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In this work, the hydrates of copper dichloride in gas and aqueous phase have been investigated using the
B3LYP method. Low-lying conformers of CuCl,(H,0), clusters for n = 1—10 were obtained by an extensive
conformation search. Contact ion pair (CIP) and solvent-shared ion pair (SSIP) with one dissociated chloride
atom (SSIP/s) and SSIP with two dissociated chloride atoms (SSIP/d) all were considered. Our calculations
present such a trend that a four-fold CIP conformer is more favorable for CuCl,(H,0), cluster (n < 7) and
four-fold SSIP/s for n = 8—10 in the gas phase, while in aqueous solution, more stable structures are five-
fold SSIP/s conformer for n = 7—9 and four-fold CIP conformer for n» = 2—6. Hydrogen bond (HB) plays
an important role in the CuCl, solvation, especially HBs formed between the first and second solvation shell
water molecules. Electronic absorption spectra of CuCl,(H,0), clusters were obtained using long-range-
corrected time-dependent density functional theory. The calculated electronic absorption peak around 270
nm of CIP conformers is coincident with the absorption of [CuClz]Oaq species resolved from the spectra obtained
in solutions of trace CuCl, (ca. 107> mol/kg) + LiCl (0—18 m), while those of SSIP/s (~250 nm) and SSIP/d
(~180 nm) conformers probably correspond to the absorption spectra of [CuCl]",, and [Cu]**,, species,
respectively. Natural bond orbital charge population analyses show that charge transfer (CT) between a central
copper(Il) atom and ligands (Cl and H,O) increases as the hydrated cluster expands, especially CT from
Cu®" to the first solvation shell, which enhances the strength of HBs. Such CT becomes more apparent for
SSIP structure with the dissociation of chloride ion. OH stretching vibration frequencies of proton donor type
water in CuCl,(H,0), clusters are obviously red-shifted in comparison to those of water clusters, due to CT
between the central atom Cu and ligands. SSIP conformers have apparent IR absorption peaks of OH stretching

vibration at ~3000 cm™! for the effect of half-dissociated chloride atoms.

1. Introduction

Copper dichloride solution is usually involved in chemical
engineering processes, especially in a chloride hydrometallur-
gical process.'™® As with many other heavy metal ions, the Cu**
ion possesses the potential to form complexes with CI™ ion in
aqueous solution, which gives the CuCl, solution special
properties when it is mixed with Cl -donating salt.*"® To
understand the formation process of a CuCl, complex, including
the formation constant of the complexes in each step, scientists
investigated the copper(Il) chloride aqueous solution with the
help of UV—vis spectra,””!! assuming that complexes in the
statistic ratios as [Cu]**,q, [CuCl]" g, [CuCL]’q, [CuCl3] g, and
[CuCl,]* 4 species are present in the solution. By resolution of
experimental UV —vis spectra, they obtained the concentration
distribution of the above various species in a specific condition,
as well as the absorption spectrum of each species assigned.
Herein, an interesting question is whether the resolved absorp-
tion spectrum corresponds to the species assigned. Exactly how
are the structures of the species assumed? As it is well-known,
the Cu?* ion tends to coordinate with the water molecule besides
the CI™ ion. The coordination competition of the water molecule
and Cl™ ion must lead to different conformers for a same statistic
species when their environmental conditions change. For
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example, the statistic aqueous CuCl, complex may be contact
ion pair (CIP) formed between Cu?* and CI~ or solvent-shared
ion pair (SSIP). The answer to these questions will enable us
to understand the structure of the hydrated cupric chloride
complex more exactly, as well as the influence of water activity
on the association constant of the complex [CuCl,,]z’"aq and the
interaction of CuCl, with Cl”-donating salt in aqueous solution.
Therefore, we intend to carry out a series of quantum calcula-
tions on CuCl,,(H,0), hydrates in aqueous solution.

One way of approaching the structure and properties of the
aqueous solution of salts involves using a quantum chemical
method to examine clusters of a salt formed by water molecules.
Recently, the salt of alkali metal ions and halide anions was
intensively investigated using ab initio method and density
functional theory (DFT).'>"!'7 The theoretical calculations by
Kim et al.'*"'¢ showed the presence of the CIP and SSIP
conformers for the salt of alkali metal ions and halide anions
in solution and provided a lot of information for experiment
with the dissociation phenomenon. Their work showed the
possibility using a quantum chemical method to investigate the
structure and properties of electrolytes in solution.

So far, copper—water complexes have been studied inten-
sively with respect to their lowest conformations and the
coordination number in the gas and aqueous phases both
theoretically'® > and experimentally.?* 2 It is reported that!8222>
Cu®* complexes prefer four- or five-coordination, which is
different than Cu™ complexes, in some cases six-coordination.
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However, copper(Il) chloride water complexes were not focused
on as copper(Il)—water complexes. Recently, Shang et al.>! have
investigated the transportation of CuCl, as hydrated species
CuCl,(H,0),# in water vapor with statistical hydration numbers
of 4.0, 3.6, and 3.3 at 330, 350, and 370 °C, respectively, but
is still unclear which species of the hydrated copper dichloride
existed in the gas phase. In order to gain an insight into these
problems, a theoretical investigation of copper(Il) chloride
complexation both in the gas and aqueous phases is very
desirable. However, due to the complication of Cu*" hydrates
with the approaching of Cl™, as the first step, we focused our
theoretical investigation on the relatively simple copper dichlo-
ride hydrates both in the gas and aqueous phases.

Salt dissociation involves a cooperative process between salt
and water molecules. As water molecules are successively
incorporated, the cation—anion distance in the salt increases
gradually, resulting in an ion pair separated structure. Therefore,
in this investigation, the relative stability of dissociated and
undissociated forms for CuCl,(H,0), (n = 1—10) clusters in
the gas and aqueous phases was investigated using DFT, as well
as the role of hydrogen bonds (HBs). Furthermore, the electronic
absorption spectra of some typical CuCl,(H,0), clusters were
calculated using long-range-corrected time-dependent density
functional theory (LRC-TDDFT)*734 in this paper. Our theo-
retical spectra were compared with the experimental absorption
peaks of [CuCl,]%, species resolved from the spectra obtained
in the solutions of trace CuCl, (ca. 107 mol/kg) and LiCl (0—18
mol/kg),'° and the structures of experimental resolved species
were also assigned. Therefore, a theoretical study of electronic
absorption spectra, combined with theoretical investigation of
cluster structures for CuCl,(H,0), complexes, is included in this
work. Infrared spectra (IR) are very useful to investigate the
structure of hydrated clusters, especially for their OH stretching
vibration. Insight into the structure of such species can be gained
from vibrational frequency analysis, as the IR spectra along with
ab initio calculation provide the fingerprints of various molecular
clusters.>~3 So IR spectra for water clusters and CuCly(H,0),
clusters are also included in the following section. In addition,
natural bond orbital (NBO) charge population analyses for
CuCl,(H,0), complexes were carried out to understand the role
of HBs in CIP and SSIP conformers.

2. Calculations and Methods

The works of Kim et al. investigated the hydration of NaX,
KX (X =F, Cl, Br, I) and CsF using DFT with Becke’s three-
parameter exchange potential and Lee—Yang—Parr correlation
functional (B3LYP), Mgller—Plesset second-order perturbation
theory (MP2), and coupled cluster theory with single, double,
and perturbative triple excitations (CCSD(T)), but the results
obtained using these methods lead to a similar conclusion on
the structure and dissociation behaviors.'*~'® Meanwhile, the
works of Sodupe and Rodriguez-Santiago et al.***° also showed
that the hybrid DFT methods, in particular, the B3LYP one,
provide very similar structural parameters for systems with
similar spin density distribution, and that the B3LYP relative
energies are in good agreement with those determined by highly
correlated electronic structure methods, such as MP2 and
CCSD(T). Therefore, B3LYP method was chosen to look for
local minimum energy structures of CuCl,(H,0), (n = 1—10)
clusters. On generating initial hydrated structures, various
coordination and HBs are considered, followed by geometry
optimization to obtain a local minimum energy structure.
Dunning’s correlation consistent basis sets*' were employed,
that is, aug-cc-pVDZ for the nonmetallic elements O, H, and
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Cl. For Cu, the relativistic effective core potentials (RECP)
developed by the Stuttgart group were used in conjunction with
the basis set to describe the metal valence electrons, and a set
of two f and one g polarization functions was added.** The
valence space was described by the corresponding (6s5p3d) basis
sets. This basis set combination is abbreviated as aVDZ. The
basis set superposition error*? (BSSE) correction was taken into
account. It is well-known that TDDFT becomes widely used
as a simple method for rapid and accurate calculations of
molecular excitation energies. It has, however, been reported
that conventional TDDFT calculations underestimate Rydberg
excitation energies, oscillator strengths, and charge-transfer
excitation energies. Tawada et al.’? supposed that this problem
may also come from the lack of long-range exchange interaction
and applied the LRC scheme to TDDFT calculations. Therefore,
electronic excited state calculations of typical copper dichloride
hydrates at LRC-TDDFT/aVDZ level were carried out using
Q-Chem software package.*** In addition, the NBO
calculations*~#" and frequency analysis for CuCl,(H,0), con-
formers were also performed at the B3LYP/aVDZ level.
Recently, Goddard et al.*® and Clark et al.* employed mixed
cluster/continuum models to investigate the solvation of Cu**
and Pb*, respetively, and their calculated results all agree well
with experimental observations. Thus, to consider the long-range
electrostatic solvent effect, we employed single-point polarized
continuum model (PCM)*~3! in the calculation of hydration
energy for various aqueous hydrated CuCl, clusters. All
geometry optimization, frequency, and NBO calculations were
carried out with Gaussian 03 software package.>?

Stabilities of different CuCl,(H,0), complexes for n = 1—10
can be compared using hydration energies(AE):

AE = ECuClz(HZO)n - ECuC12 o E(HZO)” (M
which corresponds to the process
CuCl, + (H,0), — CuCl,(H,0),

Thermodynamics values for G, were obtained using PCM
within the context of

AG,, = Geuclym,0), ~ Geuar, ~ Gmyo), 2
The free energy of a species is expressed as

Gy =E. + G + Gy + G 3)

gas corr SC!

where G, = PV — TS, and Egas is the hydration energy of
standard state (298.15 K, 1 atm) in the gas phase, and

Gscrf = Gelectrostatic + Gnoneleclroslalic = Gelectrostatic +
Gcavition + Gdispersion + Grepulsion (4)
In the case of water
G, = RTIn(P,/P")/n )

P, is the pressure of liquid water assuming it is an idea gas, P°
is the pressure of the gas phase standard state, R is the universal
gas constant, and 7 is the room temperature in kelvin.

In the hydration process of CuCl,, one may consider there is
an approximate boundary between the inner solvation shell,
which should be considered using a quantum mechanics
methods, and outer solvation shell mainly having a long
electrostatic effect on ions which can be considered as con-
tinuum medium. An approximation to a complete solvation shell
around copper dichloride is that the binding energy of the mth
water molecule in CuCl,(H,0),, clusters is close to the estimated
dissociation energy of one water molecule from liquid water or
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SCHEME 1: Approximation for Complete Solvation
Shell of Ions or Ion Pairs
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water clusters in absolute value (Scheme 1). Since the hydration
energy of each water molecule does not change linearly as the
hydrated cluster expands, a more appropriate approximation of
the complete solvation shell of ions or ion pairs is on the
condition that the binding energies of the (m+1)th and (m—+2)th
water molecules are also close to the dissociation energy of one
water molecule from liquid water in absolute value.

The binding energy for the additive water molecule in
CuCl,(H,0),, cluster is defined as

AE, .= Ecion,m,o0), ~ Ecuom,0), , ~ Eno (6)

The dissociation energy AE,, w of one water molecule from
bulk liquid water is ~10.5 kcal/mol estimated from the evaporate
energy of liquid water.*$-53

3. Results and Discussion

We have investigated various different conformers of hydrated
CuCl, clusters using B3LYP/aVDZ methods. Both CIP and SSIP
conformers were considered in optimization of CuCl,(H,0),
clusters. For SSIP conformers, SSIP/s (one CI atom separated
by solvation shell water molecules) and SSIP/d (two CI atoms
separated by solvation shell water molecules) conformations
were both considered. In addition, HBs were taken into account
for hydrated CuCl, clusters, especially HB formed between the
first and second solvation shells (called o-HB), HB formed
between the second and third solvation shells (called 5-HB),
HB formed between the third and fourth solvation shells (called
y-HBs), and ionic HB formed between chloride atom and water
molecules (called IHB). For the formation of HBs in
CuCly(H,0),, we have considered that a water molecule acts
as proton donor or acceptor in the formation of single or double
HBs and HB network.

3.1. Structures and Energetics. We have carried out
extensive calculations for searching the low-lying conformers
of the CuCl,(H,0), (n = 1—10) cluster in the gas phase at the
B3LYP/aVDZ level, intending to determine the most stable
structure of each CuCl,(H,0O), (n = 1—10) cluster at a certain
metal coordination number (4—6). As a consequence, the
hydration energy change of each CuCl,(H,0), (n = 1—10) as
a function of metal coordination number (4—6) has been
determined. Typical optimized geometries and NBO charge
population results of CuCl,(H,0), (n = 1—10) clusters are
presented in Figure 1, where the six-fold SSIP conformers
(SSIP/s and SSIP/d) were excluded because they are far more
unstable according to our calculation. The works of Morokuma
et al. indicated that NBO calculation may probably leave the p
orbitals in the Rydberg space, and those orbitals can contribute
significantly to the overall charge,”*>* and our NBO charge
population analyses just showed that the p orbitals are obviously
involved in charge transfer or coordination bonding for the
orbital configuration of Cu*" in W7-A (3d°**4s%374p%4!) and
W7-C (3d°?4s%334p%48) conformers. Table 1 lists different
energy parameters for CuCl,(H,0), (n = 1—10) clusters using
the BALYP/aVDZ method. The bond lengths of some typical
conformers are presented in Table 2.
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The Cu—Cl bond length of monohydrated copper dichloride
cluster increases by 6.4 pm, compared to that of CuCl, molecule,
and its calculated complex hydration energy is —14.0 kcal/mol.
As n increases to 2, a regular square-planar geometry (W2-A)
was obtained; the Cu—ClI bond length further lengthens by 8.2
pm, and its hydration energy increases to —25.1 kcal/mol. For
CuCly(H,0)3, W3-A is the most stable four-fold conformer in
hydration energy, whose structure has an a-HB and an IHB,
and the bond length of a-HB in W3-A (166.5 pm) is 27.8 pm
shorter than that of HB in the dimer water cluster (194.3 pm).
Meanwhile, the formation of these HBs also makes the Cu—Cl
bond lengthen nearly 3.6 pm and the Cu—O bond shorten about
4.3 pm.

In the case of tetrahydrated CuCl,(H,0), cluster, four-fold
CIP conformer (W4-A) that has two a-HBs and IHBs is also
the most stable structure in hydration energy. Due to the
formation of such HBs, the Cu—O bond length becomes shorter,
and the Cu—Cl bond length becomes longer. However, W4-B
with an a-HB, an IHB, and a 8-HB is less stable than W4-A in
the gas phase. Similarly, for CuCl,(H,0), clusters (n = 5 and
6), the Cu—O bond length is shortened and the Cu—CI bond
length is lengthened. Four-fold CIP conformer is also the most
stable structure for the heptahydrated cluster, but this conformer
is a four-fold reticular CIP structure, whose solvation shell water
molecules form rings (HB network), and its calculated hydration
energy is —33.7 kcal/mol. We found that the four-fold CIP
conformer is also the most stable structure for CuCl,(H,0),
clusters (n = 2—7) of all the optimized conformers (as shown
in Figure 1), and the average Cu—O and Cu—Cl distances of
these four-fold CIP conformers are 195.9—202.5 and 222.5—226.6
pm, respectively. Meanwhile, in concentrated aqueous copper
dichloride solutions, the average Cu—O and Cu—Cl distances
are 195—196 and 225—229 pm by X-ray diffraction technique,®®’
196(3) and 230—350 pm from neutron diffraction experiments
of CuCl, salt in a 4 M aqueous solution.>® Therefore, it can be
noted that the bond lengths of CIP conformers obtained in our
calculations generally agree with the experimental observations
(4 mol/kg aqueous solution).”™ Since the binding energies of
the fifth, sixth, and seventh water molecules are already close
to the calculated dissociation energy of one water molecule in
the liquid phase in absolute value, it can be concluded that the
hydrated CuCl,(H,0), cluster approaches the complete solvation
shell as n increases to 5—7 (as shown in Figure 2).

In the case of the octahydrated cluster, four-fold SSIP/s
conformer (W8-D) becomes 0.7 kcal/mol more stable than the
CIP conformer, W8-A. Compared with W8-A, the Cu—O bond
length of W8-D is further shortened and one Cu—Cl bond length
increases to 409.5 pm. Meanwhile, the average ClI—H bond
length of W8-D is apparently shorter than that of W8-A, which
indicates that the dissociation of Cl~ accompanying the en-
hancement of IHBs. NBO charge population analyses show that
the charges on copper (1.03¢) and chloride atoms (—0.77 and
—0.58¢) of W8-D are obviously larger than those of W8-A (Cu/
0.89¢, C1/—0.59¢,—0.62¢), which suggests that the chloride atom
tends to dissociate as n increases to 8. Therefore, for CIP
CuCl,(H,0), clusters, seven water molecules may be the upper
limitation in inner solvation shell because a four-fold SSIP/s
conformer becomes a more stable structure when the eighth
water molecule is involved. The four-fold SSIP/s conformer,
WO-D, is iso-energetic with W9-A. It is to be noted that one
chloride atom tends to dissociate (Cu—CI bond length as shown
in Table 2). The charge of the dissociated CI atom in the W9-D
structure is —0.78e, which also implies that the chloride atom
tends to dissociate (Figure 1).
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Wi10-B Wio0-C Wwi10-D

WI0-E WI10-F WI10-G

Figure 1. Typical optimized structures of CuCl,(H,0), for n = 1—10 at the B3LYP/aVDZ level, and NBO charge population analyses for copper
atom, chloride atom, and water molecules are also presented. Other optimized structures that are quite less stable both in the gas and aqueous
phases were not collected. W is the abbreviation of water. The hydrogen bonds formed among water molecules are shown by the bold dashed line,
and those formed between water molecules and chloride atom by a thin dashed line. NBO charge is given in au/e.

When 7 increases to 10, four-fold SSIP/s conformers (W10-
D) are of 3.5 kcal/mol more stable than the four-fold CIP
conformer (W10-A). The Cu—O bond length is further
shortened, and Cu—Cl bond length is further lengthened (as
shown in Table 2). Meanwhile, four-fold SSIP/d conformer
(W10—F) is only 3.9 and 0.4 kcal/mol less stable than its

SSIP/s (W10-D) and CIP (W10-A) structures in the gas phase.
For the SSIP/d conformer (W10-F), its two Cu—CI bond
lengths increase to 387.2 and 452.6 pm, which indicates that
the second chloride atom also tends to dissociate. NBO charge
population analyses gain the same conclusion, as shown in
Figure 1.
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TABLE 1: B3LYP/aVDZ Hydration Energies of CuCl,(H,0), Clusters for n = 1—10 in the Gas and Aqueous Phases®

gas phase aqueous phase”
geometries CN AE AE, AH AG AEg AEv0 AGgy
CIP W1 3 —14.0 —-1.7 —2.5 6.0
CIP W2-A 4 —25.1 —224 —23.5 —11.1
CIP W3-A 4 —27.7 —25.9 —26.5 —14.8
W3-B 5 —21.4 —20.2 —20.2 —9.6
CIP W4-A 4 —27.2 —25.8 —26.2 —14.6 —29.0 —27.6 —16.4
W4-B 4 —243 —23.1 —234 —-12.9 —28.2 —27.0 —16.8
W4-C 5 —21.3 —20.6 —20.4 —9.8 —26.5 —258 —15.0
W4-D 6 —14.6 —14.9 —13.8 —6.1 —20.7 —21.0 —12.2
CIP WS-A 4 —27.9 —26.6 —26.9 —14.6 —28.1 —26.8 —14.8
W5-B 4 —27.4 —259 —26.4 —14.5 —28.6 —27.1 —15.7
W5-C 5 —24.1 —23.1 —232 —11.6 —26.8 —259 —14.3
W5-D 6 —17.3 —17.4 —17.1 —6.0 —21.6 —21.7 —10.3
SSIP/s W5-E 4 —23.4 —21.2 —22.5 —7.6 —254 —23.2 —-9.7
W5-F 5 —16.6 —153 —16.1 —22 —21.6 —20.3 -7.3
CIp Wé6-A 4 —29.9 —28.3 —28.7 —15.7 —28.9 —274 —14.8
Weé-B 4 —293 —274 —28.2 —15.8 —29.6 —27.7 —16.1
Weo-C 5 —26.6 —24.9 —255 —11.1 —27.7 —26.0 —12.2
W6-D 6 —20.9 —19.7 —19.8 —6.4 —223 —21.2 =79
SSIP/s W6-E 4 —27.5 —24.8 —26.5 —-9.7 —279 —25.2 —10.1
Wo6-F 5 —25.4 —22.5 —24.2 —6.5 —28.3 —254 —94
CIp W7-A 4 —33.7 —-31.3 —324 —17.6 —30.7 —28.3 —14.7
W7-B 4 —29.8 —29.5 —29.4 —20.8 —31.8 —31.6 —22.9
W7-C 5 —28.4 —27.8 —27.8 —16.0 —30.7 —30.7 —18.3
W7-D 6 —21.9 —22.5 —21.7 —12.2 —26.2 —26.9 —16.5
SSIP/s W7-E 4 —28.1 —27.2 —279 —15.4 —30.8 —29.9 —18.1
W7-F 5 —28.3 —24.8 —26.5 —9.7 -31.9 —29.8 —-17.9
CIp WS8-A 4 —24.2 —23.5 —23.6 —12.5 —25.1 —24.3 —13.3
W8-B 5 —20.3 —21.0 —20.2 —12.1 —25.8 —26.6 —17.6
W8-C 6 —13.8 —14.8 —14.2 —4.9 —23.0 —23.9 —14.0
SSIP/s W8-D 4 —24.9 —23.8 —24.3 —114 —26.3 —25.1 —12.8
WS-E 5 —23.0 —22.0 —224 —10.0 —27.1 —26.2 —14.1
SSIP/d W8-F 4 —17.8 —16.6 —18.1 —34 —23.1 —21.9 —8.7
W8-G 5 —17.8 —16.4 —17.8 —2.69 —24.8 —234 —9.6
CIp W9-A 4 —26.2 —25.5 —25.5 —14.2 —244 —23.7 —124
W9-B 5 —20.4 —21.2 —22.8 —10.7 —243 —25.2 —14.6
Wo-C 5 —20.0 —20.9 —20.7 —125 —24.9 —25.8 —17.4
SSIP/s W9-D 4 —25.5 —244 —25.0 —12.3 —26.7 —25.6 —134
W9-E 5 —23.5 —224 —22.8 -9.9 —27.2 —26.1 —13.6
SSIP/d WO-F 4 —17.0 —16.7 —18.3 —2.7 —21.0 —20.3 —6.3
WI-G 5 —16.7 —15.6 —16.8 —-1.9 —23.5 —224 —8.6
CIp W10-A 4 —28.7 —28.3 —28.1 —174 —24.6 —24.2 —133
W10-B 4 —25.0 —23.7 —23.7 —11.7 —27.4 —26.1 —14.2
W10-C 5 —25.1 —254 —24.7 —15.6 —26.8 —27.2 —17.4
SSIP/s W10-D 4 —32.2 —30.2 —31.5 —16.5 —30.4 —28.4 —14.7
W10-E 5 —28.2 —27.0 —27.7 —144 —27.6 —26.4 —13.8
SSIP/d W10-F 4 —28.3 —26.4 —22.7 —11.8 —29.0 —27.2 —12.5
W10-G 5 —24.1 —22.8 —24.2 —8.8 —27.5 —26.1 —12.2

@ AE is hydration energy, AE, is zero-point-corrected electronic energies, AH and AG are enthalpies and free energies in the gas phase,
AE,, and AGi,, are hydration energies and free energies in the aqueous phase. CN is coordination number. All of the energies are in kcal/mol
at room temperature (298 K and 1 atm). ® Hydration energies, zero-point-corrected electronic energies, and free energies in the aqueous phase
were obtained using the PCM-B3LYP/aVDZ method. Calculations of small CuCl,(H,0), clusters (n < 4) using PCM-B3LYP/aVDZ are not
suitable for investigating the hydration of CuCl, in the aqueous phase, and thus AE,y, AE0, and AGy,y of these clusters are not included in

Table 1.

The theoretical calculations of Sukrat et al.>' and experimental
results of Pasquarello et al.?® showed that copper(Il)—water
complexes prefer higher coordination number (five-fold). Our
calculations of CuCl,(H,0), clusters (n = 2—10) in the gas
phase suggest that Cu®* favors four-fold structure for its CIP
and SSIP/s conformers, while its four- and five-fold conformers
are almost energetically degenerate for the SSIP/d structure.
However, as long-range electrostatic solvent effect is taken into
account, five-fold conformers become more stable than its four-
fold conformers, especially for SSIP/s conformation of
CuCl,(H,0), clusters (n = 7—9) in the aqueous phase. The
SSIP/d conformer, W10-F, in the aqueous phase is only 1.4
kcal/mol less stable than the SSIP/s conformer W10-D and 1.6

kcal/mol more stable than the CIP conformer, W10-B, which
indicates that the second chloride atom of CuCl,(H,O),q also
tends to dissociate.

For CuCl,(H,0), (n = 4—8) clusters, the d orbital energy
splitting of the four-fold conformer is larger than that of five-
and six-fold conformers, which indicates that the four-fold
conformer would be more favorable in energy. Generally, as
the hydration of CuCl, proceeds, the CT between Cu’>" and water
molecules leads to copper(Il) preferring higher coordination
number (five-fold). As with the dissociation of CI~, the energy
splitting of d orbitals for the five-fold SSIP conformer ap-
proaches or is larger than that of d orbitals for the four-fold
SSIP conformer, and that of the five-fold SSIP/d conformer of
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TABLE 2: Bond Lengths (in pm) of Some Selected CuCl,(H,0), Clusters for n = 0—10*

geometries Reu-cn Reu—cn Reu-ci Rcu-o1 Rcu-02 Rcu-o Ronp RﬂHB RyHB Rci-u
CuCl, 207.9 207.9 207.9
Wil CIP 214.2 2144 214.3 201.1 201.1
W2 CIP 222.5 222.4 222.5 202.5 202.5 202.5
W3-A CIP 226.0 223.8 224.9 198.2 203.1 200.7 166.5 227.4
W4-A CIP 227.3 227.3 227.3 198.5 198.6 198.6 167.5 226.4
W4-B CIP 226.2 2244 225.3 197.1 203.4 200.2 162.0 171.4 222.6
W5-A CIP 230.1 228.0 229.1 195.4 199.3 197.4 171.3 228.9
W5-B CIP 227.9 227.7 227.8 197.6 198.8 198.2 165.5 224.5
W6-A CIP 230.8 230.7 230.7 196.0 195.9 195.9 173.0 228.9
W6-B CIP 228.5 228.5 228.5 197.5 197.5 197.5 163.1 171.9 222.3
W7-A CIP 228.8 226.6 227.7 198.1 201.0 199.6 167.8 182.4 182.3 244 .4
W7-B CIP 233.0 229.2 231.1 195.6 195.9 195.8 173.0 202.7 235.8
W7-D SSIP/s 227.1 386.6 306.5 198.8 198.0 195.0 179.0 165.6 216.1
W38-A CIP 228.9 225.0 227.0 198.8 200.5 199.7 180.7 185.7 181.2 249.9
W8-B CIP 232.0 231.9 232.0 195.0 195.0 195.0 172.0 199.7 265.5
W8-D SSIP/s 224.5 409.5 317.0 198.2 198.3 201.4 176.1 190.1 227.6
WI-A CIP 229.8 228.1 229.0 197.5 199.1 198.3 177.9 185.6 181.2 247.7
W9-B CIP 231.9 231.9 232.0 193.7 195.2 194.5 170.4 192.5 195.1 237.8
W9-D SSIP/s 2244 433.9 329.1 197.8 198.3 200.4 174.6 180.7 226.3
WI10-A CIP 232.2 229.3 230.7 196.2 198.0 197.1 178.5 186.6 180.8 244.7
W10-B CIP 232.1 232.0 232.1 193.8 193.8 193.8 168.6 185.0 195.5 231.7
W10-D SSIP/s 225.5 476.0 350.8 196.9 197.2 200.7 172.7 178.8 187.9 223.3
WI10-F SSIP/d 452.6 387.2 419.9 195.2 198.6 195.3 172.4 155.2 188.4 205.5

“Rcy—c1 and Rey—o are the average Cu—Cl and Cu—O bond lengths, respectively, and R¢—y is the average Cl—H bond length. In
concentrated aqueous copper dichloride solutions, the average Cu—O and Cu—Cl distances are 195—196 and 225—229 pm by X-ray diffraction
technique,®7 196(3) and 230—350 pm from neutron diffraction experiments of CuCl, salt in a 4 mol/kg aqueous solution.™
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Figure 2. Binding energy of each water molecule calculated using eq
6 in the Calculations and Methods section. CIP and SSIP are the
abbreviations of contact ion pair and solvent-shared ion pair, respec-
tively. The dissociation energy of one water molecule from aqueous

water estimated from its evaporate energy and sublimation energy is
~10.5 kcal/mol. 483

CuCl,(H,0)g is obviously larger than its four-fold conformer,
as shown in Figure 3. From the view of ligand field, four-fold
coordination is more favorable for a copper(Il) atom with a
coordination of two Cl™ and less water molecules (n < 7)
involved in hydration of CuCl,(H,0), clusters, while five-fold
coordination is more favorable for a copper(II) atom when CI™
tends to dissociate and more water molecules (n > 7) are
involved in hydration.
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In the dissolution process of CuCl,, HBs, especially a-HB
and then the like, play a very important role in stabilizing the
CuCl,(H,0), clusters, shortening Cu—O distance and leading
to the dissociation of chloride atoms from the central ion. The
formation of o-HB, 5-HB, and y-HB can enhance the hydration
of the central copper atom and the charge separation between
Cu and Cl atom. Especially, for CuCl,(H,0), clusters (n = 3—7),
the formation of a-HB obviously enhances the hydration of four-
fold CIP conformers. Generally, the charge on the Cu atom
increases as the hydrated cluster size extends, which strengthens
the coordination of waters and HBs in the solvation shell.
Meanwhile, the increase of electron density on the Cl atom with
the dissociation of Cl anion enhances the IHBs between CI and
water molecules. Therefore, for n = 8—10, SSIP is iso-energetic
or more stable than its CIP conformers. Our calculations present
such a trend that the four-fold CIP conformer is more favorable
for CuCl,(H,0), clusters (n < 7) in the gas phase and four-
fold SSIP/s conformer for n = 8—10. However, in the aqueous
phase, the five-fold SSIP/s conformer is more stable than its
other conformers for n = 8 and 9 and the four-fold CIP
conformer for the smaller CuCl,(H,0), clusters (n = 2—6). NBO
charge population analyses show that there is CT between the
copper atom and ligands (Cl and H,0), as shown in Figure 1,

sL
;:z.:“-é ﬁ"&
Wg8-CIP W 8-SSIP/s W 8-SSIP/d

Figure 3. Energy level distributions of d orbitals of Cu?* in CuCly(H,0), clusters for n = 6—8. CuCl,(H,O);, the orbital splitting of CIP, SSIP/s,

and SSIP/d conformers are all shown.



Hydrates of Copper Dichloride in Aqueous Solution

J. Phys. Chem. A, Vol. 113, No. 51, 2009 14035

<012 >

Zo1d] Cuc 2 E

H 4 s 2

= = E
L

A 5 3

TuQ
nm

,\nir\

E —— WP -SSP

o = = WIJ-SSPd

g

£

£

W10-D-5SIP/s
= = = W10-E-S5IP/s

Figure 4. Calculated spectra of CuCl, molecule and CuCl,(H,0), clusters for n = 5—10 using LRC-TDDFT/aVDZ method (298 K and 1 atm).

TABLE 3: Excited Energies (eV) and Oscillatory Strengths of CuCl, Molecule and Some Typical CuCl,(H,0), Clusters for n =

5—10 Using LRC-TDDFT/aVDZ Method (298 K and 1 atm)

geometries CN excited energies (eV)“
CuCl,® 2 ~2.11-2.36, ~5.58
CuCl, CIP 2 2.230.16, 6.900.02, 7.830.10, 7.960.07
[Cul*yy unknown unknown >5.51
[CuCl]+aq" unknown unknown ~4.96
[CuClz]an" unknown unknown ~4.51
W5-D CIP 6 4.560.12, 4.680.02, 6.550.02, 7.260.02, 7.330.03
W6-D CIP 6 4.640.02, 6.620,04, 7.430.00, 7.45001
W7-A CIP 4 4.510.13, 6.370.03, 6.770.02
WS8-C CIP 6 6.350.03, 6.370.03
W8-D SSIP/s 4 4.810.08, 6.740.01, 6.880.2
W8-F SSIP/d 4 6.100.04, 6.330.03, 6.560.02, 7.21¢ 11
W8-G SSIP/d 5 6.190.02, 6.320.05, 6.610.02, 6.62002, 7.250.00
W9-D SSIP/s 4 4.850,08, 6.200.02, 6.760.01, 6.930.02, 7.210.08
W9-F SSIP/d 4 5.860.02, 5.930.01, 6.180.03, 6.480.02
W9I-G SSIP/d 5 6.200.02, 6.230.02, 6.370.04, 6.62002
WI10-E SSIP/s 5 4.900,08, 5.890.02, 6.580.03, 7.320.10, 7-3%0.07
WI10-F SSIP/d 4 6.190.02, 6.430.01, 6.440.04, 7.100.09, 7.140,05
W10-G SSIP/d 5 6.12,01, 6.400,04, 6.650,02, 6.95001

@ Oscillatory strength is presented as a suffix. » The peaks were observed by DeKock and Gruen in experiment at 1076 K.* ¢ The absorption
spectra were dissolved by Brugger et al. in trace CuCl, + LiCl (0—18 mol/kg) aqueous solution.'

and the charge separation between Cu and Cl for SSIP
conformers is more apparent, which enhances the strength of
IHBs, favoring the dissociation of chloride atom as n increases
to 8.

3.2. Electronic Spectra of CuCl,(H,0), Cluster. DeKock
and Gruen’s experimental results® showed that the electronic
spectra of CuCl, molecule in the gas phase (1076 K) have two

strong absorption peaks around 222 and 526—588 nm (~5.58
and ~2.11—2.36 eV). Our calculated electronic spectra of CuCl,
by LRC-TDDFT/aVDZ method (Figure 4 and Table 3) agree
well with these experimental spectra. The calculated absorp-
tion peak at ~180 nm (~6.90 eV) can be attributed to d—d
transition of Cu?*, while that at ~557 nm (~2.23 eV) is due
to CT from the occupied p orbital of Cl atom to the d orbital
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TABLE 4: OH Stretching Vibration Frequencies of Water
Clusters for n = 4—10 Using B3LYP/aVDZ Method*

n OH stretching frequencies of (H,0), clusters (cm™")

4 3322, 3422521, 3422500, 34612, 386345, 386404,
386304, 3865

5 327143, 33625331, 33702103, 341966, 342666, 386347,
386574, 386761, 386855, 387063

6 32735, 33415713, 33645552, 3407457, 3423, 343466,
386443, 386475, 386733, 386873, 387735, 3877,

7 3111481, 32351432, 3381653, 3455553, 3562290, 3571417,
3656489, 3681191, 3743316, 381805, 386344, 3864ss,
3866119, 386847

8 31643, 319051, 3218725, 32231726, 3581473, 3585154,
3586143, 35964, 36175, 3646473, 3648659, 3664005,
386244, 386279, 386340, 386343

9 315515, 31794, 32101779, 32111919, 32861086, 3568321,
3578584, 3583043, 359268, 36097, 3638461, 3643697,
36601147, 37592, 386273, 386251, 386464, 38686,

10 28571392, 31771208, 329964, 3386605, 3405574, 3465227,
3469559, 3521662, 3578577, 3615345, 3627330, 3683139,
3710480, 3731507, 3753278, 385555, 385964, 386156,
386353, 38649

“]R Intensities given in subscripts are in 10 km/mol.

of the copper atom. Therefore, calculations of electronic
absorption spectra for hydrated CuCl,(H,0), (n = 5—10)
clusters were also performed at the LRC-TDDFT/aVDZ level.
Figure 4 presents the calculated electronic absorption spectra
of typical CIP and SSIP CuCl,(H,0), conformers for n =
5—10 in the gas phase, which are compared with the
UV—vis—NIR spectrum of trace Cu(Il) chloride in LiCl
aqueous solution from dilute to 18 mol/kg!'® and the spectrum
of the CuCIl* complex in aqueous solution.!!

The calculated spectra of all four- and five-fold CIP
CuCl,(H,0), clusters for n = 5—10 have two absorption bands
at ~180 and ~270 nm, as shown in Figure 4, which can be
attributed to d—d transition of Cu?>* and CT between the central
copper atom and ligands (Cl and H,0), respectively. These two
bands are also found in the six-fold CIP conformer for all
CuCl,(H,0), (n = 5—7) clusters; however, the peak at ~270
nm disappears for the six-fold CIP CuCl,(H,O)g conformer.
With the increasing water molecules, the absorption of the d—d
transition is red-shifted, and that of CT between the central
copper atom and ligands is blue-shifted. For SSIP/s conformers,
there are also two absorption bands (around 180 and 250 nm)
that can be also attributed to d—d transition and CT in
CuCl,(H,0), clusters, respectively. However, the CT band is
blue-shifted in comparison to that of CIP conformers. The same
as CIP conformers, d—d transition and CT bands for the SSIP/s
cluster are red-shifted and blue-shifted as the number of attached
water molecules increases, respectively. In contrast, there is only
one obvious absorption peak around ~180 nm for those SSIP/d
conformers, which can be mainly attributed to d—d transition
of Cu®".

Brugger et al.'” have measured the spectra of trace CuCl, in
LiCl solutions and dissolved the measured spectra assuming that
hydrated [CuCl,]*™ (n = 0—4) species exist in it. For the
assumed [CuClz]Oaq species, they obtained a dissolved absorption
peak at 275 nm, which is very likely to be CIP conformers with
four- or five-coordination number according to our theoretical
calculation. The six-fold CIP conformers for the CuCl,(H,0),
cluster seem impossible since their hydration energies AE are
far smaller than that of four- or five-fold CIP structures. In
addition, the [CuCl,]%, species may not be the SSIP/d conformer
of the CuCl,(H;0), cluster for there is only one peak (around
180 nm), and the SSIP/s conformer is possible as long as the

Xia et al.

TABLE 5: OH Stretching Vibration Frequencies of
CuCly(H,0), Clusters for n = 4—10 Using B3LYP/aVDZ
Method*

OH stretching frequencies of CuCl,(H,0),

geometries n clusters (cm™")

CIP 4 3201]730, 32042167 3570923, 35717(), 379348,
379462, 3854127, 38544,

CIP 5 3238986, 3317477, 33661250, 3594490, 360457,
3627379, 3781112, 3855134, 385663, 385825

CIP 6 3325933, 3341535, 33685, 33782542, 36107,

3611545, 3618156, 362219, 38576, 3857343,
385720, 3858¢3

CIP 7 2994439, 3062047, 32671116, 3299791, 3534567,
359852, 3625162, 3648572, 3689431, 373905,
375954, 377884, 385443, 385459

SSIP/S 8 29071210, 3020529, 3193550, 3244750, 352535,
3534482, 3600]76, 3612300, 36695]2, 3739]27,
374613, 3765340, 378530, 381153, 384879, 38567,

SSIP/d 8 2821121, 2860950, 29845510, 31131014, 32196y,
3288633, 341333, 3430309, 35011]04, 3511]24,
3522518, 3532437, 3560761, 385849, 385959,
386877

SSIP/S 9 307263, 3080319, 3110514, 31592605, 32821677,
3358519, 3387155, 3420586, 35271033, 35321200,
3541547, 3579420, 374046, 3749251, 384147,
385699, 385979, 385977

SSIP/d 9 2483559, 259657, 26794334, 3123535, 3194541,
3343471, 33581014, 3378609, 3407646, 3447752,
3536675, 3558266, 3572503, 3609346, 379857,
384799, 3853103, 38557,

SSIP/S 10 2937911, 3056281, 3077146, 31093334, 3159143,
336953, 3395196, 3406799, 3460651, 34991119,
35061170, 3570233, 3577663, 3652376, 372865,
3736344, 383470, 385157, 385845, 386679

SSIP/d 10 2774935, 27831126, 2880873, 2968453, 309135,
3277504, 32971286, 3300601, 3324235, 3398354,
34187g(), 3434|()47, 3442376, 34592()7, 3561“7,
360869, 3846109, 385253, 386333, 386379

“1R intensities given as subscripts are in 10 km/mol.

water molecule is sufficient. However, the absorption peaks
around 250 and 180 nm for SSIP/s and SSIP/d conformers,
respectively, probably correspond to [CuCl]Jraq and [Cu]”aq
species resolved from experimental spectra.'®!!

3.3. Frequency Analysis—IR Spectra. The OH stretching
vibration frequency is widely used to identify diverse cluster
structures, and thus all of the OH stretching vibration frequencies
of water clusters and the most stable CIP and SSIP CuCl,(H,0),,
clusters for n = 4—10 in the gas phase were calculated at the
B3LYP/aVDZ level and are presented in Table 4 and Table 5,
respectively. In cluster scale, water molecules can be classified
as “D”, “A”, “DA”, “AA”, “DAA”, “DD”, “DDA”, and
“DDAA” types, where D and A indicate H-donor and H-
acceptor, respectively. For comparing IR spectra of CuCl,(H,0),
clusters, those of water clusters for n = 4—10 were also
calculated at the B3LYP/aVDZ level, as shown in Table 4.

The spectra of CIP CuCl,(H,0), conformers for n = 4—7
have two obvious bands (~3750 and ~3850 cm™!) in the high-
frequency region. However, the frequencies of these vibrations
(~3750 and ~3850 cm™!) are substantially red-shifted in
comparison to those of free water molecule (~3800 and ~3900
cm™!) because of partial CT between the central copper atom
and the surrounding ligands (Cl and H,0). For CIP CuCl,(H,0),
conformers, the peaks at ~3600 and ~3850 cm™' can be
attributed to the free OH stretching vibration frequencies of
solvation shell water molecules that only form A-type HB, while
the bands at ~3200 and ~3790 cm™! are the OH and free OH
stretching vibration frequencies of D-type water molecules. The
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Figure 5. IR spectra of CuCl,(H,0), clusters for n = 4—10 using B3LYP/aVDZ method (298 K and 1 atm).

bands at ~3330 and ~3370 cm™! can be attributed to the Viym
and v,ym of DD water molecules in the solvation shell. The
calculated OH and free OH stretching vibration frequencies of
DA water molecules in W7-A are ~3630 and ~3760 cm™',
respectively. There are two obvious bands around 3000 cm™!
that are attributed to OH stretching vibration frequencies of D-
and AD-type water molecules in W7-A, which is different from
those for n = 4—6, probably due to the formation of a HB
network. Those free OH stretching vibration frequencies of CIP
CuCl,(H,0), complexes for n = 4—7 are red-shifted as the
hydrated cluster expands because the magnitude of CT from
Cu to water molecule decreases. Similar trends have been also
observed in the spectra of Ca’"(H,0),.%

Similar to CIP CuCl,(H,0), clusters, for the lowest-energy
structures of the SSIP conformer (n = 8—10), there is an obvious
absorption band in the high-frequency region (around ~3850
cm™!) besides other peaks, and OH stretching vibration frequen-
cies of the SSIP clusters are also red-shifted as the number of
attached water molecules increases. However, for SSIP con-
figurations, stretching vibration frequencies of OH interacting
with the dissociated chloride atoms have a lower range of
~2700—3100 cm™!, and especially for SSIP/d conformers, an
obvious absorption peak can be found in the range of
~2700—2800 cm ™!, which was not observed in copper—water
complexes.?? In addition, compared to those of water clusters,
OH stretching vibration frequencies of a D-type water molecule
in CuCly(H,0), complexes (CIP, SSIP conformers) are obvi-
ously red-shifted due to CT between the central copper atom
and the surrounding ligands, which leads to the enhancement
of HBs in those hydrated clusters.

4. Conclusions

In the present paper, the hydrates of copper dichloride have
been investigated using the B3LYP/aVDZ method. Our calcula-
tions show that the coordination number of central Cu(Il) atom
varies with different hydration states. Four-fold CIP conformers
are the most stable structure in the gas phase (n < 7), while in
the aqueous phase, the five-fold SSIP/s conformer is slightly
more stable than CIP conformer of CuCl,(H,0), for n < 7 with
an exception for n = 10. a-HBs play an important role in
stabilizing CuCl,(H,0), complexes, which is consistent with
the reported articles.!*~'” From our estimation, seven water
molecules may be enough for the solvation of CuCl,, and more
water molecules involved in the inner solvation shell will lead
to the dissocitation of C1™. NBO charge population analyses of
CuCl,y(H,0), clusters suggest that the charge separation between
the central copper atom and chloride atoms is strengthened by
o-HBs and 5-HBs among hydration shells. Due to the dissocia-
tion of two C1~, the SSIP/d conformer of CuCl,(H,0), clusters

for n = 7—10 has only one absorption peak (around 180 nm)
which can be attributed to d—d transition of Cu?". Our calculated
electronic absorption spectra around 270 nm (due to CT) of
CIP conformers using LRC-TDDFT/aVDZ method are coinci-
dent with the spectrum'® for [CuCl,]°, species dissolved from
the experimental spectra in trace CuCl, + LiCl (0—18 mol/kg)
aqueous solution, while the CT band (around 250 nm) of SSIP/s
and d—d transition band (around 180 nm) of SSIP/d conformers
probably correspond to the absorption peaks for [CuCl]*,, and
[Cu]*",q species, respectively. OH stretching vibration frequen-
cies of CIP and SSIP clusters are red-shifted as the cluster size
extends because the HBs are strengthened in those clusters as
the hydration proceeds. The OH stretching vibration bands of
SSIP conformers are red-shifted in comparison to those of its
CIP isomer, for more CT in SSIP conformers. In addition, OH
stretching vibration frequencies of the D-type water molecule
in CuCl,(H,0), complexes are apparently red-shifted for CT
between Cu and ligands (Cl and H,O) compared to those of
the corresponding water clusters (H,O),. It can be seen from
the above calculations and discussions that even the structures
of CuCl,(H,0), species in the aqueous phase are already quite
complicated, and a complete insight into the structures of copper
dichloride complexes in aqueous solution cannot be gained until
a series of theoretical investigations on other hydrated cupric
chloride complexes in aqueous phase, such as [Cul*',,
[CuCl]" 4, [CuCls] g, and [CuCly]*,, species, have been carried
out.
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