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An all-valence-electron self-consistent-field linear-combination-of-atomic-orbitals molecular-orbital
procedure including configuration interactions for calculating the magnitude and sign ‘of the nonlinear second-
order molecular susceptibility components (hyperpolarizability) for substituted dipolar aromatic molecular
systems is reported. Three fundamentally important examples, aniline, nitrobenzene, and p -nitroaniline, are
considered. Analysis of the microscopic origin of their molecular second-order susceptibilities provides a
direct means for understanding the macroscopic nonlinear optical response of organic molecular solids which
have already been observed to possess exceptional nonlinear optical properties. The important excited states

+ of aniline, nitrobenzene, and p-nitroaniline have been identified and examined in their relationship with the
molecular second-order susceptibility-tensor components B;;,. The detailed nature of the charge separation
accompanying these states has been discussed in terms of both the configurations composing the excited
states, and also the one-electron molecular orbitals which determine those configurations. These results
demonstrate how the bond-additivity approximation is inappropriate for p-nitroaniline. Finally, the frequency
dependence of the 8 components in each case shows that the Kleinman relations are valid approximations

only at relatively low frequencies.

1. INTRODUCTION

Recently considerable interest has centered
around the unusually large nonlinear second-order
optical susceptibilities of organic solids and liq-
uids.'™® Commonly these solids and liquids are
composed .of dipolar aromatic molecules that
are substituted with m-electron donors and ac-
ceptors and exhibit intramolecular charge
transfer between the two groups.®*** As dis-
cussed by Davydov and co-workers, Levine and
Bethea, and Oudar, Chemla, and co-workers, the
resulting charge transfer states are believed to
play a dominant role in contributions to the ob-
served optical nonlinearities. Present descrip-
tions such as phenomenological two-level mod-
els'*#3% gppear inadequate to account for these
contributions, and questions concerning the val-
idity of bond additivity and the dispersion of non-
linear susceptibilities remain. It would thus be
desirable to obtain a suitable microscopic de-
scription that relates the properties of the
charge-separated states with the nonlinear sec-
ond-order optical susceptibilities.

In this paper, we report an all-valence-elec-
tron self-consistent-field linear-combination-of-
atomic-orbitals molecular-orbital (SCFLCAO
MO) procedure including configuration interactions
for calculating the magnitude and sign of the non-
linear second-order molecular susceptibility com-
ponents (hyperpolarizability) for substituted di-
polar aromatic molecules. Since our principal
interest is organic solids and polymers, the
understanding of microscopic second-order mo-
lecular susceptibilities B,;, is motivated by the

fact that the crystal macroscopic second-order
susceptibility X3%(~2w; w, w) can be expressed as

~a sum of N molecular contributions

X =2w; 0, )= Nf ,, f ;3 f e Byl =205 w, w) , - (1)

where B, is determined from vapor-phase or
liquid-solution measurements and terms such as
fu represent local-field corrections. Three fun-
damentally important examples, aniline, nitro-
benzene, and p-nitroaniline, are considered.
Crystals of nitroaniline derivatives exhibit the
largest nonlinear second-order susceptibilities
reported to date for organic solids.!r7+*9:28,29,37
Aniline and nitrobenzene provide relevant limiting
cases where the benzene ring is substituted sep-
arately in each case with an electron donor (NH,)
and an acceptor (NO,) group. Their study is in-
tended to define how the interaction between the
benzene ring and the different substituent groups
manifests itself in the tensor components of B,,,.
Aniline, nitrobenzene, and p-nitroaniline, mo-
lecular structures of which are given in Fig. 1,
belong to the C,, point group. The coordinate
origins are chosen as centered in the molecular
rings with the x axis along the permanent dipole
moment direction and the z axis normal to the
molecular plane. The nonzero tensor components
of B{jk are Bxxx’ wa’ szz’ Byxw wa’ Bzxz’ and
B,.., Where for second-harmonic generation B
=B,,y and B,,.=B,,,. When the Kleinman rela-
ti\ons38 apply, the distinct nonzero components re-
duce to just B,,,, B,,,, and B,,.. InSec. Il we pre-
sent a theoretical description for calculating the
tensor components of B8,;, based on SCFLCAO MO*
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FIG. 1. Molecular structures of aniline, nitrobenzene,
and p-nitroaniline.

methods including configuration interactions,*°+*

In Sec. III a semiempirical parametrization meth-
od using the computationally accessible CNDO
method is outlined. Comparisons are made be-
tween the calculated electron structures and ex-
perimental photoemission and ultraviolet absorp-
tion data for each case. In Sec. IV the calcula-
tions of the tensor components of 8 1jr AT€ pre-
sented for aniline, nitrobenzene, and p-nitro-
aniline. Theé calculated results are examined in
detail to trace the important contributions to B,,,
in each system. The question of bond additivity is
addressed, and the frequency dependence of the
B,;, components is presented to see where the
Kleinman symmetry relations remain valid.

II. DESCRIPTION OF MOLECULAR SECOND-
ORDER SUSCEPTIBILITY

In the frequency range above vibrational and ro-
tational modes and below electronic resonances,
the dipole approximation with the perturbing Ham-
iltonian H'= B« ¥ sinwt yields the electronic sec-
ond-order susceptibility B,;, expressed in the fol-
lowing convenient form*2:

esl

ﬁ.+B = e — z (1,-1, i gk k’ i, f)<

ijk R, 2 7 Y +7 ¥ ¥

J ikj 4% gn’ " n'n" gn egn'" n'n’ gn (w",g

n#n’
n#g
n' g

1 ' 1 )
= W)Wyt @) ( Wy o+ WA Wy — W)

i o0 gk o ok o
+ (vl vl b vl
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mnen ((w,,lg+ 20)(Wpp+ W) +(w,,.‘— 20) (W, ~ @)

G oak i gk o o
+ (7",",7", it Vo ¥l i) <

1 1 )
(w".g— w)(w,,‘-— 2w) +(wn'g+ w)( Wret 2w)

1
4 T Dbl 400 s r ik arke rl At 209 e |
n ng ng

where summations are over complete sets of
eigenstates ¥, and ¥, of the unperturbed molecu-
lar system. The quantities such as 7}, and »{,
are matrix elements of the {th components of the
dipole operator for the molecule between the un-
perturbed ground and excited states and between
two excited states, respectively; Ari=rl —7f is
the difference between the excited- and ground-
state dipole moments, w the frequency of the ap-
plied electric field, and w,, the difference between
excited- and ground-state energies.

The second-order susceptibility expression [Eq.
(2)] can be evaluated by means of molecular Har-
tree-Fock theory as given by Roothaan.?*** In
this formalism the unperturbed ground-state wave
function ¥, for a closed-shell system of 2 elec-
trons is expressed as a single antisymmetrized

(2)

r
product of molecular-orbital functions ¥,

‘I’Fdet[‘pﬂﬁ'”‘/’f‘zs"'d’lzzll . (3)

The elements of the determinantal wave functions
are represented in the LCAO approximation as

Zpi:z:cul‘pu’ (4)

where ¢ , are atomic orbitals. The coefficients

of the atomic orbitals are calculated self-consis-
tently through Roothaan’s equations to obtain the
¥, and the corresponding one-electron energies €;:

Z (FW—G,SW)CW=O, (5)
14

where the Fock matrix F,, and overlap integrals
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S, are given by

Fu=H,+ ), Pulluvro) =5(urjve)]  (62)

Ao

and

Sw= [ $upsr. (6b)

Here the core Hamiltonian matrix H
matrix P,
are given by

uys density
and two-electron repulsion integrals

H,,= f ¢ H%¢ AT, ’ (6c)
occupied
P,=2 Z CuiCois (6d)
i=l

and
(wv]ro)= [ 6,617 6,(2p(2dr,dr,,  (6e)
12

and the molecular Hamiltonian by

1
H=30 HP™+ Y, —, HP™=-3Vi- 3 Za (61)
1 <y T 72 Yai

where the sum on i( A) is over electrons (nucleii),
and Z, is the net core charge.

The excited-state wave functions ¥, are ex-
pressed as a linear combination of configuration
functions restricted to singly-excited configura-
tions

‘1’n=2 A 1> iXgmjs ()
$0d E

with X, ; an antisymmetrized product of one-elec-
tron molecular orbitals where because of sym-

metry, only spin singlet states need be considered.

The wave functions and energy eigenvalues E, of
the excited states are determined by solving for
A, ;.; in the secular equation '

Z An.;—»jAn,t»l(Xi-»j|H'En|xk—>z>=0- (8)

fodekel

The dipole moment matrix elements »{,, r:,”, and
Ay} are expressed as sums of one-electron inte-

grals®

i = 4 i
Vot = E Ap i iAn st fx,_,,M Xpr 14T
tedeksl

= E " Ay i g A a0y =0 ymby) (9a)
thdskol

'rfm; ﬁz An. i->.lm gl ’ (gb)
i

and

i ’ 1 i
Ari= Z Ap i Ap pr (O m by = 8, mi,)
tedokel

+E |An.i—>!|2(m;j—m§i)' (9¢)
i

The primed summations are understood to exclude
terms in which i=k and j=[ simultaneously. M?

is the ith component of the molecular dipole op-
erator

Mi=-3" ri+ Y Z,RY, (10)
o A

where 7} is the ith component of the position co-
ordinate of the ath electron, and R} is the ith
component of the position of the Ath nucleus having
net core charge Z, e. The mjj are one-electron
dipole integrals over molecular orbitals,

mi,= f Y (F )ty (F)dF
= Zcmcwf¢ur’¢pdf, (11)

where the integrals over atomic orbitals can be
evaluated explicitly.

III. SEMIEMPIRICAL CALCULATION PROCEDURE

Our procedure in evaluating the expression for
By [Eq. (2)] consists initially of a semiempirical
parametrization method that is guided by two
standard requirements: the one-electron eigen-
value solutions (€,) of the Roothaan equations
[Eq. (5)] are to provide a suitable description of
experimental photoemission data, and the con-
figuration-interaction calculations of excited-state
energies (E,,) and ground-to-excited -state transi-
tion moments (r:") are required to agree with
ultraviolet absorption data. Finally, the calcu-
lated excited-state energies and ground-to-ex-
cited -state transition moments are used along
with the dipole moment matrix elements r}, and
Ar! in the evaluation of the terms appearing in
the expansion for B, in Eq. (2).

The semiempirical method chosen was the well-
known CNDO method*® as modified by del Bene
and Jaffe* and later by Lipari and Duke.*® This
particular parametrization, in addition to being
a simple and direct numerical procedure, was
chosen for its accurate description of both photo-
emission and ultraviolet absorption spectra of
benzene. Furthermore, the model relies on only
a few empirically adjustable input parameters.

In this approximation the overlap matrix S, is
replaced by the unit matrix in the solution of Eq.
(5). Furthermore, three- and four-center elec-
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tron-repulsion integrals are neglected and the
remaining integrals are reduced to an average
electron repulsion between atoms:

(v |ro) 28,0, (ki |AN), (mp|M) 2y,,, (12)

where A(B) is the atom on which atomic orbital
(1) is centered. vy 4p 18 evaluated by means of
the Mataga-Nishimoto expression,* in which the
intra-atomic Coulomb repulsion integrals y ,,
were empirically determined. If penetration inte-
grals are also neglected, the resulting equations
stating the CNDO approximation are

Z(Fuv_€16uv Cyi :‘0’ (13)

Fou=U,,+(Py, —%Puu)yAA+ Z (Pog=Zp)Y 455
B#A

(14a)
Fuu=Huv"%Puv7AB’ b#v. (14b)
In the expression for F,,, orbital u is centered
on atom A, and Z, is the core charge on atom A.
Also,

PBB=ZPM (15)

centered on

atom B
is the net electron population on atom B. U, is
a core Hamiltonian matrix element for an elec-
tron in orbital u and is given by

Uyy=1,-(Z,=y,,, (16)

where I, is the valence-state ionization energy
for atomic orbital u. The final quantities to be
defined are the off-diagonal core Hamiltonian ma-
trix elements H,,. They are given by the Pople-
Segal expression

H,,=-%(B,+B)S,,, 17)

where S, is the overlap integral between u and
v, and B,(B,) is a hopping integral which refers
to the atom on which u(y) is centered. del Bene
and Jaffe** distinguished between ¢ and 7 bonding
by using different B values for ¢ and 7 interac-
tions. Recently the CNDO method was further
modified by Lipari and Duke* who used B, and 8,
to represent hopping between sites centered with
s and p atomic orbitals, respectively. Further-
more, in this modification the Slater orbital ex-
ponent ¢ is also empirically adjusted.

The complete set of empirical parameters then
consists of valence-state ionization energies (I),
hopping (resonance) integrals (8), Coulomb repul-
sion integrals (y), and Slater orbital exponents
(¢£). The input parameters were systematically

adjusted for the two monosubstituted benzene de-
rivatives, aniline and nitrobenzene (Fig. 1), to
describe the photoemission data and ultraviolet
absorption spectra, and quantitatively agree with
the molecular second-order susceptibilities. The
final set of input parameters for aniline and nitro-
benzene was then used without further modifica-
tion in the calculations for the photoemission
data, ultraviolet absorption spectrum, and mo-
lecular second-order susceptibility of p-nitro-
aniline (Fig. 1).

It was found that the results of the adjustment
procedure were particularly sensitive to the de-
gree of electron localization on the individual sub-
stituent groups. The spatial extent of the molec-
ular orbitals was carefully studied by systematic-
ally varying the orbital exponents: ¢: 2.50 At
\gNH(N)\.‘S 70 AL, 2. 50<§NO (N) <4.60, 3.44
< &yo, (O) 5.16; and the hoppmg mtegrals B:

23 eV < Byy, (NZs) <28 eV, 18< BNH (N2p) <23, 23

< Byo, (NZS) <30, 18< BNO (N2p) < 25 25 < BNO (02s)
<31, 20 < ﬁNO (02p) <26. For example an in-
creased &(B) results in an increased (decreased)
electron localization through a decrease (increase)
in the magnitude of the off-diagonal core Hamil-
tonian matrix element H,, defined above. The
final choices for the input parameters are listed

in Table I. The parameters used for benzene ring
atoms were taken as originally reported.*

The calculations were performed for a fixed
geometry of the molecules. A regular benzene
ring was assumed for all systems. The remaining
bond lengths and bond angles were obtained from
reported x-ray structural and spectroscopic stud-
ies.*”"%° Cartesian coordinates were chosen for
each system so that the benzene ring lies in the
x-y plane, with the substituent nitrogen atoms
placed on the x axis. Nitrobenzene and p-nitro-
aniline possess planar structures and so are
members of the C,, point group. Aniline, how-
ever, is nonplanar (bent) in its ground state.*’+*®
The NH, hydrogens are elevated above the plane
of the benzene ring, resulting in a 46° angle be-
tween the ring plane and that containing the NH,
group. The symmetry of bent aniline is C,. Cal-
culations were performed on both planar and bent

\

TABLE 1. Input parameters.

Parameter C H NNu2 NNo2 o
¢ (&) 3.78 2,30  3.03 3.03 4.10
Bs (V) 20.0 10.0 25.0 23.0  25.0
B, (eV) 17.0 ‘e 20.0 18.0  20.0
v (eV) 10.6  12.8 124 124  13.1
I (eV) 21.3  13.6 27.5  27.5  35.5

L (eV) 11.5 cer 143 143 17.9
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TABLE II. One-electron eigenvalues.

Aniline (Planar) Aniline (Bent) Nitrobenzene p-nitroaniline
Level Energy (eV) ILevel Energy (eV) Level Energy(eV) Level Energy (eV)
26 3.38 byl0) 26 3.35 by(0) 31 1.50 a4(0) 34 1.70 ay(0)
25 2.86 ay(0) 25 2.89 a4(0) 30 1.17 by(m) 33 1.34 by(m)
24 1.96 a,(0) 24 1.98 a,(0) 29 1.00 b,(0) 32 1.09 by(o)
23 1.93 by(m) 23 1.88 by(m) 28 0.70 a;(0) 31 0.96 a4(0)
22 1.87 by(o) 22 1.87 by(o) 27 —0.20 a4(0) 30 0.11 ay(0)
21 1.06 a;(0) 21 1.07 aylo) 26 -0.51 by(m) 29 —0.24 by(m)
20 —0.41 by(m) 20 —0.51 by(m) 25 —1.45 ay(m) 28 —1.36 ay(m)
19 —0.71 ay(m) 19 —0.71 ay(m) 24 —2.53 by(m) 27 —2.26 by(m)
18 —8.91 by(m) 18 ~9.14 by(m) 23 ~10.73axm) 26 —9.60 by(m)
17 —10.00 ay(m) 17 —10.00 ay(m) 22 —10.93 by(m) 25 —10.74 ay(m)
16  —12.19b,0) 16  —12.20by0) 21  —-12.064a40) 24  —11.88 a4(0)
15 -12.35 a,(0) 15 -12.26 a,(0) 20 —12.60 ay(m) 23 —12.26 ay(m)
14 —12.47 by(m) 14 —12.73 by(m) 19 —12.80 by(0) 22 —12.55 by(0)
13 —14.95by(0) 13 —14.96 by(0) 18 . =13.26 by(0) 21  —13.05 by(0)
12 =15.31by(0) 12  -15.08a4(0) 17 -14.04a40) 20  —13.15 by(m)
11 -15.35 a4(0) 11 —15.30 by(0) 16 —14.30 by(m) 19 —14.21 ay(0)
10 —15.41 by(m) 10 -15.92 by(m) 15 —15.90 by(0) 18 —15.24 by(0)
9 —17.61 a4(0) 9 -17.62 a,(0) 14 —16.21 by(o) 17 —15.84 by(o)
8 —19.05 by(0) 8 —19.11 by(0) 13 -17.12 a4(0) 16 —16.77 by(m)
7 -19.61 a4(0) 7 —19.50 a,(0) 12 —18.36 by(0) 15 ~16.91 a,(0)
6 —23.63 a4(0) 6 —23.46 a4(0) 11 —18.92 a4(0) 14 —17.43 by(0)
5  —24.31 by(0) 5  —24.39by(0) 10  —20.65ay(0) 13  —19.25ay(0)
4 —28.90 a4(0) 4 —28.67 a4(0) 9 —21.06 by(m) 12 —20.18 by(m)
3 —30.20 by(0) 3 —30.24 by(0) 8 —22.19 a4(0) 11 —20.26 by(c)
2 —34.42 a4(0) 2 —34.47 a4(0) 7 —24.50 by(0) 10 ~20.42 ay(0)
1 —39.40 ay(0) 1 ~39.90 a4(0) 6 —26.48 ay(0) 9 —22.00 ay(0)
5  —30.86 by(0) 8  —25.45 by(0)
4  -32.63 ay(0) 7 —26.28 a4(0)
3 -37.16 a4(0) 6 —30.97 by(o)
2 —38.03 by(0) 5 —31.14 a,(0)
1 -48.13 ay(0) 4 —36.02 ay(0)
3 —37.31 by(0)
2 —41.52 ay(0)
1 —46.85 a4(0)

1183

aniline. The planar calculation allowed C,, sym-
metry assignments to be given to the wave func-
tions. The results of the bent calculation were
also assigned to representations of C,, based on
the similarity of the wave functions to those of
the planar calculations.

In Table II are presented the molecular eigen-
values and the symmetry assignments of the mo-
lecular eigenfunctions of planar and bent aniline,
nitrobenzene, and p-nitroaniline. All occupied
and the eight lowest-energy virtual levels are
shown for the four calculations. Along with the
symmetry assignments, the o or 7 character of
each orbital is indicated.

The molecular eigenvalues of the calculations
are related through Koopmans’s theorem®' to mo-
lecular ionization energies as measured with
photoemission spectroscopy. Comparisons be-
tween calculated eigenvalues and ionization ener-
gies are shown in Figs. 2-4. The theoretical
curves were obtained by placing a Gaussian dis-

tribution of width 0.2-0.4 eV upon each molecular
eigenvalue, To allow for electron relaxation in
the photoionization process, a constant was added
to each eigenvalue. The constant was determined
empirically by adjusting the eigenvalue of the
highest occupied orbital to coincide with the first
ionization peak. Inspection of the curves in Figs.
2 and 3 for aniline and nitrobenzene show satis-
factory agreement between the calculated eigen-
values and the photoemission data.*?®® In the case
of p-nitroaniline the calculated curve in Fig. 4
provides a clear description of the photoemission
curves.’ In the important low-energy region, the
peaks near 8.7, 9.8, and 11.0 eV represent the
b,(m), alm), and a,(0) levels, respectively. The
oxygen lone pair gy (7) level along with the b,(0)
give rise to a doublet at 11.5 eV. In agreement
with experimental statements® the structure ap-
pearing within the region between 9.8 and 11.0 eV
probably represents vibrational structure.
Limited configuration-interaction (CI) calcula-
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tions were carried out using the molecular orbi-
tals and eigenvalues listed in Table II. All possi-
ble singly-excited aniline configurations involving
the two highest occupied and the two lowest virtual
molecular orbitals were mixed to yield the first
four excited states for aniline. In nitrobenzene
and p-nitroaniline three occupied and three virtual
molecular orbitals were used in the CI calculation
to form the first nine excited states. The calcu-
lated ground-to-excited-state transition energies
and oscillator strengths for planar and bent ani-
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FIG. 4. Photoemission data for p-nitroaniline (dashed)
(Xe represents the 2P, /2 and 2P3 /2 lines of xenon); cal-
culated one-electron eigenvalue spectrum for p-nitroan-
iline (solid). .

line, nitrobenzene, and p-nitroaniline are pre-
sented in Tables III, IV, and V, respectively.
Also listed are ultraviolet absorption data obtained
in the vapor phase for the three molecules,3%:55=58
Comparison of the calculated and observed transi-
tion energies and oscillator strengths shows sat-
isfactory agreement. This agreement is further
illustrated for the case of p-nitroaniline®® by Fig.
5. The compositions of the CI states are given in
Tables III-V as linear combinations of singly-ex-
cited configurations. In the notation used for x,_,,
i and j refer to the occupied and virtual levels, re-
spectively, appearing in Table II.

IV. DISCUSSION

The excited-state energies and ground-to-ex-
cited-state transition moments listed above for

~each case were combined with the CI values for

the dipole matrix elements £, and Ar? to calcu-
late the terms contained in the expansion of 8 e
All components of 8 1k for each of the three cases
were calculated, and the values of the nonzero
components are given in Table VI. The calcula-
tions confirmed that since the molecules belong

to the C,, point group, all other components van-
ish by symmetry. Some components are present
only for bent aniline since the C,, symmetry is
lowered in this system. The values listed in Table
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®K. Kimura and S. Nagakura, Mol. Phys. 9, 117 (1965).

VI are evaluated at the fundamental frequency
1.17 eV/#%, which corresponds to the 1.06-u line
of a Nd:YAG laser. '

The results of the calculations can be compared
with measurements from dc-induced second-har-
monic generation (dc-SHG) in liquid solu-
tions,11+13:15:21,2%,2 The measured quantity is the
vector part of the molecular second-order sus-
ceptibility tensor and without Kleinman symmetry
is given by the relation®°-%2

Bx= Bxxx+ % E (ﬁxii+ ZBUx) ’ (18)

i#x

where the x axis remains aligned along the dipolar
axis of the molecule. A discussion of the vector
nature of B, appears in the Appendix. Table VII
shows the comparison between experimental'3:1%2
and calculated values of 8, for aniline, nitroben-
zene, and p-nitroaniline. By symmetry B, has the
same sign as the ground-state dipole moment in
each case.'®*® The present calculations correctly
predict the sign of 8, for these systems, and the
calculated B, values agree in magnitude with the
measured quantities to within experimental un-
certainty. The calculated B, value for p-nitro-
aniline is compared with the experimental result
measured in nonpolar trans-stilbene by Levine
and Bethea!® since p-nitroaniline is subject to
strong polar solvent effects.””**® We have sep-
arately observed by these calculations that such
effects can significantly alter the electronic struc-
ture of p-nitroaniline, resulting in marked en-
hancement of 8,.

In the calculation of B, for each case, the B8,
component is the major contribution (Table VI).
Moreover, only those excited states that trans-
form as the A, representation of the C,, point
group are symmetry allowed in the determination
of B,,,. The x operator is isomorphic to the A,
representation of the group C,,. Thus dipole cou-
pling may occur between states of the same sym-
metry since A, is the totally symmetric represen-
tation. In the perturbation expansion for 8,,,
every term consists of a product in which at
least one factor is a dipole coupling to the ground
state, which is also totally symmetric. Hence any
two excited states n and »’ in an arbitrary term
for B,,, must both be of A, symmetry.

The remaining components B,,,, B, B, and
B,.. contained in B, are smaller than B, because
the dipole moment difference betweeéen ground and
excited state, AY,, which is an important quan-
tity in determining B,,,, has no y or z component
because of C,, symmetry. Only off-diagonal di-
pole moment matrix elements and transition mo-
ments continue to contribute to the components of
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TABLE IV. Excitation energies and oscillator strengths for nitrobenzene.

Experimental ? Calculated
Energy Oscillator Energy Oscillator

(eV) strength | Symmetry (eV) strength Composition
B, 4.26 (0.0007) 0.93X51-r24+ 0.38X31-26

4.38 (0.01) B, 4,49 (0.042) 0.83X 5524 — 0.52X 5525 — 0.19X33-26

5.11 0.17) Ay 5.28 (0.344) 0.96X 39004+ 0.27Xz3025+ 0.05X 93556

6.42 (0.38) B, 6.17  (0.351) 0.68X59-r25+ 0.54X53-024 + 0.49Xp3-26
Ay 6.35 (0.696)  —0.92Xz395" 0.31X20->26 + 0.24X 99294
A, 6.82 (0.0) 1.00X 2125
B, 7.05 (0.0) —0.93X a2+ 0.38Xn12

7.56 (0.87) B, 7.07 (0.683) 0.85X 55025 — 0.51X 3595 — 0.12Xp3594
Ay 7.35  (0.240) 0.95X55-26— 0.29X 5395+ 0.13Xp9524

?S. Nagakura, M. Kojima, and Y. Maruyama, J. Mol. Spectrosc. 13, 174 (1964).

B,;, involving y or z. Inspection of the intermedi-
ate results of the calculation for each system re-
veal that these off-diagonal terms are always rel-
atively small.

The correlation diagram for aniline, nitroben-
zene, and p-nitroaniline is presented in Fig. 6 to
illustrate the important one-electron molecular
levels that contribute to the A, -state configurations
in each case. For aniline, the A, states determin-
ing B,,, are located at 5.35 and 6.51 eV and pri-
marily consist of the respective configurations
X17-10 @0d X; 4, 5. The one-electron levels 17, 19,
and 20 are a,(7), a m), and b,(7) levels, respec-
tively, that are nearly identical to the correspond-
ing a,(7) and b,(m) benzene levels contained in the

doubly degenerate e, (7) and e,(7) sets. The oc-
cupied level 18 is a particularly important b,(w)
level in that it is a combined benzene-ring—NH,-
substituent-group level whose eigenfunction has a
relatively large amplitude on the NH, group. The
b, - b, configuration X, ,,, has a calculated larger
dipole moment change from the ground state than
the a,~ a, configuration X,, ,,,. From Eq. (9¢) the
diagonal components Ax,, ; for this difference are
given by

BX 5= X oo | MF| Xy ) = (0 | M| )

=mj; —-my;. (19)

We find for aniline that Ax,, , ,,=2.1 D while

TABLE V. Excitation energies and oscillator strengths for p-nitroaniline.

Experimental Calculated
Energy Oscillator Energy Oscillator
(eV) strength | Symmetry (eV) strength Composition

B, 4.20 (0.0004)  ~0.93X94—97— 0.37X24>29

4.35% Ay 4.37 (0.493) —0.98Xg6—97— 0.17X95->23+ 0.06X 5629

(3.85)°  (0.64)° B, 4.38 (0.012)  —0.81Xgg-95+ 0.54Xg5-97 — 0.22Xp5-599
B, 5.57 (0.394) —0.84X 55597 — 0.54X95->28— 0.07X35->29

5.73 Ay 6.14 (0.089) —0.8TXgg>29+ 0.48X95->28— 0.13X 2627
Ay 6.63 (0.726) 0.86X35-28+ 0.49X 629~ 0.12X 9627
Ay 6.80 (0.0) 1.00X34—>28
B, 7.06 (0.303) 0.97X 2529 — 0.22X 995+ 0.07X 9527
By 7.49 (0.0) —0.93X2429+ 0.37X94-27

2 F, Bertinelli, P. Palmieri, A. Brilliante, and C. Taliani, Chem. Phys. 25, 333 (1977)

(Vapor Phase).

by F Corbett, Spectrochim. Acta 234, 2315 (1967) (z-hexane solution).
¢ V. L. Danilova and Yu. P. Morozova, Opt. Spectrosc. 12, 5 (1962) (n-hexane solution).
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ABSORBANCE

80

ENERGY (eV)
FIG. 5. Ultraviolet absorption data for p-nitroaniline
(dashed); calculated excitation spectrum for p-nitroan-
iline (solid).

Ax;,,,0=0.4 D. Comparison of the corresponding
MO diagrams given in Figs. 7 and 8 illustrates
how the larger value for Ax,q,,, arises from re-
distribution of electron density away from the NH,
nitrogen site into the benzene ring. In contrast,
only minor changes occur along the x axis between
¥, and 3,,, accounting for the relatively small
value of Ax,,_,,q.

Of the remaining components only 8, and B,
combine with B, . in determining B,. Components
of B,;, involving z, such as B,,, and 8,,,, vanish
identically in aniline. Since there are no aniline
excited states of B, symmetry, no dipole coupling
to the z operator can occur. Furthermore, as de-
scribed above, components of 8,;, involving y or
z are smaller than B,,,, and for aniline 8,,, and
wa together constitute less than one fourth of the
total value of 8,.

In the case of nitrobenzene, the A, states most
important to B,,, are located at 5.28 and 6.35 eV.
These states are composed primarily of the two
configurations X,,_,,, and X,;_,.;, respectively.
The one-electron levels 23 and 25 are ringlike
a,) levels very similar to their counterparts in
both aniline and benzene, and the occupied b,(7)
level 22 corresponds to the b,(7) level of benzene.

Importantly, level 24 is a combined b,(m) level of
benzene with a large contribution from the NO,
group. This arrangement of b,(7) levels in nitro-
benzene is reversed from that of aniline, where
it is the occupied level 18 that is a combined ben-
zene-ring —substituent-group level and the virtual
level 20 that is essentially a benzene level. As in
aniline, the b, - b, configuration exhibits a dipole
moment change from the ground state, Ax,,_, .,
=3.9 D, much larger than that for the q,~a, con-
figuration, Ax,,,,,=0.1 D. Contour diagrams for
the b,(m) molecular orbitals 3,, and i,, given in
Fig. 9 show that in this case the larger Ax,, , ,,
results from transfer of electron density away
from the benzene ring out onto the NO, substituent
group. The corresponding diagrams for the a(m)
orbitals ,; and i, in Fig. 10 exhibit no redistri-
bution of electron density along the x axis, con-
sistent with the smaller value for Ax,,  ,. The
remaining nitrobenzene A, excited state at 7.35
eV, which is composed primarily of configuration
X2z 26, ONly contributes approximately 5% to the
total value of 8,,,.
There is a minor 10% contribution to B, from
the components B,,, and B,,.. It is interesting to
point out that the excited state of B, symmetry
which determines 8,,, and 8,,, is composed of the
nitrobenzene » —* configuration x,_,,,. The B,,,
and B,,, components add a negligible 0.1% to 8,.
The features found important to B,,, for aniline
and nitrobenzene hold in the case of p-nitroaniline
as well. The A, excited states composed of b, ~ b,
and ag,- a, configurations provide the major terms
for B,,,, and b, - b, configurations exhibit a larger
dipole moment change Ax,, ; than a,~ a, config-
urations. Moreover, reference to the correlation
diagram of Fig. 6 shows that in the region con-
taining the highest occupied and lowest empty one-
electron levels, the level distribution and order-
ing for p-nitroaniline and nitrobenzene are nearly
the same except for one important added feature.
In addition to the first empty b,(7) level 27 being
the combined benzene-ring-NO, level originating
from nitrobenzene, the highest occupied b,(7) lev-

TABLE VI. Components of 8, in units of 10™% cm®/esu calculated at 1.17 eV (1.06 p).

Aniline Aniline
Component (Planar) (Bent) Nitrobenzene p-nitroaniline
XXX 1.221 0.899 —2.539 8.635
XYY 0.253 0.208 0.311 -1.328
X2z 0.0 0.0 0.003 —0.004
XXZ 0.0 0.002 0.0 0.0
YYZ 0.427 0.322 0.192 —0.796
zXX 0.0 0.002 0.0 0.0
zYy 0.0 —0.001 0.0 0.0
zzx 0.0 0.0 0.004 -0.005
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TABLE VII. Comparison of calculated and experimen=-
tal determinations of 8, in units of 1073 cm®/esu.

Experimental £15% Calculated

Aniline 0.92 1.59 (planar)
1.1° 1.18 (bent)
Nitrobenzene -2.02 -2.30
-2.2°
p-nitroaniline 6.4° 6.53

# B. F. Levine and C. G. Bethea, J. Chem. Phys. 63,
2666 (1975) (measured at 1.06 ).

b 5. L. Oudar and D. S. Chemla, J. Chem. Phys. 66,
2664 (1977) (measured at 1.06 ).

°B. F. Levine and C. G. Bethea, J. Chem. Phys. 69,
5240 (1978) (measured at 1.3 ).

el 26 is the combined benzene-ring~NH,-group
level from aniline. This special feature leads to
highly asymmetric charge-separated states which
dominate the calculations of B ik for p-nitroaniline.

LALAMA AND ANTHONY F. GARITO

20
Of the three p-nitroaniline A, states located at
4.37, 6.14, and 6.63 eV, the lowest energy state
is composed primarily of X26-27- The two higher
energy A, excited states at 6.14 and 6.63 eV con-
sist mostly of the configurations y,s_,.5 and Xz¢_.z0;
respectively, The levels 25 and 28 are the famil-
iar ringlike a,(m) levels described above. Level
29 is similar to the b,(7) level 27, with an addi-
tional node between the NO, nitrogen and the ring.
The lowest-energy A, state of p-nitroauiline is
responsible for almost the entire magnitude of
B In the calculation, the product (x,,)*Ax,,
where x,, is the transition dipole moment, occurs
in the major terms for B, .. Inspection of the
intermediate results shows that only the lowest-
energy A, state yields relatively large values of
both x,, and Ax,. As in the cases of aniline and
nitrobenzene, the excited state consisting mostly
of the a,—a, configuration y,,_, ,, has a character-
istically low value for Ax,;_, ., (0.7 D) compared to
the b, - b, -configuration-dominated states in which
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FIG. 7. Contour diagrams
of molecular orbitals 17
(bottom) and 19 (top) of ani-
line drawn in the plane z
=0.6 A. Positive and neg-
ative values are indicated
by solid and dashed lines,
. respectively. Outermost
T oI contour lines have a mag-
nitude of 0.1, with succes-
sive lines increasing (de-
creasing for negative con-
c tours) by 0.1 increments
toward atomic sites.
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FIG. 8. Contour diagrams of molecular orbitals 18
(bottom) and 20 (top) of aniline drawn in the plane z
=0.6 A. Positive and negative values are indicated
by solid and dashed lines, respectively. Outermost
contour lines have a magnitude of 0.1, with successive
lines increasing (decreasing for negative contours) by
0.1 increments toward atomic sites.
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FIG. 9. Contour diagrams of molecular orbitals 23
(bottom) and 25 (top) of nitrobenzene drawn in the plane
z2=0.6 A. Positive and negative values are indicated by
solid and dashed lines, respectively. Outermost con-
tour lines have a magnitude of 0.1, with successive
lines increasing (decreasing for negative contours) by
0.1 increments toward atomic sites.

Ax,g ,,=6.5 D and Ax,_,,,=3.6 D. However, only
the lowest-energy A, state also possesses a large
transition dipole moment: x5 ,=4.4 D in con-
trast with x5, ,=0.9 D.

These results are clearly illustrated by the fol-
lowing contour diagrams. Figure 11 for y, and
},, clearly shows that in the configuration X, _,
electron density is transferred from the region
of the NH, group across the ring to the NO, group
and its neighboring carbon sites. In Figs. 12 and
13 contour plots are drawn for the two functions
@46 — (¥5;)? and (P56)(d5;), which are related to
AXysz AN Xy, 4 o, Tespectively:

Ao op=— f[(ll)zs)z—(wm)z]xdx ,
(20)
x26->2'l,g=‘/§f(zl)%)(¢?l)xdx'

Each function exhibits a marked asymmetric dis-
tribution across the entire length of the p-nitro-
aniline molecule. This is evidenced by the posi-
tive value of these functions in the vicinity of the
NH, group and the negative values located on the
NO, group. Accordingly, the first moments as-
sociated withx appearinginthe Egs. (20) yield rel-
atively large values of Axys .z a0d X5, 57,0 '
The asymmetry of the product functions along
the x axis which characterizes X,_, 5 is not pres-
ent in the configurations composing the other A,
states, for example, X,_ 5. The functions ()2
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FIG. 10. Contour diagrams of molecular orbitals 22
(bottom) and 24 (top) of nitrobenzene drawn in the plane
z2=0.6 A. Positive and negative values are indicated by
solid and dashed lines, respectively. Outermost con-
tour lines have a magnitude of 0.1, with successive
lines increasing (decreasing for negative contours)
by 0.1 increments toward atomic sites.

—(4)% and (P )(8,5) are plotted as contour dia-
grams in Figs. 14 and 15. The combination
($25)(¥,5) exhibits an asymmetry along the x axis,
resulting in a large value for x,_, 28, 10 CON-
trast, (¥,5)% - (¥o)° is nearly symmetrical along
the x axis, resulting in a small value of Axy_, 5.
In addition to B,,,, B,,,, and B, contribute 13%
to B, in p-nitroaniline while g8, and B,,, have
virtually no effect on B,, constituting 0.05% of the
total. As in nitrobenzene, the B, excited state in
p-nitroaniline which is responsible for 8,,, and

B,.. is composed of an n—~7* configuration X,,_, ».
The bond-additivity approximation!3:1%+20:23,64=66
assumes that 8, for p-nitroaniline is a vector sum

of the measured B, values for aniline and nitro-
benzene. The apparent difference between the
bond-additivity result and the observed value of
B, for p-nitroaniline has been ascribed to an addi-
tional term due to intramolecular charge trans-
fer.** The results of our calculations demon-
strate how this approach exceeds the limits of the

approximation. The A4, excited states which are
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FIG. 11. Contour diagrams of molecular orbitals 26
(bottom) and 27 (top) of p-nitroaniline drawn in the plane
z=0.6 A. Positive and negative values are indicated
by solid and dashed lines, respectively. Outermost
contour lines have a magnitude of 0.1, with successive
lines increasing (decreasing for negative contours) by
0.1 increments toward atomic sites.

primarily responsible for B, values for aniline

and nitrobenzene have no counterparts in p-nitro-
aniline. For example, reference to the correla-
tion diagram of Fig. 6 shows that the b,(7) levels
20 of aniline and 22 of nitrobenzene, necessary

to their respective A, excited states, are com-
pletely absent in p-nitroaniline. Rather, as de-
scribed above, B, for p-nitroaniline is determined
by an A, excited state that is unique to this system
and contains no contributions which derive from
the hyperpolarizabilities of either aniline or nitro-
benzene.

FIG. 12. Contour diagram of the product function
@ 26)2 - @ 27)2 of p-nitroaniline drawn in the plane z
=0.6 A. Positive and negative values are indicated by
solid and dashed lines, respectively. Outermost con-
tour lines have a magnitude of 0.03, with successive
lines increasing (decreasing for negative contours) by
0.03 increments toward atomic sites.
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FIG. 13. Contour diagram of the product function (¥ 55)
¥ 37) of p-nitroaniline drawn in the plane z=0.6 A. Pos-
itive and negative values are indicated by solid and
dashed lines, respectively. Outermost contour lines
have a magnitude of 0.03, with successive lines in-
creasing (decreasing for negative contours) by 0.03 in-
crements toward atomic sites.

The frequency dependence for each nonzero B,
tensor component is shown in Figs. 16, 17, and
18 for planar aniline, nitrobenzene, and p-nitro-
aniline, respectively. In the low-frequency region
(w~0.8 eV/7) each curve exhibits relatively small
dispersion and correspondingly the Kleinman
symmetry conditions®® B, = B,,, are satisfied.
Above 0.8 eV/7 the Kleinman relations begin to
break down in each case, and importantly at the
Nd:YAG laser frequency 1.17 eV/7(1.06u) 8,,,
differs appreciably from B,,,. However, assum-
ing Kleinman symmetry at this frequency, which
is common practice, leads to B, values differing
by only 10%. As 2w approaches the first excita-
tion frequency (w,,~4 eV/%), each component
begins to diverge widely. Finally, Fig. 19 com-
pares the dispersion of 8, for aniline, nitroben-
zene, and p-nitroaniline.

V. CONCLUSION

We have presented a successful calculational
procedure for determining molecular second-or-
der susceptibilities. Analysis of their micro-
scopic origin provides a direct means for under-

FIG. 14. Contour diagram of the product function
@ 25)2-— ® 28)2 of p-nitroaniline drawn in the plane z
=0.6 A. Positive and negative values are indicated by
solid and dashed lines, respectively. Outermost con-
tour lines have a magnitude of 0.03, with successive
lines increasing (decreasing for negative contours) by
0.03 increments toward atomic sites.
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FIG. 15. Contour diagram of the product function
¥ 95) (¥ 28) Of p-nitroaniline drawn in the plane z=10.6 A.
Positive and negative values are indicated by solid and
dashed lines, respectively. Outermost contour lines
have a magnitude of 0.03, with successive lines increas-
ing (decreasing for negative contours) by 0.03 incre-
ments toward atomic sites.

standing the macroscopic nonlinear optical re-
sponse in organic molecular solids. The particu-
lar molecular units considered here are model
systems for those classes of organic solids which
have already been observed to possess exceptional
nonlinear optical properties.

The important excited states of aniline, nitro-
benzene, and p-nitroaniline have been identified
and examined in their relationship with the mo-
lecular second-order susceptibility tensor com-
ponents Bm’ The detailed nature of the charge
separation accompanying these states has been
discussed in terms of both the configurations
composing the excited states, and also the one-
electron molecular orbitals which determine
those configurations. These results demonstrate
that the bond-additivity approximation is inapprop-
riate for p-nitroaniline. Finally, the frequency
dependence of the 8,;, components in each case
shows that the Kleinman relations are valid ap-
proximations only at relatively low frequencies.
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FIG. 16. Frequency dependence of 8 .., By, and
B yyx Of aniline.
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FIG. 19. Frequency de-
pendence of 8, of planar
1 aniline (dotted), nitroben-
zene (dashed), and p-nitro-
aniline (solid).
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where repeated indices are summed over and y;
is the jth component of the molecular ground-state
dlpole moment [i. This can be re- expressed as

ﬁ p. where B is the vector part of the third-rank
tensor B, ;, defined as

'8 ”3(Bknm5mn+5nkm nm+ (A2)

a particular component, say k=1 (or x), becomes

nmk nm)

B, = %(3111 + Byao+ Brag+ Biyy + Baya+ Bais
+Bu1y + Booy + Bagy) - (A3)
Second-harmonic-generation symmetry requires
B;jz=B; so that
By = 5(3By1y + Byaa+ 2B + Bugs + 2B5g;)

=3111+%Z (B1jj+ 26”1)- (A4)
i
By applying the transformation properties of

third-rank tensors, one can show that the quantity
B, does indeed transform as a vector. Consider-
ing two coordinate systems, primed and un-
primed, the transformation properties for a vec-
tor V are

Vi=ayV;, (A5)

where the a,; are the direction cosines between
the coordinate systems and obey the orthogonality
relations

@4505= 054055= O gy - (A6)

If B, transforms as a vector, it must obey an

equation of the form B;=a,,8,, whichfrom Eq. (A2)
results in

ﬁ;z:’ %akl(Blmné + Bnlm nm+ ﬁnmlénm) ¢ (A7)

The right-hand side of Eq. (A7) now implies a sum-~
mation over all indices in B,,,. so that all three
terms above are equal, resulting in

Bk- gy nttrrm (A8)

For the vector part of 8, in the primed coordi-
nate system

Bk—3(3knm6nm+ﬁnkmmn B' 6 ) (A9)

Next Bm is expressed in terms of Biir through the
tensor transformation relations

Biin= 1% jm@eB 1un- (A10)
We then obtain for 8 in terms of e
Bi= %(akianjamlﬁulénm + Ay Q1B 510
+ A j031B 510 ) - (A11)

Since the products involving the g;; commute, all
three terms on the right-hand side of Eq. (A11) are
equal, resulting in

Bi= Ay iOni@niBisr s (A12)

where the sum over m has been performed ex-
plicitly in each of the three terms by using the
properties of the & function. Furthermore, from
the orthogonality relations one finds

B;:= akideBl,il ) (A13)
which is equivalent to Eq. (A8).
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