linear electron-intramolecular-vibration coupling constants given by 

An important property of Hamiltonian (2) is that it can be solved e~ac t ly ,~’  
thereby providing a simple analytical form for the intensity distribution in 
the vibrational structure associated with transitions between eigenstates of 
the Hamiltonian (2). In addition, the lowering in energy of a given orbital 
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68 C. B. DUKE 

ORTHORHOMBIC SULFUR 

UPS-VAFOR S, 

(BOSCHI AND 
SCHMIDT 1 

S8 : AMORPHOUS 

(NIELSEN) 

S,: CNDO - S 

I 1 I I I I 
0 0 12 14 16 

IONIZATION POTENTIAL ( eV) 

( b )  
FIGURE 1 Diagram of the structure of orthorhombic sulfur and a comparison in Panel (b) 
of gas phase UPS data,24 solid-state UPS data,” and the calculated valence electron density 
of states of S ,  .*‘ E designates the shift (to lower binding energy) of the solid-state relative to the 
gas phase UPS data. [After Duke.g] 
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LOCALIZATION I N  MOLECULAR SOLIDS 69 
_ _ _ _ _ ~  

o m  0 a 
a ELECTRON ORBITAL: C C C : CC CC 

a 0  - 0  Ig . 

EXPERIMENT 

b 

THEORETICAL 
ANALYSIS I 

9.24 9.44 9.64 
ENERGY (EV) 

EXPERIMENT 

THEORETICAL 

9.24 9.44 9.64 
ENERGY (EV) 

FIGURE 2 Comparison of observed (upper panels) and calculated (lower panels) vibration 
assisted photoemission from the le,,(n) orbital of benzene (left-hand column) and deuteroben- 
zene (right-hand column). The symmetry of the electronic orbitals is indicated at the top of the 
figure following the notation of Lindholm." 'The symmetries and energies (in mev) of the 
molecular vibrations are indicated in the upper panels. The experimental spectra in the upper 
panel are those of Potts et al." The interpretation of the lineshapes is indicated for the theoretical 
curves in the lower panels. The empirical values of the coupling constants are g(v,,) = 0.60, 
g(vJ = 0.53, g(vI7)  = 0.28, g(v16) = 0.26 for benzene and g(vla) = 0.60, g(vJ = 0.53, 
g(v17) = 0.0, and g(v,,) = 0.26 for deuterobenzene. The molecular vibration energies were 
taken directly Irom the experimental spectra. [After Duke and L i ~ a r i . ~ ~ ]  
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70 C .  B. DUKE 

y due to its interaction with the molecular vibrations, which is the atomic 
contribution to the intramolecular relaxation energy of a molecular ion in 
the state labeled by y,  may be evaluated explicitly in terms of the gyi ,  i.e., 

Consequently once the { g y l }  are obtained (e.g., by analysis of the intensities 
of PES vibrational  progression^^^*^^) the atomic contribution to the intra- 
molecular relaxation energies may be evaluated directly using Eq. (4). 

Two qualitatively different approaches may be taken to evaluate the 
coupling constants {gyi}.38 In the empirical approach they are obtained by 
fitting observed photoemission spectra using the { g y i }  as adjustable para- 
meters. In the microscopic approach they are evaluated by using a molecular 
orbital model for the E,( (Qi )) and a force field model for the (Q, 1. In the 
former approach, an analytical form for the ion-state density P(E) ,  ob- 
tained34.37 from the eigenstates of the Hamiltonian given by Eq. (2), is 
utilized to describe the PES spectra. Typical r e s ~ l t s ~ ~ * ~ ~ * ~ ~  for benzene and 
deuterobenzene are illustrated in Figure 2. The calculated values of the { g y i  } 
obtained using the CNDO/S model agree well with those obtained from the 
empirical a p p r ~ a c h . ~ ~ . ’ ~  Moreover, the CNDO/S microscopic approach is 
useful even when the empirical approach fails (e.g., due to inadequate resolu- 
tion of the vibrational  progression^^^.^^). A complete review of the published 
calculations and data analysis is given el~ewhere.~’ Here, we conclude by 
observing that both the shape of the PES vibrational progressions and the 
magnitudes of E,,(intra) - 0.1-0.3 eV are readily obtainable either from 
PES data directly or from suitable molecular-orbital and valence-force-field 
mode 1 s . 

PO LARlZATlON FLUCTUATIONS IN DIELECTRIC M EDlA 

Turning to a consideration of the intermolecular contributions to the molecu- 
lar ion relaxation energy, we recall that these arise from the electronic and 
atomic response induced in neighboring molecular species when an ion state 
is generated (e.g., by photoemission) on a particular molecule. A wide variety 
of models have been proposed in the literature for the evaluation of inter- 
molecular relaxation induced by injected charges.41 Since the similarity of 
the gas-phase and solid-state PES data [e.g., Figure 13 for the materials of 
interest to us suggest that for them photon-generated valence electron holes 
are molecular cation states, we describe in the following section a model 
based upon treating the surroundings of a particular molecular ion as a di- 
electric medium. This section is devoted to a recapitulation of the major 
features of our description of this medium. 
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LOCALIZATION IN MOLECULAR SOLIDS 71 

The response of a dielectric medium to an injected charge is described by 
the coupling of that charge to the dynamic longitudinal polarization fluctua- 
tions in the medium. The energy-momentum relations, Ea(q), of these fluctua- 
tions are defined by 

@,((I), ql = 0 ( 5 )  

in which ~ ( h w ,  q) is the dielectric function of the medium. We assume an 
isotropic medium for simplicity in our discussion. Both atomic and electronic 
relaxations are embodied in this model by virtue of the existence of atomic as 
well as electronic branches of longitudinal polarization fluctuations labeled 
by different values of CL. In the special cases of polystyrene [“PS”] and poly- 
(2-vinyl pyridine) [“PVP”] a detailed model of E(E, q) has been developed 
elsewhere. For these materials four broad classes of polarization fluctuation 
occur. The low-frequency, f 5 lo5 sec-’, fluctuations are associated both 
with motions of the polymer chain and with torsional motions of the pyridine 
moiety relative to the hydrocarbon backbone. The infrared response, 10” 
sec-’ 5 f 5 1014 sec-’, is caused by infrared active modes of the pyridine 

modified by coupling to the hydrocarbon backbone. The UV 
response, 1015 sec-’ 5 f 5 10l6 sec-’, is generated by particle-hole (“exci- 
ton”) excitations of the valence electrons whereas the far UV response, 
f 2 6 x 10’’ sec-’ is associated with analogous excitations of the C and N 
1s core electrons. Since the core excitations contribute an amount to the 
dielectric function which is negligible relative to that of the valence electrons, 
we ignore them. The form used for the dielectric function is given by :’ ’ 

4 

A,(q) = Aa[l + A:q2] + ir,, (6b) 

(74  
lo-, eV; A, - 5 A (IR modes), (7b) 

10 eV; A3 - 1 (valence-electron modes), (74 

300 eV; A4 - 0.1 a (core-electron modes). (7d) 

eV; A, - 10 A (torsional modes), 

The values of E,,, Am and I-, are determined by fitting measured dielectric 
response data. A model in which a single oscillator is used to describe each 
type of branch of the fluctuation spectrum (i.e., torsional, IR, and valence- 
electron modes, respectively) is indicated in Figure 3, in which comparisons 
with measured dielectric response data are shown as insets. 

A detailed discussion of the determination of the parameters in Eqs. (6) 
and (7) is given by Duke et al.’ ’ For our present purposes it suffices to note 
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LOCALIZATION IN  MOLECULAR SOLIDS 13 

that the various branches of the longitudinal polarization fluctuation spec- 
trum can make quantitatively different types of contribution to the PES 
spectrum. Therefore in the following section we use the dielectric function 
shown in Figure 3 to illustrate this important result. 

ELECTRON COUPLING TO DYNAMIC LONGITUDINAL 
PO LA R IZATlO N FLUCTUATIONS 

Given the expressions for E(E, q) and E,(q) specified by Eqs. (5) and (6), a 
universal Hamiltonian describing the motion of an injected charge in a 
(uniform) dielectric medium can be written as :' ' 

H = H e  + C Vu(a[b,+(dA-q) + ba(q)~(d l  ( 8 4  
a 4  

+ CEa(d[b,+(qPu(q) + a 3 9  

a.q 

v,(@ = [2ne2~~,/q2Ea(q)]1'Z (8b) 

M , , ( d  = j d341,(r)41(r) exP(-iq. r>. (8e) 
The c1 are the annihilation operators of the electrons in the eigenstate of He 
labeled by A, i.e., possessing an eigenvalue EA and eigenfunction The 
ciY are the annihilation operators of electrons in the site representation 
associated with a site index i and molecular orbital index y. Thus, y desig- 
nates the isolated molecular ion states characterized by gas-phase PES 
measurements and the CNDO/S models. The b,(q) are the annihilation 
operators of the longitudinal polarization fluctuations whose energy E,(q) is 
given by Eq. (5). The V l j  in Eq. (8c) are the intersite hopping integrals be- 
tween molecular ion sites in the solid. Finally, the V,(d given in Eq. (8b) are 
the electron-polarization-fluctuation coupling functions. Eqs. (8) together 
with Eqs. ( 9 4 7 )  describing the computation of the energies, E,(q), of the 
longitudinal polarization fluctuations define completely the model of a 
molecular anion, cation or exciton at a molecular site interacting both with 
those on other sites (via the V i j )  and with the (longitudinal) polarization 
fluctuations of the surrounding dielectric medium. 

To proceed further, we must know the eigenvalues {E1} and eigenfunc- 
tions of the electronic Hamiltonian, H e .  We argue in the following 
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74 C .  B. DlJKE 

section that static polarization fluctuations localize low-energy electrons and 
holes at individual molecular ion sites to form molecular anions and cations, 
respectively. Consequently, we take the (4,) as the molecular orbitals of 
these molecular ions. Since the {d,} are orthogonal we see that M,.,(q = 0) 
vanishes if the site indices are the same and the orbital indices are not. For 
interpretations of the UPS data it suffices to neglect the intersite hopping 
integrals so that d = (i, y )  and 

f;,(q) = dr3e- iq.r I d,(r - R,) I (9b) 
in which R, is a vector to the origin associated with the site labeled byj. 

The important consequence of these considerations resides in the result 
that in the independent-ion limit defined by Eqs. (9), M.,(q) is diagonal in 1. 
Hence, the Hamiltonian given by Eqs. (8) can be diagonalized by canonical 
transf~rmation.~’ This procedure eliminates the electron-fluctuation 
coupling term linear in Va(q) in Eqs. (8)and gives the intermolecular contribu- 
tions to the relaxation energy as the change in zero-point energy of the 
polarization fields created by the extra charge in the molecular orbital 
labeled by y,  i.e., 

g:(q, 0 ~ )  = I va(q)fy(q)/Eu(q) 1’. (lob) 

For our present purpose of illustrating the qualitatively different consequences 
on the PES spectra of different branches of the polarization fluctuation 
spectrum, we can treat the molecular ion states as spherical charge densities 
of radius R to get effective coupling constants integrated over q, i.e.’ 

In this model the zero-point energy expression for the relaxation energy, 
Eqs. (1 0), becomes 

Er(R, inter) = 1 q~(a)E,(O) 
U (lib) 

= 1 Er(R, a, inter). 
U 

The spherical charge model is suggested by PES data like those shown in 
Figure 1 because all of the molecular ion states are shifted in energy by the 
same amount in the solid state relative to the gas phase. Consequently, the 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

4:
21

 2
3 

Fe
br

ua
ry

 2
01

3 



LOCALIZATION IN MOLECULAR SOLIDS 75 

details of their wave functions cannot be important in evaluating the inter- 
molecular contributions to the relaxation energy. 

We now arrive at a crucial step of our analysis. Eqs. (1 0) and (1 1) presup- 
pose that the molecular-ion-state-induced change in the zero-point energy 
of the polarization field, a quantity which emerges from the diagonalization 
of the Hamiltonians given by Eqs. (2) or (8), is observed in PES. But a proper 
calculation of the molecular ion spectral density P(E) reveals that such is not 
the case.' 1.42 Rather it is necessary to distinguish between polarization 
fluctuations (or intramolecular modes, see Eqs. (2)-(4), Figure 2) which 
exhibit weak (g:(a) 6 1) and strong (gt(a) S 1) coupling to a particular 
molecular ion state labeled by y. Those fluctuations which exhibit weak 
coupling contribute to the intermolecular relaxation energy observed in PES 
whereas those which exhibit strong coupling lead to a homogeneous broad- 
ening of the PES ionization line associated with the state y. 

This important result is derived elsewhere.' ' ,42943 Its physical interpreta- 
tion is simple. The exact eigenstates of the coupled molecular-ionlpolariza- 
tion-fluctuation system consist of the molecular ion sharing its energy with 
fluctuations which co-exist with it. One such eigenstate consists of the molecu- 
lar ion having all of the energy and the fluctuations none. If this state is 
excited with the highest probability in PES, than the relaxation energy shift 
given by Eqs. (4), (10) or (1 1) is observed. Such is the case, however, only if 
g:(a) < 1, i.e., the molecular ion state y is weakly coupled to the ath branch 
of the fluctuation spectrum. If g:(a) % 1, then the most probable eigenstate 
of the coupled system is that in which the molecular ion shares precisely an 
amount Er(y, a, inter) of energy with the fluctuations. Thus, when this state 
is observed in PES, it appears to have a higher binding energy by an amount 
Er(y,  a, inter) because this energy is generated by exciting polarization 
fluctuations of the medium when the ion is created. This additional energy 
required to excite the polarization fluctuations exactly cancels the relaxation 
energy shift of the zero-fluctuation line, yielding a broad-band spectrum 
centred at the unperturbed molecular ion energy. Calculation of the rms 
width, ar(y), of this band using the same approximations which led to Eq. 
(1  1 b) for Er(R, inter) gives" 

a,z(R) = 1 a&.); g&) % 1 

.;(a) = $gi(a)E:(O) coth[Ea(0)/2~T)] 

= 4Er(R, a)Ea(0) coth[~,(0)/2Km 

(12a) 

(1 2b) 

a 

in which T designates the temperature and K is Boltzman's constant. More 
complicated formulae govern the lineshapes when gi (a)  - 1 as discussed by 
Duke et al. ' 
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I6  C .  R.  DUKE 

SINGLE 
NO INTRAMOLECULAR LATTICE 

COUPLING MODE (g - 2) MOMS COMBINATION 

(C) (d) 
-E -E 
t t 

FIGURE 4 Schematic indication of the molecular ion spectra density, p(E),  associated with 
an orbital in a rigid molecule [panel (a)] coupled to a discrete (e.g., intramolecular) mode 
[panel (b)], coupled to a continuum of modes panel (c)I, and coupled to both the discrete and 
continuum models [panel (d)]. [After Duke. *L ] 

To illustrate the general situation we show in Figure 4 a schematic diagram 
characteristic of intermediate coupling to an intramolecular fluctuation and 
weak coupling to continuum lattice fluctuations in a molecular crystal. As 
is evidence from the figure, the energy centroid 

E,  = 1 P(E)EdE = E, ( 1  3) 

is invariant under changes in electron-fluctuation coupling. The detailed 
shape of P(E)  depends, however, upon all the parameters describing the 
eigenstates of the Hamiltonians given by Eqs. ( 2 )  or (8), as described else- 
where.’ ’ *34*42,43 Consequently, detailed analysis of PES data requires a 
knowledge of these parameters. 

LOCALIZATION IN MOLECULAR INSULATORS 

Having assembled the requisite background concepts we now turn to our 
main topic: a consideration of the nature of the eigenstates of excess holes 
(or electrons, if appropriate) injected into molecular insulators. The Hamil- 
tonian on which we base our discussion has been given in Eq. (8c). Three 
central concepts underlie our analysis.’ First, in molecular insulators the 
electronic site energies, {tyi } in Eq. (8c), form a distribution due both to their 
dynamic modulation by longitudinal polarization fluctuations and their 
static modulation due to surfaces, defects, and local compositional variations. 
Second, the transfer (or “hopping”) integrals, { Vi,} in Eq. (8c) also form a 
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LOCALIZATION IN MOLECULAR SOLIDS 77 

distribution for similar reasons. Third, localization occurs when these fluc- 
tuations are sufficiently severe that they overcome the delocalization effect 
of the average hopping integrals 

p = < V , j ) A V .  (144 

This problem has been studied mathematically for many years using lattice- 
gas models in which electronic motion on a lattice characterized by various 
hypothetical static random distributions of { E ~ }  and { V i j }  is examined.44 
Roughly speaking, if we consider the first moments of these distributions 

A2 ((ci - E ) 2 ) , ,  

( A V 2  = w,, - 02>,, 
only localized states are obtained if 

A > CP (15) 

in which c is a constant of the order of the dimensionality of the system times 
the coordination number of a given site.45v46 Fluctuations in { V l j }  cannot 
by themselves induce complete l o ~ a l i z a t i o n . ~ ~ * ~ '  They can in effect reduce 
the value of c in Eq. (19, however, if present together with fluctuations in the 

An application of these mathematical results to predict the nature of 
electronic states in molecular solids has been given earlier.g For Van der 
Waals crystals we expect that electronic polarization fluctuations give 
&(inter) 2 1 eV whereas B 0.1 eV. Moreover, variations in E,(inter) at 
surfaces lead to static fluctuations A - Er(inter)/4 > cv. This fact has two 
interesting consequences. First, the combination of surface-induced relaxa- 
tion energy variations and the short inelastic-collision mean free paths, 3,  
for electrons photostimulated by UV light lead immediately to the predic- 
tion" of inhomogeneously broadened UPS lines: a result illustrated in 
Figure 5 for T N C Q , ' Y ~ ' * ~ ~  and widely observed experimentally. lo More- 
over, in the limit that & 5 d , ,  where d ,  is the intermolecular layer spacing 
normal to the surface, it was predicted'.'" that surface states should be 
observed because A > c r  Such states subsequently were observed in anthra- 
cene films,I2 as illustrated in Figure 6, by the disappearance of the high bind- 
ing energy peak in Z(Ek, hv) at glancing angle take-off (Le., 0 = 80"). These 
experiments also permitted the direct measurement of &(bulk; inter) = 1.5 
f 0.1 eV as opposed to E,(surface, inter) = 1.2 f 0.1 eV, in accordance 
with theoretical  expectation^.^^'^ 

Another significant application of these concepts has been the determina- 
tion of the nature of photostimulated molecular cation states in pendant- 
group polymers, specifically polystyrene (" PS") and poly(2-vinyl pyridine) 

{ti >. 
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78 C. B. DUKE 

LlRRl , E l  AL 

1 I 1 I 

10 12 14 16 I 
BINDING ENERGV (eV) 

(a) 

8.0 

6 .O 

4.0 

2.0 

o'oO.O 0.5 1.0 1.5 20 25 

N(E) 

BINDING ENEROYhV) 

FIGURE 5 Panel (a): comparison of the solid state3' and gas phase4" UPS data of 7,7,8,8- 
tetracyano-p-quinodimethane. E designates the shift (to lower binding energy) of the solid-state 
relative to the gas-phase UPS data. Note the increased broadening of the ionization peaks in the 
solid-state relative to the gas-phase data. Panel (b): computation of the observed solid-state 
UPS ionization peak, N ( E ) ,  of a gas phase line represented byf(E) which has been shifted in the 
solid state by an amount AE, = [En - (En - Es) exp( -/%I)] for a molecule in the layer at 
depth nd from the surface, where d is the layer spacing. Contributions from deeper layers are 
weighted by exp[ -an]. a = = 0.5, because of the inelastic collision damping or electrons 
elastically photo-emitted from molecules in these layers. [After Duke.'] 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

4:
21

 2
3 

Fe
br

ua
ry

 2
01

3 



LOCALIZATION IN MOLECULAR SOLIDS 19 

* 8- 

r ' . " " " ' i ' . . . ' ' ' . ' ~ " " ' ' " ' i  
8 7 6 5 

BINDING ENERGY (eV) 

FIGURE 6 The high-resolution He1 UPS(s) angle-dependent data on 1,,(1) of anthracene are 
shown. For clarity, the 0 = 20" data are approximately normalized to the peak intensity of the 
0 = 80" data at about 6.3-eV binding energy. 1J1) from Boschi ef d4' is shown for determina- 
tion of the top-layer relaxation energy, Ar( I )  = 1.2 + 0.1 eV and the subsequent layer value, 
A,(T 2 2) = 1.5 i 0.1 eV. [After Salaneck."] 

("PVP")." In these cases, the molecular nature of photostimulated low- 
energy exciton and cation states is immediately evident upon comparison of 
the gas phase and polymer UVA and UPS spectra as shown in Figures 7-9. 
The remarkable result evident in Figures 8 and 9, however, is that the 
measured relaxation energies, &, are identical for PS and PVP, despite a 
difference by a factor of about 2 in their static dielectric constants. The Born 
model of solvation, which is identical to Eqs. (10) for a spherical molecular 
ion charge density, predicts that 

Eqs. (1 1) and (16) lead to the expectation" that E, for PVP should be about 
4.5 eV relative to a value of about 1.3 eV for PS: a prediction in marked dis- 
agreement with the result that &(inter) = 1.5 f 0.1 eV for both polymers 
as shown in Figures 8 and 9. The theory described in the preceeding section 
of electron interactions with polarization fluctuation accounts for the experi- 
mental observations in a straightforward manner. l1 The coupling constants 
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POLYSTYRENE 

Q 
H ~ C - C H ~  

ETHYL 
BENZENE 

0 
BENZENE 

9. I 
UPS(s), 40.8 eV (m) PH 

UPS(v), 40.BeV PHOTONS 
9.1 

UPS(v), 21.2 eV PHOTONS 
9.25 

UPS(v), 21.2 PHOTONS 
(TURNER, ET AL) 

20 15 10 5 
BINDING ENERGY (eV) FOR POLYMER CURVE 

FIGURE 8 UPS data for the series of materials b e n ~ e n e ( v ) , ~ ~  2-ethyl benzene(v), 2-ethyl 
benzene(s), and polystyrenefs). The shift of 0.14 eV between the lowest-binding-energy peak for 
benzene and the 2-ethyl benzene reflects the effects of hyperconjugation induced by the ethyl 
group substituent. The additional shift of 1.5 eV between the vapor(v) and solid-state(s) spectra 
on 2-ethyl benzene arises from the intermolecular relaxation effects discussed in the text. The 
spectra are presented in the figure shifted relative toeach other by an amount such that the lowest- 
energy ionization potentials are aligned. The absolute values of these ionization potentials arc 
indicated in the figure. [After Duke cf ul."] 

&a) given by Eq. (1 la) are much greater than unity for the lower frequency 
torsional and ZR longitudinal polarization modes which lead to the increase 
in E(E, 0) by a factor of over two from E - 1 eV to E = 0 (see, e.g., Figure 
3). Therefore these polarization fluctuations homogeneously broaden the 
UPS lines rather than shift them. Since the electronic contributions to E(E, q) 
are essentially identical for PS and PVP, the measured ,!?,(inter) of these 
materials also are predicted to be identical, as observed. Moreover, the 
associated homogeneous contributions to the linewidths are od - 0.3 eV. 
Since this value is much smaller than the predicted inhomogeneous static- 
fluctuation-induced value os N Ere(inter)/2 = 0.75 eV, we expect the o b  
served UPS lines to be inhomogeneously broadened and about the same 
width in both PS and PVP, again in accordance with the measurements. The 
quantitative prediction of the experimental results by the model also is 
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82 C. B. DUKE 

9 
H2C-CH3 

. :' . .  

P H O m  
(TURNER, ET AL) 

,7.8 

,9.3 

' 9.8 

I , , , l I l  I l , I , , , , l , , ,  I I  
25 20 15 10 5 

BINDING ENERGY (eV) FOR POLYMER CURVE 

FIGURE 9 UPS data series of materials pyridine(v)," 2-ethyl pyridine(v), 2-ethyl pyridine(s), 
and poly(2-vinyl pyridine)(s). The shift of 0.5 eV between the lowest-binding energy peak for 
pyridine and for 2-ethyl pyridine reflects the effects of hyperconjugation induced by the ethyl 
group substituent. The additional shift of 1.5 eV between the vapor(v) and solid-state(s) data 
on 2-ethyl pyridine arises from the intermolecular relaxation effects discussed in the text. The 
spectra are presented in the figure shifted relative to each other by an amount such that the 
lowest-energy ionization potentials are aligned. The absolute values of these ionization potentials 
are indicated in the figure. [After Duke er al."] 

excellent,'* although a more detailed consideration of this topic lies beyond 
the scope of the present paper. 

The analysis of localization in molecular solids given by Dukeg further 
predicted band-like motion in the segregated stack linear-chain charge trans- 
fer salts (because A 5 P) and a transition from hopping to band-like motion 
in Van der Waals crystals with decreasing temperatures below T N 100°K 
(because A - cT'I2). The former prediction was in accord with certain data 
available at that time,' and subsequently has been buttressed still 
The latter phenomenon had not been observed previously, but subsequently 
this prediction also has been verified for naphthalene.' Therefore all of the 
expectations based on Eqs. (14) and (15) together with our earlierg theoretical 
estimates of A, AV, and P for molecular solids have been borne out by 
subsequent experimental measurements. 
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LOCALIZATION IN MOLECULAR SOLIDS 83 

SYNOPSIS 

In a series of earlier  paper^^.^.'^ a model of electronic states in molecular 
solids was proposed in which the localized or extended nature of these states 
results from a competition between site-energy fluctuations (induced by re- 
laxation-energy fluctuations) and electron (or exciton) transfer integrals. 
This model, described by Eqs. (8), (14) and (15) herein, was applied to examine 
the microscopic nature of the states of charges injected into several types of 
molecular solids, specifically segregated-stack, linear chain charge transfer 
salts, Van der Waals crystals, and pendant-group and molecularly-doped 
polymers. The parameters characteristic of the model were estimated and 
several previously unnoticed phenomena (e.g., polarization-fluctuation-in- 
duced surface states, molecular-ion states in pendant-group polymers) were 
predicted. In the present paper we have reviewed extensions of this model to 
include dynamic as well as static relaxation-energy fluctuations and more re- 
cent experimental tests of the model's predictions. All of the new phenomena 
predicted9 by the model subsequently have been ~bserved.'*"~'~ Mo reover, 
in those cases in which the model and its extensions could be tested quanti- 
tatively" *12 it has proven adequate to describe the measurements. We argue, 
therefore, that this model provides a useful perspective from which to view 
the microscopic character of electronic states in molecular solids. 
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