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1 | INTRODUCTION

Yoshihiro Watanabe! ® |

Norio Yoshida®?® |

Abstract

A combined method of the Dirac-Hartree-Fock (DHF) method and the reference
interaction-site model (RISM) theory is reported; this is the initial implementation of
the coupling of the four-component relativistic electronic structure theory and an
integral equation theory of molecular liquids. In the method, the DHF and RISM
equations are solved self-consistently, and therefore the electronic structure of the
solute, including relativistic effects, and the solvation structure are determined simul-
taneously. The formulation is constructed based on the variational principle with
respect to the Helmholtz energy, and analytic free energy gradients are also derived
using the variational property. The method is applied to the iodine ion (I7), methyl
iodide (CHsl), and hydrogen chalcogenide (H,X, where X = O-Po) in aqueous solu-
tions, and the electronic structures of the solutes, as well as the solvation free ener-
gies and their component analysis, solvent distributions, and solute-solvent

interactions, are discussed.
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Hartree-Fock (HF),>> the density functional theory (DFT)%’

10

Mgller-Preset perturbation,®'° configuration interaction (Cl),*%12

The relativistic molecular orbital theory is now one of the essential
pieces in quantum chemical theory. Currently, it is well recognized
that the relativistic effects have an important role in the electronic
structure of molecules containing heavy elements. In particular, the
scalar and spin-orbit effect, which are classes of relativistic effects,
affect the geometries, properties, and reactions of molecules through
their effects on the shape of molecular orbitals and splitting of energy
levels. Such relativistic effects are most naturally taken into account
via the Dirac equation, which is the basic equation of relativistic quan-
tum mechanics.! The Dirac equation gives four-component spinors as
solutions describing the electrons and their anti-particles, the posi-
trons. The methods based on the Dirac equation are called four-
component methods, and are now widely used in quantum chemistry,
along with the two-component methods. Nowadays, the relativistic

and coupled-cluster (CC)*® methods have been developed and stan-
dardly used. In addition to the HF, DFT, and HF-based single refer-
ence methods, multiconfiguration methods, such as the
multiconfiguration self-consistent field (MCSCF) method,***> multire-
ference (MR) CI,*® MR perturbation,”*? and MR CC?° methods,
were developed and are being used. Recently, the four-component
full CI Monte Carlo?! and density matrix renormalization group??
were formulated.

When considering chemical reactions in solution of molecules
containing heavy atoms, solvent effects must be considered simulta-
neously with relativistic effects. The methods for incorporating the
solvent effects on the four-component relativistic methods have been
fairly limited to date, and a methods combined with the polarizable

continuum model (PCM) has recently been proposed by Di Remigio
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et al.2% They formulated a four-component relativistic self-consistent

field (SCF) theory for a molecular solute described with the PCM for
solvation. In their study, the four-component Dirac-Hartree-Fock
and Kohn-Sham DFT methods were combined with the integral equa-
tion formalism (IEF) PCM?* to successfully determine the electronic
structure of the solute and the continuum model of the solvent in a
self-consistent manner. After being proposed, this method has been
applied to the calculations of electron paramagnetic resonance and
nuclear magnetic resonance (NMR) parameters, and so forth.2> The
four-component relativistic polarizable embedding was also presented
by Hedegard et al. in 2017.2°

In the present article, we present the four-component Dirac-Har-
tree-Fock reference interaction-site model self-consistent field (DHF/
RISM-SCF) method, which combines the relativistic four-component
method with the reference interaction-site model (RISM), and its geo-
metrical derivative have been formulated and implemented. RISM?7:28
is a statistical-mechanical integral equation theory for molecular lig-
uids, which is derived from the functional derivative of the grand
potential for solute-solvent molecular pair interactions with respect
to the density function. Features different from the PCM are that the
RISM theory can account for intermolecular interactions such as
hydrogen bond and that it can provide a solvation structure around
the solute molecule. Furthermore, an analytical solvation free energy
expression is known and can be evaluated based on a first-principles
approach. These advantages have led to its use in the analysis of vari-
ous chemical processes in solution.?® A hybrid method of quantum
chemical electronic structure and the RISM theories, called RISM-SCF
method, was proposed by Ten-no et al. in 1993.22° The coupled
equations of the Hartree-Fock and RISM equations derived by them
are solved self-consistently, and the electronic wave function of the
solute molecule and the solvent distribution can be determined simul-
taneously. Following their study, the combination of the theories has
been variously extended both in the electronic structure and integral
equation theories.3'3? Therefore, the RISM theory is also effective in

introducing solvent effects into the relativistic electronic structure

_ n+1
su(Ceh) =% (Aﬂ,';'ch —pns [dr@(has(r))—(tas(r) fi,qu(lC), er) >

computational details are given in Section 3; the applications to
several systems (the iodine ion |-, methyl iodide CH3l, and hydro-
gen chalcogenides H,X (O-Po)) are discussed in Section 4; and con-

clusions are drawn in Section 5.

2 | METHOD

The RISM-SCF method is formulated as a variational problem for free
energy, which was initially proposed by Sato et al.3! for an MCSCF
wave function. Here, we consider a system in which a quantum
mechanical solute molecule is immersed in a solvent composed of
classical molecules at infinite dilution. In this formulation, the basic
equations are derived from the stationary conditions for the Helm-

holtz energy Lagrangian:
L(C,¢%,c,ht) =EY(C) +Au(C,c,h,t) +¢Y x eY(C). 1)

The first term of the right-hand side in Equation (1) represents the
electronic energy of the solute molecule and C is the set of the varia-
tional parameters in the wave function. The second term represents
the excess chemical potential of solvation, and ¢, h, and t are the
direct, total, and indirect correlation functions describing the solvent
structure around the solute molecule, respectively. The third term cor-
responds to constrains on the parameters (C) in the solute wave func-
tion; that is, the orthonormality of orbitals and/or the normalization of
the wave function. The symbols eV and &V are the sets of constrains
and multipliers, respectively.

The solute energy EU(C) depends on the electronic structure
method used, which will be discussed later. The form of the excess
chemical potential Au depends on the closure employed. Several clo-
sures have been proposed and used, and each has its own advantages.
Here, we use hypernetted chain (HNC) closures and its nth order par-
tial series expansion. Then, the excess chemical potential is rewritten

in Equations (2) and (3), as follows:

n

5 t5on,far {(1 — Ot (1) (1)) ) (X (tus (1) — Pt (1)) + O tos(r, ) — Pks() (Zi:o%aas(r) —ﬁua5<r>>‘) ~t() ~hs s 42120 (2)

as

b i i
33 s a0 (0 (0%~ Y, B P

(2n)°.

theory. The DHF/RISM-SCF method presented here, enables the
simultaneous description of the detailed solute electronic structure
based on the relativistic electronic structure theory and the solvation
structure based on molecular theory.

The present article is structured as follows: The DHF/RISM-
SCF method based on variational formalism as well as its analytical

energy gradient method is presented in Section 2; the

B = o (G0~ calt) - Jhatlen( ). 3

where @ is the Heaviside function, f is the inverse temperature, n; is
HNC

as

the number density of site s, and Au is the excess chemical poten-
tial using the HNC closure. When n is set to 1 in Equation (2), Au cor-

responds to the Kovalenko-Hirata (KH) closure. €, h, &, and X denote
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the direct, total, intramolecular correlation functions and solvent sus-
ceptibility in Fourier space. u,s is an interaction potential between sol-

ute site @ and solvent site s given as

r r

un(r) e () - (%) ] 22, "

where ¢ and ¢ are the Lennard-Jones potential parameters with con-
ventional meanings and g, and g, are the effective point charge on
solute site a and solvent site s, respectively.

Let us assume the HF method as the electronic structure method
used in the RISM-SCF. In the HF method, the molecular orbital
(MO) coefficients are the variational parameters, and the orthonorm-
ality of MOs is imposed as a constrain. The solute energy EY and the

constrains with the multipliers are

EY =tr[(h®" +F)CC']
=tr[(h®" +F)D],

¢V xe’ = "en(C'SC—1),., (6)
[z

which are common regardless of the relativistic and nonrelativistic
cases. Here, matrix C stores the occupied MO coefficients, D is the
density matrix, and h®® and F are the core Hamiltonian and Fock
matrices, respectively. Thus, the total Lagrangian of DHF/RISM-SCF

can be rewritten as the sum of these terms, as follows.

L(C, &y, ¢, h,t) =tr[(h™"®+F)D] - S ep (C'SC—1),,,
pq

CHEMISTRY

where, for later convenience, the variation is taken with respect to C’
instead of C. The variation of EY with respect to the density matrix

gives the Fock matrix in gas phase:

sEY

7= __E8as _|core _

o =F =h"+)-K, (9)
Jw =", Doalp)do), (10)
Kiw=>__Da(uo|iv), (11)

where J and K are the Coulomb and exchange integral matrices,
respectively. The variation of A with respect to the density matrix D
can be rewritten via the potential u,s and the charges on the solute

site, a, G,

i

SAp SAp dugs 69, ID [ hes(r)+1
= Z S T = Zuasqslldr;b"”'ac

5CT £ lys 3G, 0D GCT r
= VabuuaCyi (12)
SAu JUys hys(r)+1
Vom X, et e qus'[drf, (13)

where b, , is the matrix representation of the population operator for
the solute site a.
In the following, we use the relativistic four-component function

as the HF wave function and derive the specific RISM-SCF equation.

n 1 i

7 | (100t 1)~ 1)) (X9t (1)— (1) + (81 2) Pt () 327 t0) = Pt(0) ) =) = hs(0)tsl0) 4 51500 | - (7)

2

as

=
e FZGVS,VJEﬁ(k)Eﬂ(k)a}ﬂ,<k)f<st(k)fZ Cas(K)pshas(K) |

(2n)°

Taking variations of the Lagrangian with respect to the correlation
functions cs, has, and t,s and MO coefficients C, the stationary condi-
tions for RISM-SCF can be obtained. The resulting equations obtained
from the variations with respect to c,s, hss, and t,s are the RISM equa-
tions: the relational equation between the total, direct, and indirect
correlation functions, and the closure equation. The equation
obtained from the variation with respect to C is the RISM-SCF equa-
tion describing the electronic structure of the solute molecule sur-
rounded by solvent:

L (sEY sAu\ sD SEY  sAu

In the four-component method, MOs are expressed by large and small

pr
b= (ZS) (14)

where each component is expanded by the y basis spinors for each

component spinors:

component:
P =Dt =D Gt (15)
U

The four-component matrices can be expressed as

85U8017 SUOLILLOD BA 81D [edldde ay) Ag peusenob ae Se(oie YO 88N JO Sa|nI Joj A%eiq1T8UlUQ A8]IM UO (SUOTHPUOD-PUe-SWBIW0D A8 |IMAleIq Ul |UO//SANY) SUORIPUOD PUe SW 1 84} 88S *[220z/TT/TzZ] Uo AriqiTauliuo A ‘AisieAlun nusnA Aq 60022°90(/Z00T 0T/10p/woo" A3 1M Aeaq1eul|uo//:sdny wo.y pepeojumoq ‘T ‘€202 ‘X/86960T



Journal of

KANEMARU ET AL.

® | WILEY- CHEMISTRY

o[22
DY =3 cs(er) (17)

S 262555} (18)

Vi =iV, (19)

Y =(Xlco-plz), (20)
X=X, (21)

- {j}“ ‘J)SS}, (22)

D=7 DA (k) + D35 (0155 ). (23)
e

K =5 DX (s bl ) (25)

The charge g, on solute site a in Equation (12) is determined by the

electrostatic potential (ESP) method,334

so as to reproduce the elec-
trostatic potential due to the solute electron and nuclei.
The vector q storing the point charges g, as elements is then

given by

1ta71BLL 7sLL
q:Tr |:DLL (alBLL ( )3711

1ta-11
(1ta—1BSS _ SSS> (26)
ss | .—1pss 1
+Tr{D (a B fWa 1)}
1
Ay = |[dr——————, 27
’ J Ir—R,[[r—Ry| @7
Bxxzjerdex ptd (28)
My ‘r7R1| H \rfr’\ u

The variation of the site charge, Equation (26), with respect to the
density matrix gives the solvation potential matrix for solute site a:

0G0 _
D |o b 29

b 0 }

where

(1ta71 BXX _ Sxx)

pXX _ 4 1pXX _
1ta-11

a 1. (30)

The solvation Fock matrix is defined as the sum of the gas-phase Fock

matrix and solvation potential matrix:

Fsolv FLLgas VLL,soIv FLS,gas )
FSLsas FSSgas | \SSsolv |’ (31)

where
VXX,solv _ Z v bXXA (32)

Thus, we finally obtain the DHF/RISM-SCF equation as an eigenvalue

problem:
FsoVC = SCe. (33)

Due to the variational formalism, energy derivatives, in particular first-
order derivatives, can be concise, as shown by Sato et al.?* The first-
order derivative of the Helmholtz energy with respect to the solute

molecular coordinates R, is expressed simply as

IA aEU Iy (K)
= dkC,s (K)C, 2 Xt (k
R, R, 2 2,[3&2,3 (605, Xalld
+ Zav{,tr<o aRA>' (34)

TABLE 1 LJ parameters of solute and solvent sites used in the
reference interaction-site model self-consistent field (RISM-SCF)
calculations

s (A) ¢ (kcal/mol) q(e?

I~ and CHal

C 3.3997 0.1094 -

H 24714 0.0157 -

| 3.8309 0.5 -
H,X (X = O-Po)

H (expect for H,Po) 1.0000 0.056 =

H (for H,Po) 2.886 0.325 =

(0] 3.166 0.1554 =

S 4.035 0.274 =

Se 4.205 0.291 =

Te 4.009 0.339 =

Po 4.709 0.325 =
Solvent water

O 3.166 0.1554 —-0.8476

H 1.0000 0.056 0.4238

®The partial charges on solute sites are determined as a result of the
RISM-SCF calculation.
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The first term of the right-hand side of Equation (34) corresponds to
the change in the solute electronic energy; the second term corre-
sponds to the change in the solute-solvent distribution function due
to the modification of the intramolecular correlation; and the last term
corresponds to the change in partial charge on solute sites. The ana-
lytical energy gradients for the four-component relativistic
DHF/RISM-SCF are obtained by replacing the nonrelativistic molecu-
lar integral with four-component ones.

It should be noted that, although not treated in the present paper,
it is straightforward to extend the method to the four-component
Dirac-Kohn-Sham (DKS) density functional method. The four-
component DKS/RISM-SCF equation can be obtained by replacing
the solute DHF energy expression with the DKS energy expression:

EY = EPKS — tr[D(h®" +J —yK)] + €% (p), (35)

where y is the parameter defining the weight of the Hartree-Fock
exchange, and eXC is an exchange-correlation functional. Thus, the
solvation Fock corresponding to the DKS/RISM-SCF is the sum of the
four-component Kohn-Sham matrix and the solvation potential matrix

multiplied by V,.

3 | COMPUTATIONAL DETAILS

To demonstrate the present method, we applied it to the ground
states of the I~ ion, to methyl iodide CHs;l, and to hydrogen chalco-
genides HoX (X = O, S, Se, Te, and Po) in aqueous solution. The basis
sets used in the DHF calculations were the uncontracted correlation-
consistent valence triple zeta (cc-pVTZ) basis set for C, H, O,
and S,%>%¢ and the uncontracted Dyall's triple zeta plus polarization
(TZP) basis set for Se, Te, I, and Po.3” The geometries of CHgl and
H,X in the solution were optimized at the DHF/RISM-SCF level.

The parameters used in the RISM-SCF method were as follows:
The temperature and density of solvent water were 298 K and
0.03334 molecules/A3, respectively. The LJ parameters ¢ and e for
the solute and solvent sites are listed in Table 1.%8 For H,Po, the LJ
parameters for the H of silane (H,Si) were used® to ensure proper
charge polarization between H and Po. The transferable intermolecu-
lar potential with three points (TIP3P) parameter set*® for the geomet-

rical and potential parameters for solvent water was used with

TABLE 2 Helmholtz energy and
solvation free energy for I~ and CHal,

CHEMISTRY

modified H parameters. There were 2048 grid points with a spacing
of 0.05 A for pair correlation functions in the RISM calculations.
PCM-SCF calculations were performed by DIRAC19.4142

4 | APPLICATIONS
41 | Theiodineion (I7) and methyl iodide (CH;l)

The electronic structure and solvation structure of the iodine ion (I7)

and methyl iodide (CHsl) were evaluated by the relativistic and

TABLE 3 Optimized geometrical parameters, z component of
electric dipole moment, and ESP charge for CHl

Relativistic Nonrelativistic
GAS RISM GAS RISM
r(C-1) (A) 2143 2155 2144 2157
r(C-H) (A) 1.075 1.073 1.075 1.073
ZICH (°) 107.5 106.6 107.7 106.7
DM(2) (a.u.) —0.763 —1.080 -0.821 —1.155
q (e) -0.128 —-0.185 -0.146 -0.210
qc (e) —0.402 —0.495 —0.344 -0.378
qu (e) 0.177 0.226 0.164 0.196
3 T T T T
I-H(I7) =———
25} H(CHgl) ———~
-O(I7) =
2+ I-O(CHgl) 4
%
w15
[a)
14
1
0.5}
0
0 ]
(A)
FIGURE 1 Radial distribution functions between the | atom and

solvent water

and their component decomposition
A (Hartree)
EU
Ap
A" (kcal/mol)
ApNES
AU

Ereors

I~ CHal
Relativistic Nonrelativistic Relativistic Nonrelativistic
—7116.25060 —6918.21333 —7155.65459 —6957.60014
—7116.11102 —6918.07374 —7155.67243 —6957.61794
—0.13959 —-0.13959 0.01784 0.01780
—87.59 —87.59 11.96 12.00
7.30 7.30 14.40 14.41
—94.89 —94.89 -3.21 -3.24
<10°° <10°° 0.76 0.83
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0.04} -0 1
IH ———
0.02}F |
5 . -
w N2
5 V)
v
~0.02} i
~0.04} |
1 1 1 1
0 2 4 6 8 10

FIGURE 2 Difference between the relativistic and nonrelativistic
radial distribution functions for CH3l

(A) Relativistic Nonrelativistic
0.01 gas phase inwater gasphase in water
5p3p2
=5 5p
o =024 OPw2 % \
[ \\‘\ \\
£
£ 0.4 W20
- 5p12 op
= 5s
0 -0.61 —/—/—
5 S
—0.8
\ 5s
5s12
(B) 0.0 Relativistic Nonrelativistic
. gas phase inwater gas phase in water
Q —02 7
g
3
E L\\ Snl 5—~
T 044 ~ 5p TUiT/——
T 0.4 5m _En L 5m,
? ocH OcH OcH " Ocn
206
w
—0.81 = . ~ 55, - 55
! 5s)
FIGURE 3 Energy levels of (A) 5p orbitals of I~ and (B) 5p orbitals
of Iin CHal

nonrelativistic HF/RISM-SCF methods. In Table 2, the Helmholtz
energy and its components obtained by relativistic and nonrelativistic
method for |~ and CH3l are compared.

The solvation free energy (SFE) A" in the RISM-SCF method is
defined as the difference between the Helmholtz energy in solution
phase A and the energy in gas phase E&*:

Aslv —A_E%S — EU _ E®8as + A,u. (36)

TABLE 4 Optimized geometrical parameters for H,X (X = O-Po)

GAS RISM PCM
X r(A) 0() r(A) 0() r(A) 0()
o 0940 1059 0945 1056 0944 1049
S 1.329 941  1.330 961  1.331 94.9
Se 1451 929 1449 952 1452 93.7
Te 1649 921 1645 939 1649 92.6
Po 1742 907 1742 903 1746 90.0

gas

The energy difference, EY —E®, in the right-hand side can be
regarded as the electronic reorganization energy E™°® due to the sol-
vation, and the excess chemical potential Ay can be divided into the
electrostatic Au®® and the nonelectrostatic AuNFS components; hence,

A is further rewritten as
Aslv :Ereorg+AuES +A/4NES. (37)

As shown in Table 2, | is strongly stabilized due to the solvation
because of its ionic nature. The major contribution to this stabilization
is the electrostatic interaction with the solvent water. Since I~ con-
sists of only one site, all the electron charges are assigned to the sin-
gle site. As a result, the solute-solvent interaction potential for the
RISM calculation is the same in both relativistic and nonrelativistic cal-
culations. Therefore, the SFE values are identical in both cases. By
contrast, the SFE of CHsl, a polyatomic molecule, is affected by the
relativistic effects. In the DHF/RISM-SCF framework, the relativistic
effects on electronic states of the solute molecule influence the
solute-solvent interactions through effective charges on solute
atoms. Moreover, the solvation structure changed by relativistic
effects also affects the electron reorganization energy of the solute
molecule. In the present calculation, the relativistic effects seem to
suppress the electrostatic interaction between solute and solvent mol-
ecules and therefore the magnitude of all the SFE components
becomes smaller than those of nonrelativistic results. Consequently,
the total SFE of the relativistic calculation, 11.96 kcal/mol, was
slightly lower than the nonrelativistic one, 12.00 kcal/mol. The opti-
mized molecular structure and electrical properties of solute CHsl are
summarized in Table 3. As can be seen in the table, the C-I distance
and the dipole moment of the solute CHsl become smaller due to the
relativistic effects. Such structural and electrostatic character weakens
the solute-solvent interactions.

The radial distribution functions (RDFs)?” between the | ion/atom
of the solute and the O and H atoms of the solvent by DHF/RISM-
SCF are shown in Figure 1. For I, the RDF for I-O has a sharp high
peak at r = 3.4 A and the RDF for I-H has a sharp high peak at
r = 2.15 A and a relatively low peak at r = 4.15 A. In CHsl, the RDF
for 1-O has a high peak at r = 3.50 A, and the RDF for I-H has a
shoulder around r = 2.70 A and a peak at r = 4.20 A. These peaks and

the shoulder correspond to water molecules in the first solvation shell.
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O-Po), and their component decomposition

Helmholtz energy and solvation free energy for H,X (X

TABLE 5

H,Po

H,Te

ste

H,S

H,O

PCM

RISM

PCM

RISM

PCM

RISM

PCM

RISM

PCM

RISM

—22238.7121
—22238.7093

—22238.6862
—22238.7099

—6795.0840

—6795.0813

—6795.0666
—6795.0794

-399.8201 —399.8352 —2429.7964 —2429.8143
—399.8306

—399.8269

—76.1218
—76.1118

—76.1209
—76.1041

A (Hartree)

—2429.8106

—2429.8077

EU

—0.0028
-1.61

0.0237
14.94
15.07

-0.22

—0.0027
-1.59

0.0127
8.78
9.46
-1.67
0.99

—0.0037
—2.06

0.0113

9.13
11.27
—4.38

—0.0046
—2.53

0.0068

6.95
10.48
—6.36

—0.0100
—5.61

—0.0167
—5.31
6.82
-18.17

Ap
AN (kcal/mol)

A”NES

-1.75

-1.72

0.13

—2.32

-2.90

—6.28

0.67

AUES

0.14

0.09

0.25

2.24

0.37

2.83

6.04

Erecre

CHEMISTRY

The peaks of CH3l are featured to be lower and broader than those of
I~. These results indicate tight hydration around the charged |~ ion
and loose hydration around | of the neutral molecule CHal.

The difference between the RDFs of CHsl by the relativistic and
nonrelativistic RISM-SCF is shown in Figure 2. The RDFs of | are not
shown because they are identical for relativistic and nonrelativistic, as
discussed above. From the figure, the first peak height of the RDF in the
relativistic case is slightly lower than in the nonrelativistic case. This fea-
ture corresponds to the SFE behavior discussed above; that is, the intro-
duction of the relativistic effects weakens the solute-solvent interaction.

In contrast to the solvation structures, which differ little between
the relativistic and nonrelativistic cases, the electronic structures of I~
and CHj3l are naturally different due to the relatively large spin-orbit
interaction. Figure 3A,B presents the energy levels of the four highest
energy orbitals (including degeneracy) of I~ and CHsl, respectively. In
the charged system |7, the 5p3,,, 5p1/2 and 5s orbitals are significantly
stabilized by —0.2989 a.u. The MOs of CHajl corresponding to these
orbitals of I~ are the highest occupied MO (HOMO) (9e; characterized
as 5m), HOMO-1 (9¢;5z]), HOMO-2 (13as; ocp), and HOMO-5
(12a4; 5s)). The stabilizations of these energy levels are relatively
small, namely: —0.0346, —0.0338, —0.0230, and —0.0290 a.u., respec-

tively, as expected for a neutral molecule.

4.2 | Hydrogen chalcogenide H.X (X = O, S, Se,
Te, and Po)

Another example is the series of hydrogen chalcogenides. The molec-
ular structures of the H,X molecules in gas phase and in water, which
were optimized using the DHF/RISM-SCF and DHF/PCM-SCF
methods, are shown in Table 4. These molecules have also been
examined in the relativistic PCM-SCF paper.2® This paper reported
that bond lengths increase monotonically with increasing chalcogen
atomic number in correlation with the size of the central atom, and
that there is no deviation from this trend even when relativity is
included and the solvent effect is considered. The DHF/RISM-SCF
method provides similar results. The structures by DHF/RISM-SCF
and DHF/PCM-SCF methods in the table are quite close, with a maxi-
mum difference of 0.04 A in bond distance and 2.5° in bond angle.
For the bond distance, the DHF/RISM-SCF method tends to have a
slightly larger distance, and for the bond angle, the DHF/RISM-SCF
method tends to have a slightly smaller angle. The solvent effect on
the solute structure was smaller with the DHF/RISM-SCF method
than with DHF/PCM-SCF. In fact, even for H,O, where the change in
electric dipole moment due to solvation, as will be shown later, is
large: the changes are +0.005 A for bond distance and —0.3° for bond
angle. This is much the same for the DHF/PCM-SCF method.

The Helmholtz energies, as well as the SFEs and their compo-
nents, for HoX (X = O, S, Se, Te, and Po) are shown in Table 5. The
Helmholtz energies and SFEs by the DHF/PCM-SCF method are also
listed. The nonelectrostatic contributions to the SFEs were not
included because the nonelectrostatic energy is not handled in the

current PCM implementation of the program package (DIRAC). Hence,
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the SFEs by the DHF/PCM-SCF method are the sum of E™°® and
AuFS. For this reason, direct comparison between the total SFEs AV
by the DHF/PCM-SCF and DHF/RISM-SCF methods is not
appropriate, and only the electrostatic and electronic reorganization
energies are compared below. Table 6 lists the z components of the
electric dipole moments and the electrostatic potential (ESP) charge

on the X atom of the solute molecule. The H,X molecules have a C,,

TABLE 6 Zcomponent of electric dipole moment and
electrostatic potential charge on X for H,X (X = O-Po)

symmetry, and thus only the z component of the dipole moment has a
value.

The SFE by the DHF/RISM-SCF method is negative (—5.31 kcal/
mol) for H,O and positive (6.95-14.94 kcal/mol) for the other mole-
cules, increasing with the atomic number of chalcogen. The electro-
static and nonelectrostatic components of the SFE increase from H,O
to H,Po: the electrostatic component increases from —18.17 kcal/mol
for H,O to —0.22 for HyPo, and the nonelectrostatic component
increases from 6.82 kcal/mol for H,O to 15.07 for H,Po. By contrast,
the reorganization energy is smaller than these two energies, decreas-

ing from 6.04 to 0.99 kcal/mol. According to Table 6, the magnitude

H,O H,S H,Se H,Te H,Po of the electric dipole moment and ESP charge decrease with increas-
GAS ing chalcogen atomic number, indicating that the polarity of the mole-
DM(2) (a.u.) 0.781 0.449 0.307 0115 —0.229 cules reduces with increasing chalcogen atomic number. The SFE
ale) 0741 0319 -0226 —0116 0.033 results correspond to the magnitude of the molecular polarity. That is,
RISM the larger the polarity of the molecule, the larger the magnitude of the
electrostatic component and the reorganization energy, and the smal-
DM(z) (a.u.) 1.137 0.861 0.732 0.464 -0.342 . .
ler the magnitude of the nonelectrostatic component. For H,O, the
q (e) —1.056 0553 0446 —0.268 0.080 .
. most polar molecule, the electrostatic component of —18.17 kcal/mol
PCM is dominant, and the nonelectrostatic component and reorganization
DM(z) (a.u.) 0903 0.584 0426 0191 -0327 energy are of similar magnitude, 6.82 and 6.04 kcal/mol, respectively.
2Reference 23. By contrast, for H,Po, the least polar molecule, the nonelectrostatic
A B
U T T T ®)s T T T ]
HZO(X-H5 —_— H,0(X-0) ———
HyS(X-H) — — = HyS(X-0) — — =
25~ H,Se(X-H) —---- 1 %5 H,Se(X-0) —=--- 7]
HyTe(X-H) — - — [\ H,Te(X-0) — - —
2 H,Po(X-H) 4 2k , \f\ H,Po(X-0) -
w15 151 ,
[a)
2 l
1 e l
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©€), | : (D) : :
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FIGURE 4 Radial distribution functions between H,X and solvent water
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energy of 15.07 kcal/mol is dominant, and the electrostatic compo-
nent and reorganization energy are very small, —0.22 and 0.09 kcal/
mol, respectively. Both the electrostatic component and reorganiza-
tion energy are rather smaller by the DHF/PCM-SCF method than by
the DHF/RISM-SCF method. Even for H,O, which has the largest
magnitude, the electrostatic component and reorganization energy
are —6.28 and 0.67 kcal/mol, respectively. Note that comparing the
dipole moments of RISM and PCM in Table 6, the DHF/RISM-SCF
values are larger than those of DHF/PCM-SCF. The maximum differ-
ence is 0.306 a.u. for H,Se, while the difference is relatively small for
H,Po with different polarity, 0.015 a.u. The overestimation may be
attributed to the fact that the RISM-SCF method overestimates the
polarization of solute molecules in polar solvents when using the
point-charge representation.*®

The RDFs by the DHF/RISM-SCF method are shown in
Figure 4A-D. The RDFs of H,S, H,Se, and H,Te were similar, indicat-
ing that the RDF features can be classified into three groups: H,0O,
H,S-H,Te, and H,Po. In all the RDFs, the peak heights decrease with
increasing chalcogen atomic number. This reflects the fact that the
solute-solvent interaction weakens with increasing chalcogen atomic
number, as can be seen from the polarity of the solute molecules in
Table 6.

The RDF, gx_n, between X of the solute and H of the solvent
(Figure 4A) shows a conspicuous peak at 1.80 A for H,0, but there are
no corresponding peaks for the other molecules; the second peak for
H,O corresponds to the first peaks of the other molecules. These first
peaks are at shorter distances than the first RDF peak between X of the
solute and O of the solvent (Figure 4B) in the case of H,O-H,Te, and at
about the same distance for H,Po. This indicated that for H,O, there is
distinct hydrogen bond formation between O of the solute and H of the
solvent; for H,Po, the solvent waters take a nearly random orientation
with respect to Po; and for H,S, H,Se, and H,Te, the solvent waters are
roughly oriented with H toward the X of the solute.

For the four molecules H,O-H,Te the RDFs, g1_o, between H of
the solutes and O of the solvent in Figure 4D have a peak at about
2 A, and the RDFs, g1, between H of the solute and H of the sol-
vent in Figure 4C have a peak or shoulder at about 2.5 A. These indi-
cate the hydrogen bond formation between solute H and solvent O
for the three molecules. In contrast, there is no peak at a similar posi-
tion in H,Po, and gi_o has a small peak around r = 3.1 A, indicating
that H of the solute and O of solvent are loosely bound without form-
ing an obvious hydrogen bond.

5 | CONCLUSIONS

We have presented the DHF/RISM-SCF method, which is the initial
implementation of a combined method of a four-component relativis-
tic theory and an integral equation theory of molecular liquid to con-
sider both the relativistic and the solvent effects on the electronic
structure of solvated molecules. The method was formulated as a vari-
ational form of the Helmholtz energy, and the analytic energy gradi-

ents were also derived using the variational property.

CHEMISTRY

We have applied the DHF/RISM-SCF method to iodine ion |7,
methyl iodide CH3l, and hydrogen chalcogenide HoX (X = O-Po) in
aqueous solutions. For |~ and CHasl, the SFEs and their components,
and the RDFs of solvent around the | atoms were shown and dis-
cussed. For species with no or small charge bias, the absolute reorga-
nization energy was very small, and the signs of the SFEs were
determined by the electrostatic energy in Au for I~ and by the none-
lectrostatic energy in Au for CHal. The solvation structures for I~ and
CHasl around the | atom were similar for the peak and shoulder posi-
tions, whereas the peak heights were different due to the charge dif-
ferences. The comparison with the nonrelativistic HF/RISM-SCF
results indicated that changes in solvation structure due to relativistic
effects were relatively small. In contrast, for the electronic structures
of solute, such as the orbital energy levels, the relativistic description
using the DHF/RISM-SCF method was essential. For H,X, the molec-
ular structures, SFE and their components, the electric dipole moment
and ESP charges of the solute, and the RDF of solvent around the X
and H atoms were computed and discussed focusing mainly on the
differences due to the heavy atom X. As shown by the dipole moment
results, the polarity of molecule decreased with increasing chalcogen
atomic number. Consequently, the SFE increased, and the electro-
static energy decreased in its absolute value. The solvation structures
of HoX were classified into three groups: H,O, H,S-H,Te, and H,Po.
In H,0, both the O and H atoms formed hydrogen bonds with solvent
water. In H,Po, by contrast, the solvent water took nearly random ori-
entations around the Po atom of the solute. The H atom of the solute
and the O atom of the solvent were loosely bound without forming
an obvious hydrogen bond. In other molecules, hydrogen bond forma-
tion was observed between the H of the solute and the O atom of the
solvent, and the solvent waters were roughly oriented with the H
atom toward the heavy element of the solute. Overall, it can be said
that the DHF/RISM-SCF method appropriately introduces solvent
effects to the four-components relativistic electronic structure theory.

The present DHF/RISM-SCF method can be extended in both the
four-component relativistic electronic structure theory of solute mole-
cules and the solvent model. Though the electron correlation effect is
not so large for the molecular systems treated in the present article,
the combination with electron correlation methods is crucial, espe-
cially for the precise description of the electronic structure of solute
molecules, the quantitative description of chemical reactions, and
their application to quasidegenerate systems. For full variational elec-
tronic structure methods, such as the four-component KS-DFT and
MCSCF methods, the variational approach to the Helmholtz energy is
applicable, as described in the Methods section. Additionally, for non-
variational electron correlation methods, such as the four-component
perturbation and coupled-cluster methods, the formulation procedure
using a Lagrangian in the RISM-SCF method is now well established.
For solvent models, more accurate models such as three-dimensional
(3D) RISM***> and the molecular Orenstein-Zernike (MOZ)*¢4”
model that are compatible with the four-component relativistic
method describing fine electronic structures of solutes, are desired.
The 3D-RISM theory explicitly incorporates the orientation of one
molecule in the two-body interaction between molecules, and the
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MOZ theory explicitly incorporates the orientations of both mole-
cules, resulting in the 3D-RISM-SCF*84? and MOZ-SCF3%°° methods
using these models to refine the description of solute-solvent inter-

molecular interactions. Those developments are currently in progress.
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