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An analytical set of field-induced coordinatésICs) is defined. It is shown that, instead oN3

—6 normal coordinates, a relatively small number of FICs is sufficient to describe the vibrational
polarizability and hyperpolarizabilities due to nuclear relaxation. The fact that the number of FICs
does not depend upon the size of the molecule leads to computational advantages. A method is
provided for separating anharmonic contributions from harmonic contributions as well as effective
mechanical from electrical anharmonicity. Hartree—Fock calculations on a dozen representative
conjugated molecules illustrate the procedures and indicate that anharmonicity can be very
important. Other potential applications including the determination of zero-point vibrational
averaging corrections are noted. Z00 American Institute of Physid&§0021-96060)32137-7

I. INTRODUCTION factory results, at least for small molecules. The generaliza-

o o ) tion of BHK for an arbitrary optical frequency has recently
The key role of vibrational contributions to the nonlinear been presenté@ibut it is more difficult to apply

optical (NLO) properties of conjugated polymers and organic
molecules of practical consequence is now well
established:? At the microscopic level these properties are
governed by the first hyperpolarizabilily tensg, and the
second hyperpolarizability tensoy, Typically, the longitu-
dinal component of these tensois, (,y,) will be dominant.
Most treatments of the vibration@, and+y, have been car-
ried out by the perturbation theory method of Bishop and
Kirtman®~® (see, for example, Refs. 6)-&ven at the sim-

The first step of BHK involves determining the relax-
ation of the equilibrium configuration in response to a finite
external static field. This is followed by calculation of the
change thereby induced in the electronic dipole moment, lin-
ear polarizability, and first hyperpolarizability. Finally, the
desired vibrational properties are obtained from these field-
induced property changes by numerical differentiation with
respect to the field. The first successful implementation of

plest(double harmoniclevel of approximation, howeveab this proc_gdure, which requires ahcarefﬁ!ltreéatment o;the.Eck-
initio calculations for large molecules have been limited to@'t conditions, was reported a short while gsince then it

the Hartree—Fock level because a complete force constaRgS beeq extended to the5 static linear polarizability of
determination is required. When electrical and mechanicz:t‘i_’ob”“eré and, very recently; applied to obtain the vibra-

anharmonicity is included the computational difficulties aretional v, for eight different homologous series of conjugated
exacerbated. oligomers, each containing up to twelve heavy atoms along

A few years ago Bishop, Hasan, and KirtméHK) the backbone. In addition, it has been sh&tthat an exactly
(Ref. 9 formulated an alternative finite field method that @halogous procedure can be used to determine nuclear relax-
does not require explicit calculation of the vibrational forceation corrections to the ZPVA. Despite these successes fur-
constants. It utilizes an “infinite optical frequency” approxi- ther improvements are desirable. One difficulty is that re-
mation which implicity includes low order anharmonicity Peated geometry optimizations are necessary in order to
terms. The BHK procedure gives the so-called nuclear relaxdetermine the numerical derivatives and, for sufficiently ac-
ation contribution to the vibrational polarizability and hyper- curate results, we firtd that very tight thresholds on the
polarizabilites. Except for zero-point vibrational averagingresidual forces have to be employed. As a consequence it has
(ZPVA) this contribution contains the leading vibrational not yet been feasible to study the role of electron correlation
term of each typesee later. Tests of the infinite optical for systems of interest in materials science. In this connec-
frequency approximatidft'! have shown that it yields satis- tion we note that DFT methods are not feasible because they
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cannot provide accurate polarizabilities and hyperpolarizthe form of the FICs{3) illustrate their use for interpretive
abilities of longitudinally extended systers!® Further-  purposes; and, by way of passing) assess the potential
more, in contrast with perturbation theory, BHK does notimportance of anharmonic effects. Finally, in the last section
yield the contribution of individual coordinates nor does it we discuss electron correlation calculations and other future
allow a separation of electrical and mechanical anharmonicapplications including an extension to the zero-point vibra-
ity effects. tional averaging correctiofas well as the effect of nuclear

In this paper we present a combination of the perturbarelaxation on the latt¢rand to determining deviations from
tion theory and BHK(i.e., nuclear relaxationapproaches the infinite optical frequency approximation.
that paves the way for calculations which include electron
correlation and, at the same time, allow one to specify thg, e D INDUCED COORDINATES
key vibrational coordinates and to separate electrical from o ]
mechanical anharmonicity effects. Our new approach ¢\ Definition and properties
based on the determination of a small number of vibrational In the presence of a uniform static external electric field
coordinates thaexactlyreproduce the BHK results for the the equilibrium geometry of a molecule will relax to a new
complete vibrational space. There are quite a few calculafield-dependent configuration. This is due to the fact that the
tions in the literature which show that, for longitudinally electrostatic interaction with the field depends linearly upon
extended conjugated molecules or oligomer§®the double  the field-free normal coordinates. The new minimum in the
harmonic vibrational polarizabilities and hyperpolarizabili- potential energy may be obtained as usual by applying the
ties are often dominate@t least, at the Hartree—Fock level stationary condition. One may solve the resulting relation
by contributions from a limited number of normal modes. order-by-order in the fiefd? for the value of theth field-
However, no prescription has been given for determining théree normal coordinate at the field-dependent equilibrium ge-
precise form of these modes or for predicting when otheometry,
modes may become important. On the other hand, in our

XY,z XY,z 3N-6 _ij,a

initial implementation of BHK(Ref. 13 we learned that one F _ ia iab_ i2_1_ i.b
could numerically generate gair of field-induced coordi- Qi (Fx.Fy.Fo) ; %iFa ;: {qz 121 as a1
nates(FICs) that were sufficient to accurately determine the 3N-6 A _ijk
vibrational nuclear relaxatiofinfinite frequency approxima- 30 j.a kb
tion) longitudinal polarizabilities and hyperpolarizabilites for +j,k2:1 ay 4 }FanJr ' @
a small set of prototyper-conjugated molecules. This dis-

. . where,
covery provided the impetus for the development of exact
field-induced coordinates which provide the desired prescripa'r{r'n“ab“'
tion. (n+m)

The FICs areanalytically defined in Sec. Il A. These — o V(Ql""’Q3N6'FX'FV’FZ))
coordinates are associated with the displacement of the equi- ~ n!'m! dQidQj - dF zdF - 0=0F=0
librium geometry due to a static applied field. Corresponding 7
to the displacements that are first-order, second-order, etc. in . .
the field there are first-order, second-order, etc. FICs. In each, , aps Cab a'l';_"‘b
order, beyond first, one can also define a pure harmonic cd!! 25%' 2 :EZ'I;’ )

ordinate by discarding the anharmonic component. For the )

longitudinal nuclear relaxatioffinfinite optical frequency @nd the sums overf8—6 normal coordinates reduce ti3
(hypedpolarizabilities either one or, at most, two of these — > for linear molecules. In Eq2), n is the total order of
FICs are sufficient to reproduce exactly the results of a comdifferentiation with respect to normal coordinates, wimiés -
plete -6 normal coordinate calculation. After proving the total order with respect to the fle|.d.S. Derivatives with
these relations for the longitudinal component we generaliz&~ 0 @ndn=>1 are electrical anharmonicity parameters. For
to the other diagonal, as well as off-diagonal, components oft =0 those derivatives with>2 are _thae usual mechanical
the polarizability and hyperpolarizability tensors. More FlCSanharmomcny constants. The quantdy” in Eq. (1) repre-

are needed, of course, to generate the entire tensor but tfents the linear field-induced change along the field-free nor-

key point is that the number of coordinates remains the sam@al cpordlnateQi . Thus, we define the first-order FIC in the
regardless of the size of the system. Furthermore, our resul@rechona by
are not limited to conjugated systems; they are valid for any SN—6
molecule. Xi=— 2 d4°Q. 4
In Sec. 11 B the FIC formulas for evaluating the vibra- =1
tional nuclear relaxation properties are presented along witifthe second-order FICs are defined analogously,

an analysis of various computational methods—both “ex- 3N-6 3N-6 _ij.a

act” and approximate—that can be employed to take advan- X§b= _ E qiz,ab_ 2 _2|,|1_qjl,b

tage of the reduced number of active coordinates. The results i=1 j=1 3y

of Hartree—Fock calculations on 12 representative conju- N-6 5 _ijk

gated molecules are reported in Sec. lll. These serni@)to T 2 3agp q3qkP|Q, (5)
evaluate some of the approximation metho@;determine k21 2a5, t v
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Here the second term on the rhs of Eﬁ]) contains electrical TABLE I. Analytical formulas for the polarizabilities and hyperpolarizabili-
anharmonicity parameters, while the third term involves me_tles m te_rms of fleld-lnduceq coordlnat(aEICs).‘ The upper index on each
hanical anharmonicity. Using just the first term of &) sum is either 1 or 2, depending upon the particular property and_comp_onent
¢ a,‘nlc,a y . 9] ' (see Table Ii. For those properties where more than one coordinate is re-
which is the pure harmonic component, we may also definguired, we have assumed that a prior linear combination has been made to
IN-6 satisfy the condition/?V/d¢;d¢p; =0 for i #j.

Xg,t;\ar: - ;1 qiz'abQi ) (6)

1 .
a0:0)= 5 2, Pualifas®
Note thatx$ .= xi. Although it would be straightforward

to extend these definitions to third- and higher-order, that i§2Lc<0;0v0):i21 Pabca'l‘é"’Q'l'“i >, Pabcadi%arq}°
not necessary for our purposes. Recently, we have become ’

aware of a related treatment of infrared intensity-carrying + D Paallqitgitse

modes by Torii and co-workefS. It turns out that those iik=1

modes are a special case of the first-order FICs defined in E%Q’bc(—w;w,o)wfz 28120}
(4), where the vibrational force constants, i.a5,, are the =1
same for alli. This is the appropriate choice for the infrared 72’bcd(—2w;w,w,0)w%=2 6al20¢g
intensity problem. =1

We are now in a position to use the first-order FIC in the
longitudinal direction(L) to obtain an analytical expression
for the nuclear relaxation contribution to the electro-optic

Vohed — ©10,0,0),, .= 21 Peo(6a}3°%0} %+ 28325

_ ij,abni,c~j,d ij,a~ib~j,cd
Pockels effect(EOPB, BEF(—w;a),O)wﬁw_ This may be ile Ped(2a73™ 00y + 4ap; "0y 703 ™)
done following a procedufébased on BHK. The first step is
to define{¢;} as a set of vibrational coordinates withy + E P 46alkqi2ql gk
equal tox| and{ ¢, ¢s,...,¢sn_e} Orthogonal to each other k=1 -
i Lo . Cooapt
(for convenienceand toy;, i.e., VQLcd(O:O,O,OFEl Pabed aL20Gy 0+ %qlz.cd)
3N-6 .
bi= J.Zl M Q. @) = 2 Pacd a0l o+ 2007 °al )
ij=
where M is an orthogonal matrix. From Eq$4) and (7) 4 2 Pobed 3alkahaqLPgked+ allk g Pl ol
Mj=—q7". Obviously, the value of¢; at the field- =1
dependent equilibrium geometry is given by alifal®
3N-6 aJZJO 141
¢f= 2 M;Qf. ®) i o
= T - ; . Pabcd( Jo'a%al oy
1)K 1= \

Then, the field-dependent linear polarizability may be writ-

Atk - 3alkakla
ten as a power series in the fidid=F |, + —@—2’ = q'l'bq’1'°q'1'd)
20
aL(RF!F:FL):aL(RO!FZO) gaggaégm i,b~i,CHl,cm,d
+ D Paped 7 —ore dhabeqlq)
3N—-6 ijkIm=1 4 ay

ﬁa,_ (9Q|F &QL

+ —— LR 4+ —F 4
= 9Q; gFL - (?FLFL ©

Yool — 030, ~ ©,0) =4 D, (2205 0+ al2%g50)
i=1

in which Ry andR- are, respectively, the field free and field- | jij--ab-_ _1 IV (b, oy, Fy Fy ,FZ))
dependent equilibrium geometry. In E§) the second term, | ntm! Ibidy - IFadFy:- 6=0F=0
involving the normal coordinate displacemer@éz, gives ia i,ab

ia_ S11 i,ab_ ar

rise to the nuclear relaxation contribution to the Pockels ef- ay =Qz.—0, qz

2al,

fect in the infinite optical frequency approximation, i.e., %
"(— w;®,0),_... . Using the chain rule to express, /JQ;

in terms ofday /3¢, the fact thawQf/9F =My;, and Eq.

(8) for ¢, we have This demonstrates that in the infinite frequency approxima-

3N-6 da, JQF tion a single EIC, i.e.,c_ﬁl:_xi, yields exactly the same
M~ ;@,0), 0= = nuclear relaxgtlon contribution as the complete set Wf@&
i=1 dQ; dFL normal coordinates.
N6 Following an analogous _treatment, but replacing
— E _LM‘iM“ CYL(RF,F:FL) |.n. Eq (9) by e|ther ,LLL(RF,F:FL) or
ifZ1 d¢; ! BL(Re ,F=F)), itis easy to demonstrate thaf'(0;0), and
IN-6 F the nuclear relaxation contribution to dc-second harmonic
_ o g:ﬂ‘il (10 generation(dc-SHG, y'(—2w;w,®,0),_..., can also be
dgy =1 T apy IFL calculated(see Table )l using only ;. On the other hand,
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B1"(0;0,0) and the nuclear relaxation contribution to thenal to x; and xjp.=x5na- IN that event[cf. Eq. (3)]
electro-optic Kerr effectEOKE), 7'(—®;®,0,0),—, are  9Qf/gF =—qi"=My;, (P2QF/IF?)na= — 205 =My,
determined by the second derivatives qf,(Rg,F=F) and
and o« (Rg,F=F), respectively. Nonetheless, for

(0;0,0), itis easy to show that the FIC, by itself, gives

the full 3N—6 normal coordinate result. In this derivation, ﬁqﬁ N6 )
and those that follow, we may start with thé&l3 6 normal FL I:El M1, (15
coordinate perturbation expressions of Bishop and
Kirtman®~° or, equivalently, with those of Ref. 21. Using Eq.
(6) of Ref. 21, i.e., a¢§ B (92955 _SEG - "
3N-6 3N-6 FL_ r?FE - & Vit (16)
1'(0;00=6 21 apstqit 6”2 allitq
3N-6 PP 3N-6
6 E _agaratta’ (12) (—2) =2 M. (17)
0-'F|_ h i=1
along with the definitiongu, = — dV/JF  , a,=—d?VIJIF?
and our Egs(1)—(3) yields Here (a%f/aFf)har refers to the harmonic component of
#*¢F19FZ. Then, after applying the chain rule to convert
N0 e a &Q, from {Q;} to {¢;}, taking advantage of orthonormality and
L(0;0,0=-3 ;1 9Q; IF, BL=—aVIdF:, Eq.(14) reduces to
3N-6

Pu IQf 9Qf
43 E ML i i
ij=1 dQidQ; dF L dFL

2 2 4F
W BV aQf aQf aQf 2(20_&_%4_%((9 ¢2|) )
+iyi%:=1 dQ;dQ;dQy dF dF_ JF "’ (12) = dgi dFL ddi\ IFL ],

Pay a¢r a¢f
Iy IFL IF,

YW= ®;0,0,0) 4.

2
If the chain rule is employed to writé?u, /9Q; dQ; and 2
F3VI1Q; dQ;dQy, as well asday /9Q;, in terms of the co- ij=
ordinates,¢; , then Eq.(12) becomes

1

aZML (9¢|F 0”2¢]
F 2 Fi2 +2 — >
nr day ddy 9 [ dby dgidp; IF L\ IF{
L(O;O’O):Sﬁ_&__g 5 f har
p1 P Iy L 2 AV g agF | et
VAR AE + > (—k) . (18
Al _1) | 13 [Tt diodyady aFL o\ R
dpy \ IF L

Although the second and third terms on the rhs of 8@  where, now,¢;= x: and ¢,= X2 har @re sufficient to obtain
involve electrical and mechanical anharmonicity only athe exacty]"(— w;®,0,0),_.... Alternatively, by combining

single anharmonicity parameter occurs in either case. the terms in Eq.(14) that containg, one can obtain the
A procedure parallel to the one above can be employe@ypression

to obtain a simple FIC equation foy{"(— w;®,0,0),_....
This time we start with Eq(12) of Ref. 21,

(= @;0,0,0),_.
(= @;0,0,) 4

3N-6 i 2(9_&%+ﬂiﬁf’j
2 4(3al it gt +alktahth) = dgi IFL  di IF{

3N-6 + é P ﬂﬂ, (19
_IJE_: 4(all Mgt gl + 2alt gl ah ) iT=1 ddidd; IF IF

3N-6

- KLL with the FICs defined so tha, = x} and ¢,= x5 . Thus, the
+, 2 L2aggy qy az " (14 EOKE can also be written entirely in terms f and 5.
For v/"(0;0,0,0) one can follow a similar procedure to
It is convenient in this case to define the FICs so tiat show that this quantity depends only on ljhieand)(z coor-
= X1, $2=X5har@nd the sefds, dy,...,pan-¢} is Orthogo-  dinates. We start with Eq7) of Ref. 21,
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3N—-6 i LL 3N—-6 3N—-6
W(0;000= 3 24 ajg oy + TQELL)—”ZI 24(ad; "aiay +2ad i a5+ > 24 agtayattar”
N al;tallt e R 3alfalyt
+3agsay aitast + —a,-,—Q'l‘LQE'L) - > 24( a oy oy art g+ —m<—Q'1'Lq‘1'LQ'1‘L)
20 ij,kl=1 asg
3N-6 ijk klm
9aghazy . .
+ > 24— mearaitaitalt ). (20)
i,j,kl,m=1 azo
The terms involvinga,g in the denominator can be eliminated by usjof Eq. (1)]
PR SE RSE
:_2 i,LL_ ],L+ j,L k,L , 21
‘9FE az ;l al, az j’kEzl 20, a7 q; (21
which gives
3N-6 iLL -2~F\ 3N-6 ij,LoiL 92~F
. . a; 9°Q; - S ay; gy 9°Q;
nrA- _ i, LLL ~i,L 12 il ij,LL i Lj, L S21 M1 i
y.(0;0,0,0 Zl 24 a3 qp + 4 aFf) ijzzl 24 az; g7 g7 2 oF2
3N-6 - 3 2 3N-6 o
+ > 24 aglk'an'Lq’l'LQTL——a[n,'éqa'an'L—z)—_E 24(aifs' dy-al gt tart). (22
k=1 4 dF{ ijki=1

This time we employ the vibrational coordinatgs;}, where ;= x5, ¢»=x5, and{¢z,d,,...,¢sn_g are orthogonal to
xt andys . In that even®QF/9F =M ,;, 9°QF/9F2=M,; and it is straightforward to verify that Eqel5)—(17) remain valid
(although nowg, andM ,; have a different meaningf we replace §2 ¢ /9F £ by 92¢f/dFZ. Then, applying the chain rule
to transformalst-,ays" ... from {Q;} to {¢;} one obtains

2 F 2 4F 2

10 dod; 10 J°;

y1(0;0,0,0=— >, 12( P ot o ¢, )+ > 12
i ij=1

=1
2
_ 2 4
iRl

2 ( Y I, IpT o «9¢>F>

3d¢; F. 4 dp IF?

1 Pay ddF a¢f+1 Pu, od; PP¢f
2 9idg; IFL IFL 2 ddidd; oF . oFF

FPu,  Ipf gl oy 3 PV adf agf Py
dpiddddy IF . IF L IFL 4 diddjddy IFL IF . oF;

dbiddjdddd IF L IF dF IFL

_.2

jki=1

(23)

Clearly, the only coordinates that appear in E2B) are ¢, B. Working analytical formulas for properties and
=x5 and ¢,= x5 . computational considerations

Although no static fields are involved in the intensity- Now that the FICs needed for each property have been

. . nre .
dependent refractive index(IDRI) effect, y(-w;o, defined, we are ready to develop compact analytical working

—©,0),-, the vibrational contribution to this property expressions for these properties. This is done by expandin
does not vanish in the infinite frequency approximation. To b brop : y exp 9

obtain the FIC formula we utilize Eq14a of Ref. 21, the 'potentla! energy in terms of.the.requwed FICs. Itis coq—
venient to diagonalize the Hessian in the reduced FIC basis.

3N-6 Then, one can use exactly the same formulation as in the
W(— 0,0, 0,0), o= E 8ai1’2LLqi2’LL. (24) usual'scheme based on 'normal cqordin%&éﬁne resulting

! equations are presented in Table | in a form that extends the

) Lo . above treatment to all components of the polarizability and

For this case only one FIGh,= x; na,iS required. As usual - pynerpolarizability tensors. For each diagonal component of
we (Eef'ne{¢2*¢?*""¢3N*6} so that this set is orthogonal he property one needs the FICs in the corresponding direc-
to X2 har Following a procedure completely parallel to the tion; for off-diagonal components the three independent off-
previous cases Eq24) can be transformed to diagonal components of the second-order FICs may be
2 E needed as well. Thus, from Table Il we see that 15 FICs are

da [I°¢ . . .

2 L( 1) (25) required to obtain all components of all properties. That
ddy\ IFL har number is reduced to 9 if only the diagonal components are

desired or 6 if the IDRI is excluded. Still further reductions
Thus, y"(— w;»,— 0,0),_... can be calculated exactly us- occur for various subsets of the properties and/or compo-
ing only the¢1:X|é,har coordinate. nents. In order to determine the longitudinal Pockels effect,

MW=, 0,—0,0)4y e=—
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TABLE II. FICs required to calculate diagonal and off-diagonal elements of the property tensor. The directions
a, b, ¢, andd are along the, y, andz Cartesian axes.

Property Diagonal Off-diagonal
al(0;0) X (b=a) X3 xh
B25(0:0,0) Xi (c=b=a) XX xd
Babd — ©;0,0)4 s Xi(c=b=a) Xi
Yabod —20;©,0,0),,_- Xi (d=c=b=a) X4

Vchd( —0;0,0,0),_
Ychd(O;O,O,O)

X5 (X55ar0r X5%) (d=c=b=a)
X1, x3°(d=c=b=a)

d d o}
X1 X .(XS,harngS )
Xiby X3, x5, xa. oo
X2 x5 X34 X2t X2t X

nr ) — aa —r—h— bc cd
7abcd( w,w, w’w)mﬂoC XZ,har(d_C_b_a) Xz,harv X2,har

for example, just a single FIC is required. For average val- The second phase of our treatment is to evaluate the
ues, however, each component must be computed separatetyclear relaxation polarizabilities and hyperpolarizabilities in
A key point is that the number of FICs involved is indepen-terms of the FICs. Again, this may be done either by explicit
dent of the size of the system. Note that the same fundamemvaluation of the derivatives involved or by the BHK finite
tal quantities appear in Table | as in E48) and (3) except field procedure. The former yields each of the individual
that the derivatives are taken with respect to FICs as opposembntributions shown in Table I, which is desirable for inter-
to normal coordinates. In fact, we do not use the FICs thempretive purposes. It is also the only way to determine the
selves but, rather, the linear combinations that diagonalizéDRI and, for smaller molecules, especially if one is inter-
the Hessian. ested in all tensor components, it may be the computationally
An immediate question that arises is how to take advanmore efficient method for all properties. As noted above
tage of the reduction in the number of coordinates uporthere are no commonly available programs that permit ana-
transforming from normal modes to FICs. From a computadlytical evaluation of the anharmonicity parameters in Table I.
tional perspective two distinct phases are involved in ourFor large molecules the number of parameters is dramati-
treatment. The first is a determination of the FICs. Bgth cally lessened by replacing normal coordinates with FICs,
and ng can be obtained either by evaluating appropriatewhich makes their numerical computation feasible. Indeed,
derivatives of the potential or from field-dependent geometryeven at levels where the analytical Hessian is not available,
optimizations. The first-order FICs depend upon the dipolghe use of the FICs with the BHK method could be advanta-
derivativesiu/9Q; = — 9°V/9F 9Q; and the vibrational force geous.
constants(i.e., the Hessian X?,l%ar is similar except that it
mvolves_ the de_r_lvatlve ofv rather thaq,u_; Whereasxilb de- Il TEST CALCULATIONS
pends, in addition, upon anharmonicity parameters deter-
mined by one further derivative with respect to the normal  Ab initio RHF/6-31G calculations were carried out for
coordinates. Even at the Hartree—Fock level, to our knowltesting purposes on hexatriene, hexasilane, and a representa-
edge there are no commonly available programs for analytitive set(see Fig. 1 of ten push—pullr-conjugated molecules
cally evaluating all these anharmonicity parameters. On théaken from the work of Bishopet al?* Although average
other hand;(gb is readily obtained from finite field geometry values of the various properties were calculated to confirm
optimizations—as ig§—and this procedure also avoids cal- the efficiency of the FIC procedure, our focus here will be on
culating the full N—-6Xx3N—6 Hessian. Since only low- the longitudinal component of the hyperpolarizability ten-
order FICs are required the fields should be kept smallsors, which is dominant for these molecules. We took the
which is a feature we did not utilize in earlier wotkSmall  longitudinal direction to be along the principal axis associ-
fields usually, though not always, make it easiégwer ated with the largest rotational constant. The first-order FIC,
steps to attain the tight convergence in geometry evaluationy} , was determined both analytically and by finite field ge-
that was previoush? found necessary to obtain accurate re-ometry optimization. Sincgv(;har cannot be obtained by the
sults (primarily for static y) using the BHK treatment. An- latter procedure we used the analytical coordiriate below
other possibility(not pursued hejds to forego tight conver- howevej. On the other hand, it is excessively time-
gence and, instead, employ one or two additional FICs basetbnsuming to computg'g analytically so that coordinate was
on semiempirical calculations and/or intuitive consider-found by the finite field geometry optimization technique.
ations. Unfortunatelyxgﬂa,, which is needed only for the Given the FICs we want to evaluate the properties using the
IDRI, cannot be obtained from field-dependent geometry opéderivative expressions of Table |. For our molecules it is
timizations. It can, of course, be found simply by evaluatingfeasible at the Hartree—Fock/6-31G level to use ¢hess-
the polarizability derivativesa,,/dQ; and the harmonic 1AN98 suite of progrants to obtain analytical results far,,
force constants. If one wishes to avat initio computation  ag;, a11, 892, @12, andags. Then, numerical differentiation
of the Hessian a reasonable approach is to employ semdf ayg, a1, @10, andags with respect to the FICs yields,
empirical force constants and normal coordinates. In order ta,,, a,,, anda,s, respectivelya,, andas; were computed
improve on the accuracy in this case one could augment thisy double numerical differentiation @f,; anda,;.
basis with(a small number ofFICs as mentioned above. As a first step the analytical FICg] and X'é,har were
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employed, together with derivatives obtained as above, tto note that the donor/aceptor molecules showing a small
compute the properties listed in Tabléelxcept for the static  effect due to the anharmonicity ip; are covalent, whereas

v which requiresX'z'). For comparison the same propertiesthe remaining molecules are either of medium or large
were calculated using allN8—6 normal coordinates. Be- jonicity.?* The possible relationship between the importance
cause the normal coordinate treatment is so time-consumings anharmonicity and the degree of covalency is a subject
we did not evaluate the derivatives in this case but, insteadnat deserves further investigation. We tried to improve the
gpp_lied the equivalent finite field procedure which is embody, clear relaxation values of the IDRI simply by using an

ied in our recently developed Eckart prografis expected a4 ditional FIC generated from a geometry optimization car-
the 3N-6 normal coordinate results were reproduced by the'ried out at a relatively large field, i.e5,=0.0064 a.u. How-

i ithi 0,
FICs for all molecules and for all properties within 0.3% ever, the results obtained showed no improvement. This in-

numerical round-off error. dicates that it is probably preferable to approximagar

Next we obtainedy: and y5 by finite field geometr : . : N
optimization withF= O.)E)l,i 0.0(%24 a)./u. and repeagt]ed the zIC directly, as discussed in Sec. Il B, rather than by punfw‘gg
8f the anharmonic contribution.

calculations with these numerical coordinates. Remarkabl X N L _ .
agreement with the analytical coordinate values—within '€ harmonic FICsy; and x; are displayed in Figs.
1.5% in every case—was found. Thus, the field-dependerg~/- FOr the two centrosymmetric,, molecules, namely,
geometry optimization method for determining the first- andSieH14(XI) (Fig. 6) and GHs (XIl) (Fig. 7), these FICs are
second-order FICs appears to be very robust. The IDRI wa8ymmetry coordinatesxj has the same symmetryp,() as
not included in the data set because it is determinegithy, ~ #L While x5 o has the same symmetrpg) asa . As ex-
rather thanxk and XE- For the molecules 1, II, 1II, 1X, and pectedxk bears a similarity to the normal mode that makes
XII it turns out that they} x5 pair gives good values of the major contribution td x?]% i.e., the TAM-2 mode in
YW~ w;0,—0,0), .., but that is not true for the other CgHg (Ref. 26 and the H-wagging mode in @i, "2 Like-
donor/acceptor molecules or for hexasilane. It is interestingvise, )(E’har is clearly related to the normal coordinates that

Number Formula/Structure Number Formula/Structure

. 1.335 1.345 1.344 H, VI
NOZ/\ 1.439 1.439

1-Amino-6-nitrohexa-1,3,5-triene

. 1.336 1.337 QS/OH
CHO 1.451 1452

1-Formyl-6-hydroxyhexa-1,3,5-triene

NH,
NO,

1t 1.351 1.352 1355 _N(CHj),
PO, 1.429 1.431 CH,

1-N,N-Dimethylamino-6-phosphonohexa-1,3,5-triene

v 1.338 1.353 1.337 NH;
/\/\\/\/ 4 4-(p-methylpyridyl)-1,1-dicyano-1,3-butadiene
C00 1.433 1.429

1-Ammoniohexa-1,3,5-triene-6-carboxylate VI
1.343
1.372 1.454
v 1.336 1.360 1358 _ PH; CH, N 0
SOz/\ {428 1417
1-Phosphinohexa-1,3,5-triene-6-sulfinate 4-methylpyridone (or p-methylpyridone)

FIG. 1. Formula/structure of molecules studied in this paffésr molecules 1-X and Xl bonds of length 1.38—1.40 A are considered to be intermediate
between single and double bonds and are indicated by dashed lines.
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Number Formula/Structure

1.376

1.389 1.404
NO, NH,

1-Amino-4-nitrobenzene (or p-nitroaniline)

PO, ' x

POZ

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

X1 Si Si2.380 Si~_2.377
\Si/ Si% \Si

Hexasilane

1.334 1.329 7
X1I \\/\/\ Kohar
1.460

FIG. 3. Atomic displacements for the FIG§ (top) and x5 .., (bottom of
1,3,5-Hexatriene molecule VI from Fig. 1. The length of the arrow is proportional to the
displacement.

FIG. 1. (Continued).
dinate (NCC) defined in our earlier paptris not a single

dominate] «?1°, in this case the LAM-1 mode for $i;,and ~ FIC but rather a composite ¢primarily) Xt andx;.

a carbon skeletal motion for Bg. The latter is obtained Al the/remairllinglcompou;ds ar:—conju-gated d(cj)nor—
from two ECC-type normal modes where the skeletal carboRcCePIOND/A) molecules. We have chosertRig. 2) and IX

motion is combined in-phase and out-of-phase with the

H-wag. It should be noted that the natural conjugation coor-
< L »,
Vs

x

. 2
\l x

FIG. 2. Atomic displacements for the FIG§ (top) and x5 .., (bottom of FIG. 4. Atomic displacements for the FIG§ (top) and x5 .., (bottom) of
molecule | from Fig. 1. The length of the arrow is proportional to the molecule IX from Fig. 1. The length of the arrow is proportional to the
displacement. displacement.
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el
AT

L
Xohar

FIG. 5. Atomic displacements for the FIG§ (top) and x5 .., (bottom of
molecule X from Fig. 1. The length of the arrow is proportional to the
displacement.

Vibrational polarizabilities 5211

A

L
X2har

FIG. 7. Atomic displacements for the FIG§ (top) and x5 .., (bottom of
molecule XII from Fig. 1. The length of the arrow is proportional to the
displacement.

example—as well as H atom displacements. For the mol-
ecules with a cyanine structure other longitudinal, as well as
transverse, displacements are more important, and there is

(Fig. 4 as representative of those that have a polyenic og5g g non-negligible out-of-plane componénot shown in

Zwitterionic structure whereas \(Fig. 3) and X (Fig. 5) are
cyaninelike. In the former case bogpy and Xlé,har exhibit
substantial bond length alternatioiBLA) character—the
aromatie—~quinoid motion in p-nitroaniline (IX) is an

L
X2 par

FIG. 6. Atomic displacements for the FIG§ (top) and x5 .., (bottom of
molecule XI from Fig. 1. The length of the arrow is proportional to the
displacement.

Figs. 3 and h These results confirm our previous
conclusiod® that no two-state valence bond-charge transfer
model based on aingle BLA coordinate can successfully
describe vibrational NLO properties of D/Ar-conjugated
organic chains.

Finally, we turn to the separation of anharmonic from
harmonic contributions as well as electrical anharmonicity
from mechanical anharmonicity. There are three nuclear re-
laxation properties that are influenced by anharmonicity,
namely,s{"(0;0,0), ¥'(— w; ®,0,0),_..., andy{"(0;0,0,0).
Tables Il and IV provide a breakdown of the values of these
properties into the various terms as classified by perturbation
theory?” In the case of3["(0;0,0), for example, it is readily
seen that the first term on the rhs of the expression in Table
| is the (double harmonic[ wa]®° term in the notation of
Refs. 3—5. The second term on the rhs, which is first-order in
electrical anharmonicity, isu.3]*°, whereas the third term is
first-order in mechanical anharmonicity and denoted by
[ For y"(— »;®,0,0),_.. the expression in Table |
takes the same form whether one uggr x5 ., along with
X&- However, in order to assign a specific order of pertur-
bation theory to each term it is necessary to emp}éxar.
Then, the five successive terms on the rhs are
[B]°%[a?]%° the two components of u?a]*° and
[x2a]®L For {'(0;0,0,0) a second calculation is required
Wherexaharis used in the formula of Table | rather thgh.

This gives the correct value for the first five terms in addition
to one component of x*]?° (i.e., the sixth termand one
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TABLE Ill. Breakdown of RHF/6-31GB{"(0;0,0) andy"(— w;®,0,0),_.. for the molecules of Figs. 2—7 into the harmonic and anharmonic terms defined
in Ref. 3. All the values are given in a.u.

B1"(0;0,0) "(—;0,0,0),_ ..

3]1,0

[na]®® [ [ Total [@2°° [P [pfal*® [pPa]® Total

I 8.96x 10° 3.87x10° 1.35x 107 1.30<10*  1.86x10° 1.79< 10 1.98<10° 1.84x 10" 5.81x 10°
I 3.34x10° 1.42x10° —7.99x107 3.96x10°  9.09x 10 5.02x<10* 5.23x10*  —6.93x10° 1.86x 10°
11} 1.63x 10" 1.03x 10 5.30x 10 271100 2.76x10° 8.59x 10* 3.40x 10° 5.24x 10" 7.54x 10°

v —-3.98<10°  —3.22x10° 5.23x10° —6.68x10° 8.82x10* —4.46x10% 6.32x10"  —2.16x10* 8.52x10*
\Y —4.01x10°  —4.04x 10" 4.18<10°  —4.03x10" 4.06x10° —4.45x10° —5.63x10" -567x10° —6.63x10°
VI 9.76x 10° 8.07x10° —1.73x10* 5.12x10° 9.12x10* —-1.88<10° —1.02x10° —4.42<10°  —3.25x1C°
Vil 8.42x 1C° 3.95x10° 2.21x107 1.26x10*  1.39x10° —4.90x10° 2.01x10* 2.43x10* —3.07x10°
Vi 2.06X 107 1.20x 10 2.50x 10 243107 2.89x10° —6.62x10° —2.25x 107 9.09x10*  —3.05x10°
IX 1.35x10° 4.05x10°  —3.80x 10 1.72<10°  1.49x 10 3.05x 10* 1.29x10* 4.59x 107 5.88x10*
X -8.06x10° —2.17x10* 1.89x10° —2.79x10* 9.67x10* —1.03x10° —1.99x10° —3.56x10° —1.17x10°
Xl 8.14x10" —6.40x 10" 6.25x 10"  —2.04x107 7.97x10*
Xl 2.98x10"0  —8.84x 107 4.25<10°  —3.65x10° 2.95x10*

component of £*1°2 (i.e., the eighth term Combining this  tive, must be qualified by the fact that we have used a small
information with the)(g result; which gives the totglu?] basis and omitted electron correlation.
contribution and with Eq(22), we obtain the combinations
(12 U2 p 15" and [pf]0%+ 12 p*]H It is not pos- - conel USIONS AND FUTURE WORK
sible by means of FICs to make a separation of all three
second-order components, nor is it possible with any coordi- By transforming from normal coordinates to field-
nates to make a clean separation of electrical and mechanicalduced coordinate§FICs) we have shown that the vibra-
anharmonicity. On the other hand, the second-order combiional degrees of freedom required to completely describe
nations given above would seem to be the most reasonabteiclear relaxation polarizabilities and hyperpolarizabilities is
choice for splitting the total x*] contribution into effective reduced from 3N-6 to a relatively small number which does
mechanical and electrical anharmonicity components. not depend upon the size of the molecule. A summary of the
The purpose of our calculations, which are reported inFICs required for each property is given in Table Il. In terms
Tables lll and 1V, is to show how the FICs can be utilized for of normal coordinates the number of elements of the Hessian
interpretive purposes. In contrast with our previousthat must be determined, even for the lowé&sbuble har-
findings™ for planar 7-conjugated oligomers, we note that monic) level of calculation, scales as KB-6)2. If anhar-
anharmonicity plays a major role in determining all threemonic effects are included—and our calculations indicate
properties. For the EOKE this is especially true when thethey may be quite important in donor/acceptor systems for
[@?]%% and[ 1 B]°° terms nearly cancel as in compounds V EOKE, as well as the stati and y—then the number of
and XI. Typically, for 4"(0;0,0,0) the anharmonicity is anharmonicity parameters scales abl(36)% and (N-6)*
dominant due to thg u*] electrical anharmonicity term. for the first and second hyperpolarizabilities, respectively.
(Note that terms of the same type, e[gr?]%°, have differ- Various schemes for taking computational advantage of the
ent values in Tables Ill and IV because they occur with dif-zeroth-order scaling in terms of FICs, based in large part on
ferent coefficient3. The above observations, though indica- field-dependent geometry optimizations, have been dis-

TABLE IV. Breakdown of RHF/6-31Gy{"(0;0,0,0) for the molecules of Figs. 2—7 into the harmonic and anharmonic terms defined in Ref. 3. All the values
are given in a.u.

A{(0;0,0,0)
[?]°0 [uB1°° [uPa]™® [n2a]®t [ w120+ 172 )t [0+ 172 )t Total
I 5.59x 10° 3.58<10° 1.19x1¢° 1.10x10° 4.82x10° 5.10x 10* 2.75x10°
I 2.73x10° 1.00x 10° 3.14x10° —4.16x10* 5.00x 10* 6.74x10° 7.02¢10°
11} 8.27x 10° 1.72x 10° 2.04x10° 3.14x 10° 1.23x 10° 2.36x10° 4.83<10°
[\, 2.65X 10° -8.92x10* 3.79x10° —1.30x10° 2.41x10° —2.96x10* 6.36x10°
\Y; 1.22x10° —8.90x 10° —3.38x10° —3.40x 1¢° 1.19x 10 2.84x 10° 1.13x 107
Vi 2.74x10° —3.77x10° —6.12x10° —2.65x10° —7.23x10° —1.57x10° —2.11x10
VI 4.17X10° —9.80x10° 1.21x10° 1.46x10° 2.23x10* 2.65x10° —9.43x10°
Wil 8.67x10° —1.32x10* —1.35x 10° 5.46x 10° 2.39x 107 6.39x 106° 6.16x 10°
IX 4.47x 10 6.10x10* 7.72¢<10* 2.75x10° 2.06x10* 7.40x 107 2.07x10°
X 2.90x 10° —2.06x10° —1.20x1¢° —2.14x10° 7.08<10° 2.21x10° 4.13x<10°
Xl 2.44x10° —1.28x10° 3.75x10° —1.23x10° 4.95x< 10¢ —3.86xX 107 5.39x 10°
Xl 8.94x 10 —1.77x10° 2.55x10* —2.19x10* 3.99x 107 —2.67x 10 9.14x10*
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cussed. Since these optimizations are carried out in a reduce. Champagne and B. Kirtman, Chem. Phg45, 213 (1999.
coordinate space they can be done much more efficientliEl-g/g- Perpée, J.-M. Andre and B. Champagne, J. Chem. Phi89, 4624
than in the space Oﬂ3—16 n_ormal coordmates. It has also 8(B. Cﬁémpagne, E. A. Perfee T. Legrand, D. Jacquemin, and J.-M. An-
been shown that the vibrational contributions can be sepa-;."; chem. soc., Faraday Tragel, 1547 (1998.
rated into different types, as in perturbation theory, for inter-°p. m. Bishop, M. Hasan, and B. Kirtman, J. Chem. Phy83 4157
pretive purposes. When more than one FIC is employed a(1995.
breakdown into the individual degrees of freedom and theirﬁD- M. Bishop and E. K. Dalskov, J. Chem. Phyi€14, 1004(1996.
interactions could prove useful. With further study we arelch)' 3ugizthizdaﬁdC;iﬂfﬁiﬂ%%iﬁ?b?ﬁ 2257?1‘:(119%%8'
hopeful that a practical intuition as to the nature of the FICSz; "\ | yis, M. Duran, J. L. Andre, B. Champagne, and B. Kirtman, J.
will develop. Chem. Phys111, 875(1999.

There are several possibilities for applying FICs to ob-!*P. Otto, A. Martinez, and J. Ladik, J. Chem. Phys1, 6100(1999.
tain vibrational hyperpolarizabilities beyond the@—c ' B. Champagne, J. M. Luis, M. Duran, J. L. Andreand B. Kirtman, J.
nuclear relaxation approximation. One of these is to accoungghf(?:t'n:’:gsjna lﬁiils(zgr?gb M. Bishop, J. Chem, Phy8, 10008
for finite optical frequencies either approximately, by using (1993, = o " '
the w— FICs in the exact nuclear relaxation perturbation'’s. Champagne, E. A. Perfge D. Jacquemin, S. J. A. van Gisbergen, E. J.
theory formulas, or by generating exact finite frequency Baerends, C. Soubra-Ghaoui, K. A. Robins, and B. Kirtman, J. Phys.
FICs. Another is to determine the zero-point vibrational av-lsgh\?”;; Cig“’ei‘;ﬁ?(f}gog ~ T Sehioner. 6. V. Gritsenko. E. J. Bacrends
erage(ZPVA) of the hyperpolarizability. This contributionis ;" énijders, B. cg:hahqp'agﬁe; and %F.’ Kirtman, Phys. Rev. Ba1t694 ’
difficult to compute and, for that reason, it is not yet known (1999.
how important it is for large organic molecules of interest in*°B. Champagne, E. A. Perg S. J. A. van Gisbergen, E. J. Baerends, J. G.
nonlinear optics. The ZPVA of any property can be divided Snijders, C. Soubra-Ghaoui, K. A. Robins, and B. Kirtman, J. Chem.
into two termé—one due to mechanical anharmonicity andZozhis'llnzfﬁglsg(cl::ﬁbagne and B. Kirtman, J. Chem. Py, 2463
the other due to electrical anharmonicity. In a forthcoming (1'99'7). Y ' ' o ' ’
papef® we show that both can be written compactly in terms2ty. m. Luis, J. Mary M. Duran, J. L. Andfe, and B. Kirtman, J. Chem.
of the zero-point vibrational energy. The contribution due to Phys.108 4123(1998. )
mechanical anharmonicity, then, depends only on a singl&J- M. Luis, M. Duran, and J. L. Andse J. Chem. Phy<.07, 1501(1997.
FIC, whereas the electrical anharmonicity term does not de- ?ég;(riuégé'Ueno, A. Sakamoto, and M. Tasumi, J. Phys. Chen08
pend explicitly on vibrational coordinates. As in the case ofz«p \_ gishop, B. Champagne, and B. Kirtman, J. Chem. Pigs, 9987

nuclear relaxation, the use of FICs to determine the ZPVA (1998.
provides an importam simplification. BcaussIian 98 Revision A.6, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G.
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