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The solvent effect on the indirect J(M—P) spin—spin coupling constant in phosphine selenoether peri-
substituted acenaphthene complexes LMCl, is studied at the PP86 level of nonrelativistic and four-component
relativistic density functional theory. Depending on the metal, the solvent effect can amount to as much as 50%
or more of the total J-value. This explains the previously found disagreement between the J(Hg—P) coupling in
LHgCl,, observed experimentally and calculated without considering solvent effects. To address the solvent
effect, we have used polarizable continuum and microsolvated models. The solvent effect can be separated into
indirect (structural changes) and direct (changes in the electronic structure). These effects are additive, each

Received 5th December 2024, brings roughly about 50% of the total effect. For the in-depth analysis, we use a model with a lighter metal, Zn,

Accepted 21st January 2025 instead of Hg. A much smaller solvent effect on J(Hg—P) for a dimer form of LHgCl, is explained. Pilot calcula-
tions of LJ(M—P) couplings in analogous systems with other metals indicate that for metals preferring square pla-

nar structures the solvent effect is insignificant because these structures are fairly rigid. Tetrahedral structures are
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Introduction

Chelating ligands with soft donor atoms are of great potential
interest in coordination chemistry in general, and in homo-
geneous catalysis in particular. Building on expertise in design-
ing peri-disubstituted naphthalene derivatives that enforce
close proximity of heavy chalcogen and pnictogen atoms," we
have recently presented a joint experimental and computa-
tional study of peri-substituted acenaphthene-based phos-
phine selenoether ligands derived from Acenap(iPr,P)(SePh)
(L, Scheme 1), and their complexes with selected transition
metal centres.” Of particular note was the complex with HgCl,,
which could be characterised through X-ray crystallography
both in monomeric and dimeric forms. While density
functional.

computations of the J(Se-P) coupling constants of free L and
LHgCl, were broadly in agreement with experiment and useful
to distinguish between through-space and through-bond nat-
ure of these couplings, significant discrepancies were found
between experimental and theoretical 'J(Hg-P) and 'J(Hg-Se)
coupling constants in LHgZCI, (see Table S3 in the ESIt of ref. 2).
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less constrained and can respond more easily to external effects such as solvation.

In particular, the observed 'J(Hg-P) coupling, 6610 Hz in
CDCl;, was severely underestimated in calculations at the
four-component relativistic BP86 level, which could recover
only up to ca. 50% of the observed value. We have now revisited
this case computationally, calling special attention to the effect
of solvation on the NMR parameters, which was not accounted
for in our initial gas-phase calculations. As it turns out,
unusually large solvent effects on 'J(Hg-P) are revealed, which
are the subject of the present study.

It should be noted that we do not aim to reproduce experi-
mental values by simulating solvent effects at the best possible
level. This would require the use of molecular dynamics simu-
lations with concomitant averaging of four-component relati-
vistic calculations of 'J(M-P) over a large number of snapshots
(as has, for instance, been done previously for 'J(Pt-Pt)
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Scheme 1 Acenap(iPr,P)(SePh) complexes with metal dichlorides.
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couplings in aqueous solution).? For systems considered in this
work such a procedure would be very time-consuming. Our goal
is to investigate the importance of solvent effects on 'J(M-P) (M
= Hg, Zn, Pt, Ni) and to obtain insight into their mechanism.
Considering different metals may help us to check whether the
importance of solvent effects on 'J(M-P) depends on the metal.

Computational details

Structures were fully optimised at the PBE0-D3 level of density
functional chemistry®® including Grimme’s three-body disper-
sion correction®® using a quasi-relativistic effective core
potential along with its (6s5p3d) valence basis on Hg,’ Binning
and Curtiss’ 962(d) basis on Se,'® and 6-31G(d) basis elsewhere,
together with a fine integration grid (75 radial shells with 302
angular points per shell). Comparable levels have been shown
to perform very well for structural parameters of metal com-
plexes from the third transition row."* The minimum nature of
the stationary points has been verified by evaluation of the
harmonic vibrational frequencies, which were all real. These
computations have been performed using the Gaussian 09
series of programs.'”> The polarizable continuum model
(PCM) using the integral equation formalism variant"
(IEFPCM) was employed for optimization of structures in
solution."*"®

Relativistic calculations of indirect spin-spin coupling con-
stants (sscc) have been performed utilizing the four-component
methodology based on the Dirac-Coulomb Hamiltonian as
implemented in the ReSpect program.'’™*° To estimate solvent
effects in the relativistic sscc calculations we have employed the
IEFPCM methodology as described in ref. 20 employing two
different parametrisations described in ref. 21 and 22 denoted
as PCM-1 and PCM-2, correspondingly (which differ in the
choice of radii for the interlocking atomic spheres from which
the cavity is constructed, see Table S1 in the ESIt). In the
relativistic sscc calculations the PCM contribution to response
Dirac-Kohn-Sham equations vanishes and it appears only in
the perturbation-free SCF as described in ref. 20. This is
because in the closed-shell (Kramers-restricted) case while
utilizing DFT functionals without exact-exchange contribution,
the response electron charge density and the terms involving

!J(Hg-P) = 2041.5 Hz (calc.)
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the restricted magnetically balanced basis for the small com-
ponent of the four-component wavefunction vanish. See also
ref. 17 where a similar case of Coulomb contribution to the
Fock matrix is discussed. Dyall’s uncontracted valence double-
zeta basis®*** was used for Hg, Zn, Pt and Ni. Dyall’s uncon-
tracted valence doublezeta basis augmented with diffuse
functions®® was employed for Se and uncontracted IGLO-II*®
on H, C, P, and Cl. For easier comparison of data for different
metals, we also included reduced coupling constants K(M-P) in
some tables.

Analysis of 'J(Zn-P) was done at the non-relativistic level.
The non-relativistic calculations were done with a local mod-
ified version of the deMon-KS code.>”® In both relativistic and
non-relativistic calculations, we employed the PP86 exchange-
correlation functional in its spin-unrestricted formalism.>
IGLO-II basis set was used for all atoms except Zn, for which
we use a slightly modified TZV basis from ref. 30. The basis set
used for Zn is shown in the ESI.{ For localization of orbitals, we
used the Pipek-Mezey*' and Boys®> procedures. In the non-
relativistic calculations, we have analysed only the Fermi-
contact contribution that was by far dominating (see
Table S2, ESIt). The DrawMol program®? was used for visualiza-
tion of coupling deformation density®* and localised molecular
orbitals.

Results and discussion

The Hg complex LHgCl, was special in that it could be crystal-
lised as monomer or as dimer, depending on the solvent
(CH,Cl, vs. CHCl;, respectively). A previously calculated value
of 'J(Hg-P) for monomeric LHgCl, obtained without considera-
tion of solvent effects significantly deviates from the experi-
mental value (obtained in CDCl;), whereas the calculated result
for the dimer is in better agreement with experiment. Fig. 1
shows the gas-phase optimized structures and the corres-
ponding J-values.

Based on this finding it might be tempting to speculate that
it is the dimer, rather than the monomer that is present in this
solution, in accord with the structures in the solid state.
However, for other derivatives, e.g. with a bulkier mesityl

'J(Hg-P) = 5418.8 Hz (calc.)

"J(Hg-P) = 6610.7 Hz (exp.)

Fig. 1 Hg complex LHgCL, (left) and its dimer (right). Relativistic gas-phase calculations of 2J(Hg—P) were done for gas-phase optimized structures.
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instead of a phenyl group on Se, no evidence for occurrence of a
dimer was obtained, and very similar 'J(Hg-P) couplings
around ca. 6100-6200 Hz were obtained by NMR in the liquid
and in the solid-state (where in the latter the structure is
monomeric).

In our initial gas-phase calculations on monomeric LHgCl,,
we already found a notable dependence of the computed
coupling on structural parameters, in particular the Cl-Hg-Cl
bond angle. This angle differed noticeably between the gas-
phase optimised structure and that observed in the solid state,
suggesting that there could be a large sensitivity of structural
and, hence spectroscopic parameters on the surrounding med-
ium. To probe to what extent this could also be the case for the
monomer in solution, we decided to investigate solvation
effects for this species in more detail.

Direct and indirect solvent effects

The presence of solvent can affect a calculated property in two
ways: by changing the geometrical parameters of the structure
(indirect effect) and by changing the electronic structure (direct
effect). In order to estimate the indirect solvent effect on
'J(Hg-P) for the Hg monomer we performed a series of gas-
phase calculations for geometries obtained from different
sources (see Table 1). We considered a gas-phase optimized
structure (the second column), the experimental X-Ray struc-
ture with relaxed positions of protons (the third column) and
structures with two explicitly present solvent molecules opti-
mized with and without inclusion of bulk solvent effects via
polarised continuum model (PCM, fifth and fourth columns,
respectively). The last two structures are very crude models for
the situation in solution but they can give us a first glance on
the indirect solvent effect. The presence of two solvent mole-
cules increases the 'J(Hg-P) value by about 50%. Comparing
the structures used for Table 1 we found that they differ mainly
in the Cl-Hg-Cl angle (see the second row), which ranges from
102.2 deg for the X-ray structure to 122.2 deg for the gas-phase
optimized structure. The angles for the structures with two
solvent molecules are somewhere in the middle (113.1 deg and
106.4 deg). Note that according to the data in Table 1, the
smaller the Cl-Hg-Cl angle the bigger 'J(Hg-P). Before investi-
gating the dependence of 'J(Hg-P) on the Cl-Hg-ClI angle in
more detail (see Fig. 2), let us get a first estimation of the direct
solvent effect (see Table 2).

For Table 2 we used the structures optimized with different
options for inclusion of solvent effects: PCM simulating chloro-
form (second column) and dichlormethane (third column) and
also the PCM optimized structure with two solvent molecules

View Article Online
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Fig. 2 Dependence of the total energy of monomeric LHgCl, on the
Cl-Hg-Cl angle.

(fourth column). The direct solvent effect on J-couplings simu-
lated by PCM is huge and greatly depends on technical details
of the PCM setup (compare the values in the second column
obtained with PCM-1 and PCM-2 options, which differ in the
choice of the radii of the interlocking spheres around the
atoms, from which the molecular cavity is constructed, see
Table S1 in the ESIt). This finding reminds us that the use of
PCM models is expected provide only a qualitative description
of solvent effects. The data in Tables 1 and 2 show that the
direct and indirect solvent effects work in accord, both increas-
ing the value of 'J(Hg-P). Their relative magnitude is compar-
able. The gas-phase calculations of 'J(Hg-P) give J-values from
about 2050 to 3500 Hz depending on the Cl-Hg-Cl angle
(Table 1), whereas the PCM values range from about 4000 to
5700 Hz.

The dependence of 'J(Hg-P) on the Cl-Hg-Cl angle seen in
Table 1 calls for further investigation. For this we considered a
series of structures with the different fixed value of the
Cl-Hg-Cl angle and all other geometrical parameters reopti-
mized. The Cl-Hg-Cl angle was varied from 95 to 125 deg. with
a step of 5.0 deg. Note that the variation of the Cl-Hg-Cl angle
in the range of 30 deg. caused only less than 4 kcal mol '
changes in the total energy (see Fig. 2). This means that the
angle between the two Hg-Cl bonds can easily change due to
solvent effects (or packing effects in a crystal). The plot in Fig. 3
confirms a strong monotonous dependence of 'J(Hg-P) on the
Cl-Hg-Cl angle. The largest jvalue of about 3400 Hz was
obtained for the Cl-Hg-Cl angle of 95 deg and the smallest of
about 1880 Hz corresponds to the angle of 125 deg (gas-phase
calculations). The inclusion of solvent effects for the geometry
optimization with a fixed value of the Cl-Hg-Cl angle has
minor effect on the calculated J-values (compare the yellow

Table 1 Gas-phase calculated 1J(Hg—-P) for differently optimised structures of LHgCly, the resulting Cl-Hg—Cl angle and the Hg—P distance. *K(Hg—P)/

Hz are given in parentheses

Geometry

Optimised (gas-phase) X-Ray (H relaxed) Optimised with 2 CHCl; (gas-phase) Optimised with 2 CHCl; (PCM-1) Exp.

'J(Hg-P)/Hz
'K(Hg-P)/Hz

2041.5 (891.5) 3485.5 (1522.2)

Cl-Hg-Cl/deg. 122.8 102.2 113.1
R(Hg-P)/A. 2.53 2.41 2.48
3576 | Phys. Chem. Chem. Phys., 2025, 27, 3574-3582

2949.8 (1288.2)

3087.9 (1348.5) 6610.7 (2887)

106.4
2.50

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04594g

Open Access Article. Published on 22 ianuarie 2025. Downloaded on 16.03.2026 15:18:37.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
Table 2 'J(Hg-P) in LHgCl, calculated with PCM, *K(Hg—P)/Hz are given in parentheses
Geometry Optimised (PCM; CHCl;) Optimised (PCM; CH,Cl,) Optimised with 2CHCl; (PCM; CHCl,) Exp.

'J(Hg-P)/Hz, PCM-1
'J(Hg-P)/Hz, PCM-2

4193.1 (1831.2)
5108.2 (2230.8)

4478.4 (1955.8)
5670.4 (2476.3)

Cl-Hg-Cl/deg. 104.4 101.7
R(Hg—P)/A. 2.47 2.48
(Hg-P)
4700
4200
3700 |
3200 \’\
2700 F
2200 |
1700 L L
95 100 105 110 115 120 125
Cl-Hg-Cl angle
~—8—noPCM//noPCM -PCM//noPCM  —@—PCM//PCM

Fig. 3 Dependence of “J(Hg—P)/Hz on the Cl-Hg-Cl angle in LHgCl,.
A//B denotes the use of PCM (geometry optimization//calculation of J).

and blue lines in Fig. 3). This means that the CI-Hg-Cl angle is
the most important structural parameter influenced by solvent
effects. Due to the electrostatic attraction between the partial
negative charge of the chlorine atoms and the protic sites of the
mildly polar solvent molecules the Hg-CIl bonds become longer
and the centers of charge of the Hg-Cl bonds slightly shift away
from Hg, which in turn serves to reduce the Cl-Hg-Cl angle.

Inclusion of PCM for the calculation of 'J(Hg-P) shifts the
Jvalues up further by about 1100 Hz (red line in Fig. 3),
confirming our previous observation that indirect and direct
solvent effects are additive.

PP86 gas-phase calculations

Four-component relativistic calculation of jJ-couplings is a
relatively new area of quantum chemistry, and not all the tools
for analysing the computed jJ-couplings have been implemen-
ted yet that are available at the non-relativistic level. Moreover,
the adoption of these tools is hindered by the complex nature of
multicomponent wavefunctions in the relativistic framework,
which is further complicated by the fact that the familiar
concepts and terminology used by chemists are based on
non-relativistic or scalar-relativistic molecular orbitals. There-
fore, to be able to conduct more in-depth analysis, we consider
also a model with a lighter metal, Zn, instead of Hg. Depen-
dence of 'J(Zn-P) on the Cl-Zn-Cl angle in LZnCl, is presented
in Fig. 4. Again, for each structure all other than the Cl-Zn-Cl
angle geometrical parameters were reoptimized.

The similarity of graphs in Fig. 3 and 4 justifies the con-
sideration of the model with Zn for further analysis. The much
smaller quantitative effect on J for Zn compared to Hg, is in part

This journal is © the Owner Societies 2025
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Fig. 4 Dependence of J(Zn-P)/Hz on the Cl-Zn-Cl angle in LZnCl,.
noPCM//noPCM calculations.

due to the smaller gyromagnetic ratio of the former, but also
apparent in the reduced coupling constants, K, which are much
higher (by a factor of 5 or so) for Hg than for Zn, compare values
in parentheses in Table 2. The smaller K-values for Zn com-
pared to Hg are likely caused by scalar relativistic effects which
are much stronger for Hg.

The dependence of the 'J(M-P) couplings on the CI-M-Cl
angle can be partially explained by the corresponding changes
in other structural parameters (see Table 3). For smaller CI-M-
Cl angles due to increased electrostatic repulsion the M-Cl
bonds become longer.

In turn, the M-P bond becomes shorter (by 0.1 A. for Hg and
0.03 A. for Zn in the range of 30 deg). This contributes to bigger
J-values for smaller angles (see also Fig. 5). Interestingly, the
length of M-Se bond is much less affected by the Cl-Hg-Cl
angle. Note, that these trends are similar for Hg and Zn.

Looking at the contributions from individual localized orbi-
tals to 'J(Zn-P) as a function of the Cl-Zn-Cl angle (Fig. 5), it

Table 3 R(M-Cl), RIM=P), R(M=Se) (in A), M = Hg, Zn for the scans of
Cl-M-Cl angle in LMCl,

< CI-M-Cl/deg. 95 100 105 110 115 120 125 130
M = Hg
R(Hg—Cl)" 2.46 2.46 246 2.45 2.45 245 2.44
R(Hg-P) 2.44 2.45 247 248 250 251 2.54
R(Hg—Se) 2.87 2.87 287 2.87 2.87 2.88 2.88
M =Zn
R(ancna 2.23 223 222 222 222 221 221
R(Zrl—P) 2.35 234 235 236 236 237 2.38
R(Zn-Se) 2.55 2.54 255 2.55 2.56 2.57 2.57
“ Mean R(M-ClI) value.

Phys. Chem. Chem. Phys., 2025, 27, 3574-3582 | 3577
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Fig. 5 Dependence of LMO contributions to 1J(Zn-P)/Hz on the Cl-Zn-Cl angle in LZnCl,. Pipek—Mezey localization.

appears that the largest contribution to 'J(Zn-P) comes from
the (Zn-P) bond, which is expected for this one-bond coupling.
Contributions from other bonds involving either Zn or P are
negative. The strongest dependence on the Cl-Zn-Cl angle is
exhibited by the contribution from the (Zn-P) bond (compare
with the dependence of R(Zn-P) on the angle). This effect is
somewhat diminished by the negative contribution from the
three Sigma (P-C) bonds (yellow line). Surprisingly, the con-
tribution from the (Zn-Cl) bonds practically does not depend
on the Cl-Zn-Cl angle.

Microsolvated models

PCMs only account for bulk solvation effects in an approximate
way. To account for possible specific solvent-solute interac-
tions that are not accounted for in these models microsolvated
clusters with explicit CHCIl; molecules have been optimized
(starting from structures with the CH bond of the latter point-
ing toward the Cl ligands, see Fig. 6 for the optimised
structures).

Fig. 6 Microsolvated Zn models; LZnCl, + 2CHCl;s (left), LZnCl, + 4CHCls
(middle), and ZnLCl, + 6CHCls (right).

3578 | Phys. Chem. Chem. Phys., 2025, 27, 3574-3582

Interestingly the PCM//PCM result is well reproduced with 6
solvent molecules (see Table 4). 'J(Zn-Se) and 'J(P-Se) are
almost not affected by solvent effect. Apparently, P and Se are
much better shielded from the environment compared to the Cl
atoms, which protrude into the solution and, due to their rather
high negative charge density (see plot of electrostatic potential
in Fig. 7) can engage in electrostatic interaction even with a
mildly polar solvent. This may rationalise why 'J(P-Se) is not
much affected by solvation. No simple explanation can be seen
why 'J(Zn-Se) is so insensitive to the Cl-Zn-Cl angle, when
'J(zn-P) is very sensitive.

Based on our experience with microsolvated models for Zn,
we considered a microsolvated model with 6CHCIl; molecules
for LHgCl, (see Fig. 8). For this model, the calculated values of
'J(Hg-P) are 3846.9 Hz (no PCM) and 4210.2 Hz (PCM-1). The
value of the Cl-Hg-Cl angle is about 103.4 deg. Similarly to Zn,
the inclusion of six solvent molecules allows one to practically
replicate the PCM result. It is remarkable that simple optimisa-
tion in the continuum brings about a similar structural change
as found in the microsolvated structures (see Table 2).

Table 4 J(Zn-P)/Hz calculated for microsolvated models, *K(Zn-P)/Hz
are given in parentheses. Four-component relativistic calculations
(zn-P) 'J(Zn-Se) J(P-Se)

no-PCM//no-PCM 136.7 (172.5) —60.2 (—160.7) 13.2 (5.5)
PCM//PCM-1 178.6 (225.4) —56.7 (—151.4) 16.8 (6.9)
+2CHCl3; no-PCM//no-PCM  156.0 (196.9) —60.2 (—160.7) 11.9 (4.9)
+2CHCl;; no-PCM//PCM-1  180.3 (227.6) —56.4 (—150.6) 13.4 (5.5)
+4CHCl;; no-PCM//no-PCM  167.8 (211.8) —59.2 (—158.0) 14.2 (5.9)
+6CHCl;; no-PCM//no-PCM  187.5 (236.7) —42.5 (—113.4) 14.4 (6.0)

This journal is © the Owner Societies 2025
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Fig. 7 Plot of electrostatic potential of LZnCl, in the gas phase, color-
coded from 0.06 a.u. (red) to +0.06 a.u. (blue) and mapped onto an
isodensity surface (p = 4 x 10~* a.u.), PBEO level.

Fig. 8 A microsolvated LHgCl, model with 6 solvent molecules.

Coupling deformation density®* (CDD) is the difference
between the electron densities of a system when the nuclear
moments of the interacting nuclei are parallel and antiparallel.
CDD shows which parts of the electron density are involved in
transmission of the interaction of nuclear magnetic moments.
We calculated CDD for 'J(Zn-P) for the model with six solvent
molecules and the model without solvent molecules but with
the same structure. Plotting the difference between these two
CDDs allows us to visualize the direct solvent effect on 'J(Zn-P).
Fig. 9 shows that the electron density of solvent molecules does
not directly contribute to CDD. This explains the similarity of
the results obtained with PCM and for the microsolvated

This journal is © the Owner Societies 2025
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model. The solvent affects CDD mainly in the area close to
chlorine atoms and along the Zn-P bond.

Non-relativistic calculations allowed us to decompose the
total 'J(Zn-P) value into contributions from individual mole-
cular orbitals, either canonical or localised. We collected the
most important LMO contributions to 'J(Zn-P) in Table 5. The
difference between the corresponding numbers in the last two
rows shows the contribution from the LMOs not included in
Table 5. The data in the first column are obtained without
consideration of solvent effects. The third column presents the
results for the model with six solvent molecules and the data in
the second column are obtained for the same structure but
without solvent molecules. The differences between the data in
second and third columns show the indirect solvent effect on
individual LMO contributions. Comparison of the numbers in
the last two columns allows one to address the direct solvent
effect.

The contribution of the Zn-P bond is more affected by
structural changes due to solvent (increase by 56.6 Hz) than
by the changes in the electronic structure (26.9 Hz). The overall
solvent effect on the contribution of the Zn-P bond (83.5 Hz) is
diminished by the negative contribution from the P-C bonds
(—49.5 Hz). Interestingly, the contributions of the Zn—Cl bonds
are more affected by the changes in the electronic structure
than by the changes in the geometry due to solvent effects. In
the “frozen” structure the centre of charge of the LMO repre-
senting the Zn-Cl bond is only slightly closer to Cl than in the
gas-phase structure (0.55 A and 0.56 A, correspondingly). In the
microsolvated structure this distance is 0.51 A. We also per-
formed the LMO analysis of 'J(Zn-P) using Boys localization.
These data are presented in Table S3 (ESIT). Both localizations
gave qualitatively consistent pictures.

Since the main effect comes from the Zn-P bond, it is logical
to concentrate on the analysis of its contribution to 'J(Zn-P).
With Pipek-Mezey localization, its bond order is increasing
upon solvation from 0.227 (gas-phase structure) to 0.234 for the
micro-solvated model. The bond order of Boys localized LMO
remains practically unchanged (0.270 and 0.271). In the
presence of the Fermi-contact interaction, the Zn-P bond
becomes spin-polarised due to an admixture of originally
vacant orbitals of the system without magnetic interactions.
For deeper analysis we can look at the contributions from
individual vacant orbitals admixed to ¢(Zn-P), in other words
from individual excitations from this orbital. In order to
efficiently contribute to spin-polarisation of a particular occu-
pied orbital, an admixed vacant orbital must be overlapping
with the occupied orbital (see discussion in ref. 35 and 36).
Therefore, it is not surprising that by far the biggest contribu-
tions come from excitations to antibonding Zn-P and Zn-Cl
orbitals. These contributions are presented in Table 6. The
computational procedure used for obtaining these contribu-
tions is described in ref. 36 and briefly recapitulated in the
ESLt The overlap of densities of LMOs representing c. (Zn-P)
and o*(Zn-Cl) is shown in Table S4, ESL

The difference between the values in the last row in Table 6
show the indirect solvent effect due to the considered
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Fig. 9 The total CDD for 1J(Zn—P) for the model with 6 CHClz with isosurface value of 0.04 a.u. is shown on the left. The middle and right plots show the
solvent effect on the CDD obtained as the difference between the CDD for the microsolvated model and the model without solvent molecules but the
same structure. The middle plot was obtained with isosurface value of 0.04 a.u. and the right one with 0.2 a.u.

Table 5 LMO contributions (in Hz) to 1(Zn-P) in LZnCl,

LMO* ZnLCl,” ZnLCl,, frozen® ZnLCl, + 6CHCl,
Zn-P 393.5 450.1 477.0
2 x (Zn—Cl) —82.1 —82.6 —64.7
Zn-Se —28.3 —33.7 —35.7
3 x (P-C) —134.6 —160.0 —184.1
Sum 148.6 171.2 192.5
FC 132.0 154.4 178.3

“ pipek-Mezey localization. ? Gas-phase structure. ¢ “Frozen” means
the same structure as the structure of the microsolvated model (third
column) but without solvent molecules.

Table 6 The most important excitations due to the Fermi contact
interaction from o(Zn—P) to vacant LMOs: Contributions to 23(Zn—P) in Hz

ZnLCl,* ZnLCl,, frozen® ZnLCl, + 6CHCI;
o*(Zn-P) 252.9 256.6 257.7
o*(zn-Cl) x 2°  110.8 140.3 179.1
Sum 363.7 396.9 436.8

“ Gas-phase structure. ” “Frozen” means the same structure as the
structure of the microsolvated model (third column) but without
solvent molecules. © In case of the microsolvated structure the localized
o*(Zn-Cl) orbitals were presented separately and in case of the gas
phase structure the localization procedure produced a symmetric linear
combination of these orbitals.

excitations (396.9-363.7 = 33.2 Hz) and the direct solvent effect
(436.8-396.9 = 39.9 Hz). These data indicate that most impor-
tant changes due to solvent is experienced by the antibonding
Zn-Cl orbitals. Plots of considered vacant LMOs are shown in
the ESL.{ A smaller Cl-Zn-Cl angle increases the overlap of
the densities of o(Zn-P) and antibonding Zn-Cl orbitals
and the interaction with the solvent enhances the effect
(see Table S4, ESIt). It should be noted that the total solvent

effect is an interplay of contributions from different excitations
(see Fig. S2, ESIf). Here we have considered only the most
important ones.

We assume that the same qualitative arguments will apply to
the contributions to the J-couplings in the Hg congeners. We
note that quantitatively K is much larger for Hg than for Zn.
Arguably, this is related to factors such as increased scalar
relativistic effects on the hyperfine structure,®” a softer, more
polarizable d shell, and smaller separations between occupied
and virtual MOs (leading to smaller energy denominators in
perturbation expressions), on going from Zn to Hg, but this
should not affect the more qualitative aspects of our analysis.

One may expect that the structural flexibility with respect to
the CI-M-CI angle is particularly pronounced for tetrahedral
d"® metal complexes. To confirm this, we also optimized two
analogous d® complexes (M = Ni, Pt), which adopt a square
planar structure with a more rigid bond angle close to 90 deg.
As expected, little variation of this angle is found upon solva-
tion (just modelled with PCM) and, thus, only a relatively small
solvent effect is predicted (Table 7).

So far, we have concentrated on the solvent effect on
J-couplings in monomeric LMCl, complexes. We can now also
revisit the dimer for M = Hg (see Fig. 1). The computed 'J(Hg-P)
value changes from 5418.8 Hz in the gas phase to 5792.3 Hz
and 6091.8 Hz with PCMs using the parameters of CHCl; and
CH,Cl,, respectively (PCM was employed for both structure
optimisation and J-coupling calculation; the Hg-P bond lengths
and the Cl-Hg-Cl angles in the three structures are given in
Table S5 in the ESIt). Even though this computed increase in
'J(Hg-P) would seem to improve the agreement with experi-
ment (6610.7 Hz in CD Cls,), overall there is a much smaller
solvent effect on this property for the dimer than for the
monomer. Given the large sensitivity of the results on the

Table 7 The solvent effect on 1J(M—P)/Hz and J(M-Se)/Hz in LMCl,, M = Ni, Pt. The corresponding K-values/Hz are given in parentheses

J(Ni-P) 'J(Ni-Se) CI-Ni-Cl angle J(Pt-P) J(Pt-Se) CI-Pt-Cl angle
noPCM//noPCM —207.3 (234.6) 7.5 (—4.0) 97.46 3072.5 (8476.8) —552.4 (—720.6) 97.11
PCM//PCM-1 —212.2 (240.1) —0.4 (0.2) 96.41 3184.8 (8786.6) —508.3 (—663.1) 95.82
3580 | Phys. Chem. Chem. Phys., 2025, 27, 3574-3582 This journal is © the Owner Societies 2025
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Fig. 10 Plot of electrostatic potential of monomeric and dimeric LHgCl, (same level and settings as in Fig. 7).

particular PCM model (see Table 2), unfortunately it is not
possible at this stage to unambiguously assign the aggregation
state in solution based on the computed J couplings.

Why is the solvent effect for the Hg dimer less important for
the dimer than for the monomer? We have shown that the
interactions of the chlorine atoms with the solvent are respon-
sible for the solvent effect on 'J(M-P) in these complexes. In the
dimer, one of the chlorines is shielded from the solvent by
another unit, greatly diminishing the solvent effect. This can be
seen in the plots of electrostatic potentials for Hg monomer
and dimer shown in Fig. 10. Also, the ClI-Hg-Cl angle in the
dimer is significantly smaller than in the monomer even for the
gas-phase structures (see Table S5 in the ESIY).

Conclusions

In this article we investigated the solvent effect on 'J(M-P) in
phosphine selenoether peri-substituted acenaphthene com-
plexes LMCl,. Depending on the metal, the solvent effect can
amount to as much as 50% or more of the total J-value. This
explains the previously found disagreement between the
"J(Hg-P) coupling in LHgCl,, observed experimentally and
calculated without considering solvent effects.

The solvent effect can be separated into indirect (structural
changes) and direct (changes in the electronic structure). These
effects are additive, each brings roughly about 50% of the total
effect. The main indirect effect is the decrease of the CI-M-Cl
angle which can be explained on electrostatic grounds: due to
the presence of the solvent, the centres of charge of the M-Cl
bonds move toward Cl resulting in a smaller CI-M-Cl angle. For
ZnLCl,, the mean distance between the centre of charge and
chlorine atoms is 0.56 A and 0.51 A for the gas-phase and
microsolvated structures, correspondingly. The M-Cl bonds
become longer and the M-P bond becomes shorter. Conse-
quently, the value of 'J(M-P) increases. The length of the M-Se
bond is not affected as much and 'J(M-Se) almost does not
depend on the CI-M-Cl angle.

To address the direct solvent effect, we have used PCM and
microsolvated models. In order to reproduce the PCM results it

This journal is © the Owner Societies 2025

has been necessary to explicitly include six solvent molecules.
A smaller number of solvent molecules is found insufficient.
Analysis of contributions from localized molecular orbitals
reveals that the strongest contributions to the solvent effect is
due to excitations from o(Zn-P) to 6*(Zn-Cl) orbitals. This can
be rationalized as follows. The main contribution to one bond
couplings comes from the bond connecting the two coupled
nuclei. In general, vacant MOs are more delocalized than
occupied ones and therefore they may be more affected by
the electrostatic potential of the solvent. Amongst vacant LMOs,
the closest to the solvent are 6*(Zn-Cl) orbitals. Moreover, the
presence of easily polarisable lone pairs of chlorines increases
the effect. A much smaller solvent effect on 'J(Hg-P) for the Hg
dimer can be explained the fact that one of the chlorines is
shielded from solvent by another unit. Also, the CI-Hg-Cl angle
in the dimer is significantly smaller than in the monomer even
for the gas-phase structures.

Pilot calculations of 'J(M-P) couplings in analogous systems
with other metals indicate that for metals preferring square
planar structures the solvent is insignificant because these
structures are fairly rigid. Tetrahedral structures are less con-
strained and can respond more easily to external effects such as
solvation.
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