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ABSTRACT: Copper(II) complexes are extremely labile with typical ligand
exchange rate constants on the order of 106−109 M−1 s−1. As a result, it is
often difficult to identify the actual formation mechanism of these complexes.
In this work, using UV−vis transient absorption when probing in a broad time
range (20 ps to 8 μs) in conjunction with DFT/TDDFT calculations, we
studied the dynamics and underlying reaction mechanisms of the formation of
extremely labile copper(II) CuCl4

2− chloro complexes from copper(II)
CuCl3

− trichloro complexes and chloride ions. These two species, produced
via photochemical dissociation of CuCl4

2− upon 420 nm excitation into the
ligand-to-metal-charge-transfer electronic state, are found to recombine into
parent complexes with bimolecular rate constants of (9.0 ± 0.1) × 107 and
(5.3 ± 0.4) × 108 M−1 s−1 in acetonitrile and dichloromethane, respectively. In
dichloromethane, recombination occurs via a simple one-step addition. In
acetonitrile, where [CuCl3]

− reacts with the solvent to form a [CuCl3CH3CN]
− complex in less than 20 ps, recombination takes

place via ligand exchange described by the associative interchange mechanism that involves a [CuCl4CH3CN]
2− intermediate. In

both solvents, the recombination reaction is potential energy controlled.

I. INTRODUCTION

It is well-known that copper plays an important role in
metabolism of living organisms, for example, plastocyanin takes
part as an electron donor species in the photosynthesis of the
photosystem I in plants and bacteria.1 Electron and energy
transport processes of this and several other copper-containing
proteins have been the focus of many recent studies.2−4 In
general, these transfer properties are associated with the ability of
a copper ion to change its oxidation number reversibly.3

However, plastocyanin is a rather complicated system for
studying the photoinduced transformation of the copper
proteins. On the other hand, copper(II) chloro complexes are
known as model compounds to understand the photochemistry
of more complex copper species, and potentially, they can be
useful for better understanding of copper proteins.5,6

One of the most important aspects of coordination chemistry
is formation dynamics of metal complexes, which usually involves
ligand substitution (or exchange) processes. This means that it is
necessary to know the ligand exchange mechanism of metal
complexes in various environments to better understand the
reactivity of metal ions in biology and biochemistry. There is a
number of studies describing ligand exchange processes in
nonaqueous solutions7−9 and polymers,10 but the ligand
exchange processes have been best studied in aqueous

solutions.9,11−13 Substitution processes in nonaqueous media
are of interest because of synthetic applications. Ligand
substitution kinetics of transition metals, e.g., manganese,14

chromium,11 nickel,12 cadmium,15 and others,16 attract a great
deal of attention and have been actively studied. Moreover,
photoinduced structural rearrangements of metal complexes also
raise a lot of interest.17 Depending on ligand exchange reaction
rates, metal complexes are classified into two categories:18 inert
complexes, where ligand exchange is slow (rate constants, <101

M−1 s−1) and labile complexes characterized by high ligand
exchange rate constants (>102 M−1 s−1). Langford and Gray19

proposed classifying the mechanisms of ligand exchange
reactions into associative, dissociative, and interchange mecha-
nisms. The associative mechanism (A) involves the reaction
intermediate species with the coordination number larger than
that of the initial complex due to association with the incoming
ligand. On the contrary, the dissociative mechanism (D) involves
dissociation of a ligand with formation of the intermediate
species, which coordination number is smaller than that of the
initial complex. The case between these two extremes is the
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interchange mechanism (I) that usually proceeds through a
manifold of transition states separating intermediate complexes,
which cannot be kinetically detected. Interchange mechanisms
range from associative interchange (IA), in which the bond-
making is of greater importance, to interchange (I), in which
bond-making and bond-breaking processes are equally impor-
tant, and to dissociative interchange in which bond-breaking is
predominantly important (ID).

7 The A, IA, and ID mechanisms
are common for four-,8 five-,7 and six-coordinated9 copper(II)
complexes, respectively.
The experimental kinetic data for copper complexes are

extremely limited despite the fact that the thermodynamics of
copper(II) ion complexation is studied rather well.20−24 The
kinetics of a large number of stable, inert complexes of the
transition metals can be studied by spectrophotometric
methods.15 But, due to combination of Jahn−Taller distortion
and fast reorientation of the distortion axis, copper(II)
complexes are extremely labile with typical ligand exchange
rate constants on the order of 106−109 M−1 s−1,7,9,25−27 and as a
consequence, conventional spectrophotometric methods fail to
resolve the course of structural changes from reagents to
products in copper(II) ligand exchange reactions.
High-pressure NMR spectroscopy is one of the most

informative and useful methods for describing the exchange
mechanism of labile complexes.28,29 The results obtained by
NMR studies can be supported by quantum chemical
calculations.11 For example, DFT, as one of the most reliable
low-cost computation methods,30 allows us to evaluate the
thermodynamics and structural changes during the course of the
reaction, and thus, provides enough information to interpret the
reaction mechanism. Another useful experimental method for
measuring ligand exchange rates and establishing the involved
reaction mechanism is temperature-jump (T-jump) time-
resolved transient mid-IR absorbance spectroscopy.13 This
method is based on local ultrafast heating of the substance
under investigation, resulting in the equilibrium shift from initial
complexes to product complexes. The T-jump method has a
significantly better time resolution (5 ps)31 than NMR
spectroscopy (several nanoseconds) and, therefore, is more
suitable for studying ligand exchange reactions of extremely labile
complexes such as copper(II) compounds. In this work, we
demonstrate the power of studying the formation dynamics of
very labile complexes by using picosecond and nanosecond UV−
vis transient absorption spectroscopies in conjunction with DFT
calculations. For this study, we selected copper(II) tetrachloro
complexes for several reasons. To begin with, photolysis of
[CuCl4]

2− results in ionic dissociation without any reduction of
copper(II) ions,32,33 so that the subsequent recombination of
ionic fragment species can be exclusively monitored using
transient absorption spectroscopy. Next, this complex has a
tractable size for quantum-chemical calculations. Also, [CuCl4]

2−

is soluble in both polar and nonpolar solvents, which makes it
possible to study ligand substitution in solvents with different
donor properties, i.e., different abilities of the solvent to
coordinate to the metal ion (for example, dichloromethane and
acetonitrile, which are characterized by donor numbers of 1 and
14.1,34 respectively). A small size of a chloride ligand minimizes
the role of steric effects in these reactions.
Herein, the photochemistry of [CuCl4]

2− complexes is studied
in two solvents of different donor properties, namely, dichloro-
methane and acetonitrile, by means of UV−vis transient
absorption spectroscopy with probing from several picoseconds
to several microseconds, and density functional theory (DFT)

and time-dependent density functional theory (TDDFT)
calculations. We focus on the recombination reactions of the
ionic dissociation products assigned, on the basis of this work, to
ligand exchange and ligand addition in acetonitrile and
dichloromethane, respectively.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Copper(II) perchlorate hexahydrate (98%), tetraethylammo-
nium chloride (>98%), dichloromethane (HPLC grade,
anhydrous), and acetonitrile (>99.5%, anhydrous) were
purchased from Sigma-Aldrich. Tetraethylammonium chloride
was dried in a vacuum oven at 110 °C for 10 h. All experiments
were performed in acetonitrile and dichloromethane. The series
of solutions were prepared for nanosecond transient absorption
experiments. In these solutions the concentration of copper(II)
ions in the form of copper(II) perchlorate was kept constant at
0.1 mM in both solvents. On the contrary, the concentration of
chloride ions in a form of tetraethylammonium chloride was
varied to be 10, 20, 50, and 100mM in acetonitrile and 1, 2, 5, and
20 mM in dichloromethane. The ion ratio affects the ligand
substitution process; therefore, we changed the mole ratio of
Cu(II):Cl− to study the kinetics of ligand exchange mechanism.
For picosecond experiments, we prepared the separate solutions
in acetonitrile and dichloromethane in which the concentrations
of Cu(II) and Cl− were 0.5 and 100 mM, respectively. UV−vis−
NIR−IR absorption spectra of the solutions weremeasured using
a Varian Cary 50 UV−vis spectrophotometer. All spectroscopic
measurements were performed at 21 °C.
Picosecond transient absorption spectra were measured using

the previously described setup based on a regeneratively
amplified Ti:sapphire laser system (800 nm, 100 fs, and 1
kHz).32 An optical parametric amplifier (OPA) was used to
generate 420 nm excitation (“pump”) pulses with the energy of 9
μJ pulse−1. White-light continuum probe pulses in the 340−760
spectral range were generated by focusing the 800 nm light into a
3 mm thick CaF2 window. The probe light was focused onto the
sample to a 160 μm diameter spot and overlapped at an angle of
6° with the pump light focused to a 460 μm diameter spot.
Transient absorption kinetic traces were measured simulta-
neously within 274 nm spectral intervals using a spectrograph/
dual-diode (analyzing/reference) array detector. The polar-
ization of the pump and probe light was set at the magic angle
(54.7°) with respect to each other. The solutions were circulated
through a 2 mm Spectrosil UV quartz flow cell.
Nanosecond transient absorption spectra were measured

using a Proteus spectrometer (Ultrafast Systems) coupled with a
nanosecond Nd:YAG laser/OPO system (Opotek, Vibrant LD
355 II, 410−2400 nm, 5 ns, and 10 Hz). The Proteus
spectrometer was equipped with a 150WXe arc lamp (Newport)
used as a probe-light source, a monochromator (Bruker Optics),
and a Si photodiode (Thorlabs, DET 10A). The Nd:YAG laser/
OPO system was set up to generate 420 nm excitation (“pump”)
pulses with the energy of 3 mJ pulse−1. Transient absorption
signals were measured in the transverse geometry in which the
probe was made to pass through a 1 cm path length quartz cell
filled with the sample solution. The 1024 kinetic traces at a single
probe wavelength were averaged and then analyzed using Origin
9.0 software.
The geometries of the following species were optimized using

DFT (B3LYP/6-31G(d)/PCM level of theory): [CuCl4]
2− and

[CuCl3]
− (in acetonitrile and dichloromethane), CH3CN,

[CuCl3CH3CN]
−, and [CuCl4CH3CN]

2− (acetonitrile only),
and (NEt4)2CuCl4 and NEt4CuCl3 (dichloromethane only).
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Polarizable continuum model (PCM) was implemented to
simulate solvent media, acetonitrile and dichloromethane. For
the optimized geometries of the aforementioned Cu(II) species,
vertical excitation transition (VET) energies were calculated
using TDDFT (B3LYP/6-31G(d)). To find the energy profile of
the reactions between copper(II) tricloro complexes and
chloride ions, relaxed redundant scans along Cu−Cl and Cu−
N bonds were performed for [CuCl4]

2−, [CuCl3CH3CN]
−, and

[CuCl4CH3CN]
2− complexes. A relaxed redundant scan along a

Cu(CuCl3
−)−Cl(CH2Cl2) bond was performed to locate the

minimum energy geometry of the [CuCl3CH2Cl2]
− complex. All

calculations were performed using Gaussian 09 software
package.35

III. RESULTS
Steady-State Absorption Spectroscopy. In this study,

[CuCl4]
2− complexes were obtained by addition of an excess of

tetraethylammonium chloride to copper(II) perchlorate sol-
utions. Acetonitrile and dichloromethane solutions containing
0.5 mMCu(ClO4)2 and 100mMNEt4Cl have all copper(II) ions
existing in the form of [CuCl4]

2−,32,33 exhibiting steady-state
absorption spectra due to transitions in this species, Figure 1. The

intense UV−vis absorption bands of [CuCl4]
2− correspond to

ligand-to-metal charge-transfer (LMCT) transitions.20,21,32,36,37

The shape and position of the LMCT bands are observed to be
similar for acetonitrile and dichloromethane with only a small
spectral shift of the absorption maxima. Steady-state absorption
spectra of other solutions used in the nanosecond experiments
demonstrate that the majority of copper(II) exists in the form of
[CuCl4]

2− complexes (Figure 1S and 2S, Supporting Informa-
tion).
Picosecond Transient Absorption Spectroscopy. For

the picosecond transient absorption (ΔA) measurements, we
used solutions containing 0.5 mM Cu(ClO4)2 and 100 mM
NEt4Cl in acetonitrile and dichloromethane. Upon 420 nm
excitation, [CuCl4]

2−, the predominant form in these solutions, is
promoted into the LMCT excited state. Then, the minor fraction
of the LMCT-excited complex undergoes ionic dissociation
whereas the major one returns to the ground state via internal
conversion, which involves the relaxation to the vibrationally hot
ground and ligand-field exited states. The lifetime of LMCT
excited state is less than 500 fs and the short-time transient
absorption spectra (0.5−20 ps) of [CuCl4]2− are dominated by
the absorption of ligand-field excited states.32,33 The ligand-field
excited states have a lifetime less than 5 ps, and therefore, they
fully decay at 20 ps after excitation. Starting from 20 ps, the

transient absorption spectra do not change in both the solvents
investigated over the full delay time range (1 ns) employed in
these experiments, Figure 2. In acetonitrile, these ΔA spectra
consisting of the 350−380 and 465 nm ΔA bands (induced
absorption) and the negative bleach centered at 405 nm were
previously assigned32,33 to the formation of copper(II) trichloro
complexes, the product of ionic dissociation:

⎯ →⎯⎯⎯⎯⎯ +− − −[Cu Cl ] [Cu Cl ] ClII
4

2 420 nm II
3 (1)

The ΔA spectra of [CuCl4]
2− in dichloromethane in the 20 ps

to 1 ns time range are similar to those in acetonitrile and,
therefore, can also be assigned to the formation of copper(II)
trichloro complexes.

Nanosecond Transient Absorption Spectroscopy. For
the nanosecond transient absorption measurements, we used
solutions containing 0.1 mM Cu(ClO4)2 and x mM NEt4Cl
(where x varies from 10 to 100 in acetonitrile and from 1 to 20 in
dichloromethane), Figures 3−5. At 50 ns after 420 nm excitation
of acetonitrile and dichloromethane solutions, theΔA spectra are
found to be similar, consisting of the 350−380 nm feature, the
465 nm ΔA band (shifted to 470 nm in dichloromethane), and
the 405 nm negative bleach (Figure 3). The induced absorption
bands decays to zero concurrently with recovery of the ground-
state bleach and without any spectral reshaping. The decay of the
ΔA bands is single-exponential,ΔA(t) =ΔA0·e

−kobst (Figure 4 and
5), where the pseudo-first-order rate constant (kobs) is found to
linearly depend on the concentration of NEt4Cl, kobs = kq·
[NEt4Cl], Figure 6. On the basis of the kobs values resulting from
these single-exponential fits, the bimolecular rate constants, kq,
are evaluated to be (9.0 ± 0.1) × 107 and (5.3 ± 0.4) × 108 M−1

s−1 in acetonitrile and dichloromethane, respectively. The
nanosecond and picosecondΔA spectra upon 420 nm excitation
of [CuCl4]

2− are identical, which suggests the formation of the
copper(II) trichloro complex product in both experiments. The
complete decay of the ΔA bands accompanied by the ground-
state bleach recovery is assigned to recombination of copper(II)
trichloro complexes and chloride ions into parent [CuCl4]

2−

complexes.

Figure 1. Steady-state absorption spectra of [CuCl4]
2− complexes in

acetonitrile (solid line) and dichloromethane (dashed line).

Figure 2. Picosecond transient absorption spectra of [CuCl4]
2−

complexes in acetonitrile (panel A) and dichloromethane (panel B)
following 420 nm excitation (0.5 mM Cu(ClO4)2−100 mM NEt4Cl).
Delay times between 420 nm excitation and probe pulses are shown in
the legends.
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Diffusion-Controlled Rate Constants. Diffusion-con-
trolled rate constants, kD, for the possible reactions between
copper(II) chloro complexes were estimated using Smoluchow-
ski relationship for neutral species andDebye theory for ions,27,38

Table 1. The details of these calculations are given in the
Supporting Information.
Calculations. The energy profiles for recombination of

copper(II) trichloro complexes and chloride ions into copper(II)
tetrachloro complexes are calculated for several reaction
mechanisms. The product of ionic dissociation, CuCl3

−, exists
in acetonitrile as a tetracoorinated solvato complex,
[CuCl3CH3CN]

−, which has D2d local symmetry.20,24 Two
reaction mechanisms are proposed for recombination (eq 2) of a
[CuCl3CH3CN]

− complex and a Cl− ion in acetonitrile:
dissociative (eqs 3a,b) and associative (eqs 4a,b). Relaxed
scans along the Cu−Cl bond of [CuCl4]

2− and

[CuCl4CH3CN]
2− complexes, as well as along the Cu−N

bond of [CuCl3CH3CN]− and [CuCl4CH3CN]2− were
performed to explore these two mechanisms, Figures 7 and 8.
The resulting values of potential energy barriers, Ea, are shown
below.

+ = +− − −[CuCl CH CN] Cl [CuCl ] CH CN3 3 4
2

3 (2)

Figure 3. Nanosecond transient absorption spectra of CuCl4
2−

complexes in acetonitrile (0.1 mM Cu(ClO4)2−20 mM NEt4Cl, panel
A) and dichloromethane (0.1 mMCu(ClO4)2−1 mMNEt4Cl, panel B)
after 420 nm excitation. Delay times are shown in the legends.

Figure 4. Nanosecond transient absorption kinetic traces (symbols) of
0.1 mMCu(ClO4)2 and xmMNEt4Cl (x = 10, 20, 50, and 100 as shown
in the legends) acetonitrile solutions measured at probe wavelengths of
465 and 405 nm after 420 nm excitation. Single-exponential fits,ΔA(t) =
ΔA0·e

−kobst, are shown as lines.

Figure 5. Nanosecond transient absorption kinetic traces (symbols) of
0.1 mM Cu(ClO4)2 and x mM NEt4Cl (x = 1, 2, 5, and 20)
dichloromethane solutions measured at probe wavelengths of 470 and
405 nm after 420 nm excitation. Single-exponential fits, ΔA(t) = ΔA0·
e−kobst, are shown as lines. The 405 nm kinetic trace for the 0.1 mM
Cu(ClO4)2−20 mM NEt4Cl solution is not shown due to significant
signals from the scattered excitation light at short times.

Figure 6. Observed pseudo-first-order rate constants (kobs) plotted as a
function of the concentration of NEt4Cl ([NEt4Cl]) in acetonitrile
(squares) and dichloromethane (circles). The lines are the linear fits of
the kobs values according to the equation: kobs = kq·[NEt4Cl], where kq
are the bimolecular rate constant. The resulting kq values are equal to
(9.0 ± 0.1) × 107 and (5.3 ± 0.4) × 108 M−1 s−1 in acetonitrile and
dichloromethane, respectively.

Table 1. Estimated Values of Diffusion-Controlled Rate
Constants, kD, M

−1 s−1

reaction acetonitrile dichloromethane

NEt4CuCl3 + NEt4Cl = (NEt4)2CuCl4 N/A 1.6 × 1010

2NEt4CuCl3 = (NEt4)2Cu2Cl6 N/A 1.6 × 1010

2CuCl3
− = Cu2Cl6

2− 7.8 × 109 2.4 × 109

[CuCl3]
− + Cl− = [CuCl4]

2− 8.3 × 109 2.5 × 109

[CuCl3CH3CN]
− + Cl− = [CuCl4CH3CN]

2− 6.5 × 109 N/A
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→ + =− − −E[CuCl CH CN] [CuCl ] CH CN 54.5 kJ mol3 3 3 3 a
1

(3a)

+ → =− − − −E[CuCl ] Cl [CuCl ] 3.9 kJ mol3 4
2

a
1 (3b)

+ → =− − − −E[CuCl CH CN] Cl [CuCl CH CN] 30.5 kJ mol3 3 4 3
2

a
1

(4a)

→ + =− − −E[CuCl CH CN] [CuCl ] CH CN 25.3 kJ mol4 3
2

4
2

3 a
1

(4b)

We found that in the dissociative mechanism, the rate-liming
step is dissociation of [CuCl3CH3CN]

− into a [CuCl3]
− complex

and an acetonitrile molecule (eq 3a). This step is characterized by
the potential energy barrier of 54.5 kJ mol−1. In the associative
mechanism, the rate-liming step is the reaction between a
[CuCl3CH3CN]

− complex and a chloride ion characterized by
the potential energy barrier of 30.5 kJ mol−1. This energy barrier
is significantly lower than that for the dissociative mechanism.
Therefore, according to the DFT calculations, the ligand
exchange reaction (eq 2) proceeds through the associative
mechanism (eqs 4a,b).

The actual form of a CuCl3
− complex is controversial in

dichloromethane. We considered three possible forms:
[CuCl3]

−, [CuCl3CH2Cl2]
−, and [Cu2Cl6].

19,39 The relaxed
scan along the Cu(CuCl3

−)−Cl(CH2Cl2) bond (Figure 9)

demonstrates that the Cu−CH2Cl2 interaction in the
[CuCl3CH2Cl2]

− complex is repulsive, and therefore, one can
conclude that the [CuCl3CH2Cl2]

− form of the CuCl3
− complex

is unfavorable. We did not observe the formation of the CuCl3
−

dimer, [Cu2Cl6]
2−, over the about 10 μs time scale investigated.

Indeed, for dimerization of free and ion-pair copper(II) trichloro
complexes, CuCl3

− and NEt4CuCl3, diffusion-controlled rate
constants, kd are estimated to be 2.4× 109 and 1.6× 1010M−1 s−1,
respectively, resulting in the fastest reaction times of about 4 and
0.6 μs for the 0.1 mM copper(II) concentration used. However,
in the nanosecond transient absorption experiment (Figure 3),
we observed single-exponential decays of theΔA signals without
any spectral shape change up to 8 μs, which is suggestive of
relaxation involving a single form of the copper(II) trichloro
complex. Two other possibilities are that in dichloromethane a
copper(II) trichloro complex exists as a tricoordinated complex,
either CuCl3

− or NEt4CuCl3. Our calculations demonstrate that
the chlorine coordination sphere of CuCl3

− is not affected when
this complex is approached by NEt4

+. Therefore, to simplify our
calculations, we performed the relaxed scan along the Cu−Cl
bond coordinate of the [CuCl4]

2− complex to compute the
potential energy profile of the recombination reaction of
[CuCl3]

− and chloride ions, eq 5.

+ → =− − − −E[CuCl ] Cl [CuCl ] 25.0 kJ mol3 4
2

a
1

(5)

The potential energy barrier of this recombination reaction is
computed to be equal to 25.0 kJ mol−1. Figure 10 shows the
computed energy profile.

IV. DISCUSSION
Forms of the Complexes. As shown in the previous studies,

a [CuCl4]
2− complex has D2d local symmetry in acetoni-

trile,20,21,36,37 corresponding to the geometry intermediate
between square planar and tetrahedral. Because of the significant
similarities between absorption spectra of [CuCl4]

2− in
acetonitrile and dichloromethane (Figure 1), this complex can
be assumed to have D2d local symmetry in dichloromethane as
well. Our DFT calculations further support D2d local symmetry
of [CuCl4]

2− in acetonitrile and dichloromethane (Figures 8 and

Figure 7. Relaxed redundant coordinate scans along the Cu−N bond of
[CuCl3CH3CN]

− and along the Cu−Cl bond of [CuCl4]
2− in

acetonitrile, which explore the dissociative mechanism (eqs 3a,b) of
the recombination reaction (eq 2). The structures corresponding to the
[CuCl3CH3CN]

−, [CuCl3]
−, and [CuCl4]

2− energy minima and the
barrier top (Max) are shown.

Figure 8. Relaxed redundant coordinate scans along the Cu−Cl and
Cu−N bonds of the [CuCl4CH3CN]

2− complex in acetonitrile
exploring the associative mechanism (eqs 4a,b) of the recombination
reaction (eq 2). The structures corresponding to the [CuCl3CH3CN]

−,
[CuCl4CH3CN]

2−, and [CuCl4]
2− energy minima and the energy

maxima (Max1 and Max2) are shown.

Figure 9. Relaxed redundant coordinate scan along the Cu−
Cl(CH2Cl2) bond in [CuCl3CH2Cl2]

− demonstrates that the Cu-
CH2Cl2 interaction is repulsive and, as a result, the [CuCl3CH2Cl2]

−

form of CuCl3
− is unfavorable.
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10, Tables 3 and 4). Nevertheless, the solvation of [CuCl4]
2− is

likely to be different in these two solvents. In polar acetonitrile,
[CuCl4]

2− is solvated by solvent molecules.20,21 In significantly
less polar dichloromethane, [CuCl4]

2− is surrounded by two
tetraethylammonium counterions and exist in the form of
(NEt4

+)2(CuCl4
2−), by analogy with (N(C6H13)4

+)2(CuCl4
2−)

in chlorobenzene.40 The ionic dissociation product, CuCl3
−,

exists in acetonitrile as the tetracoordinated [CuCl3CH3CN]
−

solvato complex, which has D2d local symmetry.20,24 A
dichloromethane molecule is a weak electron donor and,

therefore, is unlikely to coordinate to the copper(II) metal
center. As a result, the trichlorocopper(II) complex is
tricoordinated in dichloromethane. The DFT calculations
support this conclusion, Figure 9. By analogy with [CuCl4]

2−,
we propose that in the dichloromethane solutions investigated,
the CuCl3

− complex exists as the (NEt4
+)(CuCl3

−) ion pair. For
these two species, the DFT calculations suggest that the local
geometry of the copper(II) ion is trigonal planar. Furthermore,
the calculations demonstrate that the geometry of the first
coordination sphere is the same for the free CuCl3

− and CuCl4
2−

complexes and the (NEt4
+)(CuCl3

−) and (NEt4
+)2(CuCl4

2−)
ion pairs. This is probably why the TDDFT VET energies
computed for [CuCl3CH3CN]

− and (NEt4
+)(CuCl3

−) are
similar. The level of the TDDFT theory used is adequate
because the VET energies of [CuCl3CH3CN]

− and (NEt4
+)-

(CuCl3
−) products agree with the spectral positions of the

transient absorption bands, and the VET energies of parent
[CuCl4]

2− and (NEt4
+)2(CuCl4

2−) tetrachloro complexes agree
with the steady-state spectra, Figure 1 and Table 2. Similarly to
copper(II) chloro complexes, tetraethylammonium chloride
species, which are the source of chloride ions, are present as
NEt4

+Cl− ion pairs in dichloromethane solutions and as fully
separated ions in acetonitrile solutions (association constants, Ka

= 12 and 92 000 M−1in acetonitrile41 and dichloromethane,42

respectively). The complete dissociation of NEt4Cl in acetoni-
trile is confirmed by the linear dependence of the chloride ion
absorbance at 215 nm on the concentration of this salt (Figure
3S, Supporting Information).

Reaction Mechanism. In a number of studies,32,33,40,43,44 it
was shown by means of steady-state photolysis, actinometry, and
transient absorption techniques that important relaxation
channels of the LMCT excited states of [CuCl4]

2− complexes

Figure 10. Relaxed redundant coordinate scan along the along Cu−Cl
bond for [CuCl4]

2− in dichloromethane explores the proposed
recombination reaction mechanism (eq 5). The structures correspond-
ing to the energy ([CuCl3]

− and [CuCl4]
2−) minima and maximum

(Max) are shown.

Table 2. Energies (in nm) of Electronic Transitions Observed in the Steady-State and Transient Absorption Spectra as Well as
Calculated (B3LYP//B3LYP/6-31G(d)/PCM, Acetonitrile and Dichloromethane Parameters) for the Copper(II) Tri- and
Tetrachloro Complexesa

CuCl4
2− in CH3CN CuCl4

2− in CH2Cl2 (NEt4)2CuCl4 in CH2Cl2 CuCl3CH3CN
− in CH3CN CuCl3

− in CH2Cl2 NEt4CuCl3 in CH2Cl2

Calculated Results
2428 (0.0003) 2495 (0.0003) 2503 (0.0005) 1572 (0.0006) 2715 (0.0000) 2552 (0.0000)
2428 (0.0003) 2483 (0.0003) 2403 (0.0003) 1483 (0.0004) 1669 (0.0000) 1641 (0.0000)
1977 (0.0003) 2013 (0.0003) 2002(0.0003) 1173 (0.0009) 1573 (0.0000) 1497 (0.0000)
1391 (0.0000) 1405 (0.0000) 1386 (0.0000) 1050 (0.0000) 1421 (0.0003) 1371 (0.0003)
442 (0.0000) 443 (0.0000) 449 (0.0001) 487 (0.0064) 463 (0.0222) 465 (0.0249)
419 (0.0141) 420 (0.0143) 433 (0.0093) 435 (0.0089) 401 (0.0000) 399 (0.0001)
419 (0.0142) 420 (0.0144) 426 (0.0207) 396 (0.0178) 380 (0.0002) 385 (0.0002)
360 (0.0039) 360 (0.0042) 371 (0.0028) 381 (0.0016) 374 (0.0000) 380 (0.0000)
341 (0.0001) 341 (0.0003) 357 (0.0013) 365 (0.0012) 357 (0.0119) 366 (0.0096)
340 (0.0002) 341 (0.0002) 350 (0.0008) 344 (0.0005) 343 (0.0384) 343 (0.0360)
338 (0.0000) 338 (0.0000) 344 (0.0005) 314 (0.0755) 306 (0.0172) 311 (0.0166)
318 (0.0000) 319 (0.0000) 331 (0.0002) 292 (0.0560) 277 (0.0327) 276 (0.0266)
298 (0.0544) 298 (0.0554) 307 (0.0590) 260 (0.0325) 248 (0.0581) 250 (0.0601)
297 (0.0544) 297 (0.0551) 298 (0.0684)
273 (0.0000) 273 (0.0000) 277 (0.0004)
241 (0.0414) 241 (0.0433) 244 (0.0326)

Experimental Results
460 (shoulder) 460 (shoulder) 350 350
407 411 465 470
345 (shoulder) 345 (shoulder)
294 295
241 241

aThe computed oscillator strength values are shown in parentheses. The vertical transitions observed in the experiment are marked in bold.
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are internal conversion to the ground state through the manifold
of lower-lying ligand-field excited states, ionic dissociation into a
[CuCl3]

− complex and a Cl− ion, and radical dissociation into a
[CuCl3]

2− complex and a chlorine atom. The ionic dissociation is
the major reaction channel for [CuCl4]

2− complexes in the
LMCT excited states. Indeed, quantum yields of the formation of
copper(I) complexes, products of the radical dissociation do not
exceed 0.5%32,44 and are significantly smaller than quantum
yields of the formation of the ionic dissociation products.
However, due to high lability intrinsic to copper(II) complexes
the ionic dissociation products quickly recombine to re-form the
parent complexes, whereas the radical dissociation products
undergo further reactions forming long-lived photoreduction
products, which include stable copper(I) complexes.
Excitation at 420 nm predominantly causes the 2ECl(n)→Cu(dxy)

LMCT transition in the [CuCl4]
2− complex.33 The populated

Franck−Condon LMCT state is repulsive, leading to the Cu−Cl
bond breaking and the formation of copper(II) trichloro
complex and chloride ion products.32,33 In the previous studies,
the 20 ps to 1 ns transient absorption spectra of [CuCl4]

2− in
acetonitrile were assigned to the formation of the
[CuCl3CH3CN]

− product of ionic dissociation (eqs 6 and
7):32,33

⎯ →⎯⎯⎯⎯⎯ +− − −[Cu Cl ] [Cu Cl ] ClII
4

2 420 nm II
3 (6)

+ ⎯ →⎯⎯⎯⎯⎯− < −[Cu Cl ] CH CN [Cu Cl CH CN]II
3 3

20 ps II
3 3 (7)

The lack of change of theΔA spectra after 20 ps demonstrates
that the initially formed [CuCl3]

− complexes react with the
acetonitrile solvent molecules well within the first 20 ps after
excitation, forming the [CuCl3CH3CN]

− complexes. This
conclusion agrees with the DFT calculations, which demonstrate
that the reaction between [CuCl3]

− and acetonitrile has no
potential energy barrier, Figure 7. The exact built-up time
constant of [CuCl3CH3CN]

− cannot be determined because the
short-time ΔA spectra are dominated by intense ligand-field
excited-state absorption.32,33 The 20 ps to 1 ns ΔA spectra of
dichloromethane solutions are similar to those in acetonitrile
solutions, albeit with a small solvatochromic shift of the 465 nm
band to 470 nm, and can analogously be assigned to ligand loss
by (NEt4

+)2(CuCl4
2−) with the formation of (NEt4

+)(CuCl3
−).

On the basis of the DFT calculations, the formation of
(NEt4

+)(CuCl3CH2Cl2
−) complexes is unlikely. The spectral

shape of the nanosecondΔA spectra is similar to the shape of the
picosecond ΔA spectra in both acetonitrile and dichloro-
methane, Figure 3. This observation is evidence that starting
from 20 ps up to several microseconds, the product copper(II)
species exist in the single form in these two solvents,
[CuCl3CH3CN]

− and (NEt4
+)(CuCl3

−). The positive ΔA
bands decay single-exponentially to the zero signal level
concurrently with the ground-state bleach recovery and without
spectral shape change, revealing a single process, namely, the
recombination reaction of copper(II) trichloro complexes and
chloride ions into parent copper(II) tetrachloro complexes (eqs
2 and 8):

+ =[NEt ][CuCl ] NEt Cl [NEt ] [CuCl ]4 3 4 4 2 4 (8)

The recombination pseudo-first-order rate constants linearly
depend on the concentration of NEt4Cl, Figure 6:

= ·k k [NEt Cl]obs q 4 (9)

The bimolecular rate constants, kq, are equal to (9.0 ± 0.1) ×
107 and (5.3 ± 0.4) × 108 M−1 s−1 in acetonitrile and
dichloromethane, respectively. These values are about 2 orders
smaller than the diffusion-controlled rate constants, 8.3 × 109

and 1.6 × 1010 M−1 s−1 estimated in acetonitrile and
dichloromethane, respectively, Table 1, implying that the
corresponding recombination reactions in both the solvents
are controlled by potential energy barriers.
In acetonitrile, the recombination reaction of copper(II)

trichloro complexes and chloride ions to parent [CuCl4]
2−

complexes, eq 2, occurs via ligand exchange. The large
bimolecular rate constant of this ligand exchange, 9.0 × 107

M−1 s−1, demonstrates that the copper(II) chloro complexes are
highly labile in acetonitrile.7 The observation that the ligand
recombination rate constant linearly depends on the concen-
tration of the incoming ligand, the chloride ion, implies that the
ligand exchange reaction (eq 2) proceeds either through the
associative or associative interchange mechanisms (eqs 4a,b). In
our experiments, only the single form of copper(II) trichloro
complex is observed whereas intermediate species are not
kinetically detected, which leads to the conclusion that ligand
exchange between a [CuCl3CH3CN]

− complex and a Cl− ion is
described by the associative interchange mechanism. The
proposed mechanism is supported by the DFT calculations. In
both the associative and dissociative mechanisms (eqs 3a,b and
4a,b), the first steps, which, correspondingly, are addition of the
chloride ion and elimination of the acetonitrile molecule, are
rate-limiting as they are controlled by large potential energy
barriers (30.5 and 54.5 kJ mol−1, respectively, Figures 7 and 8).
As a result, for the ligand exchange reaction between a
[CuCl3CH3CN]

− complex and a Cl− ion the associative
mechanism is favorable.
In dichloromethane, recombination of copper(II) trichloro

complexes and chloride ions to parent copper(II) tetrachloro
complexes (eq 5) is a simple one-step addition reaction.
According to the DFT calculations, the potential energy barrier
for this reaction is 25.0 kJ mol−1, Figure 10. Thus, the potential
energy barriers for recombination of copper(II) trichloro
complexes and chloride ions into copper(II) tetrachloro
complexes are 30.5 and 25.0 kJ mol−1 in acetonitrile and
dichloromethane, respectively. This trend is in agreement with
the experimental recombination rate constants being larger in
dichloromethane (5.3 × 108 M−1 s−1) than in acetonitrile (9.0 ×
107 M−1 s−1) because lowering the energy barrier typically
accelerates the reaction. Slower recombination in acetonitrile
than in dichloromethane can be explained by steric/geometrical
factors. The addition of a chloride ion to a tricoordinated
[CuCl3]

− in dichloromethane (eq 5) does not seem to involve
significant geometry rearrangement of the reactant species
because at the energy maximum, the CuCl3 moiety has the same
geometry as in the initial [CuCl3]

− complex. Therefore, the
potential energy barrier of the addition arises as the result of
columbic repulsion between two negatively charged ions, Figure
10 and Table 3. At the same time, the potential energy barrier for
the addition of a chloride ion to a tetracoordinated
[CuCl3CH3CN]

− in acetonitrile (eq 4a) is due to both columbic
repulsion between two negatively charged ions and steric factors
because in the maximum energy geometry, the CuCl3CH3CN
fragment has a geometry significantly different from that of the
initial [CuCl3CH3CN]

− complex, Table 4. This implies that
additional energy is required for the addition in acetonitrile.
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V. CONCLUSIONS
The dynamics and underlying reaction mechanisms of the
formation of CuCl4

2− complexes from copper(II) CuCl3
−

trichloro complexes and chloride ions, the recombination
products of ultrafast dissociation of CuCl4

2− promoted into the
LMCT excited state upon 420 nm excitation, are studied in two
solvents with different donor properties (acetonitrile and
dichloromethane) by means of UV−vis transient absorption
when probing from 20 ps to 8 μs, in conjunction with DFT/
TDDFT calculations. In acetonitrile solutions, the CuCl3

−

products rapidly react with the solvent molecule in less than 20
ps to form the [CuCl3CH3CN]

− solvato complexes, which then
recombine with chloride ions to re-form parent [CuCl4]

2−

complexes. In dichloromethane solutions, CuCl3
− products do

not form solvato complexes due to weak donor properties of
CH2Cl2 molecules. Instead, they immediately recombine with
chloride ions to re-form parent [CuCl4]

2− complexes. It is
important to note that all negatively charged species exist as
solvated ions in acetonitrile, but they form ion pairs with NEt4

+

counterions in dichloromethane because of low polarity of this
solvent. In both the solvents investigated, the recombination rate

constants linearly depend on the concentration of NEt4Cl, the
source of chloride ions. The bimolecular rate constants of the
recombination, kq, are equal to (9.0 ± 0.1) × 107 and (5.3 ± 0.4)
× 108 M−1 s−1 in acetonitrile and dichloromethane, respectively,
which are about 2 orders of magnitude smaller than diffusion-
controlled rate constants in these solvents, implying that in both
cases the recombination reactions are controlled by energy
barriers.
In acetonitrile, the recombination reaction between copper-

(II) trichloro complexes, [CuCl3CH3CN]
−, and chloride ions to

re-form [CuCl4]
2− complexes occurs via ligand exchange, which

can be interpreted as the associative interchange mechanism with
the intermediacy of pentacoordinated complexes ,
[CuCl4CH3CN]

2−:

⎯ →⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯⎯⎯− + −
−

−
−

[CuCl CH CN] [CuCl CH CN] [CuCl ]3 3
Cl

4 3
2

CH CN 4
2

3

(10)

The proposed mechanism is supported by the DFT
calculations. The calculated value of the activation energy for
the rate-limiting step, which is the addition of Cl−, is about 30.5
kJ mol−1. In dichloromethane, the recombination of copper(II)
trichloro complexes and chloride ions into copper(II) tetra-
chloro complexes takes place via a simple one-step addition:

+ →− − −[CuCl ] Cl [CuCl ]3 4
2

(11)

According to our DFT calculations, the potential energy
barrier for this reaction is 25.0 kJ mol−1. The recombination in
acetonitrile requires a larger energy barrier compared with that in
dichloromethane due to steric/geometrical factors. This trend
correlates to that for the recombination bimolecular rate
constants, which are observed to be larger in dichloromethane
than in acetonitrile.
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*S Supporting Information
Supporting Information section contains (1) detailed description
of the calculation of diffusion-controlled rate constants, (2)
steady-state spectra of copper(II) solutions in acetonitrile and
dichloromethane used in transient absorptionmeasurements and

Table 3. Structural Parameters of the Optimized Geometries
of the Reagents, Products, and Potential Energy Maximum of
the Recombination Reaction between a Copper(II) Trichloro
Complex and a Chloride Ion To Form a Copper(II)
Tetrachloro Complex in Dichloromethanea

[CuCl3]
− Max1 [CuCl4]

2−

bond length, Å Cu−Cl1 2.19 2.19 2.30
Cu−Cl2 2.20 2.21 2.31
Cu−Cl3 2.19 2.19 2.30
Cu−Cl4 4.00 2.31

angle, degrees Cl1−Cu−Cl2 112.5 110.7 101.0
Cl2−Cu−Cl3 111.8 110.8 101.0
Cl1−Cu−Cl3 135.7 136.4 128.0
Cl1−Cu−Cl4 89.5 101.1
Cl2−Cu−Cl4 108.5 128.2

aAll calculations were performed at the B3LYP/6-31G(d)//PCM-
(dichloromethane) level of theory.

Table 4. Structural Parameters of the Optimized Geometries of the Reagents, Products, and Potential Energy Maxima of the
Recombination Reaction between a Copper(II) Trichloro Complex and a Chloride Ion To Form a Copper(II) Tetrachloro
Complex in Acetonitrilea

[CuCl3CH3CN]
− Max1 [CuCl4CH3CN]

2− Max2 [CuCl4]
2−

bond length, Å Cu−Cl1 2.28 2.36 2.34 2.33 2.31
Cu−Cl2 2.28 2.33 2.33 2.32 2.31
Cu−Cl3 2.28 2.43 2.50 2.32 2.31
Cu−Cl4 3.20 2.50 2.48 2.31
Cu−N 1.96 1.97 1.96 2.66

angle, degrees Cl1−Cu−Cl2 100.4 92.2 96.7 95.7 100.8
Cl2−Cu−Cl3 100.4 92.6 116.6 135.5 100.9
Cl1−Cu−Cl3 137.2 171.7 91.4 95.6 128.7
Cl1−Cu−Cl4 89.6 91.1 103.3 100.8
Cl2−Cu−Cl4 107.0 119 108.8 128.5
Cl3−Cu−Cl4 95.6 123.5 110 100.9
Cl1−Cu−N 95.3 88.3 177.4 172.1
Cl2−Cu−N 135.6 158.1 86.0 83.1
Cl3−Cu−N 46.3 84.8 87.5 80.0
Cl4−Cu−N 94.9 87.5 84.5

aAll calculations were performed at the B3LYP/6-31G(d)//PCM(dichloromethane) level of theory.
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tetraethylammonium chloride solutions in acetonitrile, and (3)
Cartesian coordinates of the optimized geometries of copper(II)
chloro complexes and corresponding energies of potential-
energy minima and maxima. The Supporting Information is
available free of charge on the ACS Publications website at DOI:
10.1021/acs.jpcb.5b03889.
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