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ABSTRACT: Analytical second derivatives for the normalized elimination of the small component (NESC) method are derived
for the first time and implemented for the routine calculation of NESC vibrational frequencies and other second order molecular
properties using the scalar relativistic form of NESC. Using response theory, the second derivatives of the transformation matrix
U connecting the large and the pseudolarge components of the relativistic wave function are correctly derived. The 24 derivative
terms involving the NESC Hamiltonian and the NESC renormalization matrix are individually tested, and their contributions to
the energy Hessian are calculated. The influence of a finite nucleus model and that of the picture change is determined. Different
ways of speeding up the calculation of the NESC second derivatives are tested. It is shown that second order properties can
routinely be calculated in combination with Hartree—Fock, density functional theory, Moller—Plesset perturbation theory, and
any other electron correlation corrected quantum chemical method provided analytic second derivatives are available in the
nonrelativistic case. The general applicability of the analytic NESC Hessian is demonstrated by benchmark calculations for

NESC/DFT calculations involving up to 1500 basis functions.

1. INTRODUCTION

One of the most important applications of the all-electron
relativistic quantum chemical methodology is the calculation of
molecular properties.' The availability of analytic first and
second derivatives of the energy is a prerequisite for the analytic
evaluation of first and second order molecular response
properties. In the domain of many-body quantum mechanics,
the use of analytic energy gradients and Hessians is regarded as
the preferred way of obtaining molecular properties.”
Furthermore, there is a general consensus that the analytic
techniques of calculating energy derivatives are significantly
more efficient and more precise than the numeric or
seminumeric differentiation methods.>

The second derivatives of the energy with regard to the
nuclear displacements (thus yielding the energy Hessian) are
required to calculate the vibrational frequencies of a molecule.
This implies that all of the molecular integrals and the
molecular orbital (MO) coefficients are differentiated. The
analytic molecular Hessian formalism can be combined with the
appropriate molecular integral derivatives for obtaining also
other molecular response properties such as electric polar-
izabilities, infrared intensities, magnetic susceptibilities, mag-
netic shielding tensors, indirect nuclear spin—spin coupling
constants, etc. In its own right, the Hessian matrix plays an
important role for characterizing the molecular potential energy
surfaces (PESs) whereby its eigenvalues characterize stationary
points as minima, first order, or higher order saddle points.
Furthermore, they determine the curvature of a PES at a
stationary point and by this the vibrational force constants of a
molecule, which, by solving the basic equation of vibrational
spectroscopy, lead to the molecular vibrational frequencies.
These in turn are needed to calculate zero-point energies and
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vibrational contributions to the enthalpy and entropy at a given
temperature.

Recently, we have started a multistep-development task with
the purpose of increasing the applicability of the normalized
elimination of the small component (NESC) method® in its
scalar relativistic form by deriving analytic energy derivatives for
the routine calculation of response properties. Among the exact
two-component all-electron relativistic approaches, the NESC
method, which was originally derived by Dyall,” represents
perhaps the most concise and efficient computational scheme
that enables one to obtain relativistically corrected molecular
energies at the cost of a nonrelativistic quantum chemical
calculation.>™” Dyall’s pioneering work™ triggered related
developments such as, for example, the work by Filatov and
others.*®° Systematic applications of NESC were carried out by
Cremer and co-workers,"”'" Kraka and Cremer,'* and Filatov
and co-workers."*™"7 NESC was also, directly or indirectly,
relevant for the development work on the infinite order
Douglas—Kroll-Hess (IODKH) method,"®™*" the matrix
driven formulation of the infinite order two-component
(I0TC) method,”* ** the X2C method,”**" or the calculation
of relativistically corrected molecular properties.”**’

In recent work, we have derived analytic energy derivatives
for the routine optimization of molecular geometries® and the
calculation of other first order molecular response properties.
The NESC first derivative formalism®® has been developed and
applied to the analytic calculation of effective contact densities
needed for the calculation of Mdssbauer isomer shifts,>
hyperfine structure constants of paramagnetic molecules,>
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and electric field gradients at the nuclear site.>® In this work, we
will extend the applicability spectrum of NESC by deriving,
implementing, and employing the methodology of analytic
second derivatives with respect to nuclear displacements.
Although we will focus on the molecular Hessian and
vibrational frequencies, our intention is to derive and
implement a general analytic second derivative formalism,
which can be used for obtaining relativistically corrected second
order molecular response properties such as molecular
polarizabilities, infrared intensities, magnetic shieldings, or
indirect nuclear spin—spin coupling constants.

The theory of the analytic NESC second derivatives is
presented in sections 2—4. When deriving analytic derivatives in
the context of exact two-component relativistic methods, such
as NESC, the major difficulty originates from the necessity of
differentiating matrices of operators, which cannot be expressed
in a concise analytic form, which is the case for the elimination
of the small component operator of NESC. Analytic derivatives
of this operator as well as of the renormalization matrix of
NESC are derived in detail in Appendices A—C. In section 5,
the implementation of the NESC second derivatives and details
of the computations using the formalism derived are described.
The results of the Hessian and vibrational frequencies
calculations are presented in section 6, where the accuracy
and feasibility of the NESC second derivative formalism is
analyzed by comparison with the results of other calculations
and experimental data. Conclusions are presented in the final
section.

2. THE NESC METHOD

Starting from the four-component Dirac equation with
embedded restricted kinetic balance (RKB):

)

s 0 A_ A+)(€_ 0 )
= 1
0 2T B_ B, 0 g

2mc (1)
Dyall obtained the NESC equation®
LA, =S8Ac, 2)

by (i) eliminating the positronic eigenvalues e_ as well as the
corresponding eigenvectors A_ and B_ and (ii) introducing a
matrix U, which connects the large component A, and the
pseudolarge component B, via

B, = UA, )

In eq 2, the relativistic metric is given by eq 4.

G _ 1 7

S$=8+ 2mc2U TU @
Ineq 1, S, T, and V are the matrices of the overlap, kinetic
energy, and potential energy operators, and W is the matrix of
the operator 1/(4m*c*)(c-p)V(r)(o-p) (or 1/(4m*c*)VV(r)-V
in the scalar relativistic approximation) in the basis of the
atomic orbitals )(”(r).3 .

The NESC Hamiltonian L takes the form

L=T+V (3)

where T and V are defined as in eqs 6 and 7, respectively:

T =U'T + TU - U'TU (6)

V=V + U'wu (7)

Matrix U can be calculated either iteratively using one of the
following equations

U=T'(s§'L - V) (8)

1

2
mc

=(T - w)‘lT[I -3 Us'(TU + v)]

)
or in a one-step noniterative method.” In the following, all
derivations are carried out in the scalar relativistic form.

In the case of a many-electron problem described for
example by the Hartree—Fock or Kohn—Sham method, the
one-electron NESC Hamiltonian I can be renormalized on the
nonrelativistic metric

H_, =GLG (10)

and used in connection with the nonrelativistic ener
.S . . o 3%
expression.” In eq 10, matrix G is the renormalization matrix:

G = S—1/2(5—1/2§s—1/2)—1/2sl/2 (11)
implying that
GG =388 (12)

The renormalization matrix is positive definite, which is of
relevance for the calculation of its derivatives (see Appendix A).
The Fock matrix is then defined by

F=H_, + (J-K) (13)

and the total electronic energy E of the many-electron system
by eq 14,

1

E = tPH,_, + —trP() - 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'.
There, diagonal matrix n contains the orbital occupation
numbers, and matrix C collects the eigenvectors of the Fock
matrix obtained from diagonalization of the pseudoeigenvalue
problem (eq 15):

FC = SCe (15)

3. ANALYTIC GRADIENT OF THE NESC ENERGY

Taking a derivative of the electronic energy (eq 14) with regard
to 4, where A corresponds, for example, to a nuclear coordinate
or to a component of the electric field, one obtains the analytic
gradient of E:

OE 08 oH,_, 1 _0
0 trQa/1 + trP i + 2trPa/I(J K) (16)
Here, matrix Q is defined by Q = —CenC’, and the prime at
0'/0/ implies that only the two-electron integrals rather than
the density matrix need to be differentiated. The first and the
last term on the right-hand side (rhs) are calculated utilizing
nonrelativistic methodology. Only, the second term has to be
determined in a NESC gradient calculation.
Writing the derivative of the renormalized NESC Hamil-
tonian as
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the second term in eq 16 adopts the form

oH
trP——¢ = ¢t Pa— + trDai + tr p %6
oA oA oA oA (18)

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

The derivatives of the matrix L. are obtained by differentiating
egs S, 6, and 7,

oL _ 0T JT 0T +OW
=U—+—U-U—U+U—U

o FYREY) o o
oV ou
+ Y&t - (1 - wyu]
oL oa
ou

04 (19)

Then, the first term on the rhs of eq 18 can be calculated by

0L O Y | L OW
trP— = tr(UP + PU' — UPU")— + tr(UPU')—
0A 0A 0A

ou’ U
FY! Py

+upY 4 tr[PT— +P—
oA (20)

where P, = (T — U(T — W)). For the first three terms on
the rhs of eq 20, the one-electron integral derivatives are
directly available from nonrelativistic quantum chemical codes.
The major difficulty, when evaluating eqs 18 and 20, originates
from the terms containing the derivatives dU/dA of the
elimination of the small component operator U (see, eqgs 3, 8,
and 9) and the derivatives dG/dA of the renormalization matrix
G (eq 11). The exact expressions for obtaining these derivatives
have been derived in our previous publications’>*" (see also
Appendices A and B where the new formulas for the second
derivatives of these matrices are given).

4. ANALYTIC SECOND DERIVATIVES OF THE NESC
ENERGY

Starting from eq 16, the second derivatives can be calculated as

> 2 0’H
9L _po 98 4 ppdthie | Ly K)
oudl OudA oudd 2 ou 5,1
0Q 0 OP OH, _ 1 oP o'
;225 "+ —(J-K)

— + tr— —tr—
wor op on 2 oo

1)

The first and the third terms in eq 21 are calculated utilizing the
standard nonrelativistic methodology. The derivatives dP/du
and 0Q/dy are obtained from the coupled perturbed (CP)
equations,”> which employ the derivatives dH,_,/du. The
NESC CP equations are presented in Appendix C.

For the second to last term of eq 21, the derivative matrix
OH,_,/0A is given in eqs 17 and 19. By differentiating eq 17
another time, one obtains the second derivative of the
renormalized NESC Hamiltonian and thereby also the second
term in eq 21:

0’H, _ G . . 0°G . 0L
e = TP G+ Gl— + G —

ouol  ouoi OuoA OuoA
o6 106 o6 06 o6 oL
ou oA O0A Ou  Ou 0A
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oL au ol ou ou 0r (22
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oG ac]

AN
oA ou

dG' . 9
+ trP[iL—G +

ou 0L A ou

(23)

In eq 23, the first and second derivatives of matrix G can be
calculated using the methods described in Appendix A. Note,
however, that the derivatives of the elements of the
renormalization matrix G with respect to the nuclear
displacements are very small, on the order of 10™* au. or
less. Indeed, the renormalization matrix G is sufficiently close to
a unit matrix (see eq 12) for all of the basis functions except for
the tightest ones. For the latter basis functions, however, the
dependence of the matrix elements of G on the molecular
geometry is the weakest. Consequently, the contribution of the
last term of eq 23 is on the order of 1077 a.u. or less (see Table
1). Hence, this term can be neglected for the calculation of

vibrational frequencies.
The expression for dL/d/ in the third term of eq 23 is given

in eq 19 where the terms containing the 0U/0A derivatives can
be neglected on the basis of their magnitude. As discussed in
refs 31—33, these terms make negligibly small contributions to
the energy derivatives, even when calculating the properties
strongly dependent on the core electrons, such as the contact
densities or isotropic hyperfine structure constants. A further
simplification of the third term of eq 23 originates from the
observation that the contributions from dV/0dA in eq 19 are
usually 10° times greater than those from dT/dA and dW/d4,
respectively. Therefore, for the purpose of calculating geometric
derivatives, 0L/ 04 in the third term of eq 23 can be replaced by
0V/0dA without leading to any significant errors. The
simplifications described are only valid for the NESC
derivatives with regard to nuclear coordinates; ie., when
differentiating with respect to other external perturbations,
these terms may need to be retained.

Differentiating eq 19 again, one obtains eq 24:
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Table 1. Individual Contributions of the Terms in eqs
23-30“

AuH Au, Hg,
term 4 in eq 23 -12 x 107° —4.7 x 1077 -14 x 107*
eq 26 3.6 X 1075 45 x 107° 6.5 x 107°
eq 27 2.0 X 107° 13 x 107° 2.5 % 107
eq 28 -1.6 X 107° —4.9 x 107 20 x 107
eq 29 -12 X 107° -12x107° -3.8 x 1077
terms Tn in eq 30
T 2: pc - fn” 1.0 x 107 —7.6 X 1077 -1.8 x 1078
T 3: pc - fn© 32 %1077 —9.0 X 1071 1.0 x 107"
T 4: NR - —0.03231 —0.04970 —0.001738

NESC“

T 4: AR - NESC®  —0.00163 0.00004 0.000010
TS 0.02448 0.03484 0.001348
T6 —0.02413 —0.03496 —0.001266
T 6: appr - exact’ —0.00004 —0.00001 0.000000
TS + T6 0.00035 —0.00012 —0.000082
k, 0.39580 0.23871 0.003429
w, (ana.) 2283.7 179.0 21.18
o, (num.) 2283.8 1789 211 + 04
w, (nonrelat.) 1599.0 121.5 30.7

“Energies in hartrees, frequencies in cm™'. See text for more detail.
YDifference between point charge (pc) and finite nucleus (fn) model
used in connection with 0?W/dudA of term 2. “Difference between
point charge (pc) and finite nucleus (fn) model used in connection
with 0°V/0udl of term 3. “Difference between nonrelativistic (NR)
and relativistic NESC one-electron contribution 0H,_,/04 in term 4.
“Difference between approximate relativistic (AR: in term 4 of eq 30,
the two 0G/dA containing contributions are neglected) and exact
relativistic NESC one-electron contribution 0H,_,/01 in term 4.
/Difference between the approximate (appr) (of,/ 01 is replaced by
0V/0A) and exact description of term 6.

L 0T L 0T fo'T oW

=—U+U—-U]—-—1JU

oudL  oudl Oual oudl  oudl
o’V N o"U'
ouod  dudi

[T — (T - W)U]

o'U
ouol
oTou)  (ou'or
o0 ou 0l ou
(1-v) +u| WU | WU
ou 04 04 ou
i i
U aw]U _au ou

- —(T — w)_
ou oA o 0

+ [T - U(T - W)] + (1 -u)
(aT au

T ou' ot
ou oA

EEY

U w
04 ou
i
— GL(T — w)a_U
oA o (24)

such that the first term on the rhs of eq 23 is given by

'L L 0T
= tr(UP + PU' — UPU")——
ouoA ouoA
o'W I
+ 4P——
ouoA oudl (25)

trP

+ tr(UPU")

i~

o _0°U BT — UN(T —
+ trf[T — (T w)U]Paﬂ(M+tP[T U (T — W)]

’U
oA (26)
P T R T CLNCLSACLICL R PO SRS
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+ ypu| WM WU Ly
du 04 oA ou
p[oU oW U ow
o ou  ou 0l (28)
t *
b - w Y _p Y (1 —w) Y
o o2 2 o (29)

All terms in egs 25—29 have been programmed (for the
calculation of the derivatives of G and U, see Appendices A and
B). Benchmark calculations reveal however that, for frequency
calculations, all terms in eqs 26—29 can be neglected without
leading to any significant errors (see below). This can be
explained by considerinsg that U =1+ O(c ™) for basis functions
in the valence region,3’ which holds also for the derivatives of
the W matrix. Also, the difference I-U is on the order of
O(c™?). Thus, all terms in eqs 26—29 are on the order of
O(c™). This is in line with the observations made in the case of
the frequency calculations. Hence, the important terms of the
second and second to last terms in eq 21 are given by eq 30

oP 0H, _, 0H, _,
r— trP
ou 04 OuoA
2
= tr(UP + PU" — Uf)U"')a—T + tr(Uf)U*)ﬂ
oA oA
2 i -
P A BRINL f [CACE JEIre.s JAcpre Kacre
ool ou\ oA oA oA
0’G ., 0°G
+ tr| D +D + trP
ool oA
0G oL G’ oL oL 0G oL oG
—— + —— |G+ G| ———+ ——
ou 0L 0L ou 04 ou  Ou 04

(30)

For the purpose of testing these simplifications and the
individual contributions to eq 30 under different conditions, we
calculated a set of three molecules listed in Table 1. Before
analyzing the results in detail, a comment on the use of the
finite nucleus model in the derivative calculations is
appropriate. According to the data obtained, the differences
caused by the use of a point charge or a finite nucleus model in
connection with the 0°V/dudl and 0°W/0uoA derivatives are
negligible. The same is also true when calculating the energy
gradient with regard to nuclear coordinates.’® Accordingly, the
finite nucleus model is used in connection with the
corresponding molecular integrals when calculating single
point energies. For the calculation of the first and second
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derivatives of these integrals with respect to nuclear displace-
ments, the point charge nuclear model is sufficient.

The dominant contributions in eq 30 result from the first
four terms on the rhs. In term 4, the contributions from 9dG/0A
are much smaller than those from 0L/dA. Our test calculations
reveal that the contributions from terms 5 and 6 usually
amount to less than S cm™ in the frequencies. Whenever the
accurate calculation of the Hessian matrix is not needed (for
example, optimization of transition states or reaction path
following), terms S and 6 can be neglected and term 4
approximated, thus significantly saving computer time and core
memory. Derivative dL/dA in term 6 can be replaced by dV/dA
(see discussion above), which also does not lead to any
significant error (see Table 1).

Thus, the NESC Hessian (eq 21) comprises (i) the terms in
eq 30 combined with the derivatives of the two-electron
integrals and the overlap integrals obtained by using the usual
nonrelativistic formalism, (ii) the derivatives 0P/dA of the
density matrix, and (iii) the derivatives 02/04 of the molecular
Lagrangian obtained using the NESC CP formalism described
in Appendix C.

5. COMPUTATIONAL METHOD

The NESC contributions (eq 30) to the energy Hessian (eq
21) were programmed within the COLOGNE2011 program
package®® in connection with the analytic second derivative
methodology of DFT?” and MP2.*® Special care was taken to
obtain reliable first and second derivatives of matrices U and G.
For this purpose, the problem of finding the first and second
derivatives of G was formulated in the form of a Sylvester
equation, which was solved exactly using either the r-Smith or
the eigenvalue decomposition method as described in Appendix
A. For the exact calculation of dU/d], response theory was
employed (see Appendix B).>' Because the use of response
theory for obtaining dU/dA requires knowledge of the negative-
energy (positronic) states, the one-step method” for obtaining
the matrix U was used throughout this work.

In density functional calculations, two hybrid functionals
were applied in this paper: PBE0* and B3LYP.*" The ultrafine
integration grid was used in the DFT calculations. In the MP2*'
calculations, the 5d5f6s6p6d7s electrons of U and the
5t6s6p6d7s electrons of Cn were correlated.

The test calculations were carried out with a variety of all-
electron basis sets**® (see Table 2), which in some cases had
to be recontracted with a finite nucleus model possessing a
Gaussian charge distribution.*” Comparisons with relativistic
effective core potentials (RECPs)** were made throughout this
work. For the velocity of light, the value ¢ =
137.035999070(98) a.u.*® was used through the article.

Table 2. Specification of the Basis Sets Used in This Work

element description reference
H, C, O, F, hexathiacrownether-HgCl,: recontracted 6-311G 42
S, Cl basis with a finite nucleus model
in other calculations: recontracted def2-QZVPP 42
with a finite nucleus model
Au, Hg, TI  recontracted SARC with a finite nucleus model 43
U, No DK3-Gen-Tk/NOSeC-VTZP 44, 45
No SCF-DK3 with point charge nucleus model, 46, 47
uncontracted
Cn (E112)  Dyall’s triple-¢ basis set (32529p20d13f), 48
uncontracted

All NESC calculations were performed using the diagonalize-
then-contract strategy.7 That is, the NESC equations were
solved in the basis set of primitive functions, and after finishing
the one-electron part, the resulting matrices were converted to
the contracted basis set.’® The calculation of the gradient and
the Hessian of the one-electron part was also carried out in the
set of primitive basis functions, which implied back and forth
transformations, because the coupled perturbed parts had to be
done in the basis of the contracted functions. Geometry
optimizations were carried out with tight convergence criteria.

6. RESULTS AND DISCUSSION

In Table 3, NESC/PBEO and NESC/MP2 geometries,
vibrational frequencies, and zero-point energies (ZPE) of
some di-, tri-, and penta-atomic molecules containing gold (Au,
Z = 79), mercury (Hg, Z = 80), uranium (U, Z = 92), and
copernicium (Cn, Z = 112) are listed and compared with
experimental data and the results of some other high level
calculations. The results of RECP calculations are also included
in Table 3 for reasons of comparison with NESC results. For
the purpose of demonstrating the influence of relativistic effects
on calculated vibrational frequencies, vibrational frequencies
without scalar relativistic corrections are given for the mercury
hydrides and halides. As a proof for the general applicability of
the NESC second derivative formalism, we have also calculated
infrared intensities for all molecular vibrations (see Table 3).
However, presentation and discussion of the formulas for
obtaining these second order response properties is beyond the
scope of this paper and will be presented elsewhere.

NESC/PBEO frequencies deviate on average by just S cm™'
from the corresponding RECP values. However in those cases
where the potential is steep in the quadratic range and the
RECP geometry differs from the NESC geometry, differences
between NESC and RECP vibrational frequencies can become
larger (see, e.g, HgH and HgH, in Table 3). Changes in the
vibrational frequencies due to relativistic effects range from —73
to 350 cm™ and are on average 105 cm™'. For the three
diatomic molecules in Table 1, the vibrational frequency
changes by 30% and more. For the infrared intensities, the
differences are more distinct: The relativistic effects lead to
changes by —133.6 up to 88.1 km/mol (standard deviation 52.2
km/mol), whereas the differences between NESC and RECP
intensities range from —11.7 to 16.9 km/mol (standard
deviation: 5.8 km/mol; see Table 3).

NESC/PBEO frequencies are close to experimental results
where in some cases they are slightly larger in other cases
somewhat smaller. Especially encouraging is the (HgHg)
stretching frequency of 21.2 cm™" for the mercury dimer, which
differs by just 2 cm™ from the experimental value of 19.4
em™*" Similarly convincing results are obtained for the gold
dimer (179 vs 191 cm™')** and the mercury—gold cation (152
vs 156 cm™,>® Table 3). The NESC/PBEO description of the
copernicium dimer (period 7 homologue of Hg, atomic number
112, longest half-lifetime measured: 28.5 s for isotope 285°%)
leading to a interaction distance of 3.70 A and a stretching
frequency of 17 cm™ is consistent with that for the mercury
dimer. The NESC/MP2 results and the DKS/BP results of
Schwerdtfeger and co-workers® for Cn, are similar.

In those cases where comparison with experimental results is
not possible, close agreement with other high level methods is
obtained as, e.g., with CCSD(T)/RECP calculations. This is the
case for HgF,, HgF,, HgCl,, HgCl,, and to some extent also
UO3*. It seems that the more reliable account of electron
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Table 3. Comparison of NESC Geometries (Distances in A), ZPE Values (kcal/mol), Vibrational Frequencies (cm™"), and
Infrared Intensities (km/mol) with the Corresponding Experimental and Other Quantum Chemical Values®

mol.(symm.) method structure ZPE frequency, infrared intensity, and mode
HgH (C,,,) NESC/PBEO Hg—H: 1.747 193  1349.0 (103.4; 07)
RECP/PBEO Hg-H: 1762 190 1327.1 (10L7; ")
NR/PBEO Hg—H: 1.856 203 14219 (216.9; o7)
exptl.® Hg-H: 1.741 198 1385 (o)
HgH, (D.;)  NESC/PBEO Hg-H: 1639 811 8161 (33.3; 7,), 19644 (415.2; 67), 2077.1 (0; o})
RECP/PBEO Hg-H: 1.646 810 8080 (34.1; 7,), 19632 (426.9; 0}), 2085.6 (0; 0})
NR/PBEO Hg-H: 1.768 664 5929 (166.9; m,), 1732.1 (371.7; o}), 1727.1 (0; o)
exptl.”’ Hg-H: 1633 807 770 (x,), 1994.6 (c}), 2112 (o})
HgH, (D,)  NESC/PBEO Hg—H: 1625 1767 7581 (0; by), 7712 (45.0; ¢,), 856.8 (9.6; ay,), 909.1 (0; by,), 20132 (346.3; ¢,), 2123.0 (0; ay,),
2145.8 (0; by,)
RECP/PBEO Hg—H: 1L631  17.54 7508 (0; by), 762.8 (44.2; ¢,), 848.6 (9.8; ay,), 9016 (0; by,), 1996.1 (354.3; ¢,), 21115 (0; ayp),
21386 (0; by,)
NR/PBEO Hg—H: 1.728 1483  563.6 (0; byy), 559.3 (49.8; ¢,), 6649 (70.1; ay,), 7719 (0; by,), 1808.9 (258.2; ¢,), 1787.3 (0; ay,),

1848.7 (0; by,)
MP2/RECP™" Hg—H: 1.618  17.87 772 (0; byy), 757 (58; e,), 842 (7; a3,), 909 (0; by,), 2058 (310; ¢,), 2154 (0; ayp), 2194 (0; by,)

HgF (Cq,) NESC/PBEO Hg—F: 2.039 0.64 4449 (42.0; %)
RECP/PBEO Hg—F: 2.047 0.64 4462 (36.6; 6%)
NR/PBEO Hg—F: 2.089 0.69 4821 (74.5; o%)
exptl.”? 0.70  490.8 (¢*)
HgF, (Do) NESC/PBEO Hg—F: 1910 231 179.6 (185; m,), 590.3 (0; o), 665.1 (126.7; o})
RECP/PBEO Hg-F: 1917 228 173.6 (152; =), 585.0 (0; 0}), 660.4 (116.8; o})
NR/PBEO Hg—F: 2.023 190 1166 (32.9; 7,), 5162 (0; 0}), 580.1 (108.5; o))
CCSD@/ Hg-F: 1.914 231 180.1 (7,), 590.3 (o}), 666.0 (o))
RECP
HgF, (D,;) NESC/PBEO Hg—F: 1.883 5.36 17(61.(3)2(2; bz)u), 227.5 (05 byy), 229.0 (22.7; ay,.), 2539 (3.3; ¢,), 607.5 (0; byy), 613.3 (0; ayy), 691.7
.6; ¢,
RECP/PBEO Hg—F: 1.888 5.30 17(;? 9(o,- ISM), 224.6 (0; byy), 2244 (17.7; ay,), 2514 (2.1 ¢,), 604.0 (0; byy), 6062 (0; ay,), 687.3
75 €y
NR/PBEO Hg—F: 1.960 4.63 13(36.2 (0; lSZu), 202.0 (0 byy), 186.5 (26.3; ay,), 210.7 (2.2 ¢,), 533.8 (0; byy), S21.2 (0; ay), 621.3
4.0; e,
cgglégg/ Hg—F: 1.889 526 180.1 (by,), 218.0 (by,), 225.8 (ay,), 2476 (e,), 590.7 (byy), $97.9 (ay,), 687.6 (e,)
HgCl (Cy,) NESC/PBEO Hg—Cl: 2.389 039 2732 (19.0; 6*)
RECP/PBEO Hg—Cl: 2403 039 2702 (15.2; %)
NR/PBEO Hg—Cl: 2459 042 2918 (37.1; 6*)
exptl.”* Hg—Cl: 2395 042 2934 (¢)
HgCl, (D;)  NESC/PBEO Hg—Cl: 2249 140 103.1 (6.7; 7,), 359.0 (0; 0}), 412.2 (62.6; o7)
RECP/PBEO Hg—Cl: 2255 135  95.5 (4.6; m,), 351.2 (0; }), 403.6 (55.6; o)
NR/PBEO Hg-Cl: 2372 119 730 (117 =), 316.6 (0; 0}), 371.7 (55.8; o})
CCSD("Q/ Hg—Cl: 2258 140 1022 (z,), 360.5 (o}), 414.6 (o))
RECP
HgCl, (D,)  NESC/PBEO Hg—Cl: 2295 294 719 (0; by,), 128.6 (4.5; ay,), 145.8 (0;b,,), 146.9 (0.1; ¢,), 312.7 (0;b,), 337.2 (0; a,), 382.2 (36.7;
eu
RECP/PBEO Hg—Cl: 2300  2.89 69(.6 (0; bz)u), 125.6 (2.3; ay,), 142.1 (0 byy), 144.2 (0.6; ¢,), 308.8 (0; byy), 331.8 (0; ay,), 377.7
30.7; e,
NR/PBEO Hg—Cl: 2397 246  52.8(0; by,), 1011 (5.1 ay,), 974 (0; by,), 112.4 (0.9; ¢,), 277.1 (0; by,), 284.8 (0; a,,), 342.5 (17.9;
eu
c%gg;/ Hg—Cl: 2311 285 719 (by,), 123.0 (ay,), 1432 (by), 142.6 (e,), 293.7 (byy), 3219 (ayp), 379.1 (e,)
Hg, (Deon) NESC/PBEO Hg—Hg: 003 212 (0; 5;)
3.587
RECP/PBEO Hg-Hg: 002 146 (0; o7)
3.663
exptl.>! Hg—Hg: 0.03 194 (o})
3.629
AuH (C,,) NESC/PBEO Au—H: 1.530 326 2283.7 (14.7; 6)
RECP/PBEO Au—H: 1.534 325 22700 (15.0; 6%)
exptl.” Au-H: 1.524 330 2305.0 (¢%)
AuF (C,) NESC/PBEO Au—F: 1.923 0.80 5567 (52.3; 6%)
RECP/PBEO Au—F: 1.935 0.78 5453 (47.2; 6%)
Expt.”* Au—F: 1918 081 5637 (¢%)
Au, (Do) NESC/PBEO A‘;“(};‘: 026 179.0 (0; ;)
5
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Table 3. continued

mol.(symm.) method structure ZPE frequency, infrared intensity, and mode
RECP/PBEO Au—Au: 025 1765 (0; 07)
2.511
exptl.>? Au—Au: 027 1909 (o})
2472
HgAu' (C,,) NESC/PBEO Hg—Au: 022 1520 (0.8; 6)
2.563
RECP/PBEO Hg—Au: 021 1494 (09 ¢%)
2.571
DC FSCC® Hg—Au: 022 156 (o%)
2.553
B8yt NESC/PBEO U-0: 1.682 375 1828 (21.1; ), 1087.7 (0; oy), 1171.4 (2094; o)
(Do)
RECP/PBEO U-0: 1.676 376  183.3 (164; x,), 10911 (0; o}), 1175.9 (192.5; o7)
NESC/MP2 U-0: 1712 329 1380 (14.6; 7,), 961.3 (0; o}), 1066.8 (88.8; o7)
CCSD(Q/ U-0: 1.690 359 1784 (m,), 10353 (o}), 11200 (a})
RECP
C**U0 (C,,) NESC/PBEO U-C: 1.734, 326 950 (116.3; ), 916.3 (253.1; 6*), 1174.7 (200.0; ¢*)
U-0: 1.779
RECP/PBEO U-C: 1.730, 325 903 (106.5; @), 918.7 (244.2; 6*), 1174.1 (192.0; %)
U-0: 1.773
exptl.”’ 8722 (6%), 1047.3 (6%)
85Cn, (D)  NESC/PBEO Cn-Cn: 3700 002 169 (0; 5;)
NESC/MP2 Cn-Cn: 3407 005 338 (0; 0})
BP/DKS** Cn-Cn: 3.45 004 25 (a})

“RECP calculation: ECP60MWB-SEG for U”® and def2-QZVPP for other atoms.** For the nonrelativistic calculations (NR), the same basis set as in
the NESC calculations was used. Intensities of 7, 7, and e, modes have to be multiplied by the degeneracy factor g = 2.

correlation provided by CCSD(T) will be balanced by the more
accurate relativistic description (NESC compared to the use of
RECPs), if the latter is combined with the PBEO functional.
NESC/MP2 however seems to provide somewhat inferior
results. The results for UO3" reveal the typical tendency of
MP2 to exaggerate pair-electron correlation and to lead to an
artificial lengthening of bonds and thereby an underestimation
of experimental frequencies.*® It is noteworthy that, in all cases
considered, ZPE values obtained with different computational
approaches or based on experimental frequencies do not differ
significantly, which is not unexpected in view of a conversion
factor of 1/349.757 from cm™! to kcal/mol.

Mercury in the oxidation state IV was realized by the
synthesis and identification of HgF, in the matrix by Andrews
and co-workers,>” who pointed out that the existence of a
Hg(IV) derivative suggested a Xe4f'*Sd® electron configuration,
the involvement of d electrons in bonding, and accordingly the
chemical behavior typical of a transition metal. The NESC/
PBEO frequencies of HgH,, HgF,, and HgCl, (n = 1, 2, 4) listed
in Table 3 show some trends, which become clearer when
calculated normal vibrational modes are converted into local
vibrational modes.>*~%° The NESC/PBEO local mode vibra-
tional force constants are given in Table 4. The local Hg—X (X
= H, F, Cl) stretching force constants reflect the strength of the
corresponding HgX bonds. They show that there is a small, but
significant, increase in bond strength when HgF, is formed,
which despite (F,F) repulsion leads to a stable tetrafluoride. In
the case of the hydride, the increase in the strength of the HgH
bond from the di- to the tetrahydride is small, whereas in the
case of the chloride it is even reversed. We conclude that
electronegativity of the ligand and the (ligand,ligand) repulsion
are decisive for the formation of a stable Hg(IV) molecule.

NESC/PBEO frequency calculations included calculations
with 620 basis functions (e.g, Cn,). For the purpose of
calculating a system of direct chemical relevance, we calculated

Table 4. NESC/PBEO Local Mode Force Constants k, of
Some Selected Hg- and U-Containing Molecules®

mol (sym) Hg—X [A]
HgH (C,,) 1.747
HgH, (Do) 1639
HgH, (D,,) 1625

local mode force constant k, [mdyn/A]

Hg—H: 1.075

Hg—H: 2.406; H—Hg—H: 0.148

Hg—H: 2.486; H—Hg—H: 0.124; out-of-plane:
0.665

Hg—F: 2.025

Hg—F: 3.969; F—Hg—F: 0.155

Hg—F: 4.320; F-Hg—F: 0.300; out-of-plane:
0.764

Hg—Cl: 1.311
Hg—Cl: 2.628; Cl-Hg—Cl: 0.116

Hg—Cl: 2.199; Cl-Hg—Cl: 0.287; out-of-
plane: 0.413

HgF (C.,) 2.039
HgF, (Dy;) 1910
HgF, (D,;) 1.883

HgCl (C.,)  2.389
HeCl, (D) 2249
HgCl, (Dy,) 2295

Zyoit 1.712 U-0: 11.273; 0O-U-0: 0.108
(Dooh)

C*uo 1.734, U—C: 9.264; U-0: 7.456; C—U—-0: 0.028
(Car) 1.779

“Stretching force constants in mdyn/A, bending force constants in
mdyn*A/radz.

the mercury crownthioether shown in Figure 1, which has been
discussed in connection with the removal of mercury from the
environment.®’ Although the primitive and contracted basis set
involved 998 and 597 basis functions in this case, the
calculation of the vibrational frequencies turned out to require
only slightly more than the time of a nonrelativistic frequency
calculations depending however on the accuracy required. Since
the interactions of the Hg atom with the six S atoms are
relatively weak, we expected that only some frequencies in the
low range are affected by the relativistic corrections and that
RECP calculations with the XC functional and basis similar to
those used in the NESC calculations should lead to similar
frequencies. Hence, we used the mercury(II)chloride hexathia-
crown complex of Figure 1 as a test case for the reliability and
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Figure 1. NESC/B3LYP geometry of the Cgz,-symmetrical Hg(II)Cl,
hexathia-18-crown-6 complex (distances in A).

feasibility of NESC second derivative calculations in the case of
larger molecules. The results listed in Table 5 show that

Table S. Vibrational Frequencies (cm™") of the HgCl,
Hexathia-18-crown-6 Complex (Cy,) Obtained at the NESC/
B3LYP and RECP/B3LYP Levels of Theory (ZPE: 129.03
kcal/mol)

frequency [cm™]
36.3, 131.3, 177.4, 291.6, 350.5, 624.8, 734.3, 1223.2,
1650.2, 3187.9

RECP  36.2, 1314, 176.4, 294.1, 353.2, 624.9, 734.7, 1226.4,
1647.6, 3185.3

a,  NESC 3834, 533.3, 722.0, 931.5, 1293.8, 3161.9
RECP 3842, 535.1, 723.1, 932.3, 1297.0, 3158.1

b,  NESC 533, 1624, 618.0, 679.7, 1201.9, 1607.5, 3189.2
RECP  55.0, 163.3, 618.8, 680.5, 1204.7, 1604.8, 3185.4

b, NESC 623, 137.7, 457.2, 514.6, 8282, 948.8, 1347.9, 3160.9
RECP 627, 139.1, 457.1, 515.0, 828.7, 949.3, 1352.0, 3158.0

e NESC  45.1, 53.7, 90.6, 122.9, 200.4, 400.8, 514.7, 629.1, 716.6,
762.6, 936.8, 1216.3, 1315.1, 1638.9, 3161.7, 3188.1
RECP 422, 50.0, 87.5, 123.1, 200.3, 401.2, 516.1, 629.7, 717.3,
763.4, 937.5, 1219.4, 1318.5, 1636.4, 3158.5, 3184.0
31.8, 56.0, 116.2, 197.7, 443.0, S01.4, 626.4, 692.8, 809.4,
945.0, 1205.9, 1338.9, 1617.9, 3161.1, 3188.9

RECP  33.3, 56.4, 116.5, 198.7, 442.7, 502.3, 627.3, 693.5, 810.0,
94S5.5, 1208.8, 1342.7, 1615.3, 3157.4, 3184.8

mode method

a, NESC

e, NESC

NESC/B3LYP/SARC/6-311G and B3LYP/RECP/6-311G cal-
culations lead to the same ZPE value and similar frequencies,
which differ only by 3 to 4 cm™ in the low-frequency range.
Hence, the NESC second derivative program developed in this
work is reliable also in the case of large molecule calculations.

7. CONCLUSIONS

In this work, we have extended the applicability spectrum of the
NESC method, which provides an exact two-component
relativistic description for molecules with heavy and superheavy
atoms.

1. We have developed the methodology for routinely
calculating second order response properties with the
help of analytic second energy derivatives for the NESC
method within its scalar relativistic form.

2. We have outlined and programmed a computationally
efficient algorithm to calculate the NESC Hessian also in
the presence of basis functions with very large exponents
(steep basis functions). A versatile, generally applicable

algorithm is a prerequisite for NESC calculations in
combination with HF, DFT, or correlation corrected ab
initio calculations such as CI, MPn perturbation theory,
coupled cluster theory, CASSCF, or any other non-
relativistic method provided that analytic second
derivatives are available for the latter methods.

3. Special care has been laid on the calculation of first and
second derivatives of the renormalization matrix G (i.e.,
considering the so-called picture change) and the matrix
representation of the operator U for the elimination of
the small component. For this purpose, this problem was
cast in the form of a Sylvester equation, for which the
exact solution was worked out. Also, the determination of
0U/0A via response theory recently described® has been
extended to the corresponding second derivatives.

4. The development of the NESC Hessian was done
considering a finite nucleus model and the correct picture
change, i.e., renormalization of the NESC Hamiltonian.

5. The economic implementation of the analytic NESC
energy Hessian and its general applicability is emphasized
by presenting NESC/DFT vibrational frequency calcu-
lations with 1000 primitive basis functions for organic
mercury compounds. Benchmark calculations testing the
accuracy of the algorithm developed were carried out
with 1500 basis functions.

6. NESC/PBEQ vibrational frequencies are in reasonable
agreement with available experimental values and the
results of other high level quantum chemical calculations.

7. In the cases of the mercury and the copernicium dimer,
accurate stretching frequencies of 21 and 17 cm™" have
been obtained using the relativistic corrections obtained
with NESC.

8. By converting calculated NESC/DFT vibrational modes
into local vibrational modes and determining local
stretching force constants, we have made predictions
for the formation of Hg(IV) molecules.

9. In all cases considered, the CPU time needed for the
calculation of the NESC vibrational frequencies is less
than 5% larger than that needed for the corresponding
calculation of nonrelativistic vibrational frequencies
carried out with the same ab initio or DFT method
and the same basis set.

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

A. APPENDIX: THE FIRST AND SECOND DERIVATIVES
OF THE RENORMALIZATION MATRIX G

By differentiating eq 12 once or twice, one obtains a special
case of the Sylvester equation:

GX +XG =Q (A1)
with
Q=S (6/1 oA GG] (A2)

for X = 0G/0A and

dx.doi.org/10.1021/ct300127e | J. Chem. Theory Comput. XXXX, XXX, XXX—XXX



Journal of Chemical Theory and Computation

2 28 < &
Q:S_la_s_a_s G+§§_I§GG—6—S
ouod  ouodl oA ou ou
L BB 08| 0606 _ o6 oG
o ol oA oA du op 04

(A3)
for X = GZG/()/AO/L

Here, we prove that the renormalization matrix given in eq
11 is positive definite. The matrices S and T are both positive
definite (provided the basis set does not contain any linear
dependencies). Johnson proved that A = B'B is positive
definite only if B is invertible.*> Hence, both § and §7/2§§71/2
are positive definite, and their square-root matrices exist. Since
always positive eigenvalues are taken in the calculation of the
square-root matrix, K = (S7/28877/2)72 js also positive
definite. Then, G is also positive definite because both G and K
are similar matrices. If the eigenvectors of K are collected in
matrix Ry (R is a real matrix because of the hermitian nature
of K), then one can obtain the eigenvectors of G from Rg =
S™12Ry, which are also real. For a positive definite
renormalization matrix G with real eigenvectors as given by
eq 11, the Sylvester equation can always be solved, ie., the
existence of the real solution X is guaranteed. As we will show
in the following, there are no special requirements with regard
to matrix R, which, for example, can be nonhermitian.

As contributions from the first derivative of G are on the
order of 107* or less, the last two terms in eq A3 can be
neglected. The contributions from the first and second
derivatives of U are on the order of O(c™*) in view of the
prefactor of 1/2mc* of the second term in eq 4. Therefore, one
can simplify the derivatives of § as follows:

B8, 1 ylTy

A a  2m? 9l (a4)
and
2 2 2,
'8 s 12U+0TU
oudl  oudir  2mc*  Ouod (AS)

In eqs A4 and AS, the first and second derivatives of S (or T)
can be precalculated and saved in three (0S/0x, 3S/ 0y, and 0S/
0z) and six (0°S/0xdx, 0*S/0xdy, 9°S/0x0z, 0*S/dydy, 9°S/
0y0z, and 0°S8/020z) lower triangular matrices, respectively. In
this work, two efficient methods for solving the Sylvester
equation were programmed: (i) the r-Smith method and (ii)
the eigenvalue decomposition method.

The r-Smith Iterative Method

The r-Smith method is based on an iterative procedure and
requires that G is positive definite, which is the case (see
above). In the original Smith iterative method,®® the general
Sylvester equation

AX + XB = C (46)
is transformed into a Stein equation:
(A + uDX(B + uI) — (A — uD)X(B — uI) = 2uC

X = 2p(A + uD)" C(B + u)' + [(A + uD)' (A — pI)]
X[(B — uI)(B + u1)']
(A7)

which can be written as

X = X, + ®XT (a8)

Where H Z MaX(ALl, Az]z, ey AMM; Bl,l) BZ,Z) vy BM,M) (M:
number of basis functions) is a scalar constant,®* and the
generalized inverse matrix is defined by

M' = MM)'M" = M (MMT) ! (A9)
The iterative solution of eq A8 proceeds according to Smith®
using eq A10

k
Xy =Xo + ), OX,I
i=1 (A10)
There are several improved iterative Smith methods to
accelerate convergence. Zhou and co-workers® replaced eq
Al10 by
r—1
X =X+ ) OXT, k>0,r>2,
i=1

D, = ‘I)Z;
D, = D,

L= FL,
I =T, (A1)

which is the r-Smith iterative method. If A and B are not positive
definite, p(®)p(I") > 1 and the iterative procedure will diverge.

In the case of the first derivative of G, the minimum number
of matrix multiplications is about IN[(r — 1)(Nje, — 1) + r] for
3N Sylvester equations (N: number of atoms in a molecule).
The optimal y value is given by Max(G;).** In this case, the
convergence ratio is 107 — 1075 that is, if the maximum
deviation between iterations k — 1 and k is 1075, the accuracy of
iteration k will be about 107'2. Usually, r = 2 and Ny, = 1 — 2 if
the accuracy of 107*? is required. For this situation, the number
of matrix multiplications is on the average 20N. For geometry
optimizations and frequency calculations as well as energy
calculations using a finite nucleus model, the r-Smith method is
the method of choice. However, for a few test calculations with
a point nucleus model and steep basis functions (exponent
larger than 10'?), the following algorithm turned out to be
somewhat more costly (for N, = 1 as in 80% of all
calculations), but numerically more stable.

The Eigenvalue Decomposition Method
For the case of a hermitian matrix G in eq 12, the eigenvalue
decomposition method was previously used by several
authors.>%*%” In the following, this method will be extended
to the case of a non-hermitian matrix G.

Starting from the general Sylvester eq A6, let us diagonalize
the non-hermitian matrices A and B

AR, = R;¢, (A12)
BR; = Rggy (A13)

by multiplying them by their right eigenvectors R, and Rg,
respectively. Using the generalized inverse matrix A9, eqs Al2
and Al3 can be written as

¢, = RIAR, (A14)
and
&5 = RIBR, (A15)

respectively. Let us rewrite the Sylvester equation as in eq A16:

AR,R\X + XR;R;B = C (A16)
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Multiplying eq Al6 by R} from the left and by R} from the
right and using eqs Al4 and AlS, one obtains

&R, XR;; + R, XR e, = R,CR; (A17)
or in a simpler form
X +Xeg=C (A18)

where a new matrix X = R;XRB is used. The elements of matrix
X can be calculated using eq A19:

X _ ij
e
€ T €y (A19)

and matrix X can be obtained by back transformation
X = R,XR; (A20)

Since both eigenvalues and eigenvectors of G are real (see
above), there is no necessity for complex matrix algebra. About
the same number of matrix multiplications as in the r-Smith
method are needed; however, the diagonalizations slightly
increase the cost compared to an r-Smith calculation with r = 2
(normal case).

For a benchmark calculation of the gradient with 33 atoms
(solution of 99 Sylvester equations) and 1500 basis functions,
both methods took about 10 minutes on a single processor.
However, routine calculations of the NESC gradient are
efficiently carried out in parallel.

B. APPENDIX: CALCULATION OF THE FIRST AND
SECOND DERIVATIVES OF U WITH THE HELP OF
RESPONSE THEORY

Although the methods discussed so far can provide sufficient
numeric accuracy for the geometry optimizations and vibra-
tional frequency calculations with the NESC method, the
calculation of some other first and second order response
properties may require the determination of the exact first and
second derivatives of the elimination of the small component
operator U. In these cases, the following approach is the
method of choice.

Calculation of the First Derivatives of U

Denoting the matrix operator on the left hand side of eq 1 as D,
the metric matrix on the right hand side as M, the four-
component wavefunction as @, and the matrix of the
eigenvalues as €; differentiating eq 1 with respect to a
perturbation 4; and multiplying the resulting equation by @'
from the left, one arrives at eq B1:

O'¢ — €0 + ¢ = O'D'® — DM De (B1)

in which the relationships ®'DD = £ and D'MD = I were
used, and &', D% and M’ denote the derivatives of the
corresponding matrices with respect to the parameter A. In eq
B1, an operator 0" is introduced, which connects the derivative
of the four-component wavefunction with @ as in eq B2

' = ®0* (B2)

Operator O” plays the central role for obtaining the derivatives
0U/0A. Its matrix elements are given in eq B3.

(@'D'D); — (D'M'D),¢;

fori #j
ol,;,1 = &
—l((I)TMA(I))ﬁ fori=j
2 (B3)

Note that the diagonal elements of O” are obtained by
differentiating the normalization condition of the four-
component wavefunction @ and that 0" is a non-symmetric
matrix.

Next, eq B2 is rewritten in terms of individual components of
the four-component wavefunction ®.

A* AL [A_ A+) o} o?

B B! B_ B Jlo! o!

A_O] + A0} A_O}+ A,0]

B_O] + B,0} B_Oj + B,O; (B4)

As can be seen from eq B4, the response of the large and small
components of the electronic states involves mixing with the
positronic states via the negative-positive block O3 of the
response operator O”. Apparently, this is not the same as eq 33
of ref 28. In that paper, the contributions of the positronic
wavefunction were neglected and only the last terms in A? and
B! kept. In this connection, we note that the formalism
proposed by Reiher and Wolf,%® which is based on the exact
decoupling of electronic and positronic states by a
perturbation-independent transformation, should lead to the
vanishing of the response operator O% and consequently of the
derivative dU/0UdA.

By differentiating eq 3 with regard to A and substituting eq
B4, one obtains eq BS for dU/dA.

‘Z—Ij =U"= (B_ - UA_)O’A'S

In explicit form, the matrix elements O} are given by eq B6:
((I)%f)%q))ij - (q)TM§¢)ij(€+);
(&) — (e0), (B6)

(Bs)

(Og)ij =

where index i runs over positronic states, index j over electronic
states, and the following negative—positive blocks of the D and
M matrices are introduced

ODID = AiﬂA+ + Aia—TB+ + Bia—TA+
oA 04 oA
+ BT_(ﬂ - E)BJr
04 oA (B7)
i 08 + 0T
| A _ T_ 2\—1p 7 gL
OPM;® =A' 0 A, + (2mc™) Bl i B, (B8)

Equation 20 contains the contributions of the operator dU/
04 to the NESC energy derivative. These contributions are
always given by traces of matrix products:

ou i p p
trB— = trA.SP,(B_ — UA_)O;, = trM'O
roa/1 T Ay 0( - ) 2 r 2 (B9)

where a new matrix M’ = AISP,(B_ — UA_) is introduced.
Because the elements of the operator O are expressed in terms
of quadratic forms of the general type C'(9X/0A)C, where C =
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A and B and 0X/04 is a matrix of the derivatives of the
molecular integrals, the trace in eq B9 can be transformed as in
eq B12:

th,{m(Ci%q)ﬁ}

=22 ) e g 2 (),
ij ab - (BlO)
M/
= (Cy7~—"(C),
aZJ; ,Z]: (), — (e0); (B11)
aY
=trZa (BIZ)

where Z is a matrix with the elements given by the term in
parentheses in eq B1l. Thus, the contributions of the U*
operator to the energy gradient can be conveniently formulated
in terms of traces of matrix products. After some algebraic
transformations, one arrives at eq B13 for the contribution of

ou/adA

5
tr PTal +P— 9
o2 o2

D [tr(PY + PI,)%]

Y=S,T,V,W
(B13)

however, with the new matrices Py (Y = S, T, V, W) given in

the following.

(g)M';

(Ps)z/ﬂ (A+)/4] (A )wi
Z (&) — (), (514)

(B, = 2 (B, (A1), + (A),(BL), —[1 T ]

i 2mc

(B,),;(B_),,

W (B15)
_ _ My
(Py)y, = ; (A+)w‘(A—)"" (g+)]. - (eL); (B16)
M,
(PW)W 2 ( )”](B vi ( +)j - (8_),v (B17)

Thus, eq B13 together with eqs B14—B17 completes the
derivation of the exact NESC analytic gradient. These
equations can be used in connection with analytic gradient
geometry optimizations or in connection with the first-order
response formalism for obtaining various molecular properties.
Since the calculation of the first derivative of U does not cost
much, it is always calculated in geometry optimizations unless
steep basis functions are used as reflected by Max(e,) > 10°
(for the definition of ¢,, see eq 1).

Calculation of the Second Derivatives of U
By introducing a new operator 0 via

o = (0" + 0*0%) = O™ (B18)

and differentiating eq BS with respect to external parameters g,
one obtains for U* the following equation

# = (B_ - UA_)(0}" — 040; - 050}

— OYAlSA_0! — 0/A'SA_0%)AS (B19)

where only 04" is not known. Next, one differentiates eq 1 with
regard to the two external parameters y and A and, after some
algebra, obtains

0"¢ — e0" = (O'D"® — O'§De) — DS

O(P'D'P — &' De) — D'’
O(D'D'D — DS De)

+ [(®'D*D — B'§ De), 0]
+ [(@'D'® — ®'§'De), 0"]

- 0"[0% €] — O[O, €] — "
(B20)

where [a,b] = a-b — b-a is a commutator. Because in eq B19
only the off-diagonal part of the operator O** is needed, the last
term & does not make any contribution to it. The diagonal
part can be obtained from differentiation of the normalization
condition ®'M® = I with respect to u and A. However, this is
not necessary, because i # j is always true for O4%

According to eq B3, both ¢; and ¢ correspond to the
electronic eigenvalues for (0%);. If ¢; and ¢; (i # j) are quasi-
degenerate or degenerate, the matrix elements (O{,f),-]- may
become undetermined by eq Bl. Because an orthogonal
transformation of the degenerate energy levels leaves the
energy unchanged, the undetermined elements of (O%); may be
set to zero. The derivatives 0°U/ 0Op0A obtained from eq B19 are
contracted with the second derivatives of matrices S, T, V, and
W, which were precomputed and saved in lower triangular
arrays as described after eq AS.

C. APPENDIX: NESC COUPLED PERTURBED
EQUATIONS

The derivatives 0P/du and 0Q/0du in eq 21 are obtained from
the coupled-perturbed (CP) equations.®® The orbital rotation
operator O* in eq Cl1

aC

= CO*
0;4 (C1)

connects the first derivatives 0C/du of the molecular orbitals C
with respect to the perturbation u. Differentiating the SCF
equations with the Fock operator 13 with respect to the
perturbation, one obtains a set of equations for the elements of
the operator O*:

(ej—ei)—l((dz—pc) - (c*—c),] ¢) fori )
(2
of =

__((:T 98 C); fori = j

(C2)

Because the derivative dF/0du of the Fock operator depends on
the first-order orbitals via the first derivative of the density
matrix P
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OF 0H,, 0
(a]p, (?) * (a“ - K))

pT

0
P L T
N ZP [d(prlua) B 0(,05"”/)]
o L ou KM (C3)

Equation C2 needs to be solved iteratively. Having obtained
operator O, the quantities entering eq 21 are calculated as in

eqs C4 and CS

P® _ Cc(0*n + n(0"))C'
ou (C4)
?)_Q = C(O"ne + ne(O”)T + n(O”)Te + neOQ”
I
+ CT‘)—FC)C+
op (Cs)

In eq C3, the derivatives 0H,,/du of the NESC one-electron
Hamiltonian are used in matrix form. These derivatives can be
obtained using the formalism described in section 3, and the
matrices 0P/du and 0€2/0u can be saved for further use in
connection with eq 21.
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