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Fig. S1 Temperature fluctuations of Hgl, in (a) water, (b) MeOH, (¢) DMSO, and (d) pyridine during

AIMD simulations. Each of the three colors represents the behavior of an independent trajectory.
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Fig. S2 Temperature fluctuations of HgBr, in (a) water, (b) MeOH, (c) DMSO, and (d) pyridine during
AIMD simulations. Each of the three colors represents the behavior of an independent trajectory.
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Fig. S3 Temperature fluctuations of HgCl, in (a) water, (b) MeOH, (c) DMSO, and (d) pyridine during
AIMD simulations. Each of the three colors represents the behavior of an independent trajectory.
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Fig. S4 Averaged X-Hg-X (X = I, Br, Cl) angles and associated standard deviations derived from
AIMD simulations, performed in water (blue), MeOH (orange), DMSO (red), and pyridine (green).
Statistical averages were evaluated as a function of total length of the sampled trajectories. (three
independent 15 ps trajectories per system; analysis performed over the last 5 ps of each trajectory,
yielding 15 ps of total analyzed sampling).



Fig. SS Selected active space (12e, 100) for the HgX, molecules. The active space includes the o, c*,
and nonbonding orbitals of the halogen and mercury atoms, consistent with a previous report.3! Orbitals
with predominantly occupied character in the reference Hartree-Fock determinant (i.e., the single-
configuration reference used to define the CASSCF active space) are enclosed in blue boxes, while
those with mainly virtual character are enclosed in red boxes.
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Fig. S6 Comparison of excited-state energy levels calculated using TD-DFT (red) and CASPT2 (blue)

for linear (180°, dotted lines) and bent (150°, solid lines) X—Hg—X geometries, showing similar trends
for the two methods in both configurations.
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Fig. S7 Calculated cumulative number density functions (CDFs) between halogen (X) atoms and
solvent hydrogens, obtained from AIMD trajectories of HgX, molecules in (a) water, (b) MeOH, (¢)
pyridine and (d) DMSO. For MeOH, CDFs were calculated between the hydroxyl hydrogen and the

halogen atoms.
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Fig. S8 Hg-I distances and I-Hg—I angle of Hgl,, calculated in four different solvents: (a) water, (b)
MeOH, (c) DMSO, and (d) pyridine. The solid black line represents averaged values across three
independent AIMD trajectories, while the colored dotted lines indicate values from individual
trajectories. In each panel, the averaged structural parameter is reported along with its first standard
deviation to reflect the extent of structural fluctuations. The geometric trend of each independent

trajectory is illustrated using a different color.
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Fig. S9 Hg—Br distances and Br—Hg—Br angle of HgBr;, calculated in four different solvents: (a) water,

(b) MeOH, (c) DMSO, and (d) pyridine. The geometric trend of each independent trajectory is
illustrated using a different color.
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Fig. S10 Hg—Cl distances and Cl-Hg—Cl angle of HgCl,, calculated in four different solvents: (a) water,
(b) MeOH, (c) DMSO, and (d) pyridine. The geometric trend of each independent trajectory is
illustrated using a different color.
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Fig. S11 Potential energy curve (PECs) of Hgl, and Hgl,™ along the Hg—I distances. Singlet states of
Hgl, are shown in red, and doublet states of Hgl,- are shown in blue.
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Fig. S12 Calculated absorption spectra of Hgl, (top), HgBr, (middle), and HgCl, (bottom) in MeOH,
based on 300 snapshots taken from AIMD simulation. This figure for MeOH is the counterpart to Figure
4, which depicts the results for water. Spectra were calculated using three different treatments of the
solvent: (i) gas-phase spectra computed from the same AIMD geometries without solvent (Gas); (ii)
spectra obtained with the implicit SMD solvent model (SMD); (iii) spectra calculated using the
QM/MM approach, with the solvent described by a force field (QM/MM) and (iv) spectra with 30
explicit MeOH molecules treated quantum mechanically, combined with the implicit SMD solvent
model (QM). The inset shows a magnified view of the first absorption peak of the calculated absorption
spectrum. For comparison, the experimental absorption spectra of Hgl, measured in MeOH is shown
as dotted lines, taken from ref S1.
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Fig. S13 Calculated gas-phase absorption spectra of (a) Hgl,, (b) HgBr,, and (c) HgCl,, using two sets
of structures: one obtained from Wigner sampling of the linear gas-phase geometry (shown in blue),
and the other from nuclear configurations extracted from AIMD simulations (shown in red).
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Fig. S14 Calculated absorption spectra of (a) Hgl, and (b) HgBr, in water, comparing results without
spin—orbit coupling (blue) and with spin—orbit coupling (red).
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Fig. S15 Calculated absorption spectra of (a) Hgl, and (b) HgBr, in MeOH, comparing results without
consideration of spin—orbit coupling (blue) and with spin—orbit coupling (red).
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Fig. S17 Normalized experimental absorption spectra of Hgl, measured in the gas phase, in water and
in MeOH.
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Fig. S20 One-clectron transition density matrix (1-TDM) analysis of HgCl, in water. The systems were
partitioned into two fragments: solute and solvent, and the fractional excitation character between these
fragments was quantified.



Table S1 Average Mulliken charges of HgX, calculated from AIMD snapshots in various solvent

environments. The charges of Hg and X atoms are shown in parentheses. For the X atoms, the charges
of the two atoms were averaged

Water

MeOH

DMSO

Pyridine

Gas

Hg|2

-0.60 (0.03, -0.33)

-0.38 (0.16, -0.27)

-0.42 (0.27,-0.35)

-0.43 (0.33,-0.38)

0.00 (0.88, -0.44)

HgBr»

-0.65 (0.18, -0.41)

-0.44 (0.33, -0.39)

0.00 (0.94, -0.47)

HgCl,

-0.60 (0.27, -0.44)

-0.38 (0.42, -0.40)

0.00(1.02, -0.51)




Table S2 Hg—X distance of HgX,  molecules, calculated with PBE-D3/def2-TZVPP level of theory

Hgl, HgBr,™ | HgCly
r(Hg-X) (A) | 3.007 | 2.813 | 2.660




Table S3 Excitation energies, oscillator strengths, and electronic transition characters of gas-phase
Hgl,, computed at the XMS-CASPT2/ANO-RCC-VTZP level of theory. Electronic states are labeled
using the spin—orbit-free (SF) notation

Energy (eV) | Oscillator strength (f) Transition character
T1 3.62 - 5p (1) + 5d (Hg) > Hg—l o*
T2 3.62 - 5p (I) + 5d (Hg) - Hg-l o*
S1 3.86 - 5p (1) + 5d (Hg) = Hg—l o*
Sz 3.86 . 5p (1) + 5d (Hg) - Hg- o*
T 4.07 - S5p () > Hg-l o*
Ta 4.07 - 5p(l) > Hg-l o*
Ts 4.27 - Hg-l ¢ - Hg-l o*
S3 4.30 7.10 x 1073 5p (1) > Hg-l o*
Sq 4.30 7.10 x 1073 5p (1) > Hg—l o*
S5 5.50 6.18 X 10°3 >p (1) > 6p (He)

Hg-l o > Hg-l o*




Table S4 The character of spin—orbit coupled (SO) states, oscillator strengths, and electronic transition
characters of gas-phase Hgl,, computed at the SO-RASSI/XMS-CASPT2/ANO-RCC-VTZP level of
theory

State character Energy (eV) Oscillator strength (f)
State 1 S098.7 % 0.00 -
State 2 T149.8% +T249.8% 3.36 -
State 3 T149.8% +T249.8% 3.36 -
State 4 T167.8%+S5127.8% 3.46 -
State 5 T267.8%+S227.8% 3.46 -
State 6 T349.6 % +T2149.6 % 3.82 -
State 7 T349.6 % +T2149.6 % 3.82 -
State 8 T374.0% +S314.8% 3.89 1.06 x 1073
State 9 Ta74.0% +S414.8% 3.89 1.06 x 1073
State 10 T249.9%+T149.9% 3.96 -
State 11 Ts53.8% +T2122.8% +T322.8% 3.99 -
State 12 T249.4%+T149.4% 4.02 -
State 13 T556.3% +S343.0% 4.07 2.39 x 103
State 14 T556.3% +S443.0% 4.07 2.39 x 103
State 15 S$157.4% +T130.6 % 4.10 -
State 16 S257.4%+T2306% 4.10 -
State 17 Ta49.3%+T349.3% 4.38 5.48 x 103
State 18 Ts46.1% +T226.1%+T326.1% 4.69 -
State 19 $5141.6% +T535.6 % + T3 20.6 % 4,78 3.44 x 103
State 20 S$241.6% + T535.6 % + T4 20.6 % 4,78 3.44 x 103
State 21 Te62.1% +T1036.1% 5.19 1,21 x40~
State 22 Te62.1% +T1036.1% 5.19 1.21 X 10°
State 23 Tg53.0% + S646.1 % 5.24 -
State 24 T753.0% +S746.1 % 5.24 -
State 25 S598.1% 5.56 7.70 x 103




Table S5 Excitation energies and oscillator strengths of gas-phase Hgl,, calculated at the CAM-
B3LYP-D3/X2C-TZVPall level of theory

Energy (eV) | Oscillator strength (f)
T1 3.72 -
T2 3.72 -
S1 4.13 -
S2 4.13 -
LE 4.19 -
Ts 4.19 -
Ts 4.59 -
S3 4.63 1.16 X 102
S4 4.63 1.16 X 102
Ss 5.64 8.69 X 107




Table S6 Excitation energy, oscillator strength and electronic transition character of gas-phase HgBr,,
calculated with XMS-CASPT2/ANO-RCC-VTZP level of theory. Electronic states are labeled using
the SF notation

Energy (eV) Oscillator strength (f) Transition character
T1 4.23 - 4p (Br) + 5d (Hg) > Hg-Br o*
T 4.23 - 4p (Br) + 5d (Hg) - Hg-Br o*
S1 4,51 - 4p (Br) + 5d (Hg) > Hg-Br o*
S2 451 - 4p (Br) + 5d (Hg) > Hg-Br o*
T3 4.81 - 4p (Br) > Hg-Br o*
Ta 4.81 - 4p (Br) - Hg-Br o*
Ts 5.00 - Hg-Br o -> Hg—Br o*
S3 5.09 1.50 X 1072 4p (Br) > Hg-Br o*
Sa 5.09 1.50 X 1072 4p (Br) > Hg-Br o*
Ss 6.16 2.22 X 103 H;E:B;)j:g_(:rg)a*




Table S7 The character of spin—orbit coupled (SO) states, oscillator strengths, and electronic transition
characters of gas-phase Hgl,, computed at the SO-RASSI/XMS-CASPT2/ANO-RCC-VTZP level of
theory

State character Energy (eV) Oscillator strength (f)
State 1 S098.7 % 0.00 -
State 2 T149.8% +T249.8 % 4.08 -
State 3 T149.8% +T249.8 % 4.08 -
State 4 T163.9% +T220.0% 4.17 -
State 5 T163.9%+T220.0% 4.17 -
State 6 T150.0% + T250.0 % 4.39 -
State 7 T149.9% +T249.9% 4.40 -
State 8 $277.4% +T116.0% 4.58 -
State 9 $177.4% +T116.0% 4,58 -
State 10 T349.6 % +T449.6 % 4.66 -
State 11 T349.6 % + T2149.6 % 4.66 -
State 12 T383.6% +546.5% 4.73 1.52 x 103
State 13 T2483.6% +536.5% 4.73 1.52 x 103
State 14 T538.2% +T430.6% +T330.6 % 4.84 -
State 15 T538.2% +5328.4% 4.95 3.87 X 103
State 16 T538.2% +5428.4% 4,95 3.87x 103
State 17 T149.9% +T349.9 % 4,96 8.96 x 10
State 18 Ts61.8% +T218.8% +T318.8% 5.11 -
State 19 $359.8% +Ts25.1 % +T49.2% 5.23 9.30 X 103
State 20 $459.8% +T525.1 % +T49.2% 5.23 9.30 x 103
State 21 Te67.4% +T1031.6 % 5.91 7.40 X 10°
State 22 Te67.4% +T1031.6% 5.91 7.40 X 10°
State 23 Tg52.6% +S642.1% 5.98 -
State 24 T752.6% +5S742.1% 5.98 -
State 25 S595.0% 6.15 2.08 x 103




Table S8 Excitation energies and oscillator strengths of gas-phase HgBr,, calculated at the CAM-
B3LYP-D3/X2C-TZVPall level of theory

Energy (eV) | Oscillator strength (f)
T1 4.25 -
T2 4.25 -
S1 4.69 -
S2 4.69 -
T3 4.84 -
Ta 4.84 -
Ts 5.27 -
S3 5.31 2.22 X 107
Sa 5.31 2.22 X 107
Ss 6.34 8.14 x 102




Table S9 Excitation energy, oscillator strength and electronic transition character of gas-phase HgCl,,
calculated with XMS-CASPT2/ANO-RCC-VTZP level of theory. Electronic states are labeled using
the SF notation

Energy (eV) | Oscillator strength (f) Transition character
T1 4.83 5 3p (CI) + 5d (Hg) > Hg—Cl o*
T2 4.83 - 3p (Cl) + 5d (Hg) > Hg-Cl o*
S1 5.13 - 3p (Cl) + 5d (Hg) > Hg-Cl o*
S 5.13 - 3p (Cl) + 5d (Hg) > Hg—Cl o*
T3 5.53 < 3p (Cl) > Hg—Cl o*
Ta 5.53 - 3p (Cl) > Hg—Cl o*
Ts 5.73 - Hg-Cl ¢ -> Hg-Cl o*
S3 5.85 1.80 X 102 3p (Cl) > Hg-Br o*
S4 5.85 1.80 X 102 3p (Cl) > Hg—Br o*
Ss 6.78 6.80 X 103 Hgg_ ‘{’:I(C:r’ j 3:_(33)0*




Table S10 The character of spin—orbit coupled (SO) states, oscillator strengths, and electronic transition
characters of gas-phase HgCl,, computed at the SO-RASSI/XMS-CASPT2/ANO-RCC-VTZP level of
theory

State character Energy (eV) Oscillator strength (f)
State 1 S098.7 % 0.00 -
State 2 T1499% +T249.9% 4.78 -
State 3 T1499% +T249.9% 4.78 -
State 4 T171.0% +T226.7% 4.82 -
State 5 T271.0%+T126.7% 4.82 -
State 6 T1499% +T249.9% 4.88 -
State 7 T150.0% +T250.0% 4.88 -
State 8 $197.7% 5.14 -
State 9 $297.7% 5.14 -
State 10 T349.6 % +T149.6 % 5.47 -
State 11 T349.6 % +T149.6 % 5.47 -
State 12 T395.5% 5.51 3.72 x 10*
State 13 T495.5% 5.51 372 x10%
State 14 Tad79% +T347.9% 5.56 -
State 15 Ta49.6 % +T349.6% 5.57 -
State 16 T594.3 % 5.73 9.32 X 10*
State 17 T594.3 % 5.73 9.32 X 10*
State 18 T596.5 % 5.74 -
State 19 S386.5% +545.0% 5.86 1.66 X 107
State 20 S486.5%+535.0% 5.86 1.66 x 107
State 21 Te73.4 % +T1025.7 % 6.57 9,69 X 10~
State 22 Te73.4% +T1025.7% 6.57 9.69 X 10~
State 23 T682.7% +Sg16.5% 6.65 -
State 24 T2 56.4% +S641.0% 6.66 -
State 25 T956.4% +5741.0% 6.66 -
State 26 Ts49.6 % +T949.6 % 6.72 6.11 x 10
State 27 Ts49.6 % +T949.6 % 6.72 6.11 X 107
State 28 S581.2% +T1018.0% 6.72 5.53 x 103




Table S11 Excitation energies and oscillator strengths of gas-phase HgCl,, calculated at the CAM-
B3LYP-D3/X2C-TZVPall level of theory

Energy (eV) | Oscillator strength (f)
T1 4.84 -
T2 4.84 -
S1 5.33 -
S2 5.33 -
T3 5.57 -
Ta 5.57 -
Ts 6.01 -
Ss3 6.10 2.37 X 102
Sa 6.10 2.37 X 1072
Ss 6.95 4.29 x 102
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