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Abstract: Nuclear spin—spin coupling constants *J(Hg—Hg) in the systems Hg,?" and Hgs?>" represent the
largest coupling constants so far observed in NMR experiments. We have performed a computational study
on these ions, on Hg,>" complexes with 18-crown-6 and 15-crown-5, and on Hgz?" with solvent molecules
and counterions. The results obtained with our recently developed program for the density functional
computation of heavy nucleus spin—spin coupling constants are in good agreement with experiments. The
data reveal that the bare ions Hg,?" and Hgs?*" would afford much larger coupling constants than those
experimentally observed, with an upper limit of approximately 0.9 MHz for Hg,?*. This limit is much larger
than that previously estimated by Huickel theory. It is demonstrated that in solution or due to complexation
the experimentally determined values are much smaller than the free ion’s coupling constants. With the
help of intuitive MO arguments, it is illustrated how the environment strongly reduces the coupling constants
in Hg,>™ and Hgs?*. The two-bond coupling constant 2J(Hg—Hg) in Hgs?>" is also examined.

1. Introduction in order to make numerical predictions with sufficient confi-

. . dence (such as four-component Hartré®ck,/ scaling of
Scalar nuclear spiaspin coupling constants between mercury hyperfine integrals in semiempiriéabr DFT calculations, or

atoms represent the largest experimentally known coupling o |ativistic extended Fikel theory9). It is of great benefit to

fonstants. A well-known eﬁ;\mple is the one-bond coupling {heqretically study NMR parameters of systems with metal
J(Hg—Hg) in [Hg—Hg—HQ]"" of 139.6 kHz in ref 1 which  e¢a1 honds because the experimentally observed values are

was the first Hg-Hg coupling ever reported and the largest  yotermined by asometimes very sensitiveinterplay between
known coupling constant of that time (1984). Currently theHg  fo5tres of the metaimetal bond, relativistic effects, the

Hg coupling of 284.1 kHz of a complex of [HgHg]*" W!th influence of the ligands, and the influence of the solvent. For
the crown ethers 18-crown-6 and 15-crown-5 reported in 2001 j,tance. we have been able to explain very unintuitive features
is the largest experimentally observed coupling constél. of the THC coupling constants and the large-ft coupling
values here and in the following refer to thA¥Hg nucleus.] of 57 kHz (experimental value) in [(NGYt—TI(CN)]~ as the
The “world records” for the coupling constants between different result of an interplay between solvent effects, relativity, and
nuclei are currently held by [(N@Ft-TI] (71.1 kHz) and the the multicenter character of the bonds along theRE-TI—C
related complexes [(NGPt-TI(CN)q]"" (for 20Tl and 19pt) 3¢ axis!! Another example is the case of Rt coupling constants.

A relativistic density functional approach to calculate spin - They can differ by a factor of 10 for chemically closely related
spin coupling constants involving heavy nuclei has emerged only dinuclear Pt complexes. We have recently explained this
recently>® Previously reported semiempirical or ab initio ynintuitive fact by the interplay between relativistic effects on
methodology is currently not applicabale to the rather large the Pt-Pt bond and the strength of the ligandsnteraction
heavy atom systems under consideration in this work and/or ith the Pt center? We shall here extend previous studies of
not able to achieve a comparable accuracy which is necessaryspin-spin coupling in compounds containing heavy nuclei to
mercury-mercury couplings. We shall in particular show how
relativistic effect$®14can serve as a “magnifying glass” for the
study of subtle effects on metametal bonds.
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Figure 1. Hgz?"—crown ether complexes studied in this work. Ag15-
crown-5)(18-crown-6H,0 1 (crystal structure), Hg*(18-crown-6) 2,
Hg2*(15-crown-5) 3, Hg,2"(18-crown-6)4. Hydrogens are not displayed
for clarity.

o0 )
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Because of the difficulties with a theoretical description of 11 . | i ol 1|2 | _

i ; it Figure 2. Hgz*" complexes with solvent molecules or counterionsz Hg
.heaVy .atoms n g?neral.an.d their very s§n3|t|ve NMR pal’ameters(Ast)z 5 and6, Hgs?" with various numbers of solvent molecules O
in particular, no first-principles theoretical study of the largest 7_;5
known spir-spin coupling constants has so far been carried
out. We will show that these quantities for the Aigand Hg?" developed_codg for thg two-component relativistic computation of
ions can be reproduced by computations that take environmentahnuclear spinrspin coupling constants,® based on the zeroth-order
effects into considerations. It is further our aim to report that régular approximation (ZORA) Hamiltonidfi® The computational
the mechanisms that are responsible for the large differencessettings that were applied here as well as details on the basis sets are
in the metat-metal counling constants for different complexes described in refs 6 and 5 and are briefly sketched here for convenience.
and compared to CoFr)npStations on the free ions pcan t’)eAII computations employed the VoskdVilk —Nusaif* local density

. . . . ) .~ functional (LDA) for the ground-state calculations and geometry
rationalized with the help of simple MO models. On this basis, optimizations. In addition, some systems have been calculated using

we suggest possible candidates to afford a-Hg spin—spin the BP2-24 gradient-corrected (GGA) density functional in order to
coupling constant that could exceed the 284.1 kHz of ref 2 with demonstrate that the results are not very sensitive to the particular choice
a large margin. of the approximate density functional for the ground-state computation.
Some of the systems that are studied here are depicted inTriple-; Slater-type basis sets with one polarization function for the
Figures 1 and 2. In addition to the ions $yand Hg?" in the valence shell have been applied in the computations. We have confirmed

gas phase, we have studied £igwith varying numbers of by a number of test calculations on the samples of this work, and
solvent molecules (S97—12and others) and with counterions previously publi;he_d_ data on methylmercury _halides, that thg re§ults
(AsFs~, 5, 6), as well as Hg?*—crown ether complexes with Woulq not be S|gn|f_|cantly improved by adding more p(_)la_nzatlon_
15-crown-5 and 18-crown-6L{-4). In section 2 we outline the functions to the basis set. The geometries have been optimized using

detail di h . | ion 3 th | frozen core basis sets (1s frozen for C, N, O:2p frozen for S, 1s
etails regarding the computations. In section 3 the results are ¢, en for Hg), whereas the computations of the sgipin coupling

interpreted and compared to experimental data. The findings constants have employed all electron basis sets that were augmented

are summarized in section 4. with 1s functions with exponents up te10* for Hg in order to obtain

a reasonably accurate description of the Fermi-contact term. We refer

the reader to refs 5 and 18 for details. Unless explicitly stated otherwise,
The computations have been carried out with the Amsterdam density the computations of spinspin coupling constants have been based on

functional (ADF) program packadé&:'” It incorporates our recently ZORA-optimized geometries.

2. Computational Details

“Amsterdam Density Functional program”, Theoretical Chemistry, Vrije
Universiteit, Amsterdam, URL: http://www.scm.com.

Autschbach, J.; Ziegler, T. Chem. Phys200Q 113 9410-9418.

van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Phys1993 99,
4597-4610.

(14) Schwarz, W. H. E. Fundamentals of Relativistic Effects in Chemistry. In (17
The Concept of the Chemical Bornidol. 2; Masic, Z. B., Ed.; Springer:
Berlin, 1990. (18
(15) Fonseca Guerra, C.; Visser, O.; Snijders, J. G.; te Velde, G.; Baerends, E.(19
J. Parallelisation of the Amsterdam Density Functional program Program.

CESII oo O

In Methods and Techniques for Computational ChemiSMWEF: Cagliari, (20) Dyall, K.; van Lenthe, EJ. Chem. Phys1999 111, 1366-1372.

1995. (21) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.
(16) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; van Gisbergen, S. J. A.; (22) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

Fonseca Guerra, C.; Snijders, J. G.; ZieglerJTComput. Chem2001, (23) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

22, 931-967. (24) Perdew, J. PPhys. Re. B 1986 34, 7406.

4938 J. AM. CHEM. SOC. = VOL. 125, NO. 16, 2003



Spin—=Spin Coupling Constants in Hg—Crown Ether Complexes

ARTICLES

Table 1. 199Hg—19Hg Spin—Spin Coupling Constants in Hg2"
and Hgs?" (in kHz)

Hg,? Hgs?*
ZORA LDA scalar 941.5 242.9c/464. P4
ZORA LDA SO 824.8 229.%¢/397.8d
ZORA GGA scalar 93538 241.8°460.44
ZORA GGA SO 819.8 241.0¢/452 .64
HuckeF 80.00
REX 274.5 101.6
experiment 284.1(9) 139.7(3yM

aThis work. Scalar ZORA including the FC, OP, and OD term. Spin
orbit (SO) value additionally includes the SD term and sqrbit cross
termsR(Hg—Hg) = 2.638 A.P This work. See also footnote R(Hg—Hg)
=2.665 A.c One-bond couplingJ(Hg—Hg). ¢ Two-bond couplingJ(Hg—
Hg). © Estimate based on'lékel MOs and relativistically corrected hyperfine
integrals for Hg 6s, ref 1. An alternative value of 142.4 kHz is also quoted
in this reference, but the origin is uncle&Relativistic EXtended Hekel
theory (REX))with 6st+ 6p basis, quoted in ref 28.Crown ether complex
1 with one MeOH coordinating to Hg through the 18-crown-6 ring, in
MeOH, ref 2."Hgs(AsFe), in liquid SO, ref 1.12)(Hg—Hg) not yet
measured.

The spir-spin coupling constant within the relativistic ZORA
formalism consists of four terms that we denote by Fermi-contact (FC),

Table 1 that our density functional calculations orgHaare in
worse agreement with the experimental data than the simple
LCAO estimate by Gillespie et dlor the REX valueg® The
results for Hg2™ based on computations for the bare ion are
even more unsatisfactory since they overestimate the experi-
mental value for the crown ether complex by more than a factor
of 3. Again, the Hekel calculations for the bare Kfg are much
closer to experiment. Fortunately, we can now (and must) go
beyond computing the bare ions. We will show in the following
that the ZORA DFT computations are likely to predict the
correct magnitude of the coupling constants for the bare ions.
Regarding the influence of the approximations to the density
functional in the ground-state computations, Table 1 lists results
obtained with the local density approximation (LDA, in form
of the VWN functional) and with a generalized gradient
approximations (GGA, in form of the BP functional). At the
nonrelativistic level for light atomic molecules, it is known that
the quality of the functional has severe consequences for the
accuracy of the final resulf:-34 However, wé have previously
found that this is much less the case for the NMR properties of

spin-dipole (SD), and the paramagnetic and diamagnetic orbital terms & h€avy nucleus (except for “problematic cases”). It is known
(OP and OD). We have chosen the well-known nonrelativistic thatfor heavy atoms such as Hg simple functionals derived from
nomenclaturé for the four terms because, first, they yield the respective the electron gas approximation already perform rather satisfac-
FC, SD, OP, and OD terms of Ramsey’s nonrelativistic theory in the tory, which is in contrast to light elements. The choice of a
nonrelativistic limit (speed of light — ) and, second, they can be  particular flavor of a (nonhybrid) GGA has been found to affect
interpreted in a similar wa$?¢ Corrections to the spinspin coupling the results only marginally in the case &¥Hg chemical
constants arising from the electronic spirbit coupling have been shifts 2635 For spin-spin coupling constants the results were
evaluated as well for H§" and Hg®* and for two linear He* found to be comparatively insenitive to the approximations
C??:]pl.exels‘t.Because.?ftthe'r EXpense;{‘dt‘; rathelr Sm?”fff‘“:.ct in telrtms(LDA versus GGA) to the density functional in case the coupling
o Their relative magniille as compared to the sca'ar reiaivStc resutts, constant is dominated by the FC tePr¥ as is the case for the

these corrections have been neglected for the larger systems. For the

same reason, the expensive but often negligible SD term has beerSystems studied in the present work. This is also illustrated by

neglected in the scalar relativistic ZORA computations (it is, however, the data Of_ Table 1. Due to the sensitivity of spspin coupling
included in the spirorbit calculations in which it hardly adds to the ~ constants in general, the results are of course somewhat affected,

computational expense). All the calculated coupling constants are but to an extent that is insignificant for the follwing discussion.
“classic”?7?8in the sense that they are almost completely determined  The results are also dependent on whether -spibit

by the FC term. Therefore, the qualitative analysis has been restrictedcoupling is included in the computations or nEl{Hg—Hg) in

to this contribution. For instance, for the coupling constants listed in Hg,2+ js affected by as much as 0.1 MHz (see footnote a in
Table 3 below the OP contribution does not exceed 0.1 kHz in Taple 1), a 14% correction that is certainly not negligible. On
magnitude and is typically negative. The same is true for the bare ions the other hand, previous experience and also additional com-
(Table 1). For counter examples in which the OP term dominates the . ' . . .

; . putations on HgCl, and Hg(CN), indicate that the spinorbit
coupling constant, see, for example, ref 29. Examples for which the . i in f . f the FC h
spin—orbit corrections yield the dominant contribution to the spin Cjorrec'“ons contribute a certain fraction of the term FO the
spin coupling constants are also knoW. final result rather than an absolute amount of 0.1 MHz in the

case of Hg?™ and its complexes (Table 2). From the data in
Table 2 it can be seen that the spwrbit corrections only
amount to 3% at most for these systems. The differences in the
results for the LDA and the GGA functional, respectively, are
6% and smaller, in line with the argument of the preceding
paragraph. For that reason we regard it as sufficient to treat the
larger systems in the following sections at the scalar relativistic
the relativistic extended Hikel (REX) modePC or in 1984 with LDA level. (For complexe® and3, footnotes e and h of Table
a simple Hekel model employing a “relativistic value” for the 3 list also scalar relativistic GGA values for comparison, with

Hg 6s density at the nucleus and an experimental estimate fordifferences of only 3% and 5%, respectively, to the LDA
the gy — o}, orbital energy differencé.It can be seen from results.) Thus for the systems studied in this work the conclu-
sions, trends, and semiquantitative agreement with the experi-

3. Results and Discussion

The Bare lons. The results for our calculations on the bare
ions Hg?" and Hg?" are listed in Table 1, together with
experimental values for the HRjy—18-crown-6-15-crown-5
complex in MeOH and for HgAsFg), in liquid SO,. Other
available theoretical data for Hfg were obtained in 1993 with

(25) Pyykkq P.Theor. Chem. Ac00Q 103 214-216.
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356. 9409.
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So0c.2002 124, 4894-4900. 3530-3547.
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Table 2. 199Hg—199Hg Spin—Spin Coupling Constants in HY,Cl,
and Hgz(CN); (in kHz), from DFT Computations

Hg.Cl* Hga(CN),°
ZORA LDA scalar 65.91 46.73
ZORA LDA SO 64.89 45.35
ZORA GGA scalar 68.44 48.52
ZORA GGA SO 66.67 47.95

aThis work. Scalar ZORA including the FC, OP, and OD terms. Spin
orbit (SO) values additionally including the SD term and spinbit cross
terms. Linear geometrR(Hg—Hg) = 2.557 A, R(Hg—Cl) = 2.300 AP This
work. See also footnota Linear geometryR(Hg—Hg) = 2.572 A, R(Hg—
C) = 2.046 A,R(C—N) = 1.161 A.

Table 3. 199Hg—19Hg Spin—Spin Coupling Constants in Hg,2*
Crown Ether Complexes (in kHz)?

structure 1J(Hg-Hg) structure 1J(Hg-Hg)
1 expt. 284.1(9 2:2H,0 322.0
1 278.% 3 236.4
1 (no HO) 359.7 4 164.1
2 594.9 4-2H,0 199.5
2:H,0 444.8 4-4H,0 368.%

aScalar ZORA LDA values for computational data, including the FC,
OP, and OD terms’ Experimental value, see footnotg in Table 1.
¢ Computation based on crystal structure from reRg¢dg—Hg) = 2.520
A. dSame structure as io but without oxygen coordinating Hg through
18-crown-6 ring.2 Optimized structureDs symmetry R(Hg—Hg) = 2.585
A. The scalar ZORA GGA result is 610.2 kHzOptimized structure oé
with one HO added. Oxygen coordinating Hg through one of the
18-crown-6 rings. He O distance of 2.220 A of crystal structuceused
without reoptimizing the whole systeriSame a$ but with a coordinating
oxygen in each ring? Optimized structureDs symmetry.R(Hg—Hg) =
2.580 A. The scalar ZORA GGA result is 249.0 kHDptimized structure,
Cs symmetry R(Hg—Hg) = 2.731 A.1J(Hg—Hg) = 191.7 kHz if structure
of eis used and one of the 18-crown-6 rings is removed (no reoptimization).
I Optimized structure of with two H,O added in axial positions (one on
each side of the Hg" fragment). Experimental HgO distance used as in
f without reoptimizing the whole systerhSame ag but with three HO
added at the free Hg to result in tetrahedral coordination. Experimental
Hg—O distance of used without reoptimizing the whole system.

mental data would not be significantly affected by the compu-
tationally expensive inclusion of spirorbit coupling or the
choice of a different LDA or GGA functional of the same
quality. “Significant” refers here to the accuracy of the
computations when compared to experimental data.
[Hg—Hg]2" Crown Ether Complexes.From our previous

For the computations we have thus decided to saturate the
oxygen with hydrogen. In solution, the oxygen atom of a MeOH
can also coordinate to the Hg through the large 18-crown-6 ring
(note that the crystal structure exhibits two distinct subunits of
the form1, one with a coordinating water molecule and one in
which the coordinating oxygen belongs to a DMSO molecule;
the experimental)(Hg—Hg) for 1 has been attributed to the
corresponding complex with MeOH by the authors of ref 2).
To investigate why'J(Hg—Hg) is so strongly reduced fat
compared to the free ion, we have carried out computations for
this and other crown ether complex@s3, and4, including or
excluding some water molecules. The results are also listed in
Table 3. The data reveal that a strong reductiohifig—Hg)
with respect to the free Hg" ion occurs in all cases, but in
particular if the [Hg-Hg]?" fragment is coordinated in a more
axial position (i.e., along the HgHg axis). From the structures
1, 2 and 3, it can be seen that the smaller crown ether, 15-
crown-5, adopts a more axial coordination to Hg, i.e., trans to
the other Hg, whereas 18-crown-6 almost completely surrounds
each Hg and therefore leads to a more equatorial coordination.
The Hg-Hg—O angles are 103and 118 for 2 and 3,
respectively. Fol, the angles with respect to 18-crown-6 range
between 90and 109, and with respect to 15-crown-5 between
107 and 153. Accordingly,’J(Hg—Hg) is much larger ir2 as
compared tad or 1, though still substantially smaller than for
the free ion. When coordinating oxygen atoms@are added
to 2 in the axial position, the coupling constant drops signifi-
cantly. Still, on the basis of the computational data, we estimate
the coupling constant fo2 in MeOH to be larger than the
currently largesttJ(Hg—Hg) of complex1 even if such a
coordination of Hg through the 18-crown-6 rings occurs.
Because 15-crown-5 coordinates in a more axial position as
compared to 18-crown-6, the computed Hdg coupling
constant of3 is “only” of the same size as fdk (see Table 3).
For the latter,'J(Hg—Hg) can be expected to increase if
coordination of the Hg through the 18-crown-6 ring could be
prevented (see Table 3).

A surprising case i4 becauséJ(Hg—Hg) is much smaller
than for any of the other systems, even though the-Hg—O
angles are only 103and the lesser coordination of the g

work,>111%it has become clear that ligands and solvent effects fragment could potentially be expected to lead to an increased
must be explicitly coryadered when attempting to understand Hg—Hg coupling constant. If this complex is coordinated at
and reproduce experimental NMR data for heavy metals by he free Hg by a number of water molecules in the computations,
theoretical methods. This becomes strikingly obvious when 1J(Hg—Hg) becomes larger again, thereby approaching or
computingJ(Hg—Hg) for the 18-crown-6-15-crown-5 com-  possibly even exceeding the one Bmith 2H,0. This is in

plex of Hg?*" (1), employing the experimentally determined  55narent contradiction to the findings of the previous paragraph
crystal structure of ref 2 (see Table 3). The scalar ZORA LDA o, the complexes with two crown ethers.

result of 278.4 kHz based on this structure is in almost perfect gq, 4 qualitative discussion é8(Hg—Hg), it is useful to
agreement with the experimental value of 284.1 kHz for the gmpjoy the Hikel molecular orbital model. There are two
Hg—Hg coupling. With the discussion of the previous section istinct effects that need to be described in order to explain the
in mind, we assume that the spiorbit corrections constitute  featyres of the coupling constantpordinationby ligands or

a comparable fraction of the total value as in the free ion go\ent molecules andolarization of the electron density of
(approximately 15%) or less. This would still lead to very good Hg,?* by an unsymmetric arrangement of the environment. We
agreement with the experimental value, taking into consideration fj st note that in orbital-based approaches the dominant Fermi-
the sensitivity of the coupling constant and the fact that small ¢ontact contribution to the coupling constant between nucleus
geometry changes due to molecular vibrations at finite temper- o 5ng B can, for a homonuclear system with only one atomic

ature, or solvent effects, can easily lead to corrections of this g ghjital (Hg 6s here) per atom considered, be written as
magnitude. From the crystal structure Iyfit can be seen that

the 18-crown-6 ring is large enough in diameter in order to allow
for an oxygen atom closely coordinating to one of the mercuries.
In the crystal structure, this oxygen belongs to a water molecule.

oce unoce G;(A) C(A)-C;(B)C4(B)
JF9A-B) = consty %

Ea_ei
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Here, theC(X)'s are the coefficient for the 6s AO of atom X in
the occupied (i) or unoccupied (a) MOs, with ttis being the
orbital energies. For the system A0, an orthonormal set of
two orbitalsg (one occ, one unocc) built from the two 6s AOs
(sa and s) is given as

(22)
(2b)

@, = sinX)s, + cos§)sg
@, = COSK)S, — SiNX)sg

with x ranging from O tos/2. ¢, shall be the occupied
MO. The Hickel MOs of Hg?" are given by letting« = n/4,
sin(r/4) = cos(/4) = 12, leading to symmetry-adapted
ando” orbitals. If we assume to a first approximation that a
polarization of the molecule due to the environment will not
change the orbital energy difference  ¢1) very much, the

the crown ether could perhaps achieve this. Another candidate
could be a system with only one crown ether for which a weakly
nucleophilic solvent could reduce the polarization of the?g
fragment through coordination to the free mercury.

The [Hg—Hg—Hg]?" System: One-Bond and Two-Bond
Coupling, Solvent Effects, and CounterionsThe two-bond
coupling constantJ(Hg—Hg) in Hg?* has so far not been
observed experimentally. From our calculations for the bare ion,
Table 1, with 464.1 kHz the coupling constant turns out to be
substantially larger thakl(Hg—Hg) (242.9 kHz) by a factor of
about 1.9. Spirorbit effects are more pronounced fd(Hg—

Hg) than forlJ(Hg—Hg) and lead to a reduction &(Hg—Hg)

to approximately 400 kHz and a ratio of 1.7. Nevertheless,
2J(Hg—Hag) is still strongly dominated by the scalar relativistic
FC term. To rationalize the relative magnitudeSdfHg—Hg)
and 1J(Hg—Hg), we again apply eg 1 together with”ekel

coupling constant in this basis of MOs is from eq 1 seen to be theory. The Haokel MOs for this system (basis functiong, s

proportional to sin{)cos), i.e., proportional to sinfd. Within
the allowed range fox, the maximum is obtained for the
unperturbed symmetric Hiel orbitals x = z/4. An increasing

orbital energy gap due to a more unsymmetric environment,
which needs to be considered next, further leads to a decreased
coupling constant as can be seen from eq 1. Consequently a

polarization of the Hgttfragment can be expected to yield a
smaller coupling constant, which appears to be the casé. for

Note that we obtain 6s populations of 0.7 and 1.6 for the two

Hg atoms in4, as compared to 0.9/1.1 for the mixed crown
etherl, 0.8/1.2 for4 with two water molecules added, and 1.0/
1.0 for2. Adding additional coordinating solvent molecules on

ss, < for the three mercuries) are

1 1 1
=T ST (32)
1 1
P2= M o (3b)
1 1 1
3= T BT 5% (30)

with orbital energiest + v/28, a, anda. — +/28, for €1, €, and
€3, respectively g and ¢, are occupied. From this, and eq 1,

the “bare” side of the complex reduces the imbalance betweenone can directly equate the rafiffHg—Hg)/*J(Hg—Hg) to 3/2,
the two Hg atoms and increases the coupling constant again.without the need of knowing the particular values for thickii
The effect of a coordinating ligand in axial position has been parametersx and § or the hyperfine integral for the Hg 6s

previously analyzed by &for the case of PPt bonds and
can be qualitatively transferred to the case ofHgwithout

orbital. Taking the very approximate character of this approach
into consideration, this result is in fair agreement with the ratio

modifications. We summarize the results here for convenience. obtained from the ZORA DFT computations. The electronic
On the basis of a simple MO model, the fact that a ligand binds density due to the Hg 6s orbitals for the $ig system is

to the metat-metal fragment means to a first approximation
that the antibonding” mixes with the occupied ligand orbitals.
This reduces the s character of the-Hgg bond and conse-
quently leads also to a reduction of the spapin coupling
constant that is more pronounced the strongeptheraction

according to this model predominantly located at the terminal
mercuries, with a pronounced three-center character of the Hg
Hg bonds. This rationalizes the large magnitudéJ@fig—Hg).
Regarding the accuracy of the computational results, when
compared to experiment, once more the necessity of modeling

between the metal and the ligand is. The analysis of the environmental effects becomes obvious. The systegt™Hups

computational data in the case of the-Pt systems has shown
that this effect is particularly strong if the coordinating ligand

been experimentally studied in liquid 20f we include a few
of these solvent molecules into the computation of the-spin

is opposite to the other metal, a feature which is also emerging spin coupling constantd)(Hg—Hg) decreases drastically by

from the data for the mercury complexes studied in this work.

In a very “pure” form it is also visible from a comparison of
the free ions with HgCl, and Hg(CN),, Table 2.

about 50%. The data obtained for the structire42 of Figure
2 are listed in Table 4. The interaction betweens#igand the
SO, molecules is very weak; therefore it is not reasonable to

We conclude for the case of Hg crown ether complexes that expect that any of the optimized structures displayed in Figure

a very large coupling constant might be obtained for a preferably 2 represent a dominant structure with high abundance in the
only weakly polarized system based on 18-crown-6 in which solution at the experimental temperature of 203 K. They have
the positions trans to the respective other heavy metal are notrather to be considered as snapshots during the time evolution
accessible by coordinating solvent molecules due to steric bulk. of the system. Nevertheless, they illustrate the influence of the
This could perhaps be achieved by using a suitably substitutedsolvent on the HgHg coupling constants in this system.
crown ether. However, the theoretical requirement of a sym- Consideration of the counterions (A3lRas essentially the same,
metric system for a large coupling constant would also make it if somewhat stronger, effect, viz. a strong reductioAdHg—
more difficult to detect. According to the computational data, a Hg). Here, both an optimized structure and a known crystal
system similar tol but without the possibility of a solvent  structure could be employed for the computations, with very
molecule coordinating Hg through the 18-crown-6 ring would similar results. Because of the more qualitative aspect of the
also be a promising candidate for a large coupling constant in computations on Hg" in this section, we are not able to
the range of 350 kHz. Again, introducing some steric bulk in comment on the fact that models only including S&@em to
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Table 4. 199Hg—19Hg Spin—Spin Coupling Constants in Hgs2*
Coordinated by SO, (solvent) or the Counterion AsFg~ (in kHz) @),
Based on Optimized Structures

structure 1J(Hg—Hg)® 2)(Hg—Hg)
5¢ 103.3 190.8
64 101.1 191.1
7d 109.3 201.4
gd 110.6 193.4
od 118.0 242.6
100 135.9 183.0
119 115.6 243.3
12de 142.3 153.8
expt! 139.7(3) g

aScalar ZORA DFT values for computational data, including the FC,
OP, and OD terms2 Mean value of both one-bond coupling constants.
¢Based on crystal structure, Reference 86ptimized structures Opti-
mization constrained toCy, symmetry.f Hgs(AsFs), in SO, 203 K.
9 Experimental value fofJ(Hg—Hg) not available.

perform better in comparison with experiment than the ones
including the counterion. The reason for the strong reduction
of YJ(Hg—Hg) in the presence of solvent molecules or the
counterions has again to be attributed to the mixing of the-Hg

Hg antibondings”™ orbital @3 of eq 3¢ into the ground state when

these molecules form weak bonds in particular to the terminal
Hg's of Hg?"™, and the concomitant reduction of the s character
of the Hg—Hg bond. The same analysis as in ref 12 holds in

this case. The essence of the situation can already be describe

at the crude level of Hekel theory.
The two-bond coupling constant in kfg is also strongly

reduced in the presence of solvent molecules or counterions.

The ratio betweeR)(Hg—Hg) and'J(Hg—Hg) remains>1 for

tendency of the results (not shown) is thHg—Hg) becomes
strongly reduced as compared to the free ion upon coordination
of the terminal mercuries, withfl(Hg—Hg) ranging between 2
and 3 times the one-bond coupling, depending on the number
of coordinating solvent molecules. The most extreme case was
obtained for octahedral coordination of the terminal mercuries
(i.e., for 10 solvent molecules in total) wid(Hg—Hg) = 98
kHz and2J(Hg—Hg) = 309 kHz. In case only the central atom
is coordinatedlJ(Hg—Hg) tends to be close to or even larger
than the corresponding value for the free ion, wherdédg—
Hg) is very strongly reduced (down #(Hg—Hg) = 75 kHz
for a four-coordinated central atom, with 245 kHz fdtHg—
Hg)). Intermediate cases (both central and terminal atoms
coordinated) lead to intermediate results, as expected. The
structureslO and12 also belong to this category. On the basis
of the experience during the geometry optimizations, and the
results from the systematic study on the unoptimized systems,
it can be expected that coordination of the terminal mercuries
will dominate in solution, with some minor coordination of the
central atom on average due to the dynamics of the system.
This can further be expected to redut¥Hg—Hg) to range
between 100 and 150 kHz (expt. 140) wil{Hg—Hg) being
roughly twice as large. Because most of our calculations on
the optimized systems do not exhibit coordination of the central
Hg, it is obvious why the calculated values on average tend to
e somewhat too small in comparison to experiment.

4. Summary

We have demonstrated in this work that even subtle effects
on the Hg-Hg bond due to the environment of the metal

all of the optimized structures and generally appears to stay metalmetal) fragments can result in drastic changes(ig—

close to the ratio for the free ion. Therefore we predict an
experiment in which this quantity could be measured for a not
strongly polarized system to yield a value fd(Hg—Hg) that

is considerably larger thald(Hg—Hg), with an upper limit for
the free ion in the range of 400 kHz.

Hg) and2J(Hg—Hg). For this reason the upper limit for Hg
Hg spin—spin coupling constants has not yet been reached by
experiments. Two effects have to be considered when estimating
the magnitude otJ(Hg—Hg): coordination i.e., the formation
of more or less strong bond between the metal atoms and

Generally, we have not been able to converge geometry Surrounding ligands, solvent molecules, or counterions, and

optimizations in which the starting geometry involved close
coordination of the central Hg by solvent molecules, except (to
some extent) for two case$p and12. The latter was forced
into a Cyn symmetric structure. In other cases the solvent
molecules initially coordinating the central atom started to
migrate to one of the terminal atoms during the course of the
optimization. A number of geometry optimizations with solvent

molecules coordinating to the terminal mercuries were successful

polarization of the metat-metal fragment due to different
coordinating ligands. Both effects tend to redddéHg—Hg)
in Hgx?". For Hg?*, we have shown that surrounding solvent
molecules decrease boti{(Hg—Hg) and2J(Hg—Hg) consider-
ably, through a preferred coordination of the terminal mercuries.
It can be expected th&f(Hg—Hg) is substantially larger than
1J(Hg—Hg) for this system.

On the basis of the analysis it appears that systems with Hg

instead. As already mentioned, the optimized structures that haveHg bonds remain promising candidates for the measurement of
been obtained from various starting geometries are displayedextremely large nuclear spirspin coupling constants. A weakly

in Figure 2, with the resulting coupling constants being listed
in Table 4. To qualitatively study the effect of coordination of
a varying number of solvent molecules to either the central or
the terminal metal atoms, we have carried out additional
computations based on unoptimized geometries. The Hiy

polarized, not axially coordinated system based op*Hgould
potentially exhibit a value of 500 kHz or higher.
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