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An analytic method to evaluate nuclear contributions to electrical properties of polyatomic
molecules is presented. Such contributions control changes induced by an electric field on
equilibrium geometry (nuclear relaxation contributignand vibrational motion (vibrational
contribution of a molecular system. Expressions to compute the nuclear contributions have been
derived from a power series expansion of the potential energy. These contributions to the electrical
properties are given in terms of energy derivatives with respect to normal coordinates, electric field
intensity or both. Only one calculation of such derivatives at the field-free equilibrium geometry is
required. To show the useful efficiency of the analytical evaluation of electrical propétires
so-called AEEP methgdresults for calculations on water and pyridine at the SCF/TZ2P and the
MP2/TZ2P levels of theory are reported. The results obtained are compared with previous
theoretical calculations and with experimental values. 1897 American Institute of Physics.
[S0021-960807)02129-9

I. INTRODUCTION to the electrical properties, namely, electron®), nuclear
relaxation P™) and vibrational P"?).
In the last years, there has been a growing interest for the Experimental evidence for nuclear contributionB(
nonlinear op'FicaI _properties of polyatomic molecute¥  _ P+ P') {0 electrical properties can be found by compar-
Such properties give the response of a molecule under thgy the Kerr effect with the electric field induced second

effect of an electromagnetic radiation. Addressing only the, . onic generatiofESHG data®’ The Shelton and Palu-
most important effect of the electric field component, thebinskas’ work shows that nuclear contributiof®™ and

induced dipole moment can be expanded in a Taylor se- P¥) are nearly frequency independent, and tend to a con-

res, stant value in the high frequency limit for highly symmetric
XY,z XY,z molecules like CH, CF,, and Sk.?® For large polyethylene
Ha= Mg°>+ % aapFpt 21 bE BabcFuFc molecules, relationships between the bond order alternation
. ,C

(BOA) parameter provided by the nuclear relaxation contri-
bution and the moleculathypeppolarizabilities have been
) b%d YabedbFcFat ", (1) established both experimentalignd theoreticall§®
In general, theoretical evaluation of nuclear contribu-

where the linear response is provided by the polarizahility tions to electrical properties has been done by using either
and the nonlinear terms are the first and second hyperpolafinite field">19-2224-2&r perturbation theor}}~*! treatments.
izabilities 8 and y, respectively. Dynamic properties are de- Both approaches allow to use post Hartree—Fock levels of
fined for time-oscillating fields and the static limit is theory. The latter not only allows one to calculate static
achieved at the limiting cases(—0), i.e., for uniform fields.  properties, but also is the only reliable approach to obtain
In this work, only the static limit of electrical propertiéB,  frequency-dependent electrical properties. This technique
in general is studied. implying the summation over all electronic and vibrational

The validity of the Born—Oppenheimer approximation states(SOS method, is either restricted to small polyatomic
for computing nonlinear optical properties was assessed bynolecules??3!-**or different kinds of truncations must be
Adamowicz and Bartlett> Within the Born—Oppenheimer applied to the SOS expressions to be reliable for polyatomic
approximation, electronic and nuclear motions are evaluategholecules’>*! Furthermore, the finite field approach, that
separately, so the total energy of a chemical system ifas been recently applied to evaluate electrical properties of
yielded by the sum of potentiélectronic and nuclear repul- large polymeric specieé;***3can be used only to obtain
sion), vibrational, and rotational energié®tational energies  components of nuclear contributions to static electrical prop-
are not considered in this papewhen a molecule is placed grties which are parallel to the permanent dipole moment of
under the effect of an applied electric field, its electronicipe moleculé®~2*%Finally, Handy’s grouf? have used fi-
cloud is modified, its nuclear positions are changed, and it§jte gifferences of the vibrational energy to calculate the

vibrational motion is perturbetf:?® Al these induced pv contribution for the HE and O molecules including
changes can be explained in terms of different CO”tribUtion%mharmonicity corrections.

XY,z

A third alternate way of to evaluating the total electrical
dElectronic mail: josepm@igc.udg.es properties P=P®+PV) exists. From this alternate treat-
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ment, one can obtain the molecular properties directly fromequilibrium geometryf(iii) it incorporates easily the electron
the wave function that describes a molecular system, and ha®rrelation and basis set effectfy) it obtains routinely
been used for long time by different authors. Originally, nuclear contributions of large polyatomic molecules; and
Kern and co-workefé~% computed nuclear contributions to it gives clear rules to know all terms needed to evaluate both
one-electron properties, like the dipole moment, by includingnuclear relaxation and vibrational contributions. Moreover,
only mechanical anharmonicity corrections to the SCF po-one can analyze the results of the AEEP method and com-
tential energy of the KD molecule. Werner and Mey¥r pare them with these obtained by more traditional perturba-
simplified and applied this method to compute nuclear contion treatment® to which the AEEP procedure is related.
tributions to dipole moments and polarizabilities of various In Sec. Il, we shall present the AEEP method: nuclear
small molecules. Very recently, Russell and Spackfhan contributions are given by coefficients of the power series
have computed the vibrational averaginggoind« for sev-  expansion of the potential energy that are directly related to
eral small polyatomic molecules including both mechanicalenergy derivatives. In Sec. lll, details of the molecular or-
and electrical anharmonicity. In the early eighties, Pandeital ab initio calculations carried out in this paper are given.
and Santr§® calculated nuclear relaxation and vibrational In Sec. IV, the AEEP results for the water and pyridine mol-
contributions tou, «, and 8 of the CO, HCN, and KD  ecules will be presented. Finally, in Sec. V, conclusions of
molecules. However, they did not include the mechanicathis work will be summarized.

anharmonicity in the potential energy expansion. Rinaldi

et al>® applied also this analytical approach to evaluate
a", at the semiempirical molecular orbital level. Recently,!l. ANALYTICAL EVALUATION OF ELECTRICAL

Castiglioniet al?® developed expressions for the nuclear re-PROPERTIES (AEEP) METHOD: NUCLEAR
laxation contributions to they, 8, and y at the harmonic CONTRIBUTIONS TO STATIC ELECTRICAL

level, and determined the™ contributions from experimen- PROPERTIES

tal ir and Raman bands. In a previous paper, and only for - The potential energy of a polyatomic molecule placed
parallel components to the internuclear axis of diatomic molynder the effect of an electric field is function of both normal
ecules, the analytical evaluation of electrical properties wagoordinatesQ=(Q,,Q,,...,Qsn_s) and field strength vec-

applied to the CO molecufé. tor F=(F,,Fy,F,). Thus the potential energy hypersurface

The goal of this paper is to devise a method to evaluatgf g chemical system can be expressed dsuble(Q andF)
analytically nuclear contributions{') to the static electrical power series expansion,

. - L
properties, namely, nuclear relaxati®®" and vibrational IN-6  3N-6 xy.z

PYb_ Although some studies have dealt with this subject _ '
earlier?®3044-52gnalytical and complete evaluation of all V(Q’F)‘go i; in2=1 mZ‘O 112=1
components ofu, «, B, and y tensors for polyatomic mol- Yy2

ecules is still lacking. In this work, the potential energy of a 2 iindtdme .0 Fo oo F
chemical system is expandeddmsublepower series in terms ij:1 qnm Qi Qi Fi, im’
of both normal coordinateQ=(Q;,Q,,...,Q3n_s) and

field strength vectoF=(F,,F,,F,). The method presented )

in this work is named AEERanalytical evaluation of elec- wheren refers to displacements along th&3 6 normal
trical propertiey and has been coded and implemented suceoordinatesQ;, m refers to changes of the field strength
cessfully in our laboratory. The AEEP method as presente;, andN is the number of atoms of the molecule.

here shows the following featurds it computes complete Differentiation of equation two with respect to either
values of the total electrical propertig@,) it calculates all normal coordinate displacements, field strength, or both
components of the electrical properties tensors from just onkeads to relationships between coefficients of the power se-
computation of energy derivatives evaluated at zero-fieldies expansion and potential energy derivatives

ail"'injl"'jm: 1 a(ner)V(le e 1Q3N—6!FX!Fy1FZ)
nm n'm! aQ'l(gQ'n(gFjlaFJm

()

Q=0F=0

All these derivatives of the potential energy hypersurface arand mechanical terms of the potential energy are given by
evaluated at the equilibrium geometr)€0) and for the

zero field caseK=0). Then, electronic contributions to the

electrical properties are defined by ki=2ab,, fijkzﬁag'é (5)

el _ el _ _

I_ . .. .
My =—201, ayy=—2ag}, Py~ —6ag}’ (4 where indexexyzandijk refer to field strength vector com-
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ponents and normal coordinates, respectively. Molecular In this section, terms up to+m=4 have been consid-
property derivatives can also be obtained from the expansioered in the power series expansion of the potential energy

coefficients, e.g., [Eg.(2)]. Such an expansion implies calculation up to fourth-
ol 5 el order derivatives, thus requiring the state-of-the-art tech-

(07Mx i ( I ary ) — 42 niques in the evaluation of energy derivativés® This ex-
dQ; e dQ;dQ; o 22 pansion also carries inclusion of first- and second-order

) mechanical anharmonicityazg and a,o terms, first- and
ki i second-order electrical anharmonicity for dipole moment
,9_|:X =2a . (a,; and ag; termg, first-order electrical anharmonicity for

polarizability (a,, termg, and harmonic approximation for
The zero subscript stands for all derivatives involved in Egsfirst hyperpolarizability(a;; term9. Under these restrictions,
(3) and (6) that are evaluated at the field free equilibrium the expansion used for tltmublepower series of the poten-
geometry. tial energy is given by

V(QllQZ!"'!QSN—G!FX!Fy!FZ)

3N-6 3N-6 3N-6 3N-6

=agot Z Qi+ Ei a2+ 2 alsQiQ; Qi+ 2 all'QiQ;QQ

X,Y,Z 3N-6 3N—-6 3N-6
K,
+§ ag+ 2 ayiQi+ E ay 1*QiQ;+ E ads aQinQk)F
|

XY,z 3N—-6 3N—-6 XY,z 3N—-6
+2 | akt X @it X alMoiQ) et 3 | akt X ags™ .)F FoFe

XY,z
+ > a8 FaFuF oy, @
a,b,c,d

whereabcd andijkl run over field strength vector components (F, ,F,) and normal coordinates;,Q;,..., Qsn-s),
respectively. Using this truncation for the potential energy, it will be shown that a complete evaluation of nuclear relaxation
contribution to dipole moment™, polarizability ™, and hyperpolarizabilitieg™ and v, and vibrational contribution to

dipole momeniu'™® and polarizabilitya" can be obtained for the static limit of these properties. BH& and " are fifth-

and sixth-order properties, respectively, that could be exactly evaluated including the fifth- and sixth-order terms in the power
series expansion of the potential energy surface. Thus using the fourth-order truncation for the potentidEenérgyonly

partial values ofg""® and ' can be calculated.

A. Nuclear relaxation contributions

Recently, Castiglionet al?®*°have pointed out that the nuclear relaxation contributions to electrical properties are due to
the change of the equilibrium geometry induced by the applied field. Nuclear displacements of a molecule, caused by an
electric field, can be easily obtained from normal coordinates displacements applying the stationary point conditi¢r to Eq.
Iterative solution of the resulting system of nonindependent equations is detailed in Appendix A, and leads to the equilibrium
field-dependent normal coordinates given by

X,Y,Z >\ a X,Y,Z Nab 3N=6  _\i,a i,b 3N-6 Nij i,a i.b
ap; a1 [ a7 3azy (a1 |[ ann
e
Fy.Fy Fy)=— Fa— + F.F
QAF«Fy Fo) g 2aA ;) 2ab, Z ay, |\ 2a, ; 2a), | 2al,) | 2ak,/ | * P
X,y,z Nabc 3N—-6 \i,ab i,c \i,a i,bc
_ E a3 2 ax, ag a21 a
dbe | 28 az | 2ay 2a,
3N-6 i - i i
N (3a“' 2 a'l'f) ajl'f) a5 ?al;’ aJl'f) 3ajy ( aj? (a’ be
a l ] ] i
0 2ah, | 2ay/ | 2ab, Ay | 2aby ay, | 2ay/ | 2akg
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3N-6 Nijk [ 4ia i.b k.c M,anijk [ Aj.b k.c NijAij,a / Aj.b k.c
2a, ( an ( ayy ( a 3az;"agy ( ay; ( a 3agy az; ( ay; ( an )
= x i ] K N Al I K N A i K
ik Az |28y |28y | 283/  2axd@y |23y |2ay Ax0820 | 2830 \ 28z
3N=6 g Nijaikl [ o, kb lc
9azgagy [ ary | [ an 11
+ | “ 2 A Al 2 ] 2 k 2 [ FanFC ’ (8)
ikl 280830 \ 283/ \ £330 \ £330

where\ runs over the 8/—6 normal coordinates.

It is worth noting that this procedure allows for the direct determination of the field-dependence behavior of the nuclear
coordinates. For instance, when finite field technidti®s?224~2%re used molecular internal coordinates are reoptimized for
each field strength. In the present study, only one calculation at the zero-field optimised geometry is required, followed by
trivial application of Eq.(8).

Evaluating the first derivative of Eq8) with respect to electric field strength at zero field case, the first order nuclear
relaxationg}? is obtained.

\a
_an
 2aby €)

N _(aQi"(F)
o IF,

Moreover, the first-order nuclear relaxation has been previously defined for several authors as the ratio between the dipole
moment derivative and the force constant, although only for diatomic moletUtasust be noted that both dipole derivatives

and force constants can be obtained experimentally from the ir bands. In a similar way, when only a harmonic expansion of
the potential energy is used, seconqg'fb) and third-order qgvab% nuclear relaxation terms can also be defined, and are
given by the ratio betweefhypen polarizability derivatives and force constants, which arise from spectroscopi€®dafd>°

\,ab \,abc

)\,ab_alz )\,abc_a13

2 _2 ! 3 - 2 Ao (10)
a0 a0

Substitution of the equilibrium field-dependent normal coordingies (8)] into Eq. (7) will lead to a field-dependent
potential energy at the equilibrium geometry(F), which will include both the electronic and nuclear relaxation contribu-
tions, given by

3N-6
agg_z EI alil.’fq%l.’b}Fan

X,y,z X.y.,Z

Ve Fx,Fy Fo)=aoe+ ; adF+ ;)

XY,z 3N-6 3N-6 IN-6
abc i,abi,c ij,a~i,byj,C ijK ~i,a~j, b~k C
t 2 |aEt 2 antatt 2 adifartr 2 adaitr’al }FanFC
e 3N-6 al-ab 3N-6
58 babcgi.dy 12 gicd ij,abyi,cqj,d ij,a~i,bj,cd
+ab2cd Agg EI ajs g;y + 5 q; |+ % (a);* g gl ?+ 2al;2q} Pgh e
3N-6 ij,a5jk,b
_ ijk,anyibyicakd s aaiikqiagibgked, 21 921 ic kd
> | &g gk °al '+ 3adsar*al g + 22 gl
e axo
3N-6 ijk okl,a

3N-6 ijk kim
9ajsazs” . . .
i,a~j,byl,cym,d
Tk ar%ay’argy | FaFpFcFy.
20

o a S

ijkl yi,a~j,bk,cql.d 30721 ibLj.cl.d

ajo 1"y 0y 0"+ — x Ao ql)—..
20 i,j.kI,m

(11)

Comparison between this equation and the Taylor sefigs  ditive character betweeR® and P". At the equilibrium ge-

(1)] and subtraction of the purely electronic contributionsometry and for the zero-field case, each component of the
(291, ag2, A3 anday, termg leads to definition of the nuclear nuclear relaxation dipole moment has been shown to be null
relaxation contributions to molecular electrical properties for

all components of their tensors. This definition of tR&

contributions to the static electrical properties shows the ad-  #a =0 (12
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Each component of the nuclear relaxation polarizability iswhich are functions oharmonic(ayy, a;;, anda;,) andfirst
given by order anharmonidas, anda,,) terms(second and third order
terms. This expression 0B}, cannot be simplified to

3N—-6 3N—-6
af= 20 afei’= 2 aa” (13
It can be seen that components of #¥ tensor are a func- b= 2 al2Pglc— Z al;?qiPgl°

tion of only harmonic terms(second-order terms Each

component of the nuclear relaxation first hyperpolarizability -
is given by +2 alsay®al® (15

3N-6

2 2 al abql c+a| vaI b+al quI a)
Babe= 2 2 2 becausen;, and g, in the first term, andh,; and g, in the
3aN—-6 second are not equivalent. Therefore, all permutations of the
. . . . b
) Z (all:2q}Pql o+ allPqi2gh e+ alieqi2gh?) field indexesabc must be con3|d_ered to evaluate tﬁ@r
i values correctly. These permutations are not presemt"in
IN-6 becausen;; andq,; are equivalent in Eq(13) [see Eq.(9)].

+6 z aukq q (14) Finally, each component of the nuclear relaxation contribu-
! tion to the second hyperpolarizability is given by
3N-6 | ab 3N-6
Yabed™ 24[ > | aisait+ - Q'2Cd) 2 (ad™ e+ 2adi%a1°g5*)
3N-6 IJ a ]2k1b .
2 |a ( Aol ol + 3adgaa) oy e = ool
3N-6 ijk 5kl,a 3N—-6 ijk o kIm
3alaly 9allfakl
—i% ( ajo qy°aray Q'1d+—k—q1 aiar’ | 2 —4k—ql “ay ar e, (16)
|
where the permutation of all field indexa®cdhas not been 1308 g0,
specified, like in the8™ expressiofEq. (14)] for simplicity b= ZPE- 3 > (aF )
reasons, and is given in detail in Appendix B. ! a
1 3N6 Ik
- _ =12l T
7 2 (mix) (aFa) (17
and
B. Vibrational contributions
3N-6 2
To obtain the vibrational contribution to the molecular VP~ o ZPE_ _ 1 D ( I wi )
properties, derivatives of the vibrational energy with respect ab™"ab 2 9 IF 4dFy
to the field strength at the corresponding order must be cal- R )
culated. We assumed here that the vibrational energy is -2 2 (Mik;) 1/2[( 97K )
given by the harmonic zero-point enerdfpr considering ' dFadFy
excited vibrational states see Ref.)1On the contrary, an- 1 (s P
harmonicity has been included through the potential energy = ( Ki ) (i) (18)
expansionEq. (7)]. The validity of this approximation for 2k 9Fp

the polarizability of the HF molecule in the vibrational wherem; are the reduced masses associated to each normal
ground state has been already tested. coordinate, an@;=27v;, wherey; are the harmonic vibra-

Under these assumptions, the vibrational contribution taional frequencies. Both the field-dependent force constants
static electrical properties is function of the field-dependentind their derivatives are evaluated at the zero-field equilib-
force constants k;(F)=«;) and their derivatives with re- rium geometry. By double differentiating the power series
spect to the field strength. Then, in atomic units the tensoexpansion[Eq. (7)], the field-dependent force constants at
components ofu"® and o' are given by the equilibrium geometry are given by
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3N-6 N 3N-6 o for u'®, 2 for «'®, and so on. For this reason, when the
Ky = 2a20+6 2 az Qi+ 12 2 ay IJQeUQeq potential energy expansion includes all terms up to fourth-
order(with all a,,, with n+m=4) like Eq. (7) only " and
X.y.2 3N-6 a"® can be obtained. Then, inclusion of higher-order terms
+22 |ah?+3 2 ay"2Q in the field-dependent potential energy expandigg. (7)]
a will not incorporate additional terms in eithes'® or ',
XY,z becausex; and their derivatives are evaluated for the zero-
+2 Eb ayy?°F F, (190 field case at the equilibrium geometry.
a,

To obtain expressions fg8"® and y'®, the same proce-
where Q7 are the equilibrium field-dependent normal coor- dure must be followed including fifth- and sixth-order terms
dinates presented in E(), and\ runs over all normal co- in the potential energy expansidftq. (7)], respectively.
ordinates. From Eqg8) and(19) field-dependent force con- Otherwise, the calculated values@f® and y® will be only
stant derivatives with respect to electric field are a functiorapproximate.
of Q7 derivatives and th@y,, ay,, asy, g1, anday coef-
ficients of the power series expansion of the potential energy METHODOLOGY
All these coefficients are included in the potential energy
expansion only when anharmonic corrections are considered. Calculations have been carried out at thb initio
Then, in the harmonic model for the potential energy®?  SCF-MO level of theory. Electron correlation has been intro-
contributions to the molecular properties are zero everyduced using second-order Moller—Plesset perturbation theory
where. Therefore, vibrational contributions to the electrical(MP2). The Dunning—HuzinadA basis set has been used in
properties are a consequence of the anharmonicity of ththis work; for water and pyridine, the §8p/4s)/
potential energy hypersurface. This aspect was originallf5s3p/3s] contraction has been used, and two sets of polar-
pointed out by Kern and Matcfain the late sixties. Thus ization functions have been add€fiZ2P basis setwith ex-
final expressions of the vibrational contributions to dipoleponents 0.75 and 0.15 for C, 0.80 and 0.15 for N, 0.85 and
moment and polarizability tensor components are given by 0.15 for 0, and 0.75 and 0.15 for H. Ti®, axis and the

molecular plane of these molecules have been assigned to the
) N6 z andyz Cartesian coordinates of the molecular system of
21°—6 2 agyayr® reference, respectively.
' Nuclear contributions to electrical properties are given in
(20 terms of energy derivatives with respect to either normal
and coordinates, field strength, or both. To show the usefulness
of the AEEP method, data presented in this work use only

L3N8
pab= 7 Z (2apym;) Y2 2a

oL 3N26 (2abgm) 2 aaile second- and third-energy delrivat.ives that can be routinely
ab 20 calculated by thesaussian-94* series of programs. At both
SCF and MP2, derivatives through second-order have been
e il gisab 4 gii] @ il b evaluated analytically, whereas third-order derivatives have
—6 z 3% st %0y +azl g been obtained by numerical differences. At the SCF level,
P® has also been obtained analyticatly’> Nuclear contribu-
3N-6 o tions (P and P'?) to the static electrical properties have
+6 E ( ay) been calculated by the AEEPcode developed in our labo-

ratory, following straight forward expressions presented in
agg) kb, _ikb Sec. Il. Because of only second- and third-energy derivatives
+ al, (aly?qiP+abs ) having been calculated, the valuesadf® and 8" presented
in this paper might be improved by including higher-order

e gg) g‘g’ oo energy derivatives. Furthermore™, 8", and u"® values
—18 % a1 reported for water and pyridine can be improved only by
: 32 including a more accurate evaluation of electron correlation
3N—6 or by using more flexible basis sets to determine the wave
- (aglaaﬂb 3 2 agh(api*gh "+ asi°q)h? function of the molecular system.

The present procedure may be compared to the finite
3N-6 differences approach€s®2224-28hat involve several ge-
+9 2 a'”aleiléq qli’b) ) (21 ometry optimizations. In the present study, only one typical

energyt+third derivatives calculation at the field-free geom-
where all permutations between the nonequivalent coeffietry equilibrium geometry is required, together with straight
cients in each term have already been taken into account. forward application of formulas of Sec. Il. Thus the AEEP
It has been shown that complete evaluatioP8? must  method is simple, easy to use and applicable to any mol-
include alla,,, terms for which the following conditions hold ecule, with the practical bottleneck lain in the third-energy
(i) n+m=<21+2, (i) m<1, and(iii) n#0, wherel equals 1  derivatives calculation.
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TABLE I. Nonzero tensor elements of the electronic and nuclear contributions to the electrical properties of
water calculated at SCF/TZ2P and MP2/TZ2P. All values are given in atomic (aii$. For the dipole
moment, 1 a.u=8.478 36<107°° C m=2.541 D; for the polarizability, 1 a.er1.648 7810 ** C?>m? J%; for

the first hyperpolarizability, 1 a..3.206 36103 C3m3J 2

Electronic Nuclear relaxation Vibrational Total
H,O Experimental
TZ2P SCF MP2 SCF MP2 SCF MP2 SCF MP2 value$
o 0.771 0.736 0.000 0.000 0.002 0.001 0.773 0.737 0.724
Qyx 7.20 8.43 0.00 0.00 0.05 0.07 7.25 8.50 9.55
ayy 8.79 9.95 0.26 0.23 0.25 0.27 9.30 10.45 10.32
ayy 7.99 9.35 0.87 0.70 0.11 0.15 8.97 10.20 9.91
(a) 7.99 9.25 0.38 0.31 0.13 0.16 8.51 9.72 9.92
Bxxz —0.74 —-2.99 —0.05 0.01 0.04 0.03 -0.75 —2.95
Byy: —924 —10.92 4.03 3.03 0.55 056 —4.66 —7.33
B; —650 —12.15 5.93 6.38 0.19 0.06 —0.38 -—5.71
B, -9.89 —-15.64 5.95 5.65 0.47 0.39 —-3.47 —-959

aSee Reference 63.

IV. RESULTS are 1.9% and—1.5%, respectively. In consequence, the

In thi . he AEEP hod | q nuclear contributions to the electrical properties seem to be
n this section the method s used to Compuuaaccurately calculated at the SCF/TZ2P level.

analytically nuclear contributions to static electrical proper- Nuclear contributions to electrical properties have also

ties of water and pyridine. The water molecule, which is ON& can calculated at the SCF/6-311 G(3df,2pd) level to

of the simplest nonlinear polyatomic molecules, has alread - . -
been chosen by different authtr4*-4%*%0 evaluate nuclear %,Recﬁstizz rtﬁli?tl)zla“rgeogr:zeﬂz;if; %12; SSZ[,[V:;;Q ?Li%mtmg

connons to e st gl propertes s ernf iy 35 s e changes win rspet
PP ' PrOPCLZ5p ones, and onlg)" has changed to 7.44 a.u. As we will

ties of water and pyridine will be compared with previous . . .
theoretical results, and available experimental data. For thess® I following paragraphs, the basis set effect &h

two molecules, the agreement between the AEEP results aﬁ%hiCh seems to be. mginly relgted to the polarizability deriva-
the experimental data will be shown to be excellent. t|ve,Cmust b_e stud;etﬁér?\l (,ja\eéilp | ith earlier th i

In Table I, the nonzero tensor elements of water obtained omparison o vaiues with eariier theoret-
by the AEEP method are collected. These data have be ﬁal data must be done carefully in ordgr t(,) compare equiva-
computed at the respective minima on the SCF/TZ2P an nt data, even when they are named in different ways. Both

e . —21,26
MP2/TZ2P potential energy surfaces. From values presentdg€ finite field value¥ and the AEEP data of parallel

in Table I, the total dipole momentu= x,), the mean po- components of the molecular properti¢p,, «,,, and
larizability [{ @)= (ayut ayy+ @,)/3] and the vector com- B2,7 presented in this work can be compared directly, be-

ponent of the hyperpolarizability tensor parallel to the per-Caus€ the{ represent two different approaches to obtain the
manent dipole moment &= B,=3(Byxz+ Byyz+ B222/5) P" and P"® contributions to electncal_propern_es. Kern and
are 0.773, 8.51, and 3.47 a.u. at the SCF level, and 0.737, Co-worker§*~*calculated the zero-point vibrational averag-
9.72, and—9.59 a.u. at the MP2 level, respectively. ing contribution to the dipole momept“*VA. This contribu-
The experimental total dipole moment and mean polarlion was a function of the anharmonicity of the potential
izability of water are 0.724, and 9.92 a%.respectively. €nergy surface and dipole moment derivatives. Then, this
While the u and o SCF values show relative errors of 7% calculatedu®™¥* can be compared with tha*® value as
and — 14%, respectively, these errors are reduced to 1.798iven by Eq.(20). Werner and Meyéf used also Kern's
and —2.0% by inclusion of electron correlation at MP2. expressions to computa®”'* and &#*A. Then, their re-
Such an efficiency of the MP2 level of theory to obtain ac-Ported values can be compared with the AEEP’ and
curate values of electrical properties has already been shown’® values, yeta*"V* only includes the two first terms of
by different authorg®®45For the water molecule, the agree- @"® [Eq. (21)]. The recent work by Russell and Spackifan
ment between thBN contributions calculated at the MP2 and includes terms up to fourth-order, so theif""* values can
SCF levels is excellent, hence electron correlation affectde compared with AEEP'sx“". Moreover, Pandey and
mainly to P® contributions. This fact must be study in more Santry® defined vibrational corrections to dipole moment
detail before being generalized. Thus a good strategy to rem, , polarizabilitiesa, , and hyperpolarizabilitie@, . They
produce experimental values might be to compRte at  went one step further by partially including the nuclear re-
SCF/TZ2P and only consider electron correlation to calculatéaxation contribution, that was recognized to be 1 order of
P26 Using this strategyu, (a), andp, turn out to be 0.738, magnitude larger than the vibrational averaging values ob-
9.77, and—9.22 a.u., respectively. The relative errors with tained by Kerret al**~*® Pandey and Santtpresented the
respect to the experimental dipole moment and polarizabilitharmonic part ofP™ and the field derivatives of the force
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1508 Luis, Duran, and Andrés: Properties of polyatomic molecules

TABLE Il. Parallel (z) component of nuclear contributions of water reported by several authors. All values are given in atomia.uhits

Property This work Finite field Kern expressions Pandéewl. Cohenet al. Bishopet al.
ny® ny® u3P= py®
0.002 0.002 0.0058-0.006%
Ly 0.00P 0.001 0.003
0.002%
, , 0.0011
al=ali+ ol o= alit al® a2 o)t o)~ at? o~ al,
ay, 0.98=0.87+0.112 1.18=0.87+0.31° 0.15 0.269 1.004
0.85=0.70+0.1% 1.02=0.70+0.32% 0.2544
_ _ 0.307¢
BYar= Bt Bioe B~ Bt Bioe 2B BBz Bl Bizit BT
Bazz 6.12=5.63+0.1F 5.89=5.92-0.08 7.09 —11.501 3.664=4.633—0.969
6.44=6.38+0.08 6.69=6.37+0.32 1.685=2.340—-0.655

a/alues obtained at SCF#s3p2d/3s2p].

bValues obtained at MPP%s3p2d/3s2p].

“Values obtained at SCF3s3p2d/3s2p] (Ref. 26.

dvalues obtained at MPR3s3p2d/3s2p] (Ref. 26.

®Values obtained by Kerst al. at SCF[4s3p2d/2s1p] (Refs. 44—45
Values obtained by Werner and Meyer at S{8s4p2d/6s2p]. (Ref. 47.
9values obtained by Russel and Spackman at §&R/p2d/3s2p] (Ref. 48.
MValues obtained by Russel and Spackman at J¥B&p2d/3s2p] (Ref. 48.
'Values obtained at SCF3s2p1d/2sip] (Ref. 49.

IlValues obtained at combined SCE53p2d/3s2p] and MP2[5s3p2d/3s2p] (Ref. 22.
“Values obtained at SCF8s3p2d/3s2p] (Ref. 33.

'Values obtained at MPP8s3p2d/3s2p] (Ref. 33.

constants part opViP together, the latter given bg,,,, and While the AEEP method uses the harmonic aproxima-
the former by thea,,, coefficients|Eq. (20)]. These authors tion to calculate the vibrational energy, Cohenal. intro-

also obtained a zero value fgu"™. Marti and Bishoﬁ3 duced anharmonicity and tit&, Dunham coefficient. Hence,
showed that the perturbative nuclear contributioRs  derivatives of vibrational energy and the AEEP® values

+ P?PVA values can only be compared with tRE+ PP val-  are only partially comparable. Thus their approach is indeed
ues given either by the AEEP method or by the finite fieldsomewhat more accurate than ours, although it is more ex-
treatment, even though the perturbation method expressiomgnsive and the amount of the computational burden is much
of P'+ P?PYAlinclude only terms up to third-ordéa,,, with  larger, because geometries must be reoptimized a larger
m+ n=23) together with first and second derivatives of thenumber of times, and many dipole-moment higher deriva-
molecular property with respect to normal coordinaieg, tives must be calculated at every strength figddg., for
and a,,,, coefficient$. The latter had already been included BYP of a C;-symmetry molecule they need ten calculations
throughP#PVA, originally by Kern and co-workers. involving four field strengthls On the contrary, the AEEP

Moreover, Cohenet al?? calculateda®, B*, and v*, method needs only one calculation of energy derivatives at
from finite differences of the vibrational energy. This ap- the field-free equilibrium geometry.
proach deserves especial attention because they introduced In Table II, the nuclear contributions to electrical prop-
both mechanical and electrical anharmonicity in the potentiaérties of HO reported by different authors are gathered and
energy expression, and also introduced anharmonicity in theompared to the AEEP results. Thd", B, and u)® val-
vibrational energy expressiofEq. (8) of Ref. 22a)]. Al-  ues obtained by the finite-field approdtland the AEEP
though they tried to use Bishop and Kirtman’s notation aris-method are nearly identical, because all terms of Et3),
ing from perturbation theorgP’ for the pure vibrational con- (14), and (20) have been included in this work. Only the
tribution, and P?°VA for the vibrational averaging they — AEEP o) and BY¥, values are lower than the finite-field
actually computed the so-called nuclear relaxation and vibrasnes, because the AEEP data have been calculated here in-
tional contributions to electrical propertiésee Ref. 58 cluding only second and third order energy derivatijfeg.

As far as nuclear relaxation contribution is concerned,21)]. These results are strongly encouraging, and show that
since both the Cohen method and our AEEP method introthe error due to the lack of electron correlatiorPffiis much
duce anharmonicity up to fourth-order in the potential en-more important than the error due to neglecting of fourth-
ergy, derivatives o¥/2 [Eq. (8) of Ref. 24a)] are completely and fifth-order terms irx'® and 8°. By using a different
comparable to AEEP™. For instance, their second deriva- contraction scheme of the Dunning—Huzinaga basis set,
tive of V(F’ (a’[0200]) is equivalent to ourr™. As Cohen Kern et al*4~*® obtained a vibrational contribution tec
et al. show[and also the present E(L3)] the nuclear relax- larger than the AEEP one by a factor of 3. TRé VA values
ation contribution to polarizability is not affected by anhar- reported by both Werner and Mey¥r.and Russell and
monicity at all. Spackmarf?® for dipole moment and polarizability are in
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TABLE lll. Nonzero tensor elements of the electronic and nuclear contributions to the electrical properties of
pyridine calculated at SCF/TZ2P and MP2/TZ2P. All values are given in atomic (@nits

Electronic Nuclear relaxation Vibrational Total
CsHsN Experimental
TZ2P SCF MP2 SCF MP2 SCF SCF value$
i 0.8990 0.9135 0.0000 0.0000 -0.0209 0.8781 0.8714
Qyx 37.61 38.36 4.41 459 0.14 42.16
ayy 71.86 75.74 1.07 0.44 0.73 73.66
ayy 67.25 71.28 1.23 0.89 0.67 69.15
(a) 58.91 61.79 2.24 1.97 0.51 61.66 64.10
Bxxz —-7.24 —-11.87 -0.35 —-19.49
Byyz —14.28 —-17.57 —-0.42 —-32.27
B2z 7.50 14.42 0.37 22.29
B —-8.41 -9.01 -0.24 —-17.67
aSee Ref. 66.

good agreement with the AEEP values. Both works calcuthat the agreement between the calculated AgE&d ()
lated as well the diagonal tensor elemen}® and a;'}t,’ tobe and the experimental vallf€ss excellent. Relative errors are
0.13 and 0.33 a.i/, and 0.0887 and 0.3982 afi.respec- lesser than 1% ane 4% for SCF dipole moment and main
tively. These values are also in excellent agreement with datpolarizability, respectively. This fact supports the usefulness
reported in this work. Although Pandey and Safftrin-  of the AEEP method to compute electrical properties for
cluded partially thé®™ contribution and used a different con- large polyatomic molecules. For pyridine, as for water, the
traction scheme of the Dunning—Huzinaga basis set, agre&CF and MP2a"" values are very similar. However, when
ment between their results and our AEEP values ighe SCFa™ value is replaced by the MP2 result, the main
satisfactory, especially fg8. Data from the perturbative sum polarizability value is closer to experiment. Finally, we have
over states presented in the last column of Table Il, ar@pplied a strategy similar that used in water, and have com-
clearly lower than other theoretical predictions; further, theyputed theP® contributions by MP2 trying to reproduce the
have been obtained using a completely different basis set. experimental results. These recompujged (@) and B, turn

One can see in Table Il that, for the parallel componenbut to be 0.8926, 64.54, and 1.70 a.u. The relative error of
of the nuclear contribution to polarizability, the difference mean polarizability is thus reduced to less than 1%, showing
between results in Ref. 22 and the AEEP values is lower thaagain that the main source of error in the SCF electrical
0.03 a.u. The origin of this small difference can be found inproperties arises from th@®' contribution. The relative
the second derivative of the vibrational energy, since nawveights of thePN contributions in the totaj,, () and g,
meaningful differences are found betweef 0200] (0.876 are 2%, 4.5% and more than 50%, respectively. These
a.u) and «, (0.87 a.u) values. On the contrary, for the first weights are of the same order of magnitude of the values
hyperpolarizability,8” differs from 8™ by a factor of 2. The previously reported for water. This result shows that nuclear
difference in sign in the nuclear contribution fis due to  contributions to the electrical properties are also essential to
the different criteria used in the dipole moment definition. Inyield theoretical results that reproduce the experimental elec-
this case, the main source of divergence must be found bérical properties of large polyatomic molecules like pyridine,
tween the third derivative of/2(—12.287 a.u.) ands),  and that theoretical values can be routinely compute by the
(5.92 a.u.. Analyzing these two values in more detail, we AEEP method as presented in this work.
find that this difference is caused by the first derivative of the
polarizability with respect to normal coordinates, which is
very sensitive to the basis set used in the calculation. This
basis set effect on the computation @, which has
been previously shown in this work for the 6-311 V. CONCLUSIONS
++G(3df,2pd) basis, might be the origin of the difference We have presented a method to analytically compute the
among the three different results, namély those found by  nuclear contributionsR"+ P"P) to electrical properties. Ex-
Pandeyet al*° and us,(2) those reported by Cohast al?2¥  pressions to compute both nuclear relaxation and vibrational
and (3) those found by Bishop and co-workers. contributions have been deduced from a power series expan-

As a test of the behavior of the AEEP method onsion of the potential energy. Such contributions to the elec-
medium-sized polyatomic molecules, we report calculationgrical properties are given in terms of energy derivatives with
on pyridine. Table Il shows the nonzero tensor elements ofespect to normal coordinates, field strength or both. The
the electronic and nuclear contributions to the moleculaaccuracy of the AEEP values is only determined by the qual-
properties of pyridine, predicted by the AEEP method andty of the wave function used to describe the molecular
calculated at the SCF/TZ2P level, and the nonzero tens@ystem. The AEEP method is quite simple, despite
elements ofu®, o® and o™, computed at the MP2/TZ2P some amount of algebraic development to obtain equilibrium
level. Comparison of the last two columns of Table 11l showsfield-dependent normal coordinates in Appendix A. For end-
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users, the AEEP method requires just one calculation of thevhere N runs over the BI—6 normal coordinates. This
energy and its derivatives at the field-free optimized geomnuclear displacement can be calculated from the first
etry, followed by trivial application of the formulas in Sec. term,
Il.

The AEEP method predicts the order of the necessary
energy derivatives required for a complete computation of a
specific nuclear contributiorte.g., for nuclear relaxation Q,=- —

3N—-6 3N—-6

3 EJ: aj) QiQ;+4 ;J_:k a0 “QiQ;Q«

A
to a only second derivatives are necessaiiyo our knowl- 2az I
edge, this interesting advantage is exclusive of AEEP X.y.2 IN-6 IN-6
tr;:ﬁtehod and allows important savings in computational T za: a>1\,la+2 E.: agil,aQiJrg .E;‘ agilj,aQin)Fa
For water and pyridine, the reported SCF nuclear contri- ‘y.z aN_6

butions combined with MP2 electronic contributions, allow < i

, . +2> (a2 X alyQ |FLF
to reproduce well the experimental data, showing error lesser o | 712 ~ “22 ~ijta’b

than 2%. The calculated nuclear contributions of water and

pyridine represent a meaningful amount of these molecular XY,z

properties. The fourth-order terms included by Cokeal., + Zb ai'sabCFanFc} (A2)
and by Russell and Spackman allow to quantitatively obtain ame

the «'® values; on the contrary, when these terms are ne-

glected, like in the presented AEEP values, only qualitativelyWhere each normal coordina®, depends on all normal

vib P : ; .
" values are obtained. The analytical evaluation of electri jinates and the field strength vector. Thus to obtain the

cal properties is the only systematic and computational feaﬂeld-dependent normal coordinat€s , a nonlinear system
sible method for dealing with large polyatomic moleculesOf 3N-6 equations with BI—6 nonindependent variables
using standard quantum mechanical programs. The presentﬁgjst be solved. This system of equations can be solved it-
a"® and B AEEP values of electrical properties might be eratively by the following procedure:

improved by inclusion of fourth-order derivatives. Further () Use the set of independent field-dependent normal
work in this subject is being carried out in our laboratory. .o in-iae given by
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APPENDIX A

that is obtained by applying the stationary condition to the

Application of stationary conditions to E7) allows to ~harmonic expansion of the potential energy. .
obtain the nuclear displacements of a molecule induced by (b) Substitute this set of independent normal coordinates
the applied field, which are given by Q! into Eq.(A2) to get a first set of field-dependent normal

coordinateQy .

(c) Substitute the new set of normal coordina@sinto
Eqg. (A2) to obtain a second set of field-dependent normal
coordinateKQy .

3N-6 3N-6

NP _ 0,43 2 aQQ+a 3 Qi

AON

3N-6

Aa \i,a

a;; +2 E a1 Qi
1

XY,z

+ 2

a

3N—-6
+3 > aé,'l"aQin)Fa
1)

(d) Repeat step(c) until the desired convergence is
achieved.

In step(b) the converged first-order field-dependent nor-
mal coordinates given by

XY,z
X,Y,z 3N-6
+ (aﬁ’zab+2 > aéiz’abQi) FaFp QAP Fy P == é % “Fa A4
a,b i
X,y,Z
4 z afaachanFc:O, (A1) are obtained, whereas in ste:p.the converged_second-order
ab,c field-dependent normal coordinates are obtained,
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A(Fx.Fy.F2)
X,¥,Z X,¥,2 3N—-6 _\i,a
=-2 a2 [qéab 2 ;—Zloqil'b
3N-6 M,
+ 3 e ot }Fan

(A5)

coordinates converged can be obtained only up to third-
order. However, to reach the reported expressions of the
nuclear contributions to the electrical properties only the
field-dependent normal coordinates up to third order are

needed.

APPENDIX B

and so on. The desired convergence is limited by the expan-

sion of the potential energy used. In the present case, because The complete expression of the nuclear relaxation con-
all terms up to fourth-order have been included in the expantribution to the second hyperpolarizability, with all explicit

sion of the potential energy, the field-dependent normapermutations is

3N-6

i,abdi,c i,acd.i,b

i,bcdi

bei,d
Yabod= 62 (a3 + a3y o+ aiolay + ais Yay®)

3N-6
—4 2 (alj ,ab |cq]1d+alj acqllbq

3N-6

IJ adql bq

3N-6

H+4 2 (ataytiraisoas i+ aisias™)
I

jlc+a|] quI aq]1d+a|] bdql aqjlc_|_a

|ch i,a

107

j,b
1

)

1511

—4 Iz] (alj aq1 q Cd+alj bql q Cd+alj aql q bd+a|] cq1 q bd+a|] aq1 q bC+aIJ dq1 q bC+aIJ bq qu,ad

|]C|b]ad IjbIdJaC delb
107703 107 92

3N-6

+62 (auka |b ijk,b

ql +a

3N-6

1%aPabae+

ay2ahCafd+aidicqy?al o+ alk

|]c

ql q] ab |] dqllcq] ab)

ijk, dql aql bql,c)

+122 (a¥q!2glPakcd+ allkql?ql gk P+ allkq 2ql Yg5 P+ 3 more terms -)

3N-6 a”a jk,b ij.b,jk.a ij.asjk,b
21 21 21 21 421
+ > —— a;%ak+ i 1°af+ —— q;%q§°+21 more terms-
i,j,k a20 a20 aZO
3N-6 3N-6 Ijk kl,a ijk kI, b
ijki k,cl,d 430821 i id lb, 780721 la
—242 (alls'dr®aPatear) — 62 —— d;°a; %+ —k—qlq “ay
ijk okl,a
agp a1 e
Jr—k—ql q ql* +9 more terms -
3N-6 al]k klm |Jkaklm
30 430 lc.md, 930930 lc.md
+9._k|m —k—Q1Q *ay°ay +—k—Q1q °qicqM9+4 more terms -
ikl
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