Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2021

Electronic Annex

A spectroscopic study of solvent effects on the formation of

Cu(II)-chloride complexes in aqueous solution

Ning Zhang®*, Jianfeng Tang?, Yuntian Ma®, Minghui Liang®, Dewen Zeng®, Glenn Hefterd"
8College of Science, Central South University of Forestry and Technology, Changsha 410004,
Hunan, P.R. China
YCAS Center for Excellence in Nanoscience, Key Laboratory of Nanosystem and Hierarchical
Fabrication, National Center for Nanoscience and Technology, Beijing 100190, P.R. China
€College of Chemistry and Chemical Engineering, Central South University, Changsha 410083,

Hunan, P.R. China

dChemistry Department, Murdoch University, Murdoch, WA 6150, Australia



1. Solution composition

The composition of samples for UV-Vis and XAS measurements is collected in Table E1.

Table E1 Composition of the solutions for UV-Vis (sample nos 1 to 14) and XAS (sample nos S1
to S5) measurements.?

Sample no 10* Cu_tot Cl_tot Mg(ClO,), Mg_tot ClI-/Cu?*

) (mol-kg™") (mol-kg™) (mol-kg™") (mol-kg™!) ratio®
1 4.86 3.38 - 1.69 6950
2 4.86 3.38 0.118 1.81 6950
3 4.86 3.38 0.277 1.96 6950
4 4.86 3.38 0.489 2.18 6950
5 4.86 3.38 0.726 2.41 6950
6 4.86 3.38 0.967 2.66 6950
7 4.86 3.38 1.14 2.83 6950
8 4.86 3.38 1.42 3.11 6950
9 4.86 3.38 1.70 3.39 6950
10 4.86 3.38 1.88 3.57 6950
11 4.86 3.38 2.19 3.87 6950
12 4.86 3.38 2.57 4.26 6950
13 4.86 3.38 2.90 4,58 6950
14 4.86 3.38 3.15 4.84 6950
S1 203 3.26 - 1.63 161
S2 202 3.25 0.348 1.97 161
S3 199 3.22 0.831 2.44 162
S4 196 3.19 1.64 3.23 163
S5 191 3.14 2.65 422 164

« Concentrations and ratios contain minor round-off errors. # Total concentration ratio.

2. Molecular dynamics simulations

All MD simulations were performed using the DL POLY 4.03 software package [1,2]; An
extended simple point charge (SPC/E) model, used successfully for other brine systems [3,4], was
employed for water molecules. Interactions between water molecules and the ions were defined by
pairwise potentials. Long-range Coulombic interactions were handled by an Ewald summation [5]
with a 12.0 A cutoff; van der Waals interactions were modeled using the Lennard-Jones (LJ)
potential. Cross terms for LJ interactions were derived from the Lorentz—Berthelot combination
rules [6]. All parameters used in these calculations [7-11] are summarized in Table E2. The LJ
potentials for Cu?*, CI- and Mg?* have been used previously to model the CuCl,-LiCIl-H,O [4] and
MgCl,-H,O [8] systems. The perchlorate ion, C104~, was assumed to be a regular rigid tetrahedron
with a C1-O distance of 1.44 A with the parameters used previously to model the NaClO,-H,O
system [10].

All MD simulations used a cubic box with periodic boundary conditions and the quaternion
formulation of the rotational motion equations. Prior to canonical ensemble (NVT) runs,
isothermal—isobaric ensemble (NPT) runs of 4 ns were carried out to determine an appropriate
volume [4,12]. Pressure was maintained at 1 atm using the Nosé—Hoover barostat [13] with a 1 ps

relaxation constant. Temperature was controlled by applying the Nosé—Hoover thermostat [13]



with 1 or 0.1 ps relaxation times for NPT and NVT simulations, respectively. The Verlet velocity
algorithm with a 1 fs time step was adopted, since this algorithm synchronizes the calculation of
positions, velocities, and accelerations without sacrificing precision [14]. In this study, Cu?*, CI,
Mg?*, ClO; and water molecules were initially distributed randomly (Fig. E1) in a cubic box
(unbiased MD simulation). Two simulations were then performed. The first (Box-1) was for a
Cu(Il), Mg(I)/CI- system with 4629 particles (3 Cu?*, 40 Mg?*, 86 CI- and 1500 H,0), which
corresponds approximately to a solution containing ~0.11 mol-kg™! CuCl, and ~1.48 mol-kg!
MgCl,. The second (Box-2) was a Cu(Il), Mg(II)/Cl-, ClO4 system with 5509 particles (3 Cu?",
120 Mg?*, 86 CI-, 160 ClO4 and 1500 H,0) approximating a solution containing ~0.11 mol-kg™!
CuCl,, ~1.48 mol-kg™! MgCl, and ~2.96 mol-kg~! Mg(ClOy),. These systems were calculated with
total 6 ns NVT runs, including 3 ns for equilibration. The trajectory data of the last 3 ns were
collected for the subsequent statistical analysis.The average residence time (ta,;) of a water
molecule or a chloride ion in the first and/or second hydration shells of an ion or ion cluster in

both simulation boxes was calculated as

N
Tawy = %Z Pt t +At) - At
J=1 O]

where Pf(t’ t+Ar) _ 0 or 1 is the probability of the species j (H,O or CIl") being in the 1%
solvation shell of Cu?" during the period At. The size of the solvation shell around Cu?* is
determined by the radial distribution function (RDF) of the Cu—O pairs. The minimum cutoff
radius (Rmin) corresponded to the beginning point of a peak in the RDF while the maximum (Ry,y)
corresponded to its ending point. In the defined solvation shell, there are different water molecules
or CI™ ions frequently entering and leaving the shell. The average of their longest residence time in
the shell is marked as z,,™2.
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Fig. E1 Depiction of the unbiased MD simulation systems. Simulation Box-1 with random
distribution of 3 Cu?*, 40 Mg?*, 86 Cl- and 1500 H,O; simulation Box-2 with random distribution
of 3 Cu?', 120 Mg?*, 86 CI-, 160 ClO,4 and 1500 H,O. Colors: Cu, blue; Mg, orange; free Cl,
green; O, red; H, pink; Cl of ClO4, dark green.



Table E2 Force field parameters for ions and water.

Ton/water e (kJ-mol™") o (A) g (e) Ref.
Cu?* 0.1787 1.8405 2.0000 [5]
Mg?* 3.663 1.3980 2.0000 [6]
Cl- 0.4186 4.4000 —1.0000 [7]
Cr+ 1.109 3.4709 1.0786 [8]
O 0.8786 2.9599 -0.5197

HW 0.0000 0.0000 0.4238 [9]
ow 0.6505 3.1655 -0.8476

3. Characteristic peaks of four factors

The extracted UV-Vis characteristic peaks for four factors are collected in Table E3. As
shown in Table, the peak location of each factor agrees with the previous experimental and
calculated report very well. Thus, four factors 1, 2, 3 and 4 are reasonably assigned to [CuCl]*(aq),

[CuCl,]%aq), [CuCls](aq) and [CuCl,]>(aq), respectively.

Table E3 Resolved UV-Vis characteristic peaks of four factors and corresponding Cu(II)-chloride
complexes, along with those in previous literature for comparison.

Components Peak location (nm) Possible
Present work Previous experimental ~ Previous calculated ~species
data [15-17] data [18-20]
factor 1 ~252 ~250 ~250 [CuCl]*(aq)
factor 2 ~274; ~237 ~275; ~237 ~270 [CuCl,]%aq)
factor 3 ~234; ~278; ~385  ~234;~278; ~386 ~293; ~387 [CuCls](aq)
factor 4 ~232;~274;~382  ~231;,~271;~381 ~287; ~382 [CuCl,]>(aq)

4. g-space EXAFS spectra
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Fig. E2 Fourier transform EXAFS g-space spectra for S1-S5
5. Fitting details for the EXAFS spectra of S3, S4 and S5
We first used the Cu-Cl-Oy unit to fit the S3 spectrum. As the Cl ligand number is fixed to 1,

using the Cu-O and Cu-Cl single scattering paths to fit its 1-3 A R-space spectrum exhibited a bad



fitting result with the reduced y2 of 804.0 and negative value of o¢?. This bad result mainly
represents the overfitting at ~2.20 and 2.55 A in R-space spectrum, which is ascribed to containing
too many Cu-O scattering paths. Releasing the Cl ligand number, fitting result (1-3 A R-space
spectrum) shows that the structure parameters is reasonable with reduced ¥, of 143.7 and the CI
ligand number is 2.49 * 0.33, indicating that there exists high-order Cu(Il)-chloride complexes in
S3. Therefore, the Cu-Cl,-O; unit is used to refit the spectral data. The result shows that the fitting
reduced y? drops down to 61.7, indicating that pentahedral [CuCl,(H,0)3]° complexes is
predominant in S3.

For S4, we first used the Cu-Cl,-O; unit as the initial model to fit its spectrum. Considering
the Cu-O, Cu-Cl single scattering and Cu-CIl-O-Cl double scattering paths in 1-4 A R-space, we
obtained a reasonable set of structure parameters with the reduced 2 of 114.3. When releasing the
Cl ligand number, the fitting gives the CI ligand number of 2.2 with the y,2 of 109.6. However, by
observing the fitting spectrum in 1-4 A R-space, the deviation between the fitting and
experimental spectrum is still large, especially in the range of 1-3 A R-space. It is possible to
mean that the geometry of initial guess model is unreasonable. Noted that the Cl ligand number is
2.2 (meaning the mixture of [CuCl]° and [CuCls]~ complexes) if releasing the CI ligand number
in fitting and aforesaid the qualitative description of S4 XANES spectrum exhibits the character of
solution containing tetrahedral complexes. Complexes transiting from [CuCl,]° to [CuCl;]" is not
only the change of Cl ligand number around Cu?* but also accompanied by the change of
geometric configuration (i.e., from pentahedron to tetrahedron). Therefore, the mixed unit of
pentahedral Cu-Cl,-O; and tetrahedral Cu-Cl;-O is applied as the initial guess to refit the spectrum.
We assumed that the mixed unit follows the linear relationship of [f x Cu-Cl,-O; + (1-f) x
Cu-Cl3-O]. The fitting result spectrum reproduces the experimental one very well with the fitting
x> of 106.7 and f of 0.64. The fitting result signifies that the pentahedral [CuCly(H,0);]° and the
tetrahedral [CuCl;(H,0)]~ complexes are comparable in S4.

For S5, the UV-Vis data show that the [CuCl;]" is the predominant complexes. Therefore, the
tetrahedral Cu-Cl;-O unit is used to fit the experimental spectrum. Whether the Cl ligand number
is fixed or not, all fitting results reproduce the experimental spectrum in 1-4 A R-space very well
with the y2 of 75.4 and 82.8, respectively. The latter gives the CI ligand number of 3.11,
indicating that there is 89% [CuCl;(H,O)]~ and 11% [CuCl4]* in S5. This is very close to the
analysis of UV-Vis data. We also attempt to fit the spectrum by single tetrahedral Cu-Cl, unit but
with a bad result. The model with linear relationship of [f x Cu-Cl3-O + (1-f) x Cu-Cly] is also
applied to reproduce the measured spectrum, which gives a good result with f of 0.95 and > of
83.4. These fitting results show that the tetrahedral [CuCl3(H,0)]~ complexes is predominant but
still with a spot of tetrahedral [CuCl4]*~ complexes in the S5.

6. Analysis of k3-weight spectra of S1-S5
The fitting results of five &*-weight EXAFS spectra for S1-S5 are shown in Fig. E3. Their



structure parameters are collected in Table E4. In general, the extracted parameters in both
weights (i.e., X and &%) are consistent, suggesting that the changes of UV-Vis and XAS spectra as
a function of Mg(ClQ,), concentration reflect the replacement of oxygen (water molecule) by ClI

around Cu?*.



Table E4 Cu(Il) K-edge EXAFS parameters refined from the k3-weight spectral data (sample nos. S1~S5) using various species and structural models.

Sample

Interaction of Cu-O

Interaction of Cu-Cl

2 2 % - 2
no. AE(EV) No Reuo(A) 13(3)( A2) Nai Rewai(A) 1(621( A2) K range ungeRaclon S
S1a -338+2.11 311+£039 196+0.02 2.84+1.03 0.85+0.52 2.29+0.03 0.00=+4.52 2.80-10.5 1-4 0.027 88.4
1.03+0.13 2.33+£0.06
NYA 0.75+0.98 2.19+0.23 198+0.01 2.34+0.72 2.08+0.30 2.32+0.03 13.2+£6.01 2.70-11.6 1-4 0.012 54.6
0.73+0.08 2.16+0.02
S3a —2.70 £1.98 1.91+0.77 197+£0.02 0.14+1.93 2.14+£1.16 231+£0.04 11.2+7.48 2.60-11.5 1-4 0.020 118.5
0.95+0.39 2.39+0.04
S4¢ 0.81 £1.38 2.0° (M1) 1.91+£0.01 2.22+2.06 2.0b (M1) 222+0.01 696+1.38 3.00-12.05 1-4 0.027 66.7
=046+ LOP(MI)  2.21+0.01
0.14 1.0° (M2) 2.08 £0.01 1.0° (M2) 2.16 £0.01
2.0b (M2) 2.23+£0.01
S5d —-6.01+2.74 1.0b (M2) 1.92+£0.03 0.00+3.64 1.0b (M2) 226+0.13 5.46+4.59 2.9-11.0 1-4 0.022 57.7
=089+ 2.0°(M2)  2.22+0.02
0.23 - - - 4.0 (M3) 239+0.13 5.46+4.59

aSum of number of O and Cl ligands is fixed to equal to 5.
"Values are fixed during refinements.
“Model unit: £ x M1 + (1-f) x M2; M1 = Cu-Cl,-O;, M2 = Cu-Cl;3-0.
Model unit: £ *xM2 + (1-f) x M3; M3 = Cu-Cly.
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Fig. E3 Experimental (black solid lines) and fitted (red dish)ed lines) Cu K-edge i*-weighted
EXAFS spectra for the solutions containing ~0.02 mol-kg™' Cu(Il) + ~3.2 mol-kg™! CI~ with
various Mg(ClOj,), concentration, shown in k- (left) and R-space (right).

7. Molecular dynamics results

To investigate the dynamic behavior of H,O and CI- competitively coordinated to Cu?*,
unbiased MD simulations of Box-1 and Box-2 were performed. The Cu—O and Cu—Cl RDFs are
plotted in Fig. E4. The first Cu—Cl peak for Box-1 occurs at ~4.68 A (Fig. E4a), which
corresponds to Cl- in the outer (second) coordination shell of Cu?’. No inner sphere Cu—Cl
complex was apparent. This is inconsistent with the UV-Vis and XAS data presented above.
However, it should be noted that similar discrepancies have been reported from MD simulations
of Cu(Il) in ~6 mol-kg! LiCl solution [21]. Such discrepancies may indicate a need for a longer
simulation time or to the use of over-simplified potential models. The models employed here
predict a pseudo-octahedral coordination shell for Cu?" containing only strongly-bound H,O (Fig.
E4c) [22]. However, experimental data [23-25] and quantum modelling [19,26], indicate that
pentahedral [Cu(H,0)s]*" is the most stable aquo complex. Likewise, the Box-2 simulation
produced two Cu?* ions as [Cu(H,0)]**, with the third present as [CuCIl(H,O)s]*. This resulted in
average Cl/O ligand numbers around Cu of ~0.3/~5.7 (Figs.E4b and E4d).

Despite these deficiencies, it is still possible to use the present MD simulations to investigate
the effects of Mg(ClO,), on the formation of Cu(Il)/Cl- complexes. Consistent with the present
UV-Vis and XAS spectra, introduction of Mg(ClO,), in Box-2 caused an increase in
[CuCl(H,0)s]". Integration of the CI-O RDFs for both simulations (Fig. E5) showed ~7 water
molecules around CI- up to 3.7 A, indicating addition of Mg(ClO,), did not significantly change
the hydration of CI".

A statistical analysis of the residence times (z,, and 7,,*) of the water molecules in the outer



coordination shell of Cu?* (from 3.5 to 4.7 A) and around CI- (from 2.6 to 3.8 A) was performed
for both simulations (Fig. E6). The H,O residence times (all values in ps) within these ranges is
longer in simulation Box-2 (7uycu/Tav.ct = 13.0/13.8; 7oy ™™/ Tay, o™ = 36.6/34.5) cf. Box-1
(Tav.cw/Tavic) = 12.0/11.3; Tay o™ /Tay, ™™ = 24.4/19.2). These results are consistent with
Mg(ClOy), acting as a structure maker [27,28], enhancing the H-bond network of solvent water.
This interpretation is supported by the appearance of a weak peak at ~4.6 A in the C1-O RDF for
Box-2, which is not observed for Box-1, and the slightly lower intensity of the peak at ~3.2 A (Fig.
ES).

The dynamic behavior of CI~ in the outer coordination shell of Cu?* (from 3.6 to 5.6 A, Fig.
E7) shows ~37 CI" ions that frequently enter and leave this shell, with z,, = 28 ps (7., = 66 ps)
in Box-1, while in Box-2 the number decreases to ~7 but with 7,, ® 54 ps (7™ ~ 208 ps). The
dynamic behavior of water molecules and CI™ ions suggest that the chaotic vibrations of Cl(aq)
are weakened at high ionic strengths which enhances the orientation of water molecules in the

outer coordination shell of Cu?*.
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Fig. E4 Radial distribution functions for: Cu-Cl (a) and (b); and Cu-O pairs (c) and (d) of
simulation Box-1 (top) and Box-2 (bottom) are shown with solid lines, and their integrals with
dashed lines.
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Fig. E5 Radial distribution functions for CI-O pair of simulation Box-1 and Box-2 are shown with

solid lines, and their integrals with dashed lines.
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Fig. E6 Average residence time (., (1), black) and average longest residence time (z,,™%, (2),

blue) of a water molecule in the outer coordination shell of Cu?" (a) and in the inner hydration
shell of CI~ (b) for simulations Box-1 (hollow stars) and Box-2 (solid stars). The red dashed lines
are visual guides only, corresponding to the mean values of these times.
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dashed lines are visual guides only, corresponding to the mean values of these times.
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