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Analytic second derivatives of the relativistic energy for the calculation of electric response properties
are derived utilizing the normalized elimination of the small component (NESC) method. Explicit
formulas are given for electric static dipole polarizabilities and infrared intensities by starting at the
NESC representation of electric dipole moments. The analytic derivatives are implemented in an
existing NESC program and applied to calculate dipole moments, polarizabilities, and the infrared
spectra of gold- and mercury-containing molecules as well as some actinide molecules. Comparison
with experiment reveals the accuracy of NESC second order electric response properties. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4747335]

I. INTRODUCTION

The quantum chemical calculation of electric second or-
der response properties with non-relativistic methods is a
widely used standard procedure,! which is predominantly ap-
plied to organic molecules.> At the same time, there is less
computational data available for molecules containing heavy
elements because in this case, relativistic methods have to be
applied.> The complexity of the full four-component rela-
tivistic formalism restricts its applicability to atoms and small
molecules®™ and stimulates researchers to seek for simpler
yet accurate computational alternatives. Here, we continue
our method development work for the normalized elimina-
tion of the small component (NESC) method, which is an
exact two-component relativistic method that was originally
proposed by Dyall.'” In a series of previous publications, we
developed and implemented a new algorithm for NESC,'!
which makes it possible to routinely carry out relativistic cal-
culations for large molecules with heavy atoms. In addition,
we worked out the methodology for calculating first order re-
sponse properties,'? such as the analytic energy gradient for
geometry optimization, EPR hyperfine structure constants,'?
contact densities for the calculation of Mossbauer isomer
shifts,'* or electric field gradients for nuclear quadrupole cou-
pling constants.”> In this work, we extend the previously
developed formalism to the analytic calculation of electric
second order response properties, such as polarizabilities and
infrared (IR) intensities where our approach is based on the
successful analytical calculation of NESC frequencies.'®

When a molecule is exposed to an external electric field,
the electric dipole moment measures the separation of positive
and negative charge in the molecule whereas the static electric
dipole polarizability measures the distortion of the molecular
charge distribution.!” The polarizability is an important prop-
erty that is essential for the understanding of the electronic
structure. Knowledge of atomic and molecular polarizability
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is important in many areas of computational chemistry rang-
ing from electron and vibrational spectroscopy to molecular
modeling, drug design, and nano-technology. In general, rel-
ativity leads to a contraction of the s- and p-orbitals and to
an expansion of the d- and f-orbitals. In the case of atoms,
the former effect (orbital contraction) dominates the charge
distribution and leads to a reduction of the static electric po-
larizability. However, in molecules, the interplay between rel-
ativistic and electron correlation effects necessitates the use of
accurate theoretical methods for explaining trends in a series
of homologous compounds.'®

The calculation of infrared (IR) intensities is even more
important than the calculation of polarizabilities because the
former are difficult to measure.'"” Even in the year 2012,
reliable absolute IR intensities are only known for small
molecules in the gas phase. Most of the IR intensities
measured are relative rather than absolute intensities. IR in-
tensities provide valuable information about the charge distri-
bution in a molecule under the impact of an external electro-
magnetic field.'*°

In Secs. II-VIII, we will present first the NESC method
(Sec. II), then the NESC dipole moment formulas (Sec. III),
the formulas for the NESC polarizabilities (Sec. IV), and fi-
nally those for the NESC IR intensities (Sec. V). In Sec. VI,
the computational procedures employed in this work will be
described and calculated first and second order NESC proper-
ties obtained in this work will be discussed in Sec. VII. Con-
clusions will be drawn in Sec. VIII.

Il. THE NESC METHOD
The NESC equation!® (1)

LA =SAe 1)

provides the exact electronic (positive-energy) solutions, i.e.,
eigenvectors A and eigenvalues ¢, of the one-electron Dirac
equation.”»?> The NESC Hamiltonian L takes the form of
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Eq. (2) (Refs. 10 and 11)
L=UT+TU+UMW-T)U+V. )

Here, S, T, and V denote the matrices of the overlap, kinetic
energy, and potential energy operators, and W is the matrix
of the operator (o - p)V(r)(o - p)/4 m?c? (VV(r) - V /4 m?c?
in scalar relativistic approximation) in the basis of the atomic
orbitals y,(r)." The relativistic metric is given by Eq. (3).

1
mc?

S=S+2 UiTU. (3)

Matrix U connects the large component and the pseudo-large
component of the electronic solutions of Dyall’s modified 4-
component Dirac equation,'® which can be calculated itera-
tively using one of the following equations:'!+23-2

U=T"'SS'L-V) @)

1
mc?

=T-W)'T [I -3 US™ ' (TU + V)} , (5
or using the one-step method described by Zou and co-
workers.!! In the following, all derivations are taken in the
scalar relativistic form.

In the case of a many-electron problem, the one-electron
NESC Hamiltonian L has to be renormalized on the non-

relativistic metric!®2°
H,_, = G'LG, (6)
where G is the renormalization matrix,?’
G = S 1281288 1/2)- 1128172 )
implying that
GG=S§"'S. 8)
For a closed-shell system, the Fock matrix is given by
F=H,_.+ (2J - K), )

and the total electronic energy E of the many-electron system
by Eq. (10),

1
E=trPH,_, + EtrP(J —K), (10)

where J and K are the Coulomb and exchange parts of the
Fock matrix and P is the density matrix calculated as P
= CnC'. The diagonal matrix n contains the orbital occupa-
tion numbers and matrix C collects the eigenvectors of the
Fock matrix obtained from the diagonalization of the pseu-
doeigenvalue problem of Eq. (11)

FC = SCe. (11)

In the following, the first and second derivatives of Eq. (10)
are derived, which are needed for the analytic calculation of
electric response properties.

lll. DERIVATION OF THE NESC DIPOLE MOMENT

In a static homogeneous electric field F, the potential
V(r) modifies to

Ve)=V(@F=0)+F-r, (12)
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and the total molecular energy can be represented by a Taylor
expansion as in
JdE(F)

EF) = E©0)+ ——

oF F=0 (3)

1 32E(F)

2" 9FOF lr=o

The first order term of the expansion leads to the electric
dipole moment

F+---. (14)

JE(F
_GE®) 05
JoF Ir=0
whereas the second order term gives the polarizability tensor
d’E(F
o=— ) . (16)
dFoF lr=0

For convenience, one defines the scalar dipole moment
as the norm of the dipole moment vector ; = ||p|| and the
isotropic polarizability as the average of the trace of the po-
larizability tensor

1
a = §(ozxx + oy, + ), (17)

which is invariant with regard to coordinate transformations.

Taking the derivative of the electronic energy (10) with
regard to the components F,, (o« = x, y, z) of the electric field,
only the terms depending on V, W, G, and U (since G de-
pends on U, and U depends on V and W), make contributions
to the dipole moment component i,

oH, _, 0 -
Mo = —trP - |:P (GTLG)i|
dF,

oF,
. L Gt . G

= —trP tr{D D' , 18

" aFaJrr( o, T 8F0,> (18)

where the new matrices P = GPG' and D = LGP are
introduced.

The terms containing the dW/dF, and dU/dF, deriva-
tives make only negligible contributions to the dipole mo-
ment. Indeed, the elements of the dW/dF, matrix depend
on the gradient of the basis set functions yx,, which are
large only in the core region, and are typically 3—4 orders of
magnitude smaller than the dipole moment integrals dV/d F,,
= (X,Ir|x,) in the valence region.”® As follows from Eq. (5),
the derivatives dU/0F, are of the order of o(c~?) as compared
to the dipole moment integrals and can be safely neglected.

The derivative of G can be obtained by differentiating
Eq. (8), which leads to Eq. (19),

- . 0S8 . i
GX +XG = -§7! 95 GG = -S! L v TU
oF, 2mc? 9 F,

1 aU
T
+U <2m02 BFO,):| GG,

19)

where X = 0G/0d F,. Equation (19) can be solved by iteration
or eigenvalue decomposition methods.'® However, dG/dF, is
of the order O(c™*) and therefore it can be also neglected.
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In view of these considerations, Eq. (18) can be simpli-

fied to
oL <V

= —trP .
oF, aF,
This means that the dipole moment is calculated using the
same formula as in the non-relativistic case except that the
transformed density matrix P has to be used in the scalar rel-
ativistic case.

U = —trP (20)

IV. DERIVATION OF THE NESC POLARIZABILITY

Taking the derivative of Eq. (18) with respect to Fg (c, B
=X, y, 2), one obtains Eq. (21) for the polarizability tensor.

I’E e
aa = —-——
P T OF,0F;  0Fg
P [3GT . aL . 3G
= —tr— LG +G'—G+G'L
dFg \ 9F, dF, 0 Fy

— trf’

2 2
932Gt ot 3’G )

92L
—tr(D
dF, 0 Fp dFy 0 Fp dF,dFp

Gt . 3 Gt . 9 Gt oL
—trP( GL G+ GL G)—trP( G

dF, 0Fs; 0Fg 0F, dF, dFs
oL 0G  9GT oL . L G
+G—— + — G——|. @1
dFs dF, OFg 0F, dF, 0Fs

Similar to the case of the dipole moment, both the first and
second derivatives of W, U, and G can be neglected and in
this way Eq. (21) simplifies to

. 0L oP oL
ogp = —trP —t (Gf—G)

0F,0F; | oF, \  0Fj
- 9%V P [ .3V

= —trP——— —1r G'—G|. (22
0F,0F;  9F, \ 0Fs

Since V is a linear function of the external electric field,
Eq. (12), the second derivative of V in the first term on the
rhs vanishes and Eq. (21) is further simplified to Eq. (23)

F) v
Agp = —17 (GT —G) ) (23)

Hence, the scalar relativistic formula for the polarizability dif-
fers from the non-relativistic calculation only by the fact that
the derivative dV/d F has to be renormalized by matrix G.
The derivative of P has to be calculated with the help of a
coupled-perturbed (CP) approach.

V. DERIVATION OF THE NESC INFRARED
INTENSITIES

The IR intensity is given by Eq. (24)

I, = (87°Nag/3hc)

o |2
—, 24
5 (24)

i

where N, is the Avogadro number, i the Planck constant, ¢
the speed of light, Q; the normal coordinate and g the degen-
eracy of normal mode d; fori = 1,---,3N — L = N,;;, with
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N being the number of atoms in a molecule and L the number
of its translations and rotations. Since we calculate dipole mo-
ment derivatives for Cartesian coordinates X = {x, y, z} and
work in atomic units, the intensity of mode i can be rewritten
as

I, = 6?8, = l:r (ATA) l;, (25)
8 = Al (26)

where A is the rectangular dipole moment derivative matrix
of dimension 3 x 3N given in Cartesian coordinates. By solv-
ing the vibrational secular equation in Cartesian coordinates,
the normal vibrational modes /; are obtained. In Eq. (25), it is
used that intensities expressed with regard to normal coordi-
nates are related to those expressed in Cartesian coordinates
by the equation

(AQ)TAC = Ii((a%) AY)L;. 27

IR intensities I'; are second order response properties because
one has to take the first derivatives of the energy E with regard
to the components of the electric field F and then the sec-
ond derivatives with regard to the Cartesian coordinates X, (n
= 1, ---3N). For practical reasons, it is of advantage to re-
vert the order of derivations and to calculate scalar relativistic
NESC IR intensities utilizing the following formulas.

Taking the derivative of Eq. (18) with respect to an atomic
coordinate X, one gets

9’E P 9H,_, 3%H,_,
Aypn= ——— =tr——m- trP
" 9X,0F, 9X, OF, 9X,0F,
P [0GT. oL . 3G
=tr LG + G —G + G'L
X, \ OF, 9F, 9F,
- 0L 9°G' G
trP——— +tr (D Df
TSxE, r( 0X,0F, | aXnaFa>
aGT . G 4Gt . 3G Gt 9L
+trP L + L +trP G
X, OF, 0F, 09X, 39X, OF,
oL oG 3Gt oL . oL 3G
f G . (28)
aF, 0X, OdF, 0X, X, 0F,

Again, both the first and second derivatives of W, U, and G
are neglected, which leads to Eq. (29)

. 9L oP oL
Agn=tr | P——— | +1r G'—G
’ 0X,0F, 90X, aFy

. 92V P v
=tr([P——— | +1r G'—G). 9
9X,0F, X, dF,

Alternatively, one can take the derivatives of Eq. (10) first
with respect to X,, and then F,, to obtain Eq. (30),

3°E 3%H,_, IR oS
—_— = trP— tr——-
IF,0X, IF,0X, aF, 0X,

P oH,_, 1 9P &
V——— + —tr

dF, 30X, 2 dF,dX,

where matrix  is defined by € = —CenC'. After neglect-
ing the first and second derivatives of W, U, and G (and also

An,a =

+t

J—-K). 30)
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the ones of S and T since they are 3—4 orders of magnitude
smaller than those of V), Eq. (30) takes the form

. 92V P vV
Apg=tr P—— ) +tr— (G G
’ 0X,0F, 0F, X,

02 0S oP o
0F, X, F, 0X,

+tr +%tr J—-K). 3D

In comparison to Eq. (29), there are fewer CP equations
to be solved in Eq. (31) (6 vs. 3N), however more matrix mul-
tiplications (27N vs. 9N) have to be carried out. Also, the
oP/0X, derivatives can be obtained during the calculation
of the vibrational frequencies'® and saved for further use in
Eq. (29).

VI. COMPUTATIONAL PROCEDURES

The equations for NESC second order response proper-
ties described in Secs. II-V were implemented in the pro-
gram COLOGNEI12 (Ref. 29) and tested with the help of
the IORAmm (Infinite Order Regular Approximation with
modified metric) program previously written by Filatov and
Cremer.?%30

The NESC second order response property program was
applied to a series of molecules containing heavy and super-
heavy atoms utilizing both coupled cluster theory,?'~** sec-
ond order Mgller-Plesset (MP2) theory,>*3> and density func-
tional theory (DFT). For the DFT calculations, the B3LYP
(three parameter hybrid density functional with Becke ex-
change and Lee-Yang-Parr correlation; Refs. 36 and 37)
and PBEO (hybrid density functional with Perdew-Burke-
Ernzerhof exchange and correlation functionals; Refs. 38 and
39) hybrid XC functionals were used. In the MP2 and DFT
calculations, basis sets were employed with Gaussian expo-
nents taken from the all-electron basis sets def2-QZVPP (va-
lence quadruplezeta basis set with three sets of polarization
functions; Ref. 40) (for H, O, F, Cl, and Br) and SARC
(segmented all-electron relativistically contracted basis set;
Refs. 41 and 42) (for Os, Au, Hg, Th, and U). These were
re-contracted using the NESC Hamiltonian with a finite nu-
cleus model.!" For the element Hs (AN = 108), a spin-free
Dirac-Hartree-Fock contracted triple-zeta basis set published
by Dyall** was employed, where however, the highest con-
tracted s, p, d, and f basis functions were replaced by 13,
10, 9, and 7 relaxed primitive functions. Then, the basis
set was augmented with one f and two g sets for the pur-
pose of improving the description of valence electron cor-
relation and polarization. This led to a basis set of the type
(32529p20d1412¢)/[19s15p12d9f2¢].

Coupled cluster with single (S) and double (D) substi-
tutions (CCSD) and coupled cluster with S and D substi-
tutions and perturbational treatment of triple substitutions
(CCSD(T)) calculations were carried out correlating all va-
lence and semi-core electrons. For atoms F, Cl, and Br, Dyall’s
Dirac-contracted cc-pVTZ(pt/sf/fw) basis set** was employed
whereas for I, the DK3-Gen-Tk/NOSeC-VTZP (Refs. 45 and
46) and for Ag and Au the cc-pwCVTZ-DK2 basis*’ was
used.

J. Chem. Phys. 137, 084108 (2012)

TABLE 1. Comparison of NESC/CCSD(T) and NESC/PBEO dipole mo-
ments of diatomic molecules in the ground state with the corresponding ex-
perimental and other theoretical values.

Molecule  State Method R. (A) 1 (Debye)
AgF Iy+ NESC/CCSD(T) 6.22
RECP/CCSD(T)/CBS (Ref. 48) a 6.04
Expt.)! 1.983 6.22
AgCl Iy+ NESC/CCSD(T) a 5.95
RECP/CCSD(T)/CBS (Ref. 48) a 5.95
Expt.)! 2.281 6.08
AgBr Iy+ NESC/CCSD(T) a 5.74
RECP/CCSD(T)/CBS (Ref. 48) a 5.67
Expt.)! 2.393 5.62
Agl Iyt NESC/CCSD(T) a 5.32
RECP/CCSD(T)/CBS (Ref. 48) a 527
Expt. > 5.10
AuF s+ NESC/CCSD(T) a 432
RECP/CCSD(T)/CBS (Ref. 48) a 437
Expt.>? 1.918
AuCl Iy+ NESC/CCSD(T) a 3.81
RECP/CCSD(T)/CBS (Ref. 48) a 3.90
Expt.>? 2.199
AuBr Iy+ NESC/CCSD(T) a 3.50
RECP/CCSD(T)/CBS (Ref. 48) a 3.48
Expt.>? 2318
Aul s+ NESC/CCSD(T) a 3.16
RECP/CCSD(T)/CBS (Ref. 48) a 2.94
Expt.>? 2.506
AuH Iy+ NESC/PBEO 1.530 1.47
RECP/MP2 (Ref. 54) 1.51 1.03
Expt.> 1.524
ThO Iy+ NESC/PBEO 1.826 3.05
RECP/CCSD(T) (Ref. 56) 1.845 2.84
Expt.”7-58 1.840 2.78
HgH 2yt NESC/PBEO 1.747 0.37
Expt.>%-60 1.741 0.47
HgF £ on NESC/PBEO 2.039 3.69
HgCl 2yt NESC/PBEO 2.403 3.84
Expt.%! 2.395

#Calculated at the experimental bond length. The NESC/CCSD(T) bond lengths for AuX
are: 1.922 (X = F); 2.219 (Cl); 2.333 (Br); 2.482 A (D).

The molecules investigated predominantly possess
closed-shell character and therefore spin-orbit coupling
(SOC) corrections of the electric properties do not play any
significant role. In the case of the dipole moment, the largest
SOC corrections were found for AgF(!=*) and Aul('T+)
(—0.10 and —0.09 Debye) (Ref. 48), whereas for X elements
with smaller AN, the corrections are just fractions of these
maximum values. SOC corrections become more important
when fractionally occupied p-, d-, and f-orbitals are present.
However, such molecules were not investigated in this work.

The modes of the calculated vibrational spectra were
analyzed to determine their character (stretching, bending,
etc.) using the composition of normal modes (CNM) analysis
of Konkoli and Cremer, which is based on local vibrational
modes.*’

VIl. RESULTS AND DISCUSSIONS

In Tables I and II, NESC dipole moments and polariz-
abilities of a series of Ag-, Au-, and Hg-containing molecules

Downloaded 01 Sep 2012 to 129.119.99.194. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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TABLE II. Polarizabilities (A3) at optimized geometries as obtained with
NESC/MP2, NESC/PBEQ, or non-relativistic (NR) calculations. Experimen-
tal values are given in parentheses for comparison.

J. Chem. Phys. 137, 084108 (2012)

TABLE II. (Continued.)

No. Molecule

Q

Method Oy Qyy o

No. Molecule Method Oy ayy o a
1 AuH  NESC/PBE0 499 499 545 5.14
NESC/MP2 505 505 6.01 5.37
2 AuH,  NESC/PBEO 7.29 729 9.3 8.11
NESC/MP2  7.01 7.01 934 7.79
3 AuH;  NESC/PBEO 10.01 10.01 6.42 8.81
NESC/MP2 9.85 9.85 6.38 8.69
4 AuF  NESC/PBE0 396 396 4.78 4.24
NESC/MP2  4.12 412 491 4.38
5 AuF,  NESC/PBE0 540 540 6.36 5.72
NESC/MP2 534 534 630 5.66
6 AuF,  NESC/PBE0 7.07 7.07 4.36 6.17
NESC/MP2  7.52 17.52 4.34 6.46
7 AuCl  NESC/PBE0 532 532 871 6.45
NESC/MP2 545 545 9.18 6.69
8 AuCl, NESC/PBE0 7.64 7.64 14.46 9.91
NESC/MP2  7.60 7.60 14.33 9.84
9 AuCl;  NESC/PBEO 18.93 1893 9.39 15.75
NESC/MP2 20.19 20.19 9.32 16.57
10 AuBr  NESC/PBE0 6.01 6.01 10.56 7.53
NESC/MP2  6.07 6.07 11.20 7.78
11 AuBr, NESC/PBE0 891 891 18.87 12.23
NESC/MP2 873 8.73 18.48 11.98
12 AuBr, NESC/PBEO 2545 2545 11.78 20.89
NESC/MP2 26.74 26.74 11.52 21.67
13 ThO  NESC/PBEO 22.08 22.08 16.53 20.23
NESC/MP2 18.10 18.10 14.99 17.06
14 ThyO, NESC/PBE0 43.01 35.81 58.63 45.82
NESC/MP2  34.43 30.50 47.96 37.63
15 UFs NESC/PBE0  7.61 7.61 7.61 7.61
NESC/MP2  8.03 8.03 8.03 8.03
16 0OsO;  NESC/PBEO  6.89 6.89 6.89 6.89
NESC/MP2 823 823 823 8.23(8.17) (Ref.51)
17 HsO; NESC/PBEO 734 734 734 7.34
NESC/MP2 830 830 8.30 8.30
18 HgH  NESC/PBE0 5.05 505 7.38 5.83
NESC/MP2 456 456 17.27 5.46
NR/PBEO 750 750 857 7.86
19 HgH, NESC/PBE0 431 431 6.77 5.13
NESC/MP2  4.19 4.19 6.66 5.01
NR/PBEO 523 523 729 591
20 HgHy; NESC/PBE0 7.58 7.58 4.32 6.49
NESC/MP2  7.55 7.55 428 6.46
NR/PBEO 9.05 9.05 495 7.68
21 HgF  NESC/PBE0 437 437 6.53 5.09
NESC/MP2  3.87 3.87 6.85 4.86
NR/PBEO 635 635 6.65 6.45
22 HgF, NESC/PBE0 331 331 575 4.13
NESC/MP2 333 333 5.89 4.18
NR/PBEO 330 330 5.57 4.06
23 HgF4 NESC/PBE0 7.35 7.35 3.39 6.03
NESC/MP2 823 823 344 6.64
NR/PBEO 892 892 338 7.08
24 HgCl NESC/PBE0 5.72 572 10.65 7.36
NESC/MP2 528 528 1148 7.34(7.4) (Ref.51)

NR/PBEO 7.63 7.63 1091 8.73

25 HgCl, NESC/PBEO 6.04 6.04 13.62 8.57
NESC/MP2 5.99 5.99 13.82 8.60

NR/PBEO 6.39 6.39 13.16 8.65

26 HgCly NESC/PBEO 19.54 19.54 839  15.82

NESC/MP2 19.32 19.32 8.38 15.68
NR/PBEO 22.82 22.82 870  18.11

as well as some molecules containing Os, Th, U, or Hs are
listed. For silver and gold halides, NESC/CCSD(T) dipole
moments (calculated at CCSD(T) and experimental bond
lengths) are close to the relativistic effective core potential
(RECP)/CCSD(T)/ complete basis set (CBS) dipole moments
of Goll and Stoll,*® which were obtained at the CCSD(T)
level using experimental bond lengths, numerical derivatives,
RECPs, and aug-cc-pVnZ (n = 4,5) basis sets to extrapo-
late to the CBS limit. NESC/CCSD(T) reproduces the results
of the latter calculations within 0.01—0.02 Debye requiring
however less than 10% of the computer time needed for the
RECP/CCSD(T)/CBS calculations. Both sets of calculated
dipole moments predict the experimental values with an accu-
racy of 0.2 Debye or better. For example, the NESC/CCSD(T)
dipole moment of Agl (5.32 Debye) supports an earlier mea-
sured value of 5.10 Debye™ rather than the value of 4.55 De-
bye listed in the Handbook of Chemistry and Physics.”! It is
interesting to note that the corresponding NESC/CCSD dipole
moments are about 0.3 Debye larger than NESC/CCSD(T)
values.

The calculation of the isotropic polarizability of osmium
tetroxide, OsQy4, and hassium tetroxide, HsO4, were per-
formed to compare calculated polarizabilities with experi-
mental or previously published values. The data in Table II
reveal that the NESC/MP2 value of the isotropic polarizabil-
ity (8.23 A?) is in close agreement with the experimental
value of 8.17 A3 and somewhat better than the IORAmm/MP2
value obtained previously (8.38 A%).22 NESC/MP2 also pre-
dicts that the isotropic polarizability of HsO4 is somewhat
larger (8.30 A3, Table II) than that of OsO4 in contradic-
tion to the IORAmm/MP2 result,”® however in agreement
with the expectation that with increasing number of electrons
and a more electropositive central atom, the polarizability in-
creases rather than decreases. The NESC/PBEQ results for &
of the group VIII tetroxides are more than 1 unit too small
(6.89 A%). In general, NESC/MP2 polarizabilities are more
reliable than the NESC/PBEQO results for &, which means that
DFT can only be used for considering general trends. How-
ever, there are also cases (see, e.g., the NESC/PBEO value for
HgCl in Table II) where the NESC/DFT result agrees well
with measured polarizabilities.

For some of the molecular polarizabilities listed in
Table II, we have added the non-relativistic electric prop-
erties obtained with the same DFT method and basis set.
Relativistic corrections for the dipole moments are between
—0.2 and —0.7 Debye (HgH: 0.37—1.03 = —0.66 Debye;
HgF: 3.69—4.05 = —0.36 Debye) and for the isotropic
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TABLE III. Comparison of NESC geometries (distances in A), vibrational frequencies (cm™"), and infrared intensities scaled by the degeneracies (km/mol)
with the corresponding experimental values measured in the gas or the solid phase (the latter is indicated by solid).

No. Mol. (Sym.) Method Geometry Frequency (infrared intensity, mode symmetry)
1 AuH (Coov) NESC/PBEO Au-H: 1.530 2283.7 (14.7;0)
Expt.>? Au-H: 1.524 2305.0 (6 )
2 AuH; (Dooi) NESC/PBEO Au-H: 1.652 773.8 (115.7; 7,,), 1685.2 (1035.8; 5,7), 1994.9 (0; 5,")
Expt.®3 1636.0 (o,;)
3 AuH, (Dap) NESC/PBEO Au-H: 1.631 776.4 (0; bag), 793.9 (66.6; €,), 828.7 (42.3; azy,), 843.1 (0; by,), 1780.6 (2318.0;
ex), 2113.7 (0; byg), 2118.1 (0; ary)
Expt.%3 1676.4 (e,)
4 AUF (Coo) NESC/PBEO Au-F: 1.923 556.7 (52.3; 01)
Expt.>? Au-F: 1.918 563.7 (c+)
5 AUF; (Doon) NESC/PBEO Au-F: 1.963 184.4 (25.0; 7r,), 516.3 (0; o), 548.1 (182.7; 0,)
6 AuF} (Dan) NESC/PBEO Au-F: 1.916 184.0 (05 bay,), 217.7 (0; bag), 233.1 (25.8; ay), 253.8 (8.7; ey), 572.0 (0; byy),
597.1 (0; aig), 613.4 (383.9; ¢,)
Expt.(solid)** 230 (bag), 561 (b1y), 588 (aig)
7 AuCl (Cooy) NESC/PBEO Au-Cl: 2.209 375.2(12.9;0%)
Expt.>? Au-CI: 2.199 383.6 (c+)
8 AuCLy (Dogh) NESC/PBEO Au-Cl: 2.275 106.4 (16.8; 1), 322.2 (0; 0;}), 342.6 (70.5; 0.})
Expt.(solid)®>%© Au-Cl: 2.28 112/120 (7r,), 329 (0"), 350 (o,1)
9 AuCly (Day) NESC/PBEO Au-Cl: 2.290 83.0 (0; bay), 139.5 (8.6; az,), 159.0 (0; bag), 159.8 (0.0; e,), 321.3 (0; by), 345.6
(0; arg), 355.0 (161.0; ¢,)
Expt.(solid)®° 171 (bag), 179 (ey), 324 (b1g), 347 (aig), 350 (ey)
10 AuBr (Cooy) NESC/PBEO Au-Br: 2.332 257.8 (5.1;07)
Expt.>? Au-Br: 2.318 264.4 (o)
11 AuBr; (Dooh) NESC/PBEO Au-Br: 2.403 714 (5.9; 7,), 201.3 (0; 0,1 ), 246.7 (34.6; 5,7)
Expt.(solid)®3-60 Au-Br: 2.40 75179 (., 209 (00, 254 (0,)
12 AuBr; (Dap) NESC/PBEO Au-Br: 2.437 45.2 (0; bay), 98.9 (0; bag), 100.0 (2.5; az,), 102.1 (115 e,), 193.4 (0; by), 210.7
(0; arg), 249.5 (73.6; €,)
Expt.(solid)®° 102 (b2g), 110 (ey), 196 (1), 212 (aig), 252 (ey)
13 ThO (Coov) NESC/PBEO Th-O: 1.826 926.1 (245.7;0F)
Expt.)’ Th-0: 1.840 895.8 (o)
14 Thy O3 (Day) NESC/PBEO Th-O: 2.089 155.7 (4.8; b3,), 192.7 (0; ag), 373.1 (0; bag), 527.2 (35.2; bay),
O-Th-O: 74.4 623.8 (297.9; b1,,), 633.9 (0; ay)
Expt.57 619.7 (b1,)
15 UFs (Op) NESC/PBEO U-F: 1.994 139.1 (05 12,)), 184.0 (51.7; 11,,), 199.3 (0; 124), 539.1 (0; ), 629.4 (810.3; 11,,),
681.4 (0; aig)
Expt.68:6 U-F: 1.996 142 (t2), 186.2 (~38; t1,), 202 (1), 532.5 (eg), 624 (750; t1,), 667.1 (arg)
16 0504 (Ty) NESC/PBEO 0s-0: 1.686 352.6 (22.4; 12), 356.5 (0; €), 1031.9 (465.8; 1), 1063.9 (0; a1)
Expt.70-7! 0s-0: 1.711 322.7 (1), 333.1 (e), 960.1 (12), 965.2 (ay)
17 205Hs04 (T,1) NESC/PBEO Hs-O: 1.757 316.1 (32.9; 12), 335.2 (0; e), 1010.4 (463.2; 1), 1056.2 (0; ay)

polarizabilities between —0.2 and —2.0 A3 where the largest
effects are found for HgH (&: 5.83—7.86 = —2.03 A3). These
trends can be related to the relativistic orbital contraction
of the 6s-orbital of Hg, which dominates scalar relativistic
effects of mercury compounds. The exception is found for
HgF, where the effect of the 6s-orbital contraction is bal-
anced by the electron-withdrawing ability of two strongly
electronegative F atoms so that relativistic and non-relativistic
isotropic polarizability (4.13 and 4.06 A3, Table II) become
comparable.

The relativistic dipole moments and polarizabilities fol-
low well-known trends. The dipole moments increase with in-
creasing bond length and increasing bond polarity (i.e., elec-
tronegativity difference of the atoms being bonded) where
the latter effect dominates as can be seen in the series AuX
with X = H, F, Cl, Br, I (1.47, 4.32, 3.81, 3.50, 3.16 Debye;
Table I). The polarizability is a volume property and there-
fore increases with the size of the molecule and the number of

electrons (see, e.g., AuX with X = F, Cl, Br: @ = 4.38, 6.69,
7.78 A?). Isotropic polarizabilities of anions are larger than
those of neutral molecules (see, e.g., HgCl, and AuCl; : 8.60
and 9.84 A%) and cations, those of radicals larger than those
of closed shell systems (see, e.g., HgH and HgH,: 5.46 and
5.01 A3). Also, molecules with more electropositive atoms
possess a larger isotropic polarizability than molecules with
more electronegative atoms (see, e.g., HgH and HgF: 5.46 vs.
4.86 A3). All these trends are reflected by the NESC polariz-
abilities of the molecules listed in Table II.

As in the case of the dipole moments, the NESC
polarizabilities help to correct flawed experimental data.
For example, the measured isotropic polarizability of UFg
is given to be 12.5 A?% which is far too large in
view of a NESC/MP2 value of 8.03 A3. The latter
value is in line with RECP/CCSD, RECP/DFT, ZORA
(zero order regular approximation)/DFT, and SOC-ZORA
(ZORA with spinorbit coupling)/DFT results obtained in
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TABLE IV. Comparison of NESC/B3LYP frequencies of UO2(NO3), -2 DMF (C,-symmetry) with experimental values. The infrared intensities of infrared

active vibrational modes are given in the parentheses.

Sym Method Frequency (cm™!)
a NESC/B3LYP 12 (5), 25,41 (3), 100 (2), 103, 130, 132, 162 (2), 179 (1), 256, 365, 373 (30), 406, 688, 715, 759, 828 (13), 869, 889, 968
(354; O-U-O anti-stretch), 1050, 1067, 1079, 1126, 1132 (1), 1182 (4), 1269, 1294, 1417, 1450, 1456, 1475, 1483 (8),
1504, 1505 (32), 1547, 1597, 1708, 3028, 3035, 3080 (47), 3080, 3087 (21), 3131, 3162
Expt.”* 929
b NESC/B3LYP 20, 35 (3), 38, 56, 87,91, 92 (22), 127, 141 (8), 154 (7), 156, 172, 205, 210, 212 (7), 213, 213, 216 (33), 252 (79; O-U-O
bend), 258, 264 (132; O-U-O bend), 364 (69; C-N-C bend), 373, 406 (15), 685 (127; DMF breath), 713 (2), 755 (62;
O-N-O bend), 828, 869 (4), 1050, 1066 (86; N-O stretch), 1079 (22), 1125 (263; DMF twist), 1132, 1182, 1269 (56), 1301
(739; N-O anti-stretch), 1416 (205; DMF twist), 1450 (20), 1455 (32), 1475 (97; DMF twist), 1483, 1504 (13), 1505, 1546
(50), 1588 (1498; N-O stretch), 1693 (2109; C-O stretch), 3028 (56), 3034 (105; C-H stretch), 3080, 3080 (62), 3087, 3131
(15), 3162 (3)
Expt.”* 1283, 1524, 1648

this work (variation by =0.5 10%3). The same is true in
the case of @(HgCly), which is given in the literature®
as 11.6 A® whereas the calculated NESC/MP2 value is
8.60 A>.

In Table III, NESC/PBEO geometries, vibrational fre-
quencies, and IR intensities are compared with experimental
results, some of which were obtained in the solid state (as
indicated). Previously, Schwerdtfeger and co-workers inves-
tigated some of the Au-containing molecules at lower lev-
els of theory using RECPs.”>"3 Calculated vibrational fre-
quencies are in reasonable agreement with the available ex-
perimental data considering (i) the harmonic approximation
and (ii) the fact that NESC/PBEQ gives the calculated bond
lengths somewhat too long. In general, stretching frequen-
cies are somewhat too large (due to the harmonic approxi-
mation) whereas bending frequencies are somewhat too small
(due to the somewhat too long bond lengths). In such a sit-
uation, it is difficult to find a common scaling value. Future
work has to focus on the calculation of NESC anharmonicity
corrections.

Although many vibrational spectra have been measured,
there is a serious lack of measured absolute IR intensities.
Only in the case of UFg, experimental absolute intensities are
available. Both theory and experiment agree that the 7;,-
symmetrical modes at 184 (exp.: 186) and 629 (exp.: 624)
cm~! with intensities of 52 (exp.: 38) and 810 (exp.: 750)

km/mol can be used to identify the molecule in the gas phase.
The good agreement with the experimental values confirms
that the methods developed are capable of yielding reliable
IR intensities.

IR intensities reflect changes in the bond polarity (bond
dipole moment) during the vibration. In a simplified way, in-
tensities become larger as the partner atom becomes more
electronegative. For example, in the series AuX with X = Br,
CL F, the intensity of the stretching mode increases from 5.1
to 12.9 and 52.3 km/mol (NESC/PBEQ; Table III). The inten-
sity increases in the corresponding anions XAuX~: 35, 70,
183 km/mol (ou+ -stretching mode) and 6, 17, 25 km/mol (i -
bending mode). It is known that IR-intensities can be used to
derive effective atomic charges provided the charge flux dur-
ing a vibrational motion is available from another source.?”

In Table IV, the NESC/B3LYP frequencies and intensi-
ties of UO,(NO3), -2 DMF (dimethylformamide) are given
for the gas phase. This compound was recently investigated
in the solid state where it turned out difficult to measure ex-
act IR intensities.”* In Figure 1, the calculated spectrum is
shown, which reveals that the vibrational modes involving
the uranium atom appear at 968 cm™! (antisymmetric O-U-O
stretch) and in the far-IR (the O-U-O bending modes, denoted
as (x,y), at 252 and 264 cm™!). Since the stretching mode has
a larger intensity, it is better suited for identification of the
compound.
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FIG. 1. NESC/B3LYP infrared spectrum of UO,(NO3),

- 2DMF in the gas phase.
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VIIl. CONCLUSIONS

In this work, we have extended the applicability possibil-
ities of the NESC method:

(1) We have developed the methodology for routinely
calculating electric second order response properties with
the help of analytic second energy derivatives of the NESC
method with regard to the components of an external electric
field.

(2) We have presented the methodology needed for the
calculation of the static dipole polarizability and the IR inten-
sity where suitable working formulas have been tested.

(3) In this connection, we have also checked NESC
dipole moments. A comparison of NESC/CCSD(T) dipole
moments for AgX and AuX diatomic closed shell molecules
has found them as accurate as the much more expensive
RECP/CCSD(T)/CBS dipole moments.

(4) NESC/MP2 polarizabilities correctly reflect their de-
pendence on the volume of the molecule, the molecular
charge, the spin multiplicity, and the electronegativity of the
atoms forming the molecule. NESC/PBEOQ polarizabilities are
less accurate, however they are sufficiently accurate to predict
general trends.

(5) NESC/MP2 isotropic polarizabilities compare well
with the corresponding experimental values as, e.g., in the
case of OsOy4. They predict a larger polarizability for HsO4
and reveal that the experimental values for UFs and HgCl,
are erroneous.

(5) The calculated NESC/PBEO frequencies and IR inten-
sities agree very well with the available experimental data for
UFs. NESC/PBEO IR intensities are in line with the known
charge distributions, dipole moments, and the dependence of
the latter on geometrical changes.

In summary, we have proven that analytic NESC sec-
ond derivative calculations can routinely be carried out
and that in this way, NESC electric second order response
properties become generally available. The applicability
range and the usefulness of NESC have been substantially in-
creased in this way. The methodology presented in this work
is also of relevance for other exact two-component relativistic
methods such as the IOTC (infinite order two component) or
X2C (exact two component) method.
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