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The most important contribution to nonresonant vibrational nonlinear optical properties arises from
nuclear relaxatioNR). In previous work a set of static field-induced vibrational coordiné#Ss)

has been developed to simplify calculation of the NR contribution within the infinite optical
frequency approximation. Although the number of FICs is small and independent of molecular size,
these coordinates form@mpleteset. However, the infinite optical frequency approximation does

not take into account the frequency dispersion, which we evaluate for three conjugated organic
molecules that span a range of polarity and valence-bond/charge transfer characteristics. Our results
show that dispersion can be significant and that, in such cases, frequency-depend€RDFFG39

are necessary for an adequate treatment. A complete, though still small, set of FD-FICs is presented
for this purpose. Computational tests reveal that a reduced subset, together with an harmonic
approximation, can be used to achieve high accuracy outside the infiRedegion. That subset

is complete for the electro-optic and Pockels and Kerr effects though not for other common
properties. ©2001 American Institute of Physic§DOI: 10.1063/1.1390525

I. INTRODUCTION square bracket types, e.§g?] terms contribute in zeroth-

) i o i order, but vanish in all odd orders; on the other hand, the first
It is well-established that vibrational motions often play n,nyanishing 114] terms are second-order while all subse-
a major role in nonlinear optlce_(INLO) properties- _For _%uent odd orders vanish.
nonresonant processes there e>_<|_sts a strong theoretical edlf_| € The lowest-order nonvanishing terms of each type, taken
whereby that_ role may be quantified through quantum .Cher.mi'n toto, constitute the nuclear relaxatigNR) approximation.
cal computations of the relevant molecular hyperpolarizabili-

: . o .. This name arises from considering the case where one or
ties at various levels of approximation. Thus, an appropriate

frequency-dependent perturbation treatmiehhas been de- more Qf the applied fields is static and the rem.air.lirllﬂgé optical
veloped by Bishop and KirtmariBK). It is based on a fields (if any) are forr_nally ?"O.WEO' to bec.ome infini '.I.n
clamped nucleus approximatiBnyhich separates electronic that event the sj[at|c fietd) will induce a shift n the equmb_—
from nuclear motions, and is based on a doubly harmonid'Y™M geometry(ie., a nyclear reIaxa_UOnthe the nuclei
(mechanical and electridateroth-order model. Compact vi- will be totally unrespon§|ve to the opt|_cal fields. If thgre were
brational (hypeppolarizability formulas, complete through "© NR. Ehen an expansion of the static electronic dipole mo-
second-order in mechanical plus electrical anharmonicityment: #°(0), as apower series in the static fief would
have been derived from this treatmé&rif.we set aside the 9ive @*(0;0) as thelinear term,3°(0;0,0) as the quadratic
contribution from the zero-point vibrational avera@®\VA),  term, andy®(0;0,0,0) as the cubic term. When the nuclear
for the moment, then each term in the perturbation expansiofflaxation is taken into account this expansion gives, in ad-
contains products of derivatives of lower-order electronicdition, the NR' contributionsa™(0;0), £"(0;0,0), and
properties with respect to vibrational coordinates. This pro-¥™(0;0,0,0)* Similarly, from the corresponding expan-
vides a basis for classifying the terms into unique “squaresion of @%0;0) we get B"(-w;w,0), .. and
bracket” types. For example, the vibrational second hyper¥"(—@;®,0,0),_..; and from £°0;0,0) we obtain
polarizability 1*(— w,;w1,w,,w5) contains terms of the ¥"(—2w;®,,0),_..."* To complete the picture it should

[ u2a] square bracket type, meaning a product of two factorde  evident that both B"(-2w;w,0), .. and
with derivatives of the electronic dipole momemnt and one  ¥"(—3w;»,0,0),_... are zero. The NRhypeppolarizabili-
factor with a derivative of the electronic linear polarizability ties found in this fashion turn out to be identical to the cor-
a® is involved. Herew,, w,, andws are the frequencies of responding properties calculated as the sum of lowest-order
the three applied fieldsp,=w,+ w,+ w3; and the pertur- nonvanishing perturbation terms of each square bracket
bation terms also depend on these frequencies as well as thegpe!*

vibrational force constants. It turns out that {he’«] con- Clearly, the static and infinite optical frequency NR
tribution vanishes in zeroth-order as well as in all other everproperties listed above can be determined by finite fiEF)
orders. This pattern variém a systematic wayfor different ~ computations. Included are all but oiigee below of the
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most commonly studied NLO processes. Although care musieveloped for efficient calculation of vibrational effects in a
be taken to avoid molecular rotations with respect to thewvide variety of electrical, magnetic and spectroscopic
field ** the FF method has proven to be an attractive way tgroperties?
calculate infinite optical frequency properties—to be further  In the next section a small set of dynamic or frequency-
discussed later on—not only for individual molecutegut  dependent FIC§.e., FD-FIC$ is defined which proved to be
also for molecules in solutidfiand for the linear polarizabil- ~ sufficient to give theexactfrequency-dependent NRype)-
ity of infinite polymers!’ It is evident, however, that this polarizability forany process. General formulas for tkiey-
procedure cannot be employed for NR properties at arbitrarpenpolarizabilities in terms of the FD-FICs are presented.
frequencies. Thus, it cannot be applied to obtain frequencyror the most common NLO properties the static FICs used
dispersion nor even to obtaip(—w;w,— w,w), ... The  previously will occur as a subset of the dynamic FICs. How-
value for the latter quantity found from the perturbation ever, there are other interesting cases where that is not so. An
treatment is simply the static zeroth-order?] multiplied  example is sum-frequency generati®FQ involving the
by 2/3. second-order NLO responsee., first hyperpolarizabilityas

An analogous FF treatment has been developed for thapplied either to chiral molecufés™ or to surface vibra-
next higher-ordefnonvanishing terms of each type in the tional spectroscopy with one fixed frequency in the UV do-
BK perturbation expansion. For this purpose the static elecmain and one tunable infrared frequery.
tronic properties are replaced by their static first-order ZPVA ~ Section Il contains test calculations of the most com-
corrections® In evaluating these corrections one must takemon NLO properties for three-conjugated molecules span-
into account the fact that the vibrational wave functions areling a range of polarity and valence bond-charge transfer
field-dependent. Relaxatiaie., change due to the figldf  characteristics. Our frequency-dependent results allow us to
the vibrational wave functions is caused only in part by re-make an initial assessment of the conditions likely to yield
laxation of the nuclear geometry. For this, and for historicalsignificant errors when the infinite optical frequency approxi-
reasons, the terms that replaa&, 8™, y™ are denoted by Mation (no dispersionis applied. Frequency dispersion is
aCZPva gezpva ,czpva \whare C refers to the curvature of the introduced approximately even if only static FICs are em-
field-dependent vibrational potential. The key point is thatPloyed in the frequency-dependent BK perturbation theory
the C-ZPVA terms constitute the next higher-or@eonvan- ~ €xpressions. Numerical tests reveal that this procedure is not
ishing perturbation contributions of each type to the staticSatisfactory and, therefore, that FD-FICs are required. In ad-
and infinite optical frequency vibrationétypeppolarizabili-  dition to the complete set of FD-FICs we have found a re-
ties. Likewise, using the second-order ZPVA leads to theduced set that leads to only a small loss in accuracy outside
next succeeding higher-ordénonvanishing perturbation the IR region and, further, that neglecting anharmonicity
terms of each type, and so forth, until the entire perturbatioffontributions is a good approximation. This reduced set is
series is accounted fot. exact for the electro-optic Pockels and Kerr effects though

As already noted the FF approach does not take int&Ot for other NLO properties. Finally, in Sec. IV we review
account frequency dispersion. There have been some studigdl conclusions and present some plans for future work.
of NR (i.e., a™, 8™, ™) in small molecule¥?! showing that
dispersion is relatively small whenever this contribution is
important. Similar investigations have not been conducted}, FREQUENCY DEPENDENT FIELD INDUCED
however, for conjugated organic molecules of the sort thaCOORDINATES
are of interest as NLO materials. That is one purpose of this
paper. The other is to present a convenient analytic method Under the influence of a uniform static electric fiekd,
for computing the frequency-dependence using so-callethe equilibrium geometry of a molecule will relax to a new
field-induced coordinate§ICs). We note here that an alter- field-dependent equilibrium position. We call this change in
native scheme for generalizing the FF procedure to acconfi€ometry nuclear relaxatidiNR). The value of theth field-
plish the same purpose has previously been propdsed it free normgl cpordina\_te induced by NR may be written as a
is more difficult to implement and does not apply to all NLO POWer series in the field,
properties.

It turns out that the B— 6 normal coordinates employed . T oQF 107 92QF
in the perturbation treatment of vibrational NLO properties Qi (Fx,Fy.F2)= > 2F Fet3 > IE 9. eFs
are more than needed to determine the NR terms. Within the o wp T aTT B
infinite optical frequency approximation it has been +eee (&N
demonstratetd?® analytically (and numerically that a small

tained with all 3N—6 normal mode$! These coordinates minimization>'* leads to expressions for the derivatives of

can be used directly to simplify and evaluate the perturbatiogyF that appear in Eq(1),
theory formulas for the static and infinite optical frequency

NR (hypeppolarizabilities. Other static FICs can be used to F
advantage to determine the corresponding ZPVA and &:
C-ZPVA hyperpolarizabilitie® while still others are readily IF 4

'_‘_.

—qr“ (2
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1 52QF 3N-6 ij,a static casg For instance, théapproximateé NR contribution
[ I ,af 2 . .
5 gE + o to the diagonal elements of the IDRI tensor contains terms
a8 20 involving all 3N—6 normal coordinate¥:*?but when static
3N-6 3allk FICs are used instead ontyievibrational coordinatexs,,
- > 2al qleqk?, (3)  for each Cartesian direction is needéd’i.e.,
j.k=1
3N-6 2
0 o [ 9°Q;
where P (00, 0,0)y =2 D : i )
ai,j...,a,ﬁ,... i=1 Q' har
n 2 F
Ay [0
_ 1 /3(ﬂ+m)V(Q1,...,Q3N—6vFX,Fy,Fz) :ZLJT( ;I(:Zéhar
nim!| 9Q;dQ; -+ dF LIF - 0oF-0 Xz ar @ | har
1
4) (10)
Qe Note that Eq(10) is exact In addition, the static FICs given
qy%= 1ﬁ , (5) by Egs. (7)=(9) permit a similar simplification for all
2ay, NLO processes that involve at least one static field such as
i,aB ynr(_ (OF waovo)m—mo :
i,aB_ arz 6 The static FICs yield exact results only in the static case
q2 2 Al ( ) . . e . . . . .
ay and in the infinite optical frequency approximation. It is de-

and the sums overN—6 normal coordinates reduce tiN3
—5 for linear molecules. The coefficieat, is zero,aj, is
equal to30?, with w; being the harmonic vibrational fre-
quency, and the,, with n=1 andm>0 are (harmonig
electrical property first derivatives. For>2 andm=0 the

anm are mechanical anharmonicity parameters;nforl and

m>0 these coefficients characterize the electrical anharmoIt

sirable to have frequency-dependent F(EB-FICS that can

be used when this approximation is not sufficient to
determine a"(—w,;w1), B"(—wy;w1,05), and
Y"(—w,;w1,0,,w3) for arbitrary frequencies. To that end
we start with the expressions for the exact frequency-
dependent NR contribution to the dynamiittypenpolariz-
abilities as derived by BK.Thus, for the linear polarizabil-

nicity. ’
From Egs.(2) and (3) the static linear and quadratic N6 i, an B
FICs are defined By M~ w0) =5 E Pag E L
—(1)
3N-6 Q 3N—-6
i 3N—-6
Xi= -2 @Q, Y]
i=1 5F ! :—2 Pa,B 2 a11q1|w|, (11)
3N—-6 2 ~F
1 °Q;
af__ — ' o where
X2°73 .21 P |
. arf
3N- 3N-6 ij,a .8 _ 11 12
E |aﬁ+ Z Q1fw| 23—20_(02, (12)
i=1 =1 azo
and 2P, indicates a sum over both permutanons of the
3N— Ijk
E . k,,B _ ® indicesa and B. Smceqlw reduces tayy Wh_enw 0 this
21 2al, q a”|Qi- suggests that Eq.7) for the first-order static FIC can be

Whereas the first-order FICg{) depend only on harmonic

generalized to the frequency-dependent form,

3N-6

a,m, the second-order FICs(QB) depend also on the anhar-
monicity parameters,, and azy. The latter are far more
difficult to compute than the corresponding harmonic param-
etersa,; anday since they involve higher-order differentia- This defines the first-order FD-FIC. Similarly, one can re-
tion and occur in greater number. Removing the anharmomplaceq in Eq. (2) with q1|w‘ and, simultaneousl¥; , with
terms from Eq(8) one can define the harmonic second- orderF““| to obtain the frequency-dependent linear nuclear relax-

(13

Xio=— 2 Qi
i=1

static FIC, ation (per unit field,
3N— 2 ~F 3N-6
1 J Qi i,aB BQ' —
a~ 5 241 (aF &Fﬁ) 2 az“"Qi. (9 GETeT =—qfy- (14

As mentioned in the Introduction the static FICs are ad- It is easy to demonstrate thaﬂ (w; w) can be written
vantageous over normal modes because they reduce tlesactly in terms ofyy, and le W|thout invoking any
number of coordinates needed to calculate the NR contribusther coordinates. The first step is to construct two separate
tion to electric, magnetic and spectroscopic propelies  sets of vibrational coordinates, which are linear combina-
the infinite optical frequency approximatibn(and in the tions of the field-free normal coordinates, such thafstt

Downloaded 02 Dec 2010 to 84.88.138.106. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



4476 J. Chem. Phys., Vol. 115, No. 10, 8 September 2001 Luis, Duran, and Kirtman

= X1l (¢1 X1|w\) and {2,035, . 3y} N6
({¢2,¢3, ,¢5n_e}) is the orthogonal complement of B (—w,;w1,wy)=2 Pag, Z ah “Bql|w2|
¢1(¢1)- Hence,

3N-6

3N-6 y 2 a CIuwl\Ch\wz\
= > Mg, (15)

=1 3N-6

k i k,
. + E adodrf o, Abfl, AL, |
whereM /¢l is an orthogonal matrix ant§;/“/= —g}f, .
There is, of course, an exactly analogous transformation ma- (20
ix M B lel i i

trix M that determl_nes the_coordlnate beid}. Note _that whereXP .z, indicates a sum over all six permutations of
the same transformation as in E@.5) connects the linear . LA . .

. . . ) . the pairs of indiced—o/a), (1/8), and (2/vy). But, in this
relaxation of the coordinates; with the linear relaxation of . . oo )

instance, introduce three sets of vibrational coordinates de-

the normal coordinates, i.e., . )
fined either by¢?=x{),,  of ¢f:X’f\wl\ or p1=x1)u,

IN_6 and their orthogonal complements. For instance, the second
_ jgl Mi‘}“‘"leF- (16) term on the rhs of Eq(20) leads to

3N-6
~2 Pugy 2 adi®ayf, ok,
Thus, by applying the chain rule to determingf/oF !, N
3N-6
1

:2 = e 2 ﬁz#a ﬁQ:: an:

aN-6 3N-6
7 0QidQ; ﬁF‘Bwl‘ &F‘;"Z‘

IQf I axi
2 MgleImeel= 2 M1 = = =~
gFTeT ~ gFTel ~ gfTe

(17 1 3N-6 r?z,u 3N-6
_ - @ Bilogly g B.lwy]
2 Paﬁ'yz % &d)f&d)l}’ EI I\/lki Mli
and, from the properties of an orthogonal matrix, 3N-6
> 2 lewleylwzl
3N-6
Z Mleimglel=0  for j>1. (18)

_Sp Pu, XD X1

= aB72 B forl SETogl @D
X2 X oy OF ;Y OF

Finally, using Eqs(13) (18) and the chain rule in the ex-

pression fora" '(;w) [ie., Eq.(1)] we obtain Applying the same procedure to the other two terms of

Bus,(—w,;w1,0,) one obtaing'

al(w;w)= E P.s E allq”w‘

lgaﬁy( waiwlin)

:2 Paﬂy

3N-6
_ E E &Q' F 2 F F
=52 Pap aQ ) 1 da.g Ix: Pu. i dxa
i i A w
2 Xy IFY? T OXT )0y Xy OF Y OF
1
:EE P ji'wl'\ﬂfi"w| 1 7V axt o axi
i 6 5Xf,\—w(,\aXf\wl\5Xf,|w2| 0.,F|l;w(r| aFL;Hﬂ 0—,F|yw2| .
Ix1
=—Z — (19 22
(?Xllw\ (?F

Here w,=3;w;. Sincedyt/dF®l vanishes in the limifw|
—oo jt is easy to verify that Eq(22) reduces to the expres-

The above relation demonstrates that tcﬂﬁ(w'w) a sum sion g|ven in an earlier WOF& for 18 z(_w;w’())w‘}oo and
over two appropriately chosen FD-FICs is completelyfor g0 2(0 0,0).

equivalent to the usual sum over alN3-6 normal coordi- FOr ¥lg,s(— @, 01,0,,03) We require second-order
nates. It should be clear that for the static case this is exactlyp-f|cs. Tﬁese are obtained, as in the first-order case, by
the same result as found in Ref. 23. generalizing the static FIC expression. Thus, from @3,

Following a similar procedure it is easy to show that for

aﬂy( w,;wq,w,) three FICs are sufficient to reproduce B 130® &ZQ,
the 3N—6 normal coordinate result. As in the previous dem-  X2|-w, +w;|~ Izl _V_UVEI_[QI' (23
onstration we begin with the BKI8—6 normal coordinate
equation, where
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2AF i,aB
1 J Qi — _qi,aB qi,a,B — a12 (25)
2 (9Fa_w0 é’F'Bwl 2,\—wu+wl\ 2,|—w0+wl\ ZaEO_(_wa_l—wl)z .
+3N*6 ZaQ,'“ I8 Proceeding as before we now need to introduce ten sets of
& 2al— (—w,+ )2 REN FaD-FICs (a;ssummg all fr%quenusg are dlffera)eihlased on
IN_6 X1|-w, | X1]og|+ X1yl X1|wglr X2[-w, +w|1 X2[-0 +a,|
alk ad By Bé dv? Substi
-3 30 X2,|7w0_+w3|' X2,\w1+w2|' XZ.\lerwS\' an X2,|w2+a)3| . uosti-
if21 28— (—w,+ 0q)? tuting into the formula fory™(— w, ;w1,0,,w3) which can
be written from the square bracket BK terms given in Ref. 20
xaf, G5, @ yieldg

3N-6

i,aB 3N-6
72&{75(_(‘)0;&)1'“)2!“)3):2 Paﬁy:?{ EI

ays o ‘
aﬁy yo ij,aBNi,y .6
qy \w3\+ a2|w2+w3| .2, 825 "1 [w,|A1 |y

3N—-6 3N—-6
_ ijk,
2 2 adi“arf, (a5 v oyt E (adtaif, 04T, %y

3N-6 2alj ,a ]kﬁ

ijk i k,yé
+3aj q1| " |ql,ﬁol|qz\12+w3|)+ i% 28l (—w,t o )qu\w2\0h|w3|

3N-6 3N-6
6aljkak| a

_ aljk| IE K,y 1,6 _
i,j%,l ql| w ‘ql,ﬁ;1|ql,|w2|ql,‘w3‘ i,j%J 2a20_(_w0+ w3

i,B Ny Hl.d
)2 010,197 0,91 0y
3N-6
9 Ijk kim

2.,k|m2a20 ( w +w)

i,a i, % m, S
2 ql,lfw(,\ql,ﬁ)llql,\wz\ql,\wg\

:E 1 aﬁalg,}/ ‘9)(1 4z 1 ﬁaaﬁ X2 1 (9 aﬁ (9)(1 (9X1
P18 X3y T B IXT oyt g TG B Xy Xy I G

P, 19)(1 X2 1 P, 3X1 5)(1 5)(1
OXR o X3y o) F 5™ 9F‘w2‘5F‘“’3‘ 6 XTI )0y X1y IF Y GF T GRS

L
4

1 3V Xy Xy Px;
- B yd [—w,] [oq] [wg] 5 lwg]
8 [?Xl,|7wa|aXl,|wl|[?X2,|w2+w3\ 07Fa &Fﬁl ﬁFyzaFga

1 IV axy XL Xy axi

il . - . (26)
24§Xﬁ*wAaXﬁwﬂ§X1Mﬂ8X”wﬂaFL(%JaFgu|§F$Q|§F?ﬂ

Sincedx§/F!l vanishes in the limitw|—%; the harmonic XTjoy s Xijog s XTjagl 1 X2)oy+ a1 X2oy+ oy ANXG 04 o
and anharmonic parts of? 2/8F|yw"c9|:‘(;’"| vanish in the rather than ten. If, in addition, some of the optical frequen-
limit |w;+wj|—%; and the anharmonic part of cies are duplicated, then a further reduction occurs. In the
nglaF‘y‘"ilﬁF&”i‘ vanishes ifjw;| — and/or|w;—l; itis ~ case of the Kerr effecti.e., w,=w1=w;w;=w3=0), for
easy to verify that this general expression reduces to whabstance, there remain only two unique first-order FD-FICs
has been found for the special cases considered previdusly(x1jo/ X1).,) and two unique second-order FICs
Equations(19), (22), and(26) are the key results of our (X2|0| X2|w|) for a total of four. In the static limit only one
treatment. In the study of NLO materials one is often inter-first-order and one second-order |:|Q1(0‘ X2\0|) endure
ested in only one or, perhaps, a few components offtye  and they are the same as those obtained in our earlier
penpolarizability tensor. In that event the number of uniquetreatment? In fact, as we have already noted, it is straight-
FD-FICs is reduced. For example, the longitudinal compoforward to verify that, in the static limit, our key formulas for
nent of vz, s(— ,;@1,0,,03), for which a=B=y=6  the (hypeppolarizabilities are identical to those found previ-
=L, is completely determined by seven FD- FIQ$| o ously.
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TABLE I. Structural formula of molecules studied in this paper. establish the circumstances under which static FICs are in-
sufficient and the frequency-dependent version is required.

Number Structural formula

1.343

1372 1454 lll. TEST CALCULATIONS
I CH;—N 0 _ _ _
This section has several goals with respect to the calcu-

lation of NR properties(i) to examine the limits of the infi-
4-methylpyridone (or p-methylpyridone)  pijte frequency approximatiorii) to determine when substi-
tution of static FICs into the frequency-dependent BK

o NOZ\W\ perturbation formulas is adequate to describe frequency dis-
1336 1347 NHo persion;(iii ) in instances wheréi) is inadequate, to quantify
1-amino-4-nitrobuta-1,3-diene the performance of various subsets of the complete set of
FD-FICs; and, in conjunction with that studgy) to inves-
- \/\1-334/\1’329 tigate the validity (_)f_ the hgrmonic appro>_<ir_n_ation for second-
1,460\ order FICs. For initial testing purpose initio RHF/6-31G
1,3,5-Hexatriene calculations were carried out on(see Table )

p-methylpyridone (1), 1-amino-4-nitrobuta-1,3-diengll),
and hexatrienélll ). These three organic molecules are each
representative of a different class of compound in terms of

The second-order FD-FIC defined by H@4) contains Polarity and valence bond-charge transfevB-CT)
two anharmonic terms which are tedious to calculate. In th&haracteristics? | is polar with a dominant CT ground state;
static case these terms can be obtained by finite field georhl iS polar with a dominant VB ground state; and Ill is non-
etry optimization but that is not possible when frequencyPolar.

dependence is taken into account. On the other hand, the The infinite optical frequency approximation has been
harmonic approximation, found to perform satisfactorily for small molecules by

Bishop and Dalska®? as well as by Quinet and

« B 13N26 °Q/ Champagné! However the behavior of this approximation
Xzf“"o“”l"har_ 2 & | gl edlpplen Qi for medium size organic molecules has not previously been
“ £ har tested. In Tables II-IV we present results for the frequency-
SN=6 dependent NR contribution ta,(— w; ), B;;{— w;®,0),
=T |:21 q|2',|ai8w0+w\lQi (27) Bzz{ —20;0,0), V74— 0;0,0,0), ')’zzzi__zw;wawp)’
V2224 — 30, 0,0,0), andy,,,{ — w;»,— w,0) in molecules
is sufficient to obtain most properties either in the static od—Ill, where z is the (longitudina) direction associated with

infinite optical frequency limit with the notable exception of the largest component of teypeppolarizability tensor. In

the staticy™. For the latter property using the harmonic ap-our calculations we took to be along the principal axis
proximation causes errors of second-order in anharmonicityassociated with the largest rotational constant. For compari-
Since these second-order anharmonicity contributions are eson purposes we also give the static electronic property
pected to fall off rapidly with increasing frequency the har-value. The properties in Tables II-1V were evaluated at the
monic approximation is an attractive possibility for frequen-Hartree—Fock 6-31GHF/6-31QG level using the derivative
cies beyond the infrared region. In the next section we willexpressions of Eqg19), (20), and(26). Although a higher
explore that possibility along with other test calculations tolevel treatment is needed for accurate results, the calculations

TABLE Il. Exact frequency-dependent N@Rypeppolarizabilitiesa, { — w; w), B,,{ — w;»,0), andB,,{ —2w; w,w) calculated at the HF/6-31G level using

BK perturbation theory. Molecule | is-methylpyridone; Il is 1-amino-4-nitrobuta-1,3-diene; and Il is hexatriene. The percentage error of the infinite optical
frequency NR values with respect to the sum of the electronic and infinite optical frequency NR values are given in parentheses. Those casegovhere the er
exceeds 5% are blocked off with dashed lines. All quantities are in a.u.

a,(— w;0) Bz~ 0;0,0) Bz 20 0,0)

o I I I I I I I
elec. 1.03x 107 1.39%x 107 142X 107 —3.31x10% 1.74x10° —3.31X10% 1.74x10°
0.000 § 1.47X10'(14.3) 4.03x10429.0) 1 3.13X10°(22) | 2.44X10%(—66.7)  4.88X10°(131.0) 244X 10°(~736)  4.88x10%(280.0)
0.020  —2.22X10°(-22)  —6.66X10°(—4.6) —~245x1071(-0.2) 6.20x10'(26) | 5.83X10%(—189) | —1OLX10Y(3.0)  } —4.25% 102(—24.4)]
0.040 —471x1071(—05)  —1.26x10°(—0.9) —376X1072(0.0) 6.58x 10'(1.1) 1.02X 10°(—3.8) —3.31%x10°(1.0) —8.56X 101 (—4.9)
0.060 —2.04X1071(—02) —548X1071(—04) —1.58X107%(0.0) 6.74X10'(0.5) 1.08X 103(—1.6) —1.48X10°(0.4) —3.73%10'(—2.1)
0.072 —1.41X1071(-0.1) —3.78X107'(—-03) —1.08x107%(0.0) 6.78%10'(0.4) 1.09X 103(—1.1) —1.03%x10°(0.3) —2.58x 101 (—1.5)
0.080 —1.14X1071(—0.1)  —3.06X107'(—0.2) —871X1073(0.0) 6.80% 10'(0.3) 1.10X 103(—0.9) —8.35X1071(0.3) —2.09%10'(—1.2)
0.100 —7.26X1072(—-0.1) —1.95X107'(—-0.1) —5.53x1073(0.0) 6.83x10'(0.2) 1.11X 10°(—0.6) —5.34%x1071(0.2) —1.33x10'(—0.8)
0.120 —5.03X1072(—-0.1) —135X107'(—-0.1) —3.82x1073(0.0) 6.84x10'(0.1) 111X 103(—0.4) —3.71x1071(0.1) —9.24x10°(—0.5)
infinite 0.00x 10° 0.00x 10° 0.00x 10° 6.88 10! 1.12x 103 0.00x 10° 0.00x 10°
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TABLE |IIl. Exact frequency-dependent NR hyperpolarizabilitigs,,{ — ; ®,0,0) andy,,,{—2w;w,»,0) calculated at the HF/6-31G level using BK
perturbation theory. Molecule | ip-methylpyridone; Il is 1-amino-4-nitrobuta-1,3-diene; and Il is hexatriene. The percentage error of the infinite optical
frequency NR values with respect to the sum of the electronic and infinite optical frequency NR values are given in parentheses. Those casesovhere the er
exceeds 5% are blocked off with dashed lines. All quantities are in a.u.

yzzzz(_w;wﬁoﬁo) yzzzz(_zw;wﬁwﬁo)

w 1 i m 1 i m
elec, 1.67X10° 8.36x 10" 545%x10* 1,67X10° 8.36x 10 —5.45%x10*
0.000 6.65X 10%(—705,1)  6.33X10°(233.7) 9.14X 10*(73.7) 6.65X 10%(—607.8) 6.33X 10°(604.5) 9.14X 10*(170.0)
0.020 —2.80X 10°(—18,3) 836X 10%(—22.1)  178X10%(—139) —3.20X10°(=7.1) —1.17xX10%(—=29.3) —132X10*(—23.5)
0.040 —295x10°(=7.5) | 1.21X10°%(—4.8) 271X10°(=2.9) | —3.22X10%(—=53) 1.17X10%(=63) | —3.10X10°(—4.9)
0.060 —3.00x10°(—3.3) 1.27%10°(—2.1) 2.85%10%(—1.2) —3.27X10°(—2.5) 1.53% 10*(—2.8) —159%x10°(—2.1)
0.072 —3.02X10°(—23) 1.28X10°(—1.4) 2.88X 10*(—0.9) —3.28%X10%(—1.7) 1.61X10*(—1.9) —124X10°(—1.5)
0.080 —3.02X10°(—1.9) 1.29X10°(—1.2) 290X 10*%(—0.7) —3.20%X10%(—14) 1.65X 10*(—1.6) —1.08X10°(—1.2)
0.100 —3.03X10°(—1.2) 1.29X10°(—0.7) 292X 10*(—0.4) —3.30X10%(—0.9) 1.71X10*(—1.0) —851X10%(—0.8)
0.120 —3.04X 10°(—0.8) 1.30X 10°(—0.5) 293X 10*(—0.3) —3.30X 10%(—0.6) 1.74X10*(—0.7) —725X10%(—0.5)
infinite ~ —3.05%X10° 1.31x10° 2.95x 10" —3.31x10° 1.81x 10" —4.42X10?

reported are sufficient for the exploratory purposes to whichy,(— w; ), B,;,;{—2w;w,w), and v,,,{—3w;w,0,w),

they have been put here. the frequency-dependent NR term always tends rapidly to
For our three molecules it is feasible to use thezero asw increases. Tables II-IV show that for these prop-

GAUSSIAN 98 suite of program to obtain analytical HF/6- erties the error is insignificant when=0.04 a.u. The only

31G results forayg, @1, @11, g, @12, @Ndagz Where the  exception isy,{ — 3w;w,»,») of molecule |, which has a

vibrational derivatives are with respect to atomic Cartesiargmg|| static electronic value and, in that case, the error be-

coordinates. These derivatives may be combined to obtaigymes insignificant whem=0.08 a.u. On the other hand
derivatives with respect to normal coordinates or FD-FICsOur results  for BY(—w;®,0), Y {—w:,0,0),

Then, numerical differentiation of,y, a1, a2, andag; nr

. _ _ Y {—20w;,w;;0), and —w;»,— w,w) indicate, that
with respect to the normal coordinates or FD-FICs yleldsyzm-( ©;©;©:0) Vezed @10, 0,0) L
. for these properties, the infinite frequency approximation can
asg, a1, a9y, anda,z, respectivelya,y andag; were com-

outed by double numerical differentiation @by and ay ;. not be systematically applied without significant error when

The NR contributions that lie inside the dashed line area the opt|ca|_1frequ_en_cy 'S Iower_ thanw=0.0§ -l
the tables represent those cases where there is a significa(rﬁ 13 QOO cm’). Th|§ IS COI’?SI_St.eI’lt with the theoretlc_al as-
difference between the frequency-dependent NR contributiofUMPton ur21der_p|nn|ng the infinite frequency approximation
and the infinite frequency approximation. As a measure ofhat (@,/®)?, with w, a fundamental vibrational frequency,
significance we have chosen to compare this difference to thi Negligible compared to unity.
sum of thestatic electronic property value and the infinite There is a way to introduce frequency-dependence using
frequency NR contribution. The criterion for Signiﬁcance Only the static FICs and that is to substitute these FICs for
was arbitrarily set at 5%. We note that the peculiar behaviothe normal coordinates directly into the usual frequency-
in the tables between 0.00 and 0.02 a.u. arises because théigpendent perturbation formulas. For the polarizability and
frequencies lie in the vibrational absorption region. first hyperpolarizability only the first-order static FIC is uti-
For those properties that have a vanishing NR contribulized. For the second hyperpolarizability the second-order
tion under the infinite frequency approximation, i.e., FIC is required as well. In that case there are two possibili-

TABLE IV. Exact frequency-dependent NR hyperpolarizabilities,{ — 3w;w,w,0) and y,,,{ — w;»,— »,») calculated at the HF/6-31G level using BK
perturbation theory. Molecule | ip-methylpyridone; Il is 1-amino-4-nitrobuta-1,3-diene; and Il is hexatriene. The percentage error of the infinite optical
frequency NR values with respect to the sum of the electronic and infinite optical frequency NR values are given in parentheses. Those casegovhere the er
exceeds 5% are blocked off with dashed lines. All quantities are in a.u.

‘yZZZZ(_3w;w’w’w) ‘yZZZZ(_w;w’_w’w)

w 1 i m 1 i m
elec, 1.67x10° 8.36xX10* 5.45%x10" 167X 10° 8.36x10* 5.45x 10
0.000 6.65X10°(397.3) 6.33X10°(757.0) 9.14x10%(167.8) 6.65X10°(11.6) 6.33X10°(3163) __ 9.14X10*(27.9) }
0.020 1.38%10°(82.2) —1.21X10% —14.9) —341X10°(—6.2) 7.84% 10°(27.7) 592X 10°(—17.0) | 5.85X10%—1.0)
0.040 3.09X 10%(18.5) —275X10°(—3.3) —825X10%(—1.5) | 622x10%5.9) | 8.16X10%—4.0) 5.93X 10*(—0.2)
0.060 1.35X 10%(8.1) —1.22X10%(—1.5) —3.65X10%(—0.7) 5.97X10%(2.5) 8.55X10*(—1.8) 5.95X 10*(—0.1)
0.072 9.31X 10%(5.6) —8.46X 10*(—1.0) —2.53X10%(—0.5) 5.91x 10%(1.8) 8.64X10%(—1.2) 5.95X 10*(—0.1)
0.080 7.53X10'(4.5) —6.85X10%*(—0.8) —2.05X10%(—0.4) 5.89X 10%(1.4) 8.68X10*(—1.0) 5.96X 10*(—0.1)
0.100 4.80% 10'(2.9) —438%x10%(—0.5) —131X10*(—0.2) 5.85%10%(0.9) 8.74X10*(—0.6) 5.96X 10%(0.0)
0.120 3.33X 10%(2.0) —3.04X 10*(—0.4) —9.08X10'(—0.2) 5.83X 10%(0.6) 877X 10%(—0.4) 5.96X10%(0.0)
infinite 0.000x 10° 0.00%x 10° 0.00x10° 5.78%10° 8.85%x10% 5.96x 10
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TABLE V. Frequency-dependent NfRypenpolarizabilitiesa, { — w; w), B,,{ — w,,0), andB,,{ —2w;w,w) calculated at the HF/6-31G level using theory
and static FICs. Molecule | ig-methylpyridone; Il is 1-amino-4-nitrobuta-1,3-diene; and Il is hexatriene. The percentage error with respect to the sum of the
electronic and exact dynamic NR values are given in parentheses. Those cases where the error exceeds 5% are blocked off with dashed lines All quantiti

are in a.u.
a(—oiw) B (—w:iw,0) Br (2w o)
w 1 i m 1 i 1 i
0.000 1.47x10'(0.0) 4.0310'(0.0) 3.13x10°0.0)  244X10°(0.0)  4.88X10°(00) ~ 244X10°(0.0) 488X 10°(0.0)
0020 —4.68x1071(17) —3.60x10°(2.1)  —6.03X107%(0.2) 679X 10'(—2.2) { 8.38X10°(11.0) } 19X 10°(15.6)
0.040 —1.14X1071(03) —843X1071(03) —151X1073(0.0) 6.86X10'(—1.0) 1.06X10°(1.5) —228X10"1(—0.9) —5.27X10'(2.0)
0.060 —5.05X107%(0.1) —3.70X1071(0.1) —6.63X10"%0.0) 687X10'(—0.5) 1.09X10°(0.6) —1.03X10"1(—04) —2.33X10'(0.8)

0.072  —3.50X107%(0.1) —2.56X1071(0.1) —3.77X107%0.0) 6.87X10'(—0.3) 1.10X10°(04) —7.19X1073(—=0.3) —1.61X10'(0.6)
0.080 —2.84X107%(0.1) —2.07X10710.1) —4.65X10"%0.0) 687X10'(—0.3) 1.11X10°(03) —5.83X1073(—0.2) —1.31x10%(0.5)

0.100 —1.81x107%(0.1) —133%X10710.0) —241X107%0.0) 6.87X10'(—0.2) 1.11X10%02) —3.74X107%(—0.1) —8.35x10%0.3)
0.120 —126X107%00) —9.19X107%0.0) —1.67X10"%0.0) 6.88x10'(—0.1) 1.12X10%0.1) —2.60X10"%(—0.1) —5.79%10°0.2)
infinite 0.00% 10°(0.0) 0.00% 10°(0.0) 0.00%10°%0.0)  6.88x10'(0.0) 1.12X 10*(0.0) 0.00% 10°(0.0) 0.00% 10°(0.0)

ties. The complete second-order static FIC yields the exagtroximation, especially when one considers the necessity of
static NR second hyperpolarizability but, for optical pro- determining higher-order derivatives. In order to calculate
cesses, the harmonic FIC is necessary to obtain the exattte dynamic NR contribution to the second hyperpolarizabil-
solution in the infinite frequency limit. Thus, the frequency- ity it is necessary to determine fourth derivatives of the en-
dependent NR properties presented in Tables V-VII werergy with respect to vibrational coordinates,f) and third
calculated utilizing harmonic static FICs. Of course, thesederivatives of the dipole momenta4;), neither of which
results are approximate for all optical processes at finitepccur in the infinite optical frequency approximation for the
nonzero frequencies. As in Tables II-1V, those results consame quantities. If we use FD-FICs one still has to determine
taining a significan{>5%) error are marked off by dashed the higher-order derivatives but, then, the calculated results
lines. In this case the percent error was calculated by comare exact as long as a complete set is empldggédSec. I).
paring to the sum of the static electronic property and the In connection with FD-FICs an interesting question is
exact NR contribution. Although substitution of static FICs whether sufficient accuracy can be achieved with less than a
into the perturbation expressions often improves upon theomplete set. In order to address that point we focus on the
infinite frequency approximation, the extent of that improve-most problematic case, namely on the hyperpolarizabilities
ment depends considerably on the property and the moleculef molecule | atw=0.02 and 0.04. In addition, we also car-
Errors are reduced between 28% fdf,,{—2w;w,»,0) at  ried out calculations ab=0.005a.u. (1097 cm) in order
0.02 a.u. (i.e.,, from 29.3% to 21.2% and 68% for to analyze the performance of the FD-FICs within the IR
ay(—o;w) at 0.12 a.u(—0.10% to 0.03%in the case of region. Apart from using just a subset of the second-order
molecule Il, whereas the reduction is between 2.3% foFD-FICs we also considered only the harmonic approxima-
ay(—w;w) at 0.02 a.u(—0.172% to 0.168%and 35.2% tion to the second-order FD-FICs for the second hyperpolar-
for ¥75,{—3w;w,w,w) at 0.12 a.u(—0.17% to 0.11%in izabilities. This considerably simplifies the calculations be-
the case of molecule Ill. For molecule | the error in cause, then, all numerical differentiations are done with
Yoy — ;©,0,0) andyy,,{—2w;»,,0) actually increases, respect to the FD-FICs. Otherwisgyy, a;,, andaj, must
although reductions up to 54% are achieved for the remainbe differentiated with respect to theN3-6 normal coordi-

ing properties. Since the improvement is limited, the abovenates.

method is not that attractive over the infinite frequency ap-  Our results for several subsets are given in the Tables

TABLE VI. Frequency-dependent NR hyperpolarizabilitie),{ — ;,0,0) andy},,{—2w;w,,0) calculated at the HF/6-31G level using BK perturba-

tion theory and static FICs. Molecule | ismethylpyridone; Il is 1-amino-4-nitrobuta-1,3-diene; and Il is hexatriene. The percentage error with respect to the

sum of the electronic and exact dynamic NR values are given in parentheses. Those cases where the error exceeds 5% are blocked off with dashed lines. All
quantities are in a.u.

Yoz~ 03 0,00) Y (—20:0,0,0)
w 1 i 11 1 i m
0.000 —324X10%(—83.8) 1 6.32x10°(—0.1) 8.64X10*% —34) | —3.24X10*(—83.8) | 632X10°(—0.1) 8.64X 101 —3.4)
0.020 —3.02X10°(19.9) 1.06X 10°(13.3) 2,61x10%11.4) —3.31%x10%(7.6) 3.55%10°(21.2) —4,20X 10°(21.7) |
0.040 —3.04X 10°(7.6) I 1.25X10°(2.0) 287x10%2.0) | —3.31X10°(5.6) ! 1.45X10%2.9) —135X10°(3.4)
0.060 —3.05X10°(3.3) 1.28X10%(0.8) 2.92X 10*(0.8) —3.31X10°(2.5) 1.65X10%*(1.2) —842X10%(1.4)
0.072 —3.05X10%(2.3) 1.29X 10%(0.6) 2.93X 10*(0.6) —3.31x10%(1.8) 1.70X 10%(0.8) —7.19X 10%(1.0)
0.080 —3.05X10%(1.8) 1.30X 10%(0.5) 2.93X 10*(0.5) —3.31x10%(1.4) 1.72X10*(0.7) —6.66X 10%(0.8)
0.100 —3.05x10°(1.2) 1.30%10°(0.3) 2.94%10%*(0.3) —3.31%x10%(0.9) 1.75%10*(0.4) —5.86X10%(0.5)
0.120 —3.05X10%(0.8) 1.30X10%(0.2) 2.94X 10*(0.2) —3.31x10%(0.6) 1.77X10%*(0.3) —542X10%(0.3)
infinite —3.05x10°(0.0) 1.31%10°(0.0) 2.95%10%*(0.0) —3.31%x10%(0.0) 1.81%10*(0.0) —4.42x10%(0.0)
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TABLE VII. Frequency-dependent NR hyperpolarizabilitieg),,{ — 3w;»,»,0) and y5,,{—w;»,—w,w) calculated at the HF/6-31G level using BK
perturbation theory and static FICs. Molecule Ipisnethylpyridone; Il is 1-amino-4-nitrobuta-1,3-diene; and Il is hexatriene. The percentage error with
respect to the sum of the electronic and exact dynamic NR values are given in parentheses. Those cases where the error exceeds 5% are blocked off with
dashed lines. All quantities are in a.u.

(T3 010,0,0) Yoz~ @0, — 0, 0)
w 1 i m 1 i m

0.000 —3.24X10*(—83.8) |  6.32X10°(—0.1) 8.64X10*(—3.4) —3.24X10%(—83.8) | 6.32X10°(—0.1) 8.64X 101 —3.4)
0.020 2.17X 10*(—38.0) —6.62X 10°(7.6) I —1.17X10°(44) 6.09X 10°(—18.4) 7.03X10%(7.8) | 5.92x10%0.6)
0.040 5.29%10'(—12.9) —1.67X10°(1.3) —2.90% 10%(1.0) 5.86X 10°(—4.6) 8.40% 10*(1.5) 5.95x 10%(0.2)
0.060 234X 10'(—6.2) —7.45X10%(0.6) —1.28X10%(0.4) 5.81X 10%(—2.0) 8.65% 10*(0.6) 5.96X10%*0.1)
0.072 1.62X 101 (—4.4) —5.18%10%(0.4) —8.92%x10%(0.3) 5.80x10%(—1.4) 8.71x10%(0.4) 5.96X 10%(0.0)
0.080 1.32X10'(—3.6) —4,19X 10%(0.3) —7.22X10'(0.2) 5.80X 10%(—1.1) 8.74X 10%(0.3) 5.96X10%(0.0)
0.100 8.41x10°%(—2.3) —2.68X10%(0.2) —4.62X10'(0.2) 579X 10%(—0.7) 8.78X 10%(0.2) 5.96X10%(0.0)
0.120 5.84%10°%—1.6) —1.86X10%(0.1) —3.21x10'(0.1) 579X 10%(—0.5) 8.80X 10%(0.2) 5.96X10%(0.0)
infinite 0.00x 10°(0.0) 0.00x 10°(0.0) 0.00x 10°(0.0) 578X 103(0.0) 8.85X 10%(0.0) 5.96X 10*(0.0)
VIl and IX. We list the FD-FICs employed in the form The most important result that emerges from Tables VIII

(w1,01,...l0,,05,...) where the first-order FICs are on the and IX is that outside the IR region the d@i, O/w, 0) is
left of the diagonal line while the second-order FICs are orsufficient forall processes. This is true even in cases where
the right. Forg,,{ — w;»,0) andy,,,{— w;®,0,0) the sets this set is not complete and regardless of the fact that the
(w, Olw, 0) and (2w, w, 0/2w, w, 0) are both complete. In- harmonic approximation is applied for the second-order
deed, for either set our value of the first hyperpolarizabilityFICs. The first hyperpolarizabilities cannot be affected by the
agrees with the exact result at all three frequencies as harmonic approximation. That is not true of the second hy-
should. The second hyperpolarizability, however, does noperpolarizabilities but, in practicey,,,{— »;®,0,0) is not
agree; the difference is due to the harmonic approximatiosignificantly altered even within the IR region.
for the second-order FICs. A similar analysis pertains to
DA = 20,0,0), Vb~ 20;0,0,0), and y3;,{- oo,
—w,w). In this instance, although the 4@, w, 0/2w, w, 0) V. CONCLUSIONS AND FUTURE WORK
is complete(w, O/w, 0) is not. (However, for all three prop- We have demonstrated that agf,g(—wg;wl),
erties there are smaller subsets not listed here that are conBy s, (— w,;w1,05), and yag,s(— @, ;01,0,,03) can be
plete) The errors in the second hyperpolarizabilites that oc-expressed exactly in terms of frequency-dependent field-
cur for the complete set again arise from the harmonidnduced vibrational coordinates called FD-FICs. The main
approximation for the second-order FICs. Ra}(— w;) advantage of the FD-FICs, as opposed to normal coordinates,
all of the FD-FIC sets chosen produce the exact value bes that they are few in number and the size of the set remains
cause they are all complete and we have, therefore, refraingtle same regardless of the number of atoms in the molecule.

from including this property in the table. In previous work the(hypeppolarizabilities listed above

TABLE VIII. Frequency-dependent NR hyperpolarizabilities@yf, { — w; ,0), 8,4 —20; w;w) andyyy,{ — ; »,0,0) ofp-methylpyridone calculated at the

HF/6-31G level using BK perturbation theory and various sets of harmonic TD-FICs. The exact result is included for sake of comparison. The pearentage

with respect to the sum of the electronic and exact dynamic NR values are given in parentheses. Those cases where the error exceeds 5% are blocked off wit
dashed lines. All quantities are in a.u.

) (0/0) (/D) (w/w) (,0/w,0) QCw,w,020,0,0) Exact
B, (—w:0,0)
0.005 | 1.42X10%(=320.4) 3.15%10*(—118.1) 3.56X 10%(—71.3) 417X 10*(—0.1) 417X10*(—0.1) 4.17%10°
0.020 6.79X 10'(—2.2) 8.99%x10°(19.7) 4.80X10'(5.2) 6.20X 10'(0.0) 6.20X 10'(0.0) 6.20x 10!
0.040 6.86X 10'(—1.0) 2.91X10%(13.8) ! 538X10'(4.5) 6.58X 10'(0.0) 6.58X10'(0.0) 6.58x 10!

Br(—2wiw,0)

0.005 i 1.93X10°(—81.4) —7.57Xx10'(—45.1) —1,11X10%(—40.3) —129X10°(—37.9) 1 —4.09X10>(0.0) —4,09% 107
0.020 —824X1071(—=27)  —9.45X10°(—0.2) —1.01X10'(0.0) —1.01X10%(0.0) —1.01X10'(0.0) —1.01x10!
0.040 —228%X1071(—=09)  —329X10°0.0) —3.32x10%0.0) —3.31X10°0.0) —331%10°(0.0) —3.31%x10°

‘y]Z"‘ZZZ(_w;w’O’O)

0.005 3.09%X10%(—93.3) —451X10°(— 104.0) 3.60X 10*(—46.8) 654X 10°(—54) |  6358X10*(—4.8) 6.92%x10*
0.020 —3.,02X 10°(19.9) —292X10*(11.5) —424X10°(128.1) —2.79%X10°(—0.1) —278X10°(—1.3) —2.80%X10°
0.040 —3.04X 10°(7.6) —5.64Xx10°(211.9) —4,61X10°(130.9) | —2.95X10°(0.2) —294%x10°(—04) —2.95%10°
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TABLE IX. Frequency-dependent NR hyperpolarizabilities g}, { — 2w; w,®,0), 5,{—3w;0;0,w), and y5},{— o;0,— »,0) of p-methylpyridone

calculated at the HF/6-31G level using BK perturbation theory and various sets of harmonic TD-FICs. The exact result is included for sake ohcaimpariso
percentage error with respect to the sum of the electronic and exact dynamic NR values are given in parentheses. Those cases where the erroreexceeds 5% a
blocked off with dashed lines. All quantities are in a.u.

) (0/0) (/D) (w/w) (,0/,0) Cw,w,02w,0,0) Exact
ylizz( —2w;w,0,0)
0.005 —137X10°(—103.4) —9.41X10°(—14.3) 1.27X10%(—259.4) 138X 10°(=2712) —7.75X10°(=327)} —1.07x10*
0.020 —331X10%(7.6) —757X10°%(—1602) —2.62X10%(—38.0) { —3.19X10°(—0.1) —3.20X10°(0.0) —3.20x10°
0.040 —331x10°(5.6) —2.60X10°(—40.2) —293x10°(—18.7) | —3.23X10°(0.2) —3.23%10°(0.0) —3.22%x10°

Vo —30i0,0,0)

0.005 7.62X10°%(—175.8) —746X10°(—532) —874X10°(—42.8) —1.09X10*(—=254) —1.10X10*(—24.5)} —1.40x10*
0.020 2.17X 10*(—38.0) 1.65X10%(9.0) 1.39X10°(0.5) 1.38X10°(0.2) 1.38%X10°(0.0) 1.38%10°
0.040 529X 101 (—12.9) 4.13X10%(5.2) 3.11X10%(0.1) 3.10X 10%(0.0) 3.10X 10%(0.0) 3.10X 10>

Vire(— 010, — 0,0)

0.005 244X 10*(50.4) —1.82X10%(—1954) —1.29X10*—164.6) 5.09X10°(—61.0) 134X10°(—89.6)} 1.57x10*
0.020 6.09% 10°(—18.4) 2.20%10%(—59.3) 3.95%10%(—40.9) 7.84%10°(—0.1) 7.84X10°(0.0) 7.84%10°
0.040 586X 10°(—4.6) | 735X 10*(—69.5) 2.82X10%(—43.1) 6.22X 10°(0.0) 6.22X10%(0.0) 6.22X10°

were evaluated for the most common cases using static FIC%8. Champagne and B. Kirtman, andbook of Advanced Electronic and
and the infinite optical frequency approximation. Tests of Photonic Materials edited by H. S. Nalwa(Academic, San Diego,
that approximation for finite frequencies are carried out here 2002
: : : 2D. M. Bishop and P. Norman, irlandbook of Advanced Electronic and
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