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A simple theory (VB-CT) is developed for predicting nonlinear optical 
properties of organic materials. Application of this theory to donor-acceptor 
charge-transfer molecules leads to analytic formulae for the absorption frequency, 
hyperpolarizabilities, and bond length alternation. Derivative relationships be
tween hyperpolarizabilities (with respect to bond length alternation) are derived. 
Using a continuum description of the solvent in the VB-CT framework leads to 
the VB-CT-S model which gives results for solvent shifts in good agreement with 
experiment. To predict the saturation behavior of polarizability and hyperpo-
larizability with respect to polymer length, we developed the VB-CTE model 
which is applied to nine polymeric materials. 

There is a great deal of industrial interest in nonlinear optical (NLO) 
materials for use in 

(Ï) optical processing of data/images, 
(ii) optical storage of data/images, 

(iii) optically based telecommunications, and 
(ivj optically based computers. 

The important properties for these applications are the hvperpolarizabil-
ities. The effect on the energy (E) of applying an external electric field (£) 
is / ·* \ 

Ε = Eo - μ · £ (1) 

where μ depends on £ as in (2) 

μζ(£) = μοζ + OizzSz + βζζζΕ2

ζ + Ίζζζζε\ + δζζζζζεΐ (2) 

The polarizability is defined as 

"-(&)· < 3 ) 

the first hyperpolarizability as 

β (4) 
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342 COMPUTER-AIDED MOLECULAR DESIGN 

the second hyperpolarizability as 

^zzzz — 

and the third hyperpolarizability as 

*"·"=\. (W) ' {6) 

where each is evaluated at £ = 0. 
The properties of most current interest are β and 7 which control 

(1) frequency doubling (better focus, more data), 
(ii) changes in refractive index (electro-optical switch for telecommu

nications), and 
(iii) frequency mixing. 

Currently LiNbOz is the material of choice for such applications. However, 
polymers would provide great advantages in ease of processing and for tailoring 
the properties to match precise requirements. 

Recent advances in developing new high 7 organic materials [S. Marder, 
J. Perry, and coworkers (3-5)] include the development of such materials as (4) 

Donor Acceptor 

We report here a simple method, VB-CT, for predicting the NLO properties of 
these materials (6-T). 

A typical approach for predicting polarizabilities involves summing over 
intermediate states formed from molecular orbitals. Thus for a laser frequency 
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25. GODDARD ET AL. Valence Bond Charge Transfer Theory 343 

ω the polarizability and hyperpolarizabilities have the form (8) 

atj(-w,w) = 2I-W>W (^-) V ' Γ 9 η Τ η 9 

\ η ) wng - w 

fiijk(-w<y;w1,w2) =3K(-w<T;w1,w2) (^2^ Ι-^Λα 

V ~ ^ ' J rgnrnmrmg 1 

\ (Wmg - W„)(wn, - W 1 ) f 

(10) 

(11) 

lijki{-u>*\ wi,w2,w3) =4K(-wa; Wi,W2,W3) 

r»' r>3 <p^ ipl 
gp pn nm' mg 

L m n p (Wpg - Wa)(wng - W l - W2){wmg - Wl) (12) 

-Σ' 
r»' <pj r*^ <pl 
' gm' mg' gn' ng 

(wmg - wa)(wng - lui)(lun<7 + w2) 

Here ; 

(i) g indicates the ground state and Σ indicates that g is excluded from the 
sum over excited states.. 

(ii) fl

kl = rl

kl — rgg, where rl

kl is component i for the dipole matrix element 
between states / and k. 

(iii) ωσ = Σί ωχ 
(iv) K(— ωσ\ω\,ω2,ωζ) is a numerical factor determined by the nature of the 

N L O process. 
(ν) Ι _ σ ; 1,2,3 denotes the average of all terms generated by permuting 

σ,ω\',ω2,ωζ. 
Given a good description of the excited states this sum-over-states ap

proach can be used to predict accurate values of a, 7. However there are two 
problems: 

(i) it rapidly becomes very complicated and expensive as system size in
creases 

(ii) there is no obvious relationship between α, /?, 7 or between these proper
ties and other properties (D, A , linker length) of the system. 

V B - C T Theory 
We have developed a new approach (denoted V B - C T ) (6) for predicting 

N L O properties. Valence bond charge transfer (VB-CT) is based on a valence 
bond description, using only the two states, Φ νΒ and Φ ς τ , corresponding to the 
left and right sides of (7) or (8). V B - C T theory determines all N L O properties 
(a, /?,7,£) and establishes relationships between them. It involves two main 
parameters t and V which can be extracted from the experimental A m a i (or 
from theory). It can be used to predict the solvent dependence and should 
be useful for designing new materials by tuning the donor (D), acceptor (A), 
polymer linkers, and solvent. 
N o Solvent. The V B - C T model assumes that the wavefunction of the molecule 
and all properties can be described as a linear combination 

^gr = Λ / 1 - / ^VB + V 7 * c r (13) 
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344 COMPUTER-AIDED MOLECULAR DESIGN 

of the two valence bond configurations, Φy Β and #cr- The optimum charge 
transfer (CT) fraction, / , in (13) is determined by the relative energy of # V B 
and Φοτ, the coupling between them, the change in the dipole moments, and 
the solvent polarity. 

Without solvent the Hamiltonian is 

£ ) · < i 4 ) 

where 

and 

This leads to a bandgap of 

and to a C T fraction of 

(*CT\*VB) = 0, (15) 

-t = {VCTMVVB), (16) 

V = ECT — ΕγΒ- (17) 

Eg = Vv2+4t2 (18) 

1 V _dE1L 

J 2 2y/V*TW dV ' K J 

where Egr is the energy of the ground state. 
Bond Length Alternation. Since #cr and Φy Β involve alternate resonant 
descriptions of the intervening polyene unit, the increase of / from 0 to 1 will 
change each double bond (R = 1.33À) of the polyene to a single bond (R = 
1.45A) and vice versa. Thus the bond length alternation (BLA) coordinate 
changes from q = — 0.12Â = qyB to q = +0.12Â = qç? as the CT fraction / 
goes irom 0 to 1. leading to a one-to-one relationship. The contributions to the 
Hamiltonian (14) are 

EVB = \k{q-q°VB)\ (20) 

EcT = V0 + lk(q-q°CT)2. (21) 

where Vo is referred to as the adiabatic excitation energy. 
The equilibrium structure qopt obtained by solving 

^ = 0 (22) 
dq 

leading to 

Qopt = ^ (q°vB + QCT) + \ (Q°VB ~ QCT) ^ Ν ^ + ^ (2SA) 

= QVB ~ f (QVB ~ QCT) 

= -0.12 + 0.24/ (236) 

Thus / and qopt are linearly related to each other. 
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25. G O D D A R D E T A K Valence Bond Charge Transfer Theory 345 

Figure 1 illustrates the dependence of the B L A on Vb using 

t = l . l eV , (24a) 

a force constant in (20), (21) of 

k = 33.55 eV/k2 = 773.7 kcal/molk2 = 5.38 mdyn/cm, (246) 

from U F F (10), and Vb = 1 eV. This leads to qopt = -0.069Â. If V B and C T 
are degenerate (Vb = 0) then qopt = 0. Further stabilization of C T to Vb = — 1 
eV reverses the B L A to qopt = +0.069Â. 

Appl i ca t ion of an Electr ic F i e ld . For systems such as (7) and (8) , the polar-
izability and hyperpolarizability are dominated by the ζ component (chain axis), 
and we will ignore all other components. Assuming that only Ψ ο τ contributes 
to the dipole moment, we write 

ματ = QeRDA (25) 

where Q (expected to be between 0.5 and 1.0) is the net charge transfer for #cr-
In an applied external electric field, £, the Hamiltonian (14) becomes 

(26) 

Equations (13), (17) and (19) apply also for finite fields but with V replaced by 

V£ = V - μοΤε. (27) 

In particular the change in / due to the applied field is 

df _ df dV£ _ 2^μΟΤ _ Ά2μοτ 
d£ dVe d£ ( V / + 4 < 2 ) 3 / 2 E] 

(28) 

Polar izabi l i t ies . Given the dependence of the ground state energy on the 
external electric field, the dipole moment of the ground state, μ ζ , is obtained 
from 

μ*{ε) = -^=ΐμοΤ (29) 

and the polarizability and hyperpolarizabilities are obtained from (3)-(6), lead
ing to 

Λ , _ „2 4f . 2t μ α τ . , 
a " = -*<nWe

 | f = 0 ~~Ëf~ ( 0 ) 

β ι " -~2~~dV) Ι ε = ° - El ( 3 1 ) 
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q, the bond length alternation coordinate (A) 

Figure 1. Relation between the energy curves for (i) pure V B and (ii) pure 
C T states for Vo = 1 eV. The ground state and excited state resulting from 
interaction of V B and C T . Egap = hc/Xmax is the observed transition energy. 
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25. GODDARD ET A L . Valence Bond Charge Transfer Theory 347 

μ%τ d?f 4t^*CT[V2-t2} 
Ί"" = - ~ d V Î Ι ε = 0 = Ε~\ ' ( 3 2 ) 

&τ#1 _ 5t^5

CTV[V*-3t2] 
24 dV£ | f _ 0 Ε] 

(33) 

(The following discussions will omit the ζ subscripts.) 
Thus V B - C T leads to analytical equations for all hyperpolarizabilities in 

terms of the atomistic parameters t and V\ This contrasts wit η the usual result 
(10X12). 
Predict ions of μ, α, β, and j F r o m V B - C T Theory. As / increases 
from / = 0 to f = 1, the V B - C T model leads to an alternation in which the 
polyene double bonds for Φ ν Β change to polyene single bonds in Φ ο τ and vice 
versa. Since there is a linear relation (23b) between / and qopt [the change 
in bond length alternation (BLA)] and since / determines the polarizability 
and all hyperpolarizabilities, then a single B L A parameter, qopt, determines the 
polarizability and all hyperpolarizabilies. This has been anticipated by Marder 
et al, (9) who pointed out that B L A is a useful parameter for examining the 
structure-property relationships of NLO materials. They showed that the β and 

X values can De tuned by varying B L A . In addition they carried out finite-field 
M l calculations (9) and showed the relationships of α, β and 7 to qopt. Their 

results provide a good test of V B - C T theory. 
In order to illustrate the relationships, we used (19), (23). and (30W33) 

to calculate / , qopt, α, β, 7, and £ as a function of V , all with trie fixed values 
of t and k from (24). This allowed us to obtain a, /?, 7, and δ as a function of 
/ , Figure 2. The shapes of the polarizability curves are insensitive to the value 
t. Thus the salient factor for polarizability and hyperpolarizability is the bond 
length alternation. 

General observations from these relations are as follows: 
(i) a has a maximum for / = | , 

(ii) β is the derivative of a with respect to / , leading to a maximum in \β\ 
at / = 0.276 and 0.724 and zero at / = f. 

(iii) 7 is the derivative of β with respect to / , leading to the largest magnitude 
(a minimum) at / = | , with secondary maxima (1/4 the magnitude) at 
/ = 0.173 and / = 0.827. Where \β\ is a maximum, 7 = 0. 

(iv) δ is the derivative of 7 with respect to / , leading to maxima in \δ\ at 
/ = 0.357 and / = 0.643 and secondary maxima at / = 0.117 and 
/ = 0.883. Where I7I is a maximum, δ = 0. 
Special cases are: 

(a) When V = 0 (VB and C T states degenerate), we have 

f = \ , qoPt = 0, t = E9/2. (34) 

At this point, α is a maximum, β = 0, |-y| is a maximum, and δ = 0. 
(b) When | V | = |t|, we have 

Ε 
f = 0.276 or 0.724, qopt = ±0.0538Â, t = (35) 

v 5 

Thus I/?I is a maximum and 7 = 0. 
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Figure 2. Predicted properties (α, β,Ύ,δ) as a function of CT fraction, / . 

 Reynolds et al.; Computer-Aided Molecular Design 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



25. G O D D A R D E T A L Valence Bond Charge Transfer Theory 3 4 9 

(c) When |V| = y/3\t\, we have 

/ = 0.173 or 0.827, qopt = ±0.0785Â, t = (36) 
v7 

Thus |7| is a maximum and S = 0. 
ComD arison with A M I Calculations. The VB-CT results are compared 
with AMI calculations (9) (dots) in Figure 3. In making these comparisons we 
used Q = 0.69 for c*; 7, and δ but Q = 0.51 for β. The AMI results for Θ and 
7 agree quite well with VB-CT theory. VB-CT has a go to zero as / —> 0 or 1, 
whereas AMI calculations lead to about half the maximum. This is probably 
because the current VB-CT calculations ignore the polarizability for a fixed VË 
or CT structure (it could have been included). 

Solvation Effects. Placing a CT molecule into a polar solvent leads to reorien
tation of both the solvent and solute molecules. This changes the relative energy 
of and #cTj (17), which through (14) changes the optimum fraction, / , 
of CT character in the ground state (13). Assuming that only CT contributes, 
the dipole moment of the ground state becomes 

μ = ίμοτ = fQeUDA = ί<2μΌΑ (37) 

In the VB-CT-S model (7) we assume that electronic states other than 
Φ y Β and #CT have much higher energies and that t (the coupling between 
Φ ν Β and Φατ) is independent of solvent. Thus quantitative evaluation of the 
solvation effects requires only the change in relative energy, (17), due to the 
presence of solvent, and we write 

Vs = V + AVS (38) 

Here V is the energy difference between ΦyΒ and #CT without solvent and AVs 
is the change in the relative energy caused by the addition of solvent. Including 
BLA the final V is obtained from (19) using Vs in place of V. 

To evaluate AVs we approximate (11) the donor and acceptor by two 
spheres of radius rr) and with charges distributed symmetrically as in (39) 

(39) 

The net result is D o n o r A c c e P , o r 

AVs = - ^ - ( l - - ) f Q 2 S F , (40a) 

where 
SF = — + — - -w—, (406) 

2ro 2rA RDA 

depends only on the geometry. 
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Figure 3. Comparison of predicted properties (α, 7, £) with AMI calculations 
(reference 9). 
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The polarizabilities have the form (30)-(33) where ματ is given by (37) 
and V is replaced by Vs, (38). 

Measurements in solution lead to the rotationally averaged values of the 
polarizabilities, 

β ~ μ ' El ( 4 2 ) 

ι _ 4 * y C T ( r » - t » ) y 
7 - g 7 « « - b E 7 W 

Comparison with Experiment. The dots in Figure 4c show the experimental 
values (4) of the second hyperpolarizability 7 for molecule (7) in a variety of 
solvents 

To compare VB-CT-S theory with experiment, we must evaluate six pa
rameters: t, Vb, SF, RDA, Q, and k. Using the Universal Force Field (10) (UFF) 
in conjunction with Charge Equilibration theory (12) to predict the charges, we 
obtain 

RDA = 7.30Â (44) 
for molecule (7). Similarly UFF (10) leads to the value of k in (24b). The 
remaining parameters t, VQ, SF, ana Q are each intrinsic parameters of CT 
molecules and can be determined directly from experiment (4). 

From (35), 7 is zero when |V| = Experimentally (4) 7 = 0 for a 
solvent polarity of e = 2.209, leading to E9 = 2.648 eV for this polarity. Thus 
from |V| = \t\ and (7), we can evaluate t for (7), 

t = Eg/VE = 1.184eV. (45) 

Vb and SF can be obtained by fitting absorption peaks in two different solvents. 
We chose dioxane (ei = 2.209 with absorption energy Egi = 2.648 eV), with 
CH3CN (e2 = 37.5 and Eg2 = 2.604 eV). This leads to two equation of the form 

^0 + \k [(qi - q°CT)2 - (ft - qVB)2] - (l - j ) UQ2SF = VV -4 ' 2 > 
(46) 

where depends on t and Eg. Solving equation (46) leads to 

Q2SF = 0.0373Â" 1 (47) 

V0 = 0.833eV (48) 

To separate out Q from SF, we can fit to the magnitude of 7 at some e. We chose 
to do this for CH3CN (e = 37.5). The experimental value (4) is jstatic = -35 
esu, whereas the calculated value would be 7 = —118 esu for Q = 1. This leads 
to 

Q 4 = 0.297, (49a) 
or 

Q = 0.738, (496) 
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352 COMPUTER-AIDED MOLECULAR DESIGN 

Substituting into (47) leads then to 

SF = 0.0685Â" 1 (50) 

Given t, Vb, SF, Q, R D A , and k from (45), (48), (50), (49), (44), and 
(24b) we can calculate α, β, 7, and S for all solvent polarities, e. The resulting 
averaged values are shown in Figure 4. 

Currently only y is available from experiment, Figure 4c. Despite the 
simplicity of this model, VB-CT-S fits reasonably well with experiment (4). It 
will be valuable to measure the a and β for this molecule in various solvents in 
order to further test the model. 
Use in Design and Prediction. The VB-CT-S model is quite simple. It 
involves 

i. two properties (k and RDA) which can be obtained from the force field 
(spectroscopy or theory) 

ii. three electronic parameters (Vb, t, Q) characteristic of the isolated 
molecule, which can be derived from theory or experiment on the iso
lated molecule or from experiment in solution [as illustrated in above] 

in. one solvent independent parameter, 5F , which must be obtained from an 
experimental value of the α, β, or 7 in a polar solvent. 

Given these six parameters one can predict the properties [ À m a x , α, β, 7, *5, and 
qopt] as a function of solvent polarity. 

In designing new nonlinear materials, one might consider replacement of 
the donor, of the acceptor, or of the linker. The value for Vo should depend 
strongly on the ionization potential (IP) of donor (D) and the electron affinity 
(EA) of acceptor (A). These in turn might be related to the change in redox 
potentials for some solvent. Similarly the differential charge transfer. O, can be 
estimated from IPp and Ε A A- The effect of changing the length 0 1 tne linker 
or of replacing the polyene linker in (7) with other polymers is discussed below. 
Linker Excited States 

The VB-CT model assumes that all other excited states are much higher 
than the VB and CT states. In particular the resonant states involving the 
bridge or linker must be much higher. For octatetraene the absorption maxima 
is about 4 eV indicating that the resonance state of the linker in equation 51 is 
more than 4 eV above tne VB state. 

Since the donor-acceptor molecules considered here have the CT state about 1 
eV above the VB state, neglect of the resonance state should be a good approx
imation. When the energy of the resonance structure is similar to those of VB 
and CT, the contributions from the linker resonance state must be included. 
This complicates the theory so that the results are no longer analytic. 

To predict the dependence of α, β, η on polymer length, we developed 
valence bond charge transfer exciton (VB-CTE) theory (8). Here the excited 
states are considered as charge transfer excitons with an electron removed from 
the HOMO on one monomer and added into the LUMO on another monomer 
ρ sites away. With some additional approximations this leads to an analytic 
result and to saturation behavior in good agreement with experiment. Thus for 
polythiophene (52) we obtain the results in Figure 5. 
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Figure 4. The predicted dependent of polarizability on solvent polarity (ex
pressed in terms of the static dielectric constant e). (a) Polarizability, a. (b) 
Hyperpolarizability, β. (c) Second hyperpolarizability, 7. (d) Third hyperpolar
izability, δ ζ ζ ζ ζ ζ . The values plotted are the static averages values. For 7 in (c) 
a comparison is made between theory (solid line) and experiment (dots). 

Continued on next page 
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VB-CT-E theory involves just two parameters t and V = IP — Ε A. They 
axe related to bandwidth Β and bandgap Eg by (53) and (54), 

Β = 4* (53) 

Eg = V - 2t (54) 

The saturation length for polarizability is (55), 

£ β ~ 1 + 2 θ £ (55) 

and the saturation length for second hyperpolarizability is (56), 

£ 7 ~ l + 3 8 : £ . (56) 

Thus applying V B : C T - E to other polymers require only two pieces of informa
tion, say a bandwidth and a bandgap. Table I shows the predictions for the 
polymers in Figure 6. 
Table I. Saturated values for a and 7 and saturation lengths ( L a , L 7 ) predicted 
from VB-CT-E theory. These values assume ω = 0. 

Quantity Band Band tb Vb Saturation Ίζζζζ/Ν Quantity 
Width Gapa Length 

Β Eg La 

(10"34esu) Polymer (eV) (eV) (eV) (eV) (10"23esu) (10"34esu) 

6a 3.9 2.1 1.0 4.1 5.8 10.1 2.41 11.3 
6bc 3.5 3.4 0.9 5.1 4.4 7.5 1.13 2.54 
6c 2.8 3.0 0.7 4.4 4.2 7.1 2.49 15.9 
6d 3.8 3.2 0.95 5.1 4.8 8.2 1.13 2.55 
6e 2.5 2.2 0.6 3.4 4.6 7.8 3.88 44.9 
6f 3.3 3.3 0.8 5.0 4.2 7.1 0.40 0.51 
6g 2.7 5.4 0.7 6.8 3.0 4.8 0.083 0.020 
6E 1.3 3.1 0.3 3.8 2.6 4.0 1.09 3.45 
6 j - 2.77 0.83 4.09 5.0 9.0 1.77 6.87 
61 - 1.8 0.83 2.85 6.8 12.0 5.65 82.1 

aFrom theory. 
6 From experiment values of B, Ei 
cTwisted (22°). 

First Principles Prediction of Solvent Effects 

We are using PS-GVB/SOLV {13,14) to predict ab initio solvation effects 
for molecules such as (7) and (8). PS-GVB/SOLV considers that there is a 
dielectric continuum with dielectric constant e surrounding the molecule as in 
Figure 7. Here the interface is the van der Waals surface around each atom. 
The procedure is as follows: 

1. The PS-GVB program (14) is used to calculate the HF or GVB wave-
function and tne optimum orbitals are used to determine the electron 
density. 

2. The density from step 1 is converted to point charges (using electrostatic 
potential derived charges). 
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a Polydiacetylene(Acetyleneic) b Polyparaphenylene 

/ 
m 

c Polyparaphenylene vinylene d Polyprrole 

m 

Θ Polythiophene vinylene 

g Polymethineimine 

f Polyvinylene sulfide 

h Polybenzothiophene 

:οκο 

i Polyacetylene (trans) 

C H ^ C H -

j Polythiophene 

Figure 6. Polymers considered in Table I. 

Figure 7. Illustration for PS-GVB/SOLV calculations. 
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3. DelPhi (from B. Honig of Columbia) calculates the solvent response to 
the charges from step 2, using the Poisson-Boltzmann equation. The net 
result is a set of charges at the interface representing tne effects of the 
polarized solvent. 

4. The interface charges from step 3 are input to PS-GVB which solves for 
a new HF or GVB wavefunction consistent with the solvent polarization. 

5. The results in step 4 are used in step 2 and the process is iterated until 
convergence. 

The net result is a wavefunction and structure self-consistently adjusted to the 
solvent. This should provide the ability to consider entirely new systems. 
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