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We have studied how the calculation of electronic and vibrational contributions to nonlinear optical
properties of three representatireconjugated organic molecules is affected by the choice of basis
set and the inclusion of electron correlation effects. The 6-31G basis does not always provide even
qualitative accuracy. For semiquantitative accuracy a 6-3{d) basis is sufficient. Although, as
compared to QCISD, a second-order Mgller—Plegb®2) treatment often yields a substantial
fraction of the electron correlation contribution, our MP2 results for the separate electronic and
vibrational terms are not consistently of semiquantitative accuracy. Nevertheless, at the MP2 level
the ratio between the vibrational and electronic contributions is satisfactorily reproduc80®
American Institute of Physics[DOI: 10.1063/1.1521725

I. INTRODUCTION Fock (RHF)/6-31G level and 84 1C° a.u. at the second-
order Mgller—PlessetMP2)/6-31G level. Contrary to what

There is increasing interest in materials with high non-h db iouslv ob Liwe also found that th
linear optical(NLO) properties due to their potential appli- ad been previous Xwo Sgrv € aiso foun that the mag-
nitude of the ratioP™/P°® is not systematically reduced by

cation in technologies such as telecommunications, informa- udi lat In fact Juct ; I
tion processing, surgery, metallurgy and holography/N¢luding correlation. in fact, a reduction occurs for only

m-conjugated organic polymers are an excellent option bef-ibOUt half of the molecules studied.

cause they are easily synthesized and chemically modified The radical changes between the RH'_:_IG'316 and MP2/
-31G methods made us doubt the reliability of our results.

have extremely fast switching times, and resist high intensit ) ) ) ; )
radiation. At the macroscopic level the relevant NLO prop- ' huS: the main goal of this paper is to investigate the effect
erties are the second- and third-order nonlinear susceptibilf:—)f basis set and _electron (_:orre_latlon beyond th? MPZ .method
ties (x? and x(®), whereas their microscopic analogues aren thg electronic qnd vibrational hyperpolanzabnmes of
the first and second hyperpolarizabilitigs(— o, ; , ,w,) m-conjugated organic molecules. Ultimately we hope to de-
and y(— o, : w1, @y, ws) 7 termine the minimum level necessary to obtain quantitative
Although neglected in the past, the meaning and impor®" ng'r?“ant'?tlz’_e ac??u_r%C)éK have developed I
tance of the pure vibrational contribution to the hyperpolar- ishop and Kirtmarr™™(BK) have developed a general
perturbation theory approach to evaluate the vibrational hy-

izabilities, 8 andy”, is now fully established~® Due to the arizabilt ; : " .
high computational cost, electron correlation has rarely beeR€rPO'arza lities at nonrespnanF requencies. In the BK for-
malism the total hyperpolarizability can be written as

included inab initio calculations of the vibrational hyperpo-
larizability of medium size or large NLO organic molecules. P=pet pzPvay pv, 1)

In the few studies available, only the harmonic terns.,

double harmonicapproximatiof*® or the lowest order an- where P® is the pure electronic contribution at the equilib-
harmonic term$i.e., nuclear relaxation Contl’ibutioﬁ,nr and rium geometry,Pvaa is the Zero_point vibrational averaging

y™ 2 were computed. Recently, the authors of this papeeontribution, andP” is the pure vibrational contribution. The
performed a preliminary investigation of the initial conver- sum of the last two contributions is usually considered to be
gence behavior of the perturbation series in anharmonicityhe total vibrational contribution. Where&2P'2 has its ori-

for 8” and y” of typical 7-conjugated NLO moleculeS.In gin in the difference between the electronic contribution of a
that work we found that including electron correlation yields “frozen” molecule and a vibrating molecul®” comes from
drastic differences in the absolute and relative values of thehe dependence of the vibrational wave function on the ex-
electronic and vibrational contributions. In a few cases eveernal electric field. The BK perturbation theory formulas are
the sign of the contribution changes. For example, forexpressed in terms of electrical property derivatives with re-
1,1-diamino-6,6-diphosphinohexa-1,3,5-triene the value ofpect to nuclear displacements as well as harmonic and an-
¥55,40;0,0,0) is—2.11x 10" a.u. at the restricted Hartree— harmonic vibrational force constants. These formulas are or-
ganized into contributions of different “square bracket”
aAuthor to whom all correspondence should be addressed. Electronic maifyP€S Where the nomenclature used depends on the electrical
josepm@iqc.udg.es properties involved and on the order of the derivatives or,
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equivalently, the order of electrical anharmoni&ﬁy.t also TABLE I. Structural formula of molecules studied in this paper.
depends on the order of mechanical anharmonicity. For in-
stance, the expression for the pure vibrational contribution to

the static second hyperpolarizability is given by \/\/\

Number Formula/Structure

Vepys0:0,0,0=[a?10_o+[uBlo-o+ [#*all—g 135 Heraiene
ot L@l ot LuBly g ) PN N Yo
+ [qua] I(LI= ot [,u,4:| lu\)/= ot [az] la\)/= 0 1-Formyl-6-hydroxyhexa-1,3,5-triene
NO,
Bl ot [mial o+ [1*Th=o
Foen 2) NN NH,

ON
where the electrical properties involved are explicitly indi- .

cated. In Eq(2) the terms of the same total order of anhar-
monicity (electricalr mechanical) have been grouped to-
gether and labeled with the corresponding superscript O, |,
I,....
There exists an alternative approach to calculating the
pure vibrational hyperpolarizability based on the changes iformulas’~*° based on field induced coordinaf8sor (ii)
Pe and P2 generated by a static external electric field, numerical finite field(FF) techniques®*~230n the other
including the effect of the distortion of equilibrium geometry hand, in contrast with the general analytical BK methet,
(i.e., “nuclear relaxationy induced by this field’"?*An ex- ~ (andP®?"9 are obtained only for the case where all optical
pansion of the difference iR® between its field-free value at frequencies are infinitéi.e., the infinite frequency approxi-
the undistorted equilibrium geometry and its field-dependentation or only a static field is present. Nevertheless, it has
value at the relaxed geometry as a power series in the statieen showf?~**that for typical laser optical frequencies the
electric field vector components leads to expressions for thifinite frequency approximation does not lead to a signifi-
static and/or infinite optical frequendisee the following  cant loss of accuracy, although the error can increase rapidly
nuclear relaxatio{NR) contribution to the(hypejpolariz-  when the optical frequencies approach the IR regfoor
abilities, P™.*® The analogous expansion Bf?'2 gives the the medium size organic molecules studied in this paper, the
remainingP®Z?¥3 contribution[cf. Eq. (4)] to P*.%’ derivatives required to evaluate the analytical expressions for
A comparison of the analytical expression ff" with P" at correlated levels of theory are beyond our computa-
the BK P” formula shows that the NR contribution contains tional resources. That is why all our calculations were per-
the lowest-order BK term of each square bracket ffpe. formed using the alternative FF method and the infinite fre-
Thus, for example, the NR contribution to the static hyper-quency approximation.
polarizability can be written as

Yitsy(0:0.0,0=[a1%_o+ [wB1S o+ [u?al,, o

NH,

1,1-Diamino-6,6-dinitrohexa-1,3,5-triene

II. COMPUTATIONAL CONSIDERATIONS

The number of molecules investigated was limited by

4111
Flulo—o- ®) the computational resources available to us. We chose three
This leaves the higher order “square bracket” terms whichmolecules with different polarity and valence bond-charge
constitute the so-called C-ZPVA contribution, transfer(VB-CT) features?® 1,3,5-hexatriend), 1-formyl-6-

hydroxyhexa-1,3,5-triene (Il), and 1,1-diamino-6,6-
pr= Pnr+ PC-vaa. (4) T _ e . . .
dinitrohexa-1,3,5-triendlll) (Table ); | is nonpolar, Il is
The order of anharmonicity included in calculations of Polar with a dominant VB ground state, and lil is polar with
PezPvadepends upon the order of anharmonicity included ind ground state that has mixed VB-CT character.
the ZPVA expression from which this quantity is derived. ~ The longitudinal component of the various field-free and
Again using the static second hyperpolarizability as an exfield-dependenP® were calculated, in part, analytically us-

ample, one finds that the first-orde?*"@ leads td7 ing the GAUSSIAN 98 suite of program$! The electronic
N - | , properties that were determined in this way inclyde «°,
Yapys (0:0,0,0=[a"],—ot[uBlo-ot[n al,-0 and B¢ at the HF level® and «® at the MP2 level, ang.®

+[M4]|v70. 5) at the QCISD level. All remaining higher-order properties
©= (i.e., y® at the HF level ;8¢ andy*® at the MP2 level; and®,
Thus, the resulting stati®” is correct through third order g€, andy*® at the QCISD levelwere obtained by numerical
and contains one fourth-order term. In this paper, howevenlifferentiation of the highest-order analyticBff available
we will focus our attention on the leading perturbation termswith respect to an electric field. At the coupled-cluster single
which are contained iP"™. double (CCSD level, all the electronic contributions to the
The main advantage of the alternative approach is thathypeppolarizability were calculated by numerical differen-
P™ (and P9 can be evaluated using either of two differ- tiation of the field-dependent electronic energy. For each
ent computational methodologiegi) through analytical molecule, property, and level of calculation, the numerical
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]
f 95y 2T v Be Bl BT 86 differentiation was carried out for fields oft0.0004,
E ;% 3 z 3 z z g g g g § P g +0.0008, +0.0016, +0.0032, and+0.0064 a.u. Then, the
o b= “é 5 ) § 9 AdwoR ol g R smallest magnitude field that produced a stable derivative
[ i — : M . .
4 o= |7 Y@ AT e @5 was selected using a Romberg method triafgfe.
% N & B % The longitudinal component of the nuclear relaxation
oy ‘ o ' o ntribution h ic and infini ical fr -
= (36%/\%5% “&;éb%%g‘éé cotbut.o t'q'testatcad tepptca equenty
S L &|FE T TeTITs s é X penpolarizabilities was calculated using the FF method of
g s é [ E ~ EE’/ ﬁ —~ é o &< 9 Bishop, Hasan, and Kirtmafd. In this treatment, as men-
SIS o : ™ . . . .
g o= |7 YI® Ty FEOC TG tioned earlier, thé®"" are obtained from the coefficients of an
° = - - = 0 expansion of the change iP® [i.e., AP*=P®%Rg,F)
= - o —P®(Ro,0)] in a static electric fieldF:
2 7 S T P 3
0] o o SRR
2 |lvalts258.%888%7 8% 25 pLe
" G950 8 x% x4 xb x5 N e_ Papy gaﬁ75
; g'g '-O\I/ QA (‘Od NI Lo &6 : | A,Ma—a FB+ 2 FﬂF + — 6 FBF,},F5+"‘, (6)
@ e N g © S N9 YR |G
2 =) L e = @
€ ~ 2e
e N < ga‘ﬁyb‘
g- 6—: é é T'O TO é‘ Aaaﬂ baﬁy 2 F7F5+'”1 (7)
g SltsBss BHEBT BT By
£ DRI VISR Jiol Je R
= 1187 §9 8232838582 A Eon 8
% arivv'u‘\‘).oo H(FT‘!CD-QQ‘.SF]§ 'Baﬂy 903755 ' ®
n & | A @ |
w © - — - where
I
g (‘V %) inl — T
Z4| B S S .88 %5 Le 0;0)+a",(0;0 9
St S|89358,89385385 %98 8= Xap(0:0) + aly(0:0), ©
H © N .
Sl F|87 8 Ead 89§D &~
S g gl oga-dgaoo @w do )
g8l o|7 Tm® "o"gTgTY b, = Bapy(0:0.0+ B1,(0:0,0, (10
Zc N - - - L
QLo « ] .
§ S . ‘S > T('D Té) é gaﬁ'y6 7aﬁy5(o 0 0 0)+ yaﬁyﬁ(oioaolo)! (11)
S S xl BEYBIBHT G
EE| O|o8 9@ 945 78 9 0398
sell AT §9 82858283 82 025 = 52,.(0:0,0+ B (—w;.0) ..., 12
8 ; S| ®do Hd5 w s v o N3
E % . ~ gaﬁyﬁ ’)/aﬁyﬁ(o 0 0 o)+7a,3y5( w;w,0,0)un, (13)
s = 5 v % 5 T
o} R = d ;‘ NS
EE T %) 58%58%3 o e 938,5= ¥2576(0:0,0,0 + ¥ o — 20;0,@,0), s .
2=l 819789878878 8 (14
- |G s T ol wd b T L
§ % T Lol 58 In Egs. (12—(14) the subscriptw— refers to the infinite
& = - optical frequency limit and the subscripts 8, v, refer to the
T .= (\\‘ — — ! H
c ) > ! . 9 Cartesian axes.
c 2 = o o o ] o . .
n B P XBT BT Y G The field-dependent geometry optimizations needed in
2 915.%85_%5%85%% 5% p 9 y op
5 8|33 5°5a938x8:8 buti |
= N XG ! )
=5 el8d §a 88 55 ET L2 S order to calculate the NR contributions were carried out us-
g 4 oQ o 4 IR IS I E ing our own prograni? which rigorously enforces the Eckart
% o U - 9 2 [ conditions. As in the numerical determination of higher-order
a o P¢, a Romberg method triangle for the electric fields
c > o~ — ? !
2% ‘ LT =T = +0.0004, +0.0008, +0.0016, = 0.0032, and+0.0064 a.u.
= O o e pur o — ) ) 1 ’
[¢] . . . .
3 g g I=fr) ‘éé‘ R ‘é,lﬁé ‘Qé ég é% was constructe.d to obtain the stable derivative with the
5 & § ¢ Ha & P - &4 é 5 é & smallest numerical error.
& AT 6B 8 o 6 T Yo In our calculations we employed the 6-3%%5,
S5 . L L 7 6-31+G,%%% 6-31G(@d),*3*? 6-31+G(d),*** 6-311
T . = +G(d),31-34 6-311+ + G(d,p),31 -3 6-311+
o % Loy i +G(2d,2p),*t%6-311+ + G(2df,2pd),** "% and 6-31%
59 o 8 B8 ? s 8 +G(3df,3pd)31° basis sets together with the HF, MP2,
S5 £l2 @ S S 3 3 i QCISD, and CCSD methods as implemented in ¢h@ss-
o g SEE=! ] ; ; .
- g|S & & S 5 03 3 IAN 98 suite of programé&’ This choice allows us to proceed
- S L h in a systematic manner without incurring excessive compu-
N < . .
@' % ;E £d zﬁ tat'lonal cogt as Woulq be the case using, for example, corre-
<8 N lation consistent basis sefs.
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TABLE llI. Electronic and nuclear relaxation polarizabilities and second hyperpolarizabilities of molecule | calculated at the MP2 level. Tityeiguan
parentheses is the relative erfar percent with respect to the corresponding 6-31% G(d,p) property; and the quantity in italics is tH"/P€ ratio. All
quantities are in atomic units.

Properties 6-31G 6-31G 6-31G() 6-31+ G(d) 6-311+G(d) 6-311+ +G(d,p)

a50;0) 1.25x 107 1.40x 107 1.30x 107 1.45< 107 1.45< 107 1.46x 107
(—15) (—4.1) (-11) (—0.6) (—0.4)

a3(0;0) 1.82x10° 1.95x10° 2.47x10° 2.55x10° 2.64x10° 2.66x10°

(—32) 1.46X1072  (—27)1.39x107% (—7.4)1.90x107% (—4.1)1.76x1072 (—0.9)1.82x1072 1.83x10°2

%,,40;0,0,0) 1.56x10° 2.53x10° 1.27x10° 2.15¢10° 2.01x10° 2.03x10°
(=23) (25 (=37) (6.0) (=1.0)

¥25,40;0,0,0) 3.85x 10 6.35x10* 4.35¢<10* 7.24x10* 7.25¢<10* 7.25x10°

(—47) 2.46x10°1  (—12) 2.51x10°*  (—40) 3.42x10* (—0.2)3.36x10°* (0.0 3.60x10°* 3.57x107!

Vyyd— ©,0,0,0), .- 1.45x<10* 2.41x 10" 1.69x 10" 2.75<10* 2.65x10 2.65x10*

(—45)9.28x102 (—9.0)9.53x10% (—36)1.33x10°! (3.8 1.28x107*  (-0.1) 1.32x107* 1.30x10°*

Ve —2w;0,0,0), ... 2.26x10° 4.02<10° 1.80x10° 3.53x10° 3.27x10° 3.39x10°
(—33)1.45x1072  (19) 1.59x1072  (—47)1.41x107% (4.2 1.64x107%  (—3.5) 1.62x1072 1.67x10°2

Ill. RESULTS (Table VI) and QCISD(Table VIII) levels where the magni-
Tables 11-V, VI-VIII, and IX—X summarize the results tugTSg;Gtg;grgrs rlelat|v|§ _to :]he HF/6-13gol/3(d1)6;nd d

obtained for the longitudinal component of the electronic and? ) 0 (d) va ules e in the ringe f o7, efmh

NR contributions to the NLO properties of molecules 1, I 2-2%-13%, respectively. However, the performance of the

and lll, respectively. The computational cost of such calcy8-31G basis set is poorer at the MP2 letete Table VIl in

lations increases very rapidly with the number of basis func\Which case the magnitude of the error with respect to

tions. This explains why the level of treatment for moleculeMP2/6-31}G(d,p) varies from 2.6% to 32%. It is also
Il is lower than for molecule I. Nevertheless, for all three POOrer for molecule I at the HF, MP2, and QCISD levels; the
molecules we were able to conduct a fairly systematic studyn@gnitude of the error ranges from 6.5% to 36%, 15% to
of basis set and electron correlation effects on the electroni¢?%, and from 15% to 54%, in comparison with HF/6-311
and vibrational contributions to NLO properties. ++G(3df,3pd), MP2/6-31% +G(d,p), and QCISD/
The 6-31G basis set has been used in many previous-311+G(d), respectively. Although the 6-31G results can-
theoretical investigations of the NLO properties of organichot be considered semiquantitative in these instances, they
molecules:®~12 Although it is well established that diffuse are still acceptable from a qualitative point of view. This is
and polarization functions are required for a quantitative denot true, however, for the 6-31G results of molecule Ill. At
scription of both the electronic and NRypeppolarizabili-  the HF level the magnitude of the error, with reference to the
ties of medium size organic molecul®i, has been found in  6-311+G(d) value, varies from 4.0% to 297%; and, at the
the past that the 6-31G basis is adequate to obtain semiqualP2 level, it varies from 1.5% to 77% with respect to
titative results’*8 This is the case for molecule Il at the HF MP2/6-31+ G(d). Note that, fory$,,{0;0,0,0), the HF/6-

TABLE IV. Electronic and nuclear relaxation polarizabilities and second hyperpolarizabilities of molecule | calculated at the QCISD levelnfityeiqua
parentheses is the relative err@ percent with respect to the corresponding 6-31G(d) property; and the quantity in italics is tHe"/P® ratio. All
quantities are in atomic units.

Properties 6-31G 6-31G 6-31G(d) 6-31+G(d) 6-311+G(d)
ag/0;0) 1.18< 107 1.31x 107 1.25¢ 107 1.38x 107 1.39x 107
(=15) (=5.5) (=9.9) (=0.6)
a30;0) 1.52x10° 1.64x 100 2.33x10° 2.42x10° 2.57x10°
(—41) 1.29x102 (—36) 1.25x107? (—9.3) 1.86x1072 (—6.0) 1.75x10°2 1.85x1072
75,240;0,0,0) 1.05x<10° 1.72x10° 8.94x 10¢ 1.51x10° 1.39x10°
(—25) (24) (—36) (8.2)
¥55,40;0,0,0) 3.39x10* 5.32x10* 4.48< 10" 6.39x 10° 7.36x10°
(—54) 3.24x10°* (—28) 3.09x10°! (—39) 5.01x10°* (—13) 4.24x10°? 5.27x107*
Vo~ ©;0,0,0), . 1.23x10¢ 1.95< 10 1.59x10* 2.42<10° 2.47<10°
(—50) 1.17x10°* (—21) 1.13x10°? (—35) 1.78x10°* (—2.0) 1.60x10°* 1.77x1071
Vapk —20,0,0,0), 1.36x10° 2.57x10° 9.92x 107 2.21x10° 2.01x10°
(—32) 1.30x10 2 (28) 1.49x1072 (—51) 1.11x10°? (10) 1.47x1072 1.44x1072
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TABLE V. Electronic and nuclear relaxation polarizabilities and second hyperpolarizabilities of molecule |
calculated at the CCSD level. The quantity in parentheses is the relative(iarpercent with respect to the
corresponding 6-31G(d) property. The quantity in italics is the"/P€ ratio. All quantities are in atomic units.

Properties 6-31G 6-31G 6-31G(d) 6-31+G(d)

a$/0;0) 1.16x10° 1.29x 107 1.24x10° 1.36x 107
(=15) (=5.5) (=9.3)

al(0;0) 1.50x 1¢° 1.61x1¢° 2.30x10° 2.38x10°

(—37)1.29x102  (—32)1.25x102 (—3.5)1.86x1072  1.74x1072

¥52240;0,0,0) 1.11x10° 1.79<10° 8.93x 10¢ 1.59x10°
(—30) 13 (—44)

755,40;0,0,0) 3.14x 10" 4.96x 10 4.31x 10" 6.28<10*

(—50)2.83x101  (—21)2.78x107*  (—31)4.82x10*  3.96x107!

Vapoh— 0;0,0,0), 1.21x10* 1.90x10° 1.55x 10" 2.44x 10

(—50) 1.09x10  (-22)1.07x10* (—37)1.73x10°%*  1.54x107!

Vaph = 20,0,0,0), 1.24x10° 3.27x10° 1.57x10° 3.23x10°

(—62)1.12x1072 (1.4 1.83x10%  (—51)1.76x1072  2.03x1072

31G result has the wrong sign. We conclude that the 6-31Gor the other two molecules. Next, we tried the 6-3#5(

basis set cannot be systematically used to compute the NLBasis set. This improves the results only for molecule Il

properties of medium size organic molecules. and is, therefore, not a good choice in general. On the other
As a computationally cheap first option for increas-hangd, the accuracy of the 6-315(d) basis is substantially

ing the quality of the basis set we considered the additiofyetier than that of 6-31G. In fact, with the exception of
of diffuse functions on the nonhydrogenic atoms. For_nr

e : V224~ 2w;0,0,0),_.. for molecule I, which is a special
molecule |, utilization of the 6-31 G basis leads to a mean- case due to its small absolute value, the magnitude of the
ingful decrease in the errors far;,(0;0), v7,,{0;0,0,0), ' 9

Y (~wiw,0,—)y v, and YV (—w;w,0,0), . at error obtained with the 6-31G(d) basis is always less than

all levels of calculation. However, the addition of diffuse 17% as compared to the largest basis set studied for each
basis functions does not improve the accurac?®BndP™  method and molecule. Indeed, in most cases the error is

TABLE VI. Electronic and nuclear relaxation polarizabilities, first and second hyperpolarizabilities of molecule Il calculated at the HF leyeanTinein

parentheses is the relative err@n percent with respect to the corresponding 6-31G(d) property; and the quantity in italics is tHe"/P® ratio. All

guantities are in atomic units.

Properties 6-31G 6-31G 6-31G(d) 6-31+G(d) 6-311+G(d)

a5/0;0) 211X 10 2.24x 107 2.02< 107 2.15¢ 107 2.13x 107
(—1.0) (5.2) (—5.5) (0.5

a3£0;0) 3.84x 10" 4.15< 10" 3.87x10 4.20< 10 4.24< 10"

(—9.5) 1.82x10°* (—2.2)1.85x107* (—8.9) 1.92x107* (—1.0)1.96x10°* 1.99x1071

5,40;0,0) 1.79x10° 2.11x10° 1.50x10° 1.79x10° 1.71x10°
4.7) (23 (=12) (4.9

B3,40;0,0) 3.96x 10° 4.64x10° 3.81x 10° 4.50x10° 4.52x<10°

(—12) 2.21x10° (2.9 2.20x1¢° (—16) 2.54x10° (—0.4) 2.51x10° 2.64x10°

B A~ ;0,0), ... 1.11x10° 1.29x10° 1.04x10° 1.22x10° 1.21x10°

(—8.1) 6.21x10°* (6.3 6.09x10°* (—14) 6.96x107* (0.3 6.80x107* 7.08x107t

v%,,40;0,0,0) 1.96x10° 2.37x10° 1.59x10° 1.95¢10° 1.85x10°
(6.0 (29 (—14) (5.7

¥35,£0;0,0,0) 7.05x10° 8.66x 10° 6.75x<10° 8.26x10° 8.43x10°

(—16) 3.60x10° (2.9 3.65x10° (—20) 4.26x10° (—1.9) 4.24x10° 4.56x10°

Vph— 0,0,0,~ ) 1.82x10° 2.13x10° 1.65x<10° 1.94x10° 1.92x10°

(—5.4)9.29x10* (11) 8.97x10°* (—14) 1.04x10° (0.8 9.94x10°* 1.04x10°

Yaod— ©;0,0,0), 1.87x10° 2.27x10° 1.70x10° 2.07x10° 2.04x10°

(—8.3) 9.54x10* (12 9.57x10°! (—16) 1.07x1° (1.6) 1.06x10° 1.10x10°

Vapk —20,0,0,0), 2.51x10¢ 3.17x10* 2.06x10* 2.60x 10* 2.47< 10"

(1.9 1.28x10t (29 1.33x10! (—17) 1.30x10°* (5.6 1.33x10°! 1.34x10°*
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TABLE VII. Electronic and nuclear relaxation polarizabilities, first and second hyperpolarizabilities of molecule Il calculated at the MP2 dDde@€$S
The quantity in parentheses is the relative efiompercent with respect to the corresponding 6-31G(d) property; and the quantity in italics is tH&"/P¢
ratio. All quantities are in atomic units.

Properties 6-31G 6-34G 6-31G() 6-31+ G(d) 6-311+G(d)  QCISD 6-31G
a240;0) 2.09x 10 2.31x 10? 2.15x 107 2.36x 10 2.36x 107 1.87x 107
(—11) (-2.2) (-9.0) (-0.0)
a(0;0) 2.62< 10" 2.99x 10t 2.96x 10" 3.41x 10 3.45< 10 2.31x 10
(—24)1.25x10Y  (-13)1.30x107'  (—14)1.38x107"  (—1.3) 1.44x107" 1.46x1071 1.23x10°1
5,40;0,0) 5.05x 10° 6.08x 10° 4.24x10° 5.12x10° 4.91x10° 3.50x 10°
(2.7) (24) (—14) (4.)
B3540;0,0) 2.90x10° 3.73x10° 3.29x10° 4.20x10° 4.25<10° 2.04x10°
(—32)5.75x101  (—12)6.14x10°*  (—23)7.76x10°*  (—1.2)8.20x10°* 8.64x107* 5.82x107*
Brd— »;,0), .. 9.49x 10 1.21x10° 1.06x10° 1.33x10° 1.34x10° 6.59x 107
(—29)1.88x101  (-9.5)1.99x10°* (—22)2.49x10°* (—0.5)2.60x10* 2.72x10°! 1.88x10°!
¥5..£0;0,0,0) 6.13<10° 7.58<10° 4.59¢10° 5.70<10° 5.43x 10° 5.11x 10°
(13 (40) (—15) (5.2)
v55,£0;0,0,0) 6.65x 10° 9.12<10° 6.45<10° 8.67x10° 8.66x 10° 4.86x10°
(—23) 1.08x10° (5.3 1.20x1¢° (—25) 1.41x10° (0.1) 1.52x10° 1.60x10° 9.52x10°
Vo h— ©;0,0,0), 2.55x 10° 3.45x 10° 2.34x10° 3.10x10° 3.06x 10° 1.71x10°
(—16) 4.17x107* (13) 4.55x107* (—23)5.10x10°t (1.4) 5.44x107* 5.63x10°! 3.34x107t
Yo {20, 0,,0), . 8.06x 10" 1.07x 10° 6.50x 10* 8.52x 10* 8.27x 10* 5.24x 10
(—2.6) 1.31x10* (30) 1.41x107* (—21) 1.42x10* (3.0 1.49x107! 1.52x10°! 1.03x10!

smaller than 8%. Thus, the 6-315(d) basis set seems to be tion effect remains quite large. A major objective of the cur-
an appropriate choice for studying the NLO properties ofrent work is to determine whether or not the MP2 method
medium size conjugated organic molecules, although othexdequately characterizes the correlation contribution. For
molecules should be studied to corroborate this statement.that purpose we compare MP2 with QCISD, which we prefer
to CCSD because analytical evaluation of the QCISD gradi-
less sensitive to the choice of basis set than the individuant and dipole moment are implemented GAUSSIAN 98
electronic or NR contributions. However, the results pre-Tables IV and V show that, at least for molecule I, the dif-
sented in this paper do not bear that out. The errors in thgerence between the QCISD and CCSD values calculated at
P"/P*® ratios tend to be about the same magnitude as th©CISD geometries is always less than 8% for bBthand

One might have expected that tR&'/P€ ratio would be

errors in P™ and P®. The 6-31G() basis constitutes an p™ with the exception ofy]",

{—2w;»,0,0),_. Which, as

exception to this general behavior. For that basis the errors |Hoted previous'y' can be exp|ained as a Specia' case. At this
the ratios are two to five times smaller than the errors in thgygint we do not know what would be the effect of adding

separate electronic and NR contributions.
As mentioned in Sec. I, we have shown previously thaty,|ations.

P€¢ and P™ computed at the MP2/6-31G level can be very
different! from the HF/6-31G value for the type of molecule

noniterative triples excitations to the QCISD or CCSD cal-

In order to see the effect of electron correlation and how
well it is described at the MP2 level we compare both MP2

studied in this paper. Although, in general, these differencegnd HF to QCISD. The HE results f&® and P™, obtained

tend to decrease slightly as the basis set is improved, evep)
with the largest basis sets considered here the MP2 correla

ses is the relative errofin percent with respect to the corresponding

6-31+G(d) property. All quantities are in atomic units.

Properties 6-31G 6-31G 6-31Gd) 6-31+G(d)
a540;0) 1.87x10°F  2.06x10°  1.96x10°7  2.14x10P
(-13) (—3.8) (—8.5)
B%,40;0,0) 3.50<10° 4.35x10° 3.23x10°  3.97x1C°
(-12) 9.9 (=19)
v5,,{0;0,00)  511x10°  6.59x10° 4.25<10°  5.39x1C°
(=52 (22) (=21)

ith the largest basis set considered here, differ from the
corresponding QCISD values by 9.5%—-98% for molecule |

and by 9.2%—-94% for molecule Il. In general, whenever the
TABLE ViIII. Electronic static polarizabilities, first and second hyperpolar- correlation contribution given by QCISD is relatively small
izabilities of molecule Il calculated at the QCISD. The quantity in parenthe-q, Iarge the MP2 treatment will yield a correction that is

correspondingly either small or large and in the same direc-

tion. Although we could give the percentage error in the
correlation contribution, it is more relevant to compare MP2
directly with QCISD. The difference between MP2 and
QCISD for molecule 1 lies between 1.4% and 63% whereas,
for molecule Il, it lies in the range from 12% to 54%. While
a significant part of the large correlation effect is accounted
for by MP2, there is also a substantial part that is[iset for
instanceyy,,{0;0,0,0) andys,,{0;0,0,0) of I. For mol-
ecule Il only P¢ was computed at the QCISD level. In this
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TABLE IX. Electronic and some nuclear relaxation polarizabilities, first and second hyperpolarizabilities of molecule Il calculated at thd. HFRdeve

quantity in parentheses is the relative error with respect to the corresponding+6G3d} property, and the quantity in italics is tHe"/P€ ratio. All
quantities are in atomic units.

Properties 6-31G 6-31G 6-31G(d) 6-31+G(d) 6-311+G(d)
a8/0;0) 3.13< 107 (8.3 3.35x 107 (16) 2.75< 107 (—5.0) 294107 (1.5 2.89x 107
a9%(0;0) 3.35¢ 107 377X 107 3.16x 107 3.44x 10 3.22x10°

(4.0 1.07x1¢° (17) 1.12x10° (—1.8) 1.15x10° (6.9 1.17x1¢° 1.11x10°

B5,40;0,0) 2.20x 107 3.09x 107 2.27x10° 2.56x10° 2.37x10°

(—91) (—87) (—4.5) (7.9

BY A= @;0,0)0_n 3.25x10° 3.83x10° 6.86x 10° 8.26x 10° 7.69x10°

(—58) 1.48x10" (—50) 1.24x10 (—11) 3.03x10° (7.5 3.22x10° 3.24x10°

¥5..£0;0,0,0) —2.36x10° —2.57x10° 7.13x 10 9.98x 10" 1.20x10°
(—297) (—314) (—40) (-17)

YA - wiw,0,~0), 1.82x10° 2.12<10° 4.83x10° 6.08<10° 5.77x10°

(—68) —7.72x107* (—63) —8.25x10°* (—16) 6.77x10° (5.4) 6.09x10° 4.82x10°

case the electron correlation er(ptF versus QCISDlies in  IV. CONCLUSIONS
the range 9.4%—-120%. At the MP2 level the values obtained
differ from the corresponding QCISD results by 8.3%—-94%.  Electron correlation makes a major contribution to the
Clearly, for the medium size conjugated organic molecules ifhyperpolarizabilities and, hence, the NLO properties of
this study, the MP2 treatment does not consistently yieldrconjugated organic molecules. For a representative set of
semiquantitative accuracy. three medium size molecules we have investigated how the
It is interesting to observe that, for the second hyperpo<alculation of this contribution is affected by the choice of
larizabilities of molecule |, the performance of MP2 is far basis set and level of electron correlation treatment. Both the
better forP™ than it is for P®, which is the opposite of what pure electronic and the nuclear relaxation vibrational hyper-
one finds at the HF level. While the magnitude of the errorgpolarizabilities P¢ and P™) were considered. It was found
in the HF ¥%,,{0;0,0,0), ¥5,,{—w;0,0,— ), .. and that the often used 6-31G basis does not systematically pro-
yr{— w;®,0,0),_... are 41%, 67%, and 78%, respectively, vide semiquantitative, or even, qualitative results. Semiquan-
the corresponding errors at the MP2 level are 44%, 1.4%jtative accuracy was achieved, however, for the 6-31
and 7.5%. This illustrates the fact that one cannot extrapolate- G(d) basis. In that case, the basis set error was typically
relative errors irP™ versusP® from one level of treatmentto less than 8% with a maximum of 17%. As compared to
another. In fact, we find that the accuracy of the MPZP®  QCISD, a MP2 treatment often yields a significant fraction
ratio with respect to the QCISD ratio is far better, on aver-of the electron correlation contribution. MP2 also gives
age, than the corresponding HF value. For the largest bassemiquantitative accuracgmaximum error=32%) for the
set considered here the maximum error at the MP2 level foratio P"/P® but not for P¢ and P™ individually. It still re-
all cases is 32% whereas this error can be as large as 278%ratins to be established, of course, that QCISD can be trusted
the Hartree—Fock level. Thus, the MP2 treatment does apge provide at least semiquantitative accuracy for the indi-
pear to give semiquantitative accuracy fef'"/P€, though vidual properties. Although the C-ZPVA contribution is com-
not for the individual values of the numerator and denomi-putationally expensive to determine, we hope that in the near
nator. future we will be able to extend the present investigation to

TABLE X. Electronic static polarizabilities, first and second hyperpolarizabilities of molecule Il calculated at
the MP2 and QCISD levels. The quantity in parentheses is the relative (errpercent with respect to the
corresponding 6-3t G(d) property. All quantities are in atomic units.

Properties 6-31G 6-31G 6-31G(d) 6-31+G(d) QCISD/6-31G
a20;0) 3.75x 107 4.10<10° 3.35x 107 3.69x 107 3.46x 107
(1.5 (11 (-9.2)
B,40;0,0) 1.32x 10 1.58x 10* 9.10x 10° 1.08x 10 1.79x 10%
(22) (46) (—16)
75,,40;0,0,0) 7.16x10* 3.39x10° 1.85x10° 3.14x10° 1.18x10°
(—77) (7.8 (—41)
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