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Quasirelativistic theory for magnetic shielding constants.
Il. Gauge-including atomic orbitals and applications to molecules

Ryoichi Fukuda, Masahiko Hada, and Hiroshi Nakatsuji¥
Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering,
Kyoto University, Sakyou-ku, Kyoto 606-8501, Japan

(Received 10 August 2001; accepted 22 October 2002

Quasirelativistic theory of magnetic shielding constants based on the Douglas—Kroll-Hess
transformation of the magnetic potential presented in a previous paper is extended to molecular
systems that contain heavy elements. The gauge-including atomic orbital method is adapted to the
quasirelativistic Hamiltonian to allow origin-independent calculations. The present theory is applied
to the proton and halogen magnetic shielding constants of hydrogen halides aftHthenagnetic
shielding constants and chemical shifts of mercury dihalides and methyl mercury halides. While the
relativistic correction to the magnetic interaction term has little effect on the proton magnetic
shielding constants, this correction is a dominant origin of the heavy atom shifts of the magnetic
shielding constants of heavy halogens and mercury. The basis set-dependence of mercury shielding
constants is quite large in the relativistic calculation; it is important to use the basis functions that
are optimized by the relativistic method to properly describe the relativistic effect. The relativistic
correction to the magnetic interaction term is quite important for mercury dihalides in which the
relativistic effects from mercury and halogen are strongly coupled. Without this correction, we
obtain quite incorrect results. The origin of th&Hg chemical shifts in mercury dihalides is the
spin—orbit interaction from heavy halogens. In methyl mercury halides, the paramagnetic shielding
term as well as the spin—orbit interaction from heavy halogens dominatéSttgechemical shifts.
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I. INTRODUCTION be treated within the DKH approximation, i.e., the effect of

) ) ) ) o the so-called “picture change” of the operatrdas to be
Since chemistry deals with various combinations ofisken into account for accurate calculations.

mor.e—than-one—hundrgd elements in the periodic table, the ¢ magnetic shielding constant, in particular its elec-
basic theory of chemistry should be able to sEamlessly qnic mechanism, is essentially the property of the reso-
applicable to all such combinations of elements. For this PUf ance atom”18 Representing the relativistic effect with the

pose the Schuiinger picture alone is insufficient and we one-electron or effective one-electron operators is a good

have to rely on the relativistic picture based on the D'racapproximation because this effect is mainly caused by the

equation. The relativistic effect becomes more and more 'métrong attraction potential of the nucletfsin this sense, the

portant as the system includes heavier and heavier elethents,, ..% . -
i S relativistic effect on the magnetic shielding constant of a
Although rigorous relativistic treatment of molecules

should be based on the four-component Dirac th@aryor- resonance atom can be considered to originate from two

midable computational cost originating from an explicit cal- ts)ou:jceds. Oﬂe Is the relativistic eff;:c; fromh th_e ?]tom Ith‘_"“_ 'S
culation of the small component still limits its application to onded to the resonance atom, and the other Is the relativistic

small molecules. Quasirelativisi©R) theories, on the other €ffect from the resonance atom itself. The importance of both
hand, like those based on the Douglas—Kroll—HE@BKH) faffgcts was first recognized by semiempirical works. Mor-.
transformatiod® and the regular approximatidn® can be ishima, Endo, and Yonezawa found that the proton magnetic
considered as a natural extension of the nonrelativistihielding constant of hydrogen halides was strongly affected
Schradinger equation, and are widely accepted as computdy the spin—orbi{SO) interaction, which is one of the rela-
tional tools in relativistic quantum chemistry. tivistic effects of halogen& Pyykko and co-workers found
Properties of atoms and molecules, especially magnetigut that the Pb magnetic shielding constant of Pbias
properties, fairly strongly reflect the relativistic Significantly increased by considering the relativistic efféct.
effect??-26:28-33Fqr calculating such properties, the pertur- ~ The heavy atom shift due to the SO interaction of the
bation method that takes into account the relativistic effecbonding heavy element was extensively studied in this labo-
on the electrostati¢*2and magnetic properti&&*®has been  ratory using theab initio SO-UHF method?~?® These stud-
presented within the framework of the DKH approximation.ies revealed that the origin of the “normal halogen
These studies concluded that the perturbation operators musépendence? lies in the SO effect of the heavy halogen.
The importance of the SO interaction for chemical shifts is
3To whom correspondence should be addressed. Fax: 81-75-753-56580W well recognized through these studies. Several studies
Electronic mail: hiroshi@sbchem.kyoto-u.ac.jp usingab initio method®?°have been carried out to provide a
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theoretical prediction of the magnetic shielding constants ofhared exponent feature is advantageous for calculating mo-
molecules that include heavy elements. lecular properties. For the heavy atom shift of Hg as a heavy
The relativistic effect from the resonance atom itself hasatom, it is important to use the basis functions optimized
not been studied as well. The strong relativistic effect from awith relativistic theory. If we neglect the relativistic effects
heavy resonance atom requires proper treatment of the spion the magnetic interaction and the picture change effect for
free relativistic (SFR effect, the SO interaction, and the Hgl, or HgBr, in which the relativistic effects from Hg and
magnetic perturbation terfi=® Although the zeroth order halogens are coupled, the theory would lead to quite incor-
regular approximatioliZORA) has been successfully used to rect results. In mercury compounds, the origin of g
study the magnetic shielding constants of molecules that inchemical shifts is paramagnetic shielding and the Fermi-
clude heavy elementd® similar application of the DKH contact terms. The present theory can adequately explain the
approximation is still limited. Studies using the DKH ap- trend of the chemical shifts of the molecules including heavy
proximation were carried out by Ballaret al3? and Fukui elements, and provides a good starting point for a more ac-
and Baba® While these studies considered the relativisticcurate theory that includes electron correlation effects.
effect on the unperturbed Hamiltonian, the magnetic pertur-
bation remained in a nonrelativistic form. Due to our recent
studiest>**the relativistic correction on the magnetic pertur- Il. THEORY
g;t:zz g?nhn;;\/gee?gglsr?::d_lfﬁretzgg‘iggez;Cst:'rzld(':?]%ncgg,' The t?asic.quasirelativistic theory used in the present
Hochl12 th d ) db vina the DKH t f _stu_dy is given in Ref. ;5referred_ to as “Paper I be!on
etiec must be considered by applying the ranstor \which the DKH Hamiltonian within a magnetic field was
mation to an external magnetic field. o tormulated and written as
In this study, we apply the quasirelativistic theory of
magnetic shielding constants based on the DKH method that
we proposed previoustyto molecular systems. We examine
the relativistic effect on the magnetic shielding constants and
chemical shifts of molecules that include heavy elements. A{vhere
theory that does not depend on the choice of the gauge-origin  E;= C(Dj2+ c?)2
is necessary for studying the magnetic shielding constants of N " .
molecules. We use London’s gauge-included atomic orbital® the kinetic energy oper_ator aM? represer_ﬂs the effective
(GIAOs) (Refs. 34 and 3pbin this study. The generalized- §calar _post%nnal that includes the spin-ree and SO
UHF (GUHF) wave function®*%is used to describe the SO 'Mteraction.’
interaction and the spin-dependent magnetic response of the Vfﬁ= Ki(Vi+R;p;V;-pjR)K;
wave function. We extend the GUHF finite perturbati{&i®)

H:Zj (Ej+vfﬁ+H;“39)+§k Vi, (1)

. V2
theory?3® for the magnetic shielding constant to adapt the +iop-[KiRi (VX p)RiK; 1= 2L (W])?E;

GIAO formalism, and propose the GIAO-FP-QR-GUHF +2WYEWY + E (WY)2]. )
method. e R

First, we apply the GIAO-FP-QR-GUHF method to the Vjk denotes the electron—electron interaction term that in-
magnetic shielding constants of hydrogen halides. Thesgludes electron repulsion and two-electron SO interaction as
molecules have been extensively studied with several levels

. . L+ V. g 421,
of relativistic theorie$?282937:3%\jle compared our results ijzi_i (I Z:ij) %, (lgj 2I31k) oy @
with the four-component results reported by Visscaieal 28 Mk 4c? M M
Th.e d_ommant part of the I’e|at.IVIStIC effect on _the rr.1agnet|<:where|jk:r_k>< p; . The magnetic interaction Operatldl{nag
shielding constants of proton in hydrogen halides is due tog given b);é
the SO interactiod? however, both of the spin-dependent -
and spin-free relativistic effects and the picture change effedt] =K|[R;aj-pj(caj-A)) + (coj-Aj) o) piR;IK;
influence the magnetic shielding constants of heavy halo- +%[(WJVWJA—WJAWJV)EJ-+2(W}’E1-WJA—WJAE1WJV)

gens.
Next, we addres¥®*Hg magnetic shielding constants and + Ej(WJVWJA—WJAWJV)]

chemical shifts of mercury dihalides. To investigate the rela- A N N A

tivistic effect on heavy elements, it is important to use the + 2l (W) “Ej+2WEj Wi+ E (W) 7] (4)

basis functions that can adequately describe the relativisti¢ne vector potential from the uniform magnetic fiddand

effect. In hydrogen halides, we use uncontracted even- teMpe nuclear magnetic momeps, of nucleusA is written as
pered basis functions. However, such a large set of basis

. .. . . _ A0 N
functions limits the application of the theory to small sys- Aj=AjtA], )
tems. We propose as a relativistic basis function the congiy
tracted well-tempered Gaussian basis functlavith relativ-

o - ) ) 0_
istic SCF coefficients. The well-tempered basis function has ~ Aj=2BXTjq, (6)
a sufficient range of exponents to describe the relativistic nue
wave function. The exponent parameters for almost all of the AJ-N= -= > puax VG, )
elements in the periodic table are available. Moreover, their c° A

Downloaded 10 Feb 2003 to 130.54.33.130. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp



J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Magnetic shielding constants 1029

where

_f Wa(Ra) ¢J:w:2aﬁ ; CYixne (12)
AT

dR. tS)

|ri —R] with the complex molecular orbitdMO) coefficientsC, and
Here, rjq=r;—d is the position vector from the arbitrary spin functionw=« or B. The MO coefficients and the orbital
gauge-origind. w, represents the distribution of the nuclear energye are determined by solving the GUHF-SCF equa-
magnetic momerft? The Gaussian nucleus motfei*® is  tions
used in this study.

The magnetic s_hielding terlsor of nuclefisn tu com- > > (F‘;’{“—sfo)Sﬁ;“)Ci’j(o):O (13)
ponent(t, u=x, y, 2) is given by o' =ap N
PE 9 under the orthonormality condition

TANT 9B '
e Y S cnrsyecy®=s. (14

If we consider the change of picture effect for magnetic per- o’ w=a,p A

turbation, the Hellmann—Feynman theorem holds for th

quasirelativistic Hartree—Fock SCF wave functiolf for

the derivatives with respect 1@, ,,; and thus the magnetic

shielding tensor can be written in the fdrm F(;)):w:<Xvwl|h(0’0)|X)\w>

occ

_ (0)] | (L.1)) 4(0)
“Aytu_; (¢ Hjgil 47) + 2 2 e xolVidx, ™ xem)

r'=a,B PO

eSuperscript(O) represents the solutions without a magnetic
field. The matrix element of the Fock operator is given by

d ’ ' 7
+ a—Bt[<¢§Bf)|HJ<2ﬁ)| ¢ "N]g=o - (10) —(Xv0 XTI Vid X, 7' X2 @) 1D, (15

The Hamiltonian is expanded in powersBfand 5 as where the density matrix is given by

occ

H=HO+ 3 HIMOB o+ 30 3 Hlka D=2 Cji iy (16)
t u

The matrix elements of one-electron integrals are written as

<Xvw,|h(0’0)|X)\w>:<XV|(Ep+VSF)|X)\>5w’w
Al 0,0 1,0 0,1 1,1
The explicit forms of H(®O HEO)  H( ),_ang_H( ) are +(x,0' [VS @), 17)
given in Paper |. The GUHF wave functitif®is used to
describe spin-dependent properties. The GUHF orbital isvhere VSF and VSO are the spin-free and SO parts ",
written as a linear combination of atomic orbit@lO) basis  respectively. The two-electron integral includes electron re-
functionsy as pulsion and two-electron SO interaction as

+EA % BH G aut - (12)

1
(Xvw,XAw|V12|XpT,XUT):(fdrlerXV(rl)X)\(rl)r_lZXp(rZ)Xu'(rZ))5mw’677’

1 (|t12+2|t21)
T > {( f drydrox,(r) xa(r) ———3—x,(r2)xo(r2) (0'|0"©)8,,
4c° t=xy.z ris
(I51+213))
+< J' drlerXv(rl)X)\(rl)r—3Xp(rZ)X(r(rZ) Suwu (7' |0 7). (18)
21
I
The overlap integral is given by allow gauge-origin-independent calculations for magnetic
SO () 19 properties, we use GIAO functioi$>*which are defined by
N AXvIXN O 0w+ i
i
To calculate magnetic shielding tensor, the response of XE,B):eXF{ - E(BX(RV—d))'F}Xw (20)

the MOs with respect to uniform magnetic fidklis neces-

sary. We adapt the finite perturbati¢fP) theory>*¢for the  wherey, is the usual real AO function that is centeredrat
GUHF-SCF equations where a small amount of finite mag-The GUHF-MO under the magnetic field perturbation is
netic perturbatiorB; is applied in the SCF procedure. To given by the GIAO basis as
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w ' (B ) B)ow'® (B

¢§B):w§,ﬁ > cPPo. (D) Py ) > Cp B s+ BT C P = 0.
The coefficientC® is determined by solving the GIAO-FP- (23
GUHF-SCF equations The matrix elements of the magnetic perturbation are given

by
o'ow_ (Bgo'w
2 2 [(FV —&; tsy B w’w ’ 12

g X T HIY = (0 HE o) + (e IO o)

+Bt(Hf\t)w/w—8}8085,?\{)‘0,‘0)](:;(‘3[):0 (22) +GE’1£)w/w. (24)
under orthonormal conditions Since the GIAO depends on the magnetic field,

GV = 2 2 [HEAr)x,0 a0 Vidx,mx. ) + (X0 xa o Vi {2 x, 70, ™)

'=a,B PO

—(FEArDx,0 X IVid X, @) = (X0 Xo 7 [Vid FEX(r) X, X0 @) 1D (By). (25)

The overlap integral also includes the magnetic field as  pared to an analytical method. The first part in E2p) is the
B diamagnetic shielding term, the second parts can be sepa-
S(Vx‘)“’ w=(f§};§)XV|XA>5w,w. (26)  rated into the spin-free paramagnetic shielding term and the
] ] SO-induced shielding term.
The gauge-factor is defined by

IIl. CALCULATIONS AND RESULTS

i
(L9)py= — — _
feon(r) = 2 [(R,=Ry)Xxr]:. (27) As proposed in Paper |, we perform three different levels

) _ of approximations for the quasirelativisti®QR) Hamilto-
Equations(22)—(27) summarize the GIAO-FP-QR-GUHF pians as follows:

procedure for magnetic shielding constants. It is easier to o .

extend a SCF program for the magnetic FP calculation at thé®) QR level 0(QR-0: the DKH Hamiltonian with nonrel-
QR-GUHF level than to extend a nonrelativistic program, ativistic magnetic interactio g"*?,

because complex algebra is needed even without a magnetic R-0_ off ma

field due to the presence of the SO interaction. In the DKH H® _; (Bj+V, H,Zk Vik+; Ho . (29
transformatior?, ® the evaluation of matrix elements is car- QR level 1(QR-1): the DKH Hamiltonian with the
ried out using the matrix transformation method and by first-order DKH magnetic interactiot™ and the
adopting the resolution of identityRI).*” In the GIAO nonrelativistic diamagnetic shielding term,

method, additional gauge correction terms of the DKH trans-

formation arise in Eq(24), due to the existence of the gauge HOR1=> (Ej+vfﬂ)+2 Vit > HI

factor in Eq.(27). The gauge factor increases the angular J =k ]

moment of the basis functiori3,and thus, we perform the

DKH transformation with a space that includes higher angu- + LE hj(l'l). (30)
lar moment set afy + rx}. 2¢? 7]
The magnetic shielding tensor can be written as (c) QR level 2 (QR-2: the DKH Hamiltonian with the

second-order DKH magnetic interactiet%+ H2'9,
Optu™ > 2 DA x0 HE o)

o HQR'2=§]_: (EJ-ij}Eff)Jrg,k vik+§j) (HYP%H HYR9).
+ (e [FEIHG )] S
oD @B The GIAO-FP-QR-GUHF method is used for all levels of the
+ > > _n (o' [HOY x o). QR calculations. The isotropic shielding constamty
wo'=a,f VN 9By B,=0 ' =(onxxT ONnyyt ON22)/3, is discussed. The chemical shift

(28 5% of a molecule X is defined by*= o"®— oX, wheres"'is
the value of the reference molecule. The magnetic shielding
In the FP theory, the differentiation of the density matrix isconstant can be decomposed into a diamagnetic shielding
carried out numerically. With a use of the finite field Bf  term, paramagnetic shielding term, Fermi contact term, and
=10 %-10* (a.u), the error introduced by numerical dif- spin-dipolar ternf? it can also be divided into the spin-free
ferentiation is less than the present level of accuracy comterm (¢93+ 0?39 and the SO term,
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TABLE I. Proton and halogen magnetic shielding constants of hydrogen hapges.

NR QR-0 QR-1 QR-2 4-comp.
Nuc® Utotal o_dia+para O.SO o.total U.dia+para O.SO o_total 0_dia+ para O_SO a.total o_total
HF H 28.09 28.44 0.17 28.61 28.06 0.17 28.23 28.17 0.17 28.34 27.87
HCI H 30.54 30.62 1.02 31.64 30.56 1.00 31.56 30.54 1.01 31.56 31.00
HBr H 30.74 30.72 6.44 37.17 30.72 6.41 37.13 30.71 6.43 37.15 36.08
HI H 31.15 30.95 18.62 49.57 30.93 18.56 49.49 30.95 18.77 49.72 47.98
HF F 416.8 415.3 0.6 415.9 420.1 10.5 430.6 414.0 9.4 423.4 423.3
HCI Cl 957.5 964.7 4.1 968.8 968.1 66.9 1035.0 956.7 62.3 1018.9 1020.1
HBr Br 2634.9 2679.3 75.6 2754.9 2738.5 541.8 3280.3 2630.2 534.7 3164.9 3224.6
HI | 4540.4 4631.8 761.8 5393.6 4910.2 1992.4 6902.6 4525.6 1983.0 6508.5 6768.4

@Resonance nucleus.
bFour-component relativistic RPA calculati¢Ref. 38.

UA:gjiiaJr oharay Uio( SD)+0,§°(FC) function9® are necessary to reduce the origin-dependence.
diast oara. SO Tight p-functions that correspond to the derivatives of inner
=op P oR (320 sfunctions should be added for hydrogen to reduce the

gauge-error ofrS°,

The halogen magnetic shielding constant of HX shows

Hydrogen halidegHX) are the simplest molecular sys- the heavy atom shielding due to the heavy atom itself. As we
tem that clearly shows the relativistic effect on the magnetiGyginted out in Paper I, the dominant origin of the heavy atom
shielding constants. The chemical shift of this series of molspift of heavy atomHAHA) (Ref. 21 effect is the relativ-
ecules is dominantly relativistic-effect origin, mainly the jstic correction of the magnetic interaction, which is consid-
spin—orbit effect” We apply our theory first to this system greq in the QR-1 and QR-2 approximations. The present re-
as molecular applications. We use the basis sets that are tQgis for HX are consistent with the HAHA mechanism

38
same  as tholsg used by \ﬁssch(;tal. n theffoir- proposed in Paper |. The QR-0 approximation provid€S
component relativistic RPA study. The basis sets for ydro-as a relativistic correction to the NR value. This correction is

gf%’ quo_rme, agdv\(/:hlcrz*réag$;e tge qncor:tre;cteg CC'PVTZ sOfti?nportant for heavy halides and is 14% and 3% of the total
ot bunning an oort. € basis sets for bromine and 565 in jodide and bromide, respectively. However, this

lodine are, respectively, the even-tempereds(Bp12d3f) correction in iodide is 34% of the total relativistic correction

38 :
zgg d(é&ﬁztlr?sls\(/jvfwifghSvf/!(t;eotfh;ﬁzz(r:‘::Izts?tosg)?ﬁel?rg?e;;alwe rthat can be obtained by the four-component theory. Most of
gihs, - <5 WeIRe relativistic correction is attributed 05 at the DKH

used. ) .
Calculated shielding constants and their decompositiorhevel that is considered by QRZ'.TO r_eprpduce the four-
omponent theory for the magnetic shielding constants of

into the spin-free term and SO term are summarized in Tabl | ¢ hould ider the SO int i d
I. The results with a nonrelativistidNR) calculation and the cavy elements, we should consider the interaction an
the relativistic magnetic interaction. The QR-2 results are

four-component calculation by Visscher al 3 with relativ- . 0 _ :
istic RPA are also shown. The proton magnetic shielding®87? @nd 96% of the four-component results in bromide and
lodide, respectively. Thus the QR-2 approximation underes-

constants of HX gives a typical example of the relativistic ' R, X >
effect by bonding heavy elements X. It has been well doculimates the magnetic shielding constants of heavy halides in

mented that the SO interaction of the heavy halogen ingomparison with the four-component re'sults. This tendency
creases the magnetic shielding of prot8A222This SO 1S different from the results of our previous study of noble
effect from the bonding halogen is the origin of tAkl gas atoms in which the QR-2 values for Kr and Xe were
chemical shifts of hydrogen halides. The SFR effect does ndbout 1.5% larger than the DHF valugdn these cases, the
affect the proton shielding constants because the SFR effeguge-error should be small. This tendency can be explained
is rather local compared to the SO interactiéf® By com- by the difference in the direction of the error of*®and
paring the QR-2 results with the QR-1 results, we can se€(FC) in the QR-2 approximation. In noble gaseg*is
that the relativistic correction of the magnetic interactionalways positive, whiler®*@is negative in halogens of hydro-
does not affect the shielding constants of hydrogen. Accordgen halideso(FC) is positive in both cases. If we assume
ing to these results, we can conclude that the SO interactioifiat the QR-2 overestimates the absolute value™8f* and

is the dominant relativistic effect for the proton magneticunderestimates that o#(FC), the errors fromgP*® and
shielding constants of hydrogen halides. The results witw(FC) may almost cancel in noble gases to give a small
QR-2 are about 1.7 and 1.1 ppm larger than the results witpositive error. In halogens, however, errors frerff"® and

the four-component method for iodide and bromide, respece(FC) accumulate to give relatively large negative errors.
tively. This discrepancy is thought to be a gauge-error: AThe magnetic shielding constant in the DHF is a single term,
common gauge-origin was located at the halogen atom in thand decomposition intoo”®® and o(FC) as in a two-
four-component calculations. With this choice of origin, thecomponent method is difficult. It is difficult to estimate the
derivatives of hydrogen basis functiorifirst-order basis accuracy of each decomposed term.

A. Magnetic shielding constants of hydrogen halides
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TABLE 1I. '**Hg magnetic shielding constants of mercury dihalides and their orbital decomposition afgysis

NR QR-0 QR-1 QR-2
Molecule Orbita*f a_total 0_dia—*— para U.SO o_total a.dia+para O_SO O_total O.dia+para O_SO U.total
Nonrelativistic basis set
HgCl, core 9303.2 10215.2 —-115.2  10100.0 10638.1 2180.8 12818.9 9524.1 2112.7 11636.8
valence —1777.6 —2114.6 294.4 1820.2 —1802.9 98.8 —1709.1 —1809.5 100.0 —1709.5
total 7525.6 8100.6 179.2 8279.8 8835.2 2274.6 11109.8 7714.6 2212.7 9927.3
HgBr, core 9319.4 10221.2 82.0 10303.2 10649.3 2256.4 12905.7 9530.5 2188.3 11718.8
valence —1598.4 —1875.7 14485 —427.2 —1576.6 5629 -1013.6 —1578.1 569.6 —1008.5
total 7730.0 8345.5 1530.5 9876.0 9072.7 2819.3 11892.1 7952.4 27579 10710.3
Hgl, core 9267.4 10148.8 193.1 10341.9 10589.5 2303.2 12892.7 9470.5 2235.0 11705.5
valence —2033.8 —2343.2 2385.4 42.2 —1960.2 927.4 -1032.8 —1962.0 937.2 -1024.8
total 7233.6 7805.6 2578.5 10384.1 8629.3 3230.6 11859.9 7508.5 3172.2 10680.7
Relativistic basis set
HgCl, core 9159.2 10749.3 3243.2 13992.5 11465.5 6669.6 18135.1 9996.7 6429.0 16425.7
valence —1763.7 —3550.2 28748 —6754 —2508.2 —195.0 —2703 —2523.5 38.9 —2484.6
total 7395.5 7199.1 6118.0 13317.0 8957.3 6474.6 15431.9 7473.2 6467.9 13941.1
HgBr, core 9166.9 10748.5 4291.5 15040.0 11460.8 6824.2 18285.0 10000.7 6569.3 16570.0
valence —1641.4 —3474.9 23729.3 20254.4 —2344.2 1462.2 —884.1 —2375.7 2040.0 —335.7
total 7525.5 7273.6  28020.8 35294.3 9116.6 8286.4 17400.9 7625.0 8609.3 16234.3
Hgl, core 9101.8 10560.0 7863.4 184234 11364.3 7068.9 18433.2 9883.1 6885.7 16768.8
valence —2074.2 —4387.9 42510.2 38122.3 —2954.5 3738.8 784.3 —2956.2 3738.8 782.6
total 7027.6 6172.1 50373.6 56545.6 8409.8 10807.7 19217.5 6926.9 10624.5 17551.4

aUnderlined value denotes the total magnetic shielding constant of the molecule in the approximation indicated.
bOrbital contribution of the magnetic shielding constatal)=(core+(valencs.

B. 1%°Hg chemical shifts for mercury, iodine, and bromine, respectively. The geom-

We calculated thé®**Hg magnetic shielding constants of etries of molecules are due to the experimental BNe.
HgX, (X=CI, Br, and ) and HgXY (X, Y = Me, Cl, Br, and The calculated magnetic shielding constants of KgX

1). The basis sets are Huzinaga—Dunning double-zeta set fof —Cl: Br. and ) with the NR, QR-1, and QR-2 theories are
hydrogerf52and Ahlrichs’ TZ set for carbon and chlorifi: summarized in Table Il, where the totals Qecomposed mtp
a singled-polarization function is added for each 8&#n two terms:o calculated by the QR theory is decomposed into

spdiffuse function is also added for the chlorine ¥gor  the spin-free term and the SO term. Each term is further
heavy atoms, we use nonrelativistic and relativistic basig/€composed into the core and valence orbital contributions.
functions. The nonrelativistic basis set for mercury is Huzi-TWenty-six electrons, includingdband & electrons of mer-
naga’s triple-zeta for valence orbitals and double-zeta for th&€Ury, and the outermost and p electrons of halogens, are
inner sheff* with two p-polarization function§* and the ba-  considered valence electrons. Totels the sum of the core
sis sets for bromine and iodine are Huzinaga's“setthe ~ and valence contributions.

same contraction as mercury with a singlepolarization The basis function dependence of the NR calculation is
function and onesp-diffuse function® The relativistic basis about 20 ppm and mainly arises from the core orbital contri-
set is the well-tempered set of Huzinaga and Klobuko#ski bution. The QR calculation significantly depends on the basis
in the relativistic contracted form. The contraction coeffi- functions. The choice of the basis functions affects the va-
cients are determined by the QR-SCF calculations for atomince orbital contribution as well as the core orbital contri-
with primitive functions. We use the segment contractionbution. The SO effect from the heavy halogens cannot be
scheme®>*® to keep the inner shell double-zeta and valencedescribed using nonrelativistic basis functions. Therefore, the
quadruple-zeta. The innermogtshell for iodine and thgp  high-field shifts observed in bromide and iodide cannot be
andd shells for mercury are contracted in two different pat-reproduced with the QR-1 and QR-2 approximations. It
terns to describe the SO splitting pf? andp®? ord®?and  seems that the QR-0 approximation with nonrelativistic basis
d°? orbitals. The basis functions for other orbitals are con-functions can reproduce such high-field shifts. However, the
tracted by the spin-averaged QR-SCF coefficients. Theesults with the QR-0 approximation strongly depend on the
energy loss due to this contraction €500 nE,, in each choice of basis functions. Using relativistic basis functions
atom. After contraction, the innermost four s primitives of with QR-0, the chemical shifts of heavy halides greatly over-
mercury are split to give more freedom for Fermi contactshoot the experimental values. In the calculations for noble
interaction. Oned-function was added for iodine and bro- gases, we predicted that the QR-0 approximation contributes
mine, and threg-functions for mercury generated from the to an error in the magnetic shielding constants of heavy at-
well-tempered scheme are added for polarization. The finabms. The QR-0 approximation can not treat the responses of
forms of the basis sets are (Z3p19d13f)/[ 18s15p8d3f], orbitals to magnetic perturbations because it does not con-
(28s23p18d)/[12s10p6d], and (2620pl2d)/[10s8p5d] sider the picture change effect for the magnetic vector poten-
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TABLE lIl. '**Hg magnetic shielding constants of mercury compounds and chemical (§ifts.

Magnetic shielding constant Chemical shift
NR? QR-2 seale.
Decomposition Decomposition
Molecule gdia gPara ool ogdia gPda SO (Sp) ¢S (FO) ool NR? QR-? 5ot Solvent
Isotropic value
HgMe, 9719.4 —3052.8 6666.6 9898.3 -3834.3 —381.7 7089.9 12772.2 0.0 0.0 0 neat
HgMeCl 9719.4 -—2491.0 7228.4 9896.1-2830.0 —226.0 6417.3 132574 -561.8 —485.2 -81# CH,Cl,
HgMeBr 9720.1 —2514.6 72055 9897.9-2970.1 —238.9 7036.6 137255 —538.9 —953.3 -915° CH,Cl,
HgMel 9720.6 —2699.7 7021.0 9900.1-3281.0 -313.3 78775 14183.3 —3544 -1411.1 —1097 CH,Cl,
HgCl, 9717.0 -—2191.4 7525.6 9894.1-2421.0 -—166.8 6634.6 13940.0 —859.0 —1168.7 —1549 THF
HgBr, 9719.3 —1989.3 7729.9 9899.0-2274.0 -—142.6 8751.9 16234.3 -1063.3 —3462.1 —2209 THF
Hgl, 9721.0 —2487.5 7233.6 9903.7 —2976.6 —286.2 10910.7 17551.6 —567.0 —4779.4 —3430 THF
Axial component §) Shielding anisotropyAo)
HgMe, 9723.7 —74.9 9648.8 9906.3 318.2 —363.7 6140.5 16001.2 4473.3 4843.6 7385°  liquid-crystal
HgMeCl 9725.2 —-45.1 9680.1 9908.5 433.0 —199.1 5953.7 16096.1 3677.5  4258.0 558%°  liquid-crystal
HgMeBr 9726.7 —42.1 9684.6 9910.0 432.0 —208.3 59719 16105.6 3718.6 3570.0 5439F liquid-crystal
HgMel 9729.0 —41.4 9687.6 9911.8 423.6 —230.1 5898.8 16004.1 4000.0 2731.1 54800F liquid-crystal
HgCl, 9726.2 0.0 9726.2 9907.7 521.4 -128.1 5896.4 16197.4 3300.9 3384.7
HgBr, 9727.8 0.0 9727.8 9909.5 541.2 —90.8 5772.6 161325 2996.8 —152.7
Hgl, 9734.3 0.0 9734.3 9915.1 5454 —83.1 4703.0 15080.4 3751.1-3706.8
Perpendicular component-()
HgMe, 9717.2 —4541.7 51755 9894.3 -5910.6 —390.7 7564.6  11157.6
HgMeCl 9716.6 —3713.9 6002.6 9889.9 -4461.5 —239.4 6649.1 11838.1
HgMeBr 9716.8 —3750.8 5966.0 9891.9 -4671.1 —254.1 7569.0 12535.6
HgMel 9716.5 —4028.8 5687.6 9894.3 -5133.3 —354.9 8866.9 13273.0
HgCl, 9712.4 —3287.1 6425.3 9887.3 -3892.2 —186.1 7003.7 12812.7
HgBr, 9715.0 -—2984.0 6731.0 9893.7-3681.6 —168.5 10241.6 16285.2
Hgl, 9714.4 —3731.2 5983.2 9898.0 -4737.7 —387.7 14014.6 18787.2

aNonrelativistic calculation with nonrelativistic basis set.

bQuasirelativistio QR-2 approximationcalculation with relativistic basis set.
‘Reference molecule is HgMe

dSolvent used in the experimental measurements.

®Reference 60.

Reference 61.

9Reference 62.

tial. The delta function is explicitly involved in QR-0; thus, origin was located on the Hg atom. The previous calculation
o(FC) is strongly dependent on the basis function. The QR-Corresponds to the QR-1 approximation of this paper, but
approximation cannot be adopted in cases in which HAHAconsidered also some parts of the relativistic correction to the
and the SO are coupled. QR-1 tends to overestimate the codiamagnetic term. The total shielding constant of Hghte
tribution of core orbitals. However, this error is canceled andhe previous study is about 200 ppm larger than the present
does not seriously affect the relative chemical shifts. Basedesult. This is mainly due to the QR-1 approximation. The
on the QR-2 calculation with relativistic basis functions, wepresent result is more reliable than the previous one, but as
can clearly see that the HAHA effect expected in HgBl  we have shown in the HgXresults, the trend in the chemical
due tooS° from the core orbital§6420 ppm. The origin of  shift is not affected.
the chemical shift is the valence orbital contribution; the  The correlations between the calculated and experimen-
high-field shift of heavy halides originates from the SO in-tal chemical shifts are shown in Fig. 1. The calculated chemi-
teraction of heavy halogens. This mechanism of the chemicadal shifts are in rather good agreement with the experimental
shift is similar to the proton chemical shift of hydrogen ha-trend. The chemical shifts originate in the paramagnetic
lides. shielding term and the Fermi contact term. The chemical
Table 11l gives the***Hg magnetic shielding constants of shifts originate in the paramagnetic shielding term and the
HgXY (X, Y=Me, Cl, Br, and ) and their decomposition Fermi contact term. Table IIl also gives the axial and perpen-
analyses. Thé®®*Hg chemical shift referenced to HgMés  dicular magnetic shielding tensor components and shielding
also presented. We previously studied the magnetic shieldingnisotropy @ o= o, — o). The perpendicular component is
constant of HgMe.® The present and previous calculations origin of the chemical shifts. The paramagnetic shielding
(calculation level 5 in Ref. 13differ as follows: First, the term is closely related to the electronegativity of the
basis functions are different. The present calculation usesubstituents® The Fermi contact shifts arise from the SO
GIAO, while in the previous calculation a common gauge-interaction of halogens. We can see that the mechanism of
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IV. CONCLUSIONS

In this study, we have proposed a quasirelativistic theory
for the magnetic shielding constants and chemical shifts of
molecular systems. This theory is based on the DKH trans-
N . formation including a magnetic field that was proposed pre-
-20007 HgCl HgBr, viously. We adapted the GIAO method for the finite pertur-

b HgMel bation theory and the GUHF wave function. The present
HgMe & HgMeBr GIAO-FP-QR-GUHF method was applied to the magnetic
o x NR shielding constants and chemical shifts of hydrogen halides,
HgMe, ® QR mercury dihalides and methyl mercury halides.
r ' - For the proton magnetic shielding constants in hydrogen
0 The-g:'mo( -4000 halides, the SO interaction is the dominant relativistic effect.

y (ppm) The SFR term only slightly affects the magnetic shielding
FIG. 1. Correlation between theoretical and experimeti®ig chemical ~ constants, and the picture change effect is not important. The
shifts. relativistic effect on the magnetic interaction and the picture
change effect are the dominant source of the heavy atom
shifts of the magnetic shielding constants of the heavy halo-
gens. The effects appear in the total shielding constants
mainly through theoSC.

In the relativistic calculation, it is important to use the

asis functions that are optimized by the relativistic method.

pm)
:

Hgl,

Experimemt (p

the chemical shift is similar to that for the carbon chemical
shift in methyl halide$2?42°The calculated results do not
show perfect quantitative agreement with the experiment

: o haloge§hie|ding constants for mercury, the relativistic effect on the
and mercury—carbon chemical bonds. This discrepancy may,agnetic interaction and the picture change effect are quite

be attributed.to the electr.on correlation effect. The Presenimportant. If we neglect these effects>°induced by the SO
QR-2 approximation provides a good starting point for thejnteraction of heavy halogens is greatly overestimated. The
correlated methods. However, a consideration of the electrogaHA effect of mercury itself comes from the SO interac-
correlation based on the QR-0 or NR approximation is meantion of mercury, and the heavy atom shifts of heavy halides
ingless. are induced by the SO interaction of halogens. The mecha-
A series of'®Hg chemical shifts was studied theoreti- nism of the!®Hg chemical shift in mercury dihalides is the
cally by Wolff et al. using ZORA and DFT° Since their  ¢S° shift induced by halogens. This mechanism is similar to
calculation includes the electron correlation effect, their rethat for the *'H chemical shift in hydrogen halides. The
sults show better agreement with experimental chemicamnechanism of thé®*Hg chemical shift in methyl mercury
shifts than our results. However, the absolute shielding conhalides originates in negative”®® and positiveo>°. The
stants with the ZORA-DFT method are smaller than thoselominant part oi-°is the Fermi contact term. The mecha-
with our method. The absolute shielding constant of HgMe hism is similar to that for thé3C chemical shifts in methyl
with ZORA-DFT is 8019.99 ppm, which is 4752 ppm halides.
smaller than our value. There is no difference between the The present method is a good approximation of the four-
092 andP@values obtained by the two methods. However,component Dirac theory,'as verified in this and previous pa-
the oS° with ZORA-DFT is 4250 ppm smaller than our PErS; and can be applied “seamlessly” to the magnetic

value. The observed chemical shift of Hg atom-ig638 shielding constants of various molecules that include any of
ppm. Applying this value to the ZORA-DFT result, the ob- the elements in the Periodic Table. The GIAO-FP-QR-GUHF

tained absolute shielding constant of Hg atom with Zz0RA-Method can reproduce the NMR chemical shifts of molecules
relatively qualitatively. For more accurate prediction of the

DFT is 12657.99 ppm. In contrast, the absolute Shleld'm‘:{:hemical shifts of molecules, we must consider the electron

constgnt calculqted with our QR'Z_ method is 16667_'1 PPMy o rrelation effect. The present method provides a good start-
The difference in the chemical shift from the experimental, g point for such studies. A relativistic many-body method
result is 788.1 ppm, and the electron correlation effect shoul r magnetic shielding constants based on the present work is
be around this value. Our QR-2 val(E5667.1 ppmis con- currently under investigation.

sistent with the DHF calculation for atoms. The absolute

shielding constant of Rn with the DHF method is 19162.9AckNOWLEDGMENTS
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