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ABSTRACT: Ultrafast transient absorption spectra in the deep
to near UV I (212—384 nm) were measured for the
[Cu"(MeOH)<Cl]" complexes in methanol following 255-nm
excitation of the complex into the ligand-to-metal charge-
transfer excited state. The electronically excited complex under-
goes sub-200 fs radiationless decay, predominantly via back
electron transfer, to the hot electronic ground state followed by
fast vibrational relaxation on a 0.4—4 ps time scale. A minor
photochemical channel is Cu—Cl bond dissociation, leading to
the reduction of copper(Il) to copper(I) and the formation
of MeOH - ClI charge-transfer complexes The depletion of
ground-state [Cu''(MeOH)sCl]* perturbs the equilibrium be-
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tween several forms of copper(Il) complexes present in solution. Complete re-equilibration between [Cu"(MeOH)sCl]* and
[Cu"(MeOH),Cl,] is established on a 10—500 ps time scale, slower than methanol diffusion, suggesting that the involved ligand

exchange mechanism is dissociative.

B INTRODUCTION

Copper plays a significant role in metabolism in the human
body. Copper enzymes perform important functions such as the
catalysis of biological reactions (for example, conversion of
dopamine to noradrenaline" ), electron transfer, and protection
of cells against free radicals.® Copper metabolism 1nfr1ngement
leads to arthritis,* mental disorders,” loss of fertlhty, and even
to life-threatening diseases such as Menkes’ syndrome’ ”
and Wilson’s disease.>'*"!

Copper is a first row transition metal element, and its common
cation, copper(II), has the d” configuration. For complexes of
first row transition elements with inorganic ligands, an octahedral
surrounding is most dominant (coordlnatlon number of six).">
However, the Jahn—Teller effect'” is very strong in the d’
configuration, which leads to a geometrical distortion of the
complex, and symmetry lowering from the Oy, to D, or Cy, point
groups. This is accompanied by an increase in bond lengths
between the metal center and axial ligands. 12715 I solution, this
effect is dynamic in nature, the distortion axis alternating rapidly,
and all ligands sampling both axial and equatorial positions as a
function of time.'® In extreme cases, if the bond length between
the metal center and one or two axial ligands is much longer than
the metal-equatorial ligand bond lengths, the geometries of these
complexes may be viewed as square pyramid (coordination
number of five) or square planar (coordination number of four),
respectively. For example, a copper(1l) cation exists as a distorted
octahedral [Cu”(MeOH),]** in methanol'” and as square planar
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[Cu"(MeCN),]*" and [Cun(dmso)ﬂ2+ complexes in acetoni-
trile and dimethyl sulfoxide solutions,"® respectively. In water,
copper(Il) ions are thought to exist as a mixture of penta- and
hexa-coordinated complexes."*">'*>! The elongation of axial
bonds weakens bond strengths and renders ligands in axial
positions very labile. Indeed, ligand exchange rates of copper(II)
complexes are one of the hlghest among coordination complexes
of transition elements.">'® Recent neutron diffraction and first-
principle molecular dynamics studies of aqueous solution of
copper(II) revealed the evolution with time constants S and 175 ps
(corresponding to rates of 2 X 10" and 5.7 x 10° s') which
were attributed to the mean structural relaxation lifetime and the
residence time of a water molecule in the first solvation shell.'**"
Early NMR studies were performed with a time resolution of
several nanoseconds, and yielded 3.09 x 107 s~ for the inverse
lifetime of a methanol molecule in the first solvation shell."”
The focus of this work is the photochemistry of copper(II)
halide complexes. Detailed studies of photoreactions of copper(1I)
salts began in the 60s, with growing interest in solvent effects
and ligand tuning. In many studies, the photoreaction mechanism
of CuX, (X = CH;COO ™, Cl, Br, ClO, ) salts in solution
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takes place via the radical dissociation process caused by ligand-to-
metal charge transfer (LMCT) excitation. Photodissociation can
be considered as either direct, [Cu™CL,]*™ hv [Cu'Cl,,]*™ + CT',
or proceeding via a longlived charge-transfer excited state,
[Cl,.;Cu’CI"]*", as suggested by Kochi.* It is well-known that
copper perchlorate in methanol exists in the form of the solvated
copper(Il) cation, [Cu"(MeOH)4]**. Silva and David® pro-
posed that the first step following photoexcitation of solvated
[Cu(MeOH)4]*" into its LMCT band using ultraviolet (UV) light
in the 200—250 nm range is the dissociation of the parent complex
into two products: the solvated complex of copper(I) ion
([Cu(MeOH)s]"), and positively charged methanol CH;OH"
species which reacts further and ultimately leads to the formation
of formaldehyde. The photoreaction of copper(Il) chloride and
bromide in methanol was also investigated by the same authors in
greater details.”* These systems reveal the same photoprocesses as
the methanol solution of Cu(ClO,),, but also exhibit different
mechanisms for the formation of formaldehyde. In addition to the
[CuH(MeOH)G] **jon present in solution, copper(II) cations also
form complexes with chloride and bromide anions, [Cu(Me-
OH)¢..X,]”" (X = CI”, Br; n = 1—4). These complexes also
take part in the photochemical reactions. Upon UV irradiation,
chloro and bromo complexes of copper(Il) dissociate to copper(I)
complexes and halogen radicals. The latter reacts with methanol to
produce formaldehyde. According to David and Silva,”* differently
substituted [ Cu(MeOH);.,,X,,]>" (X =Cl~, Br ; n= 1—4) halide
complexes afford copper(I) complexes in varying quantum yields
upon UV irradiation. The yields are under 10% for the chloro-
substituted copper(II) complexes, but increase significantly for the
bromo complexes.”* The photodissociation mechanism of chloro
complexes proposed by David and Silva** was confirmed by
Kaczmarek et al.”* Glebov and coauthors proposed that in the
case of copper(II) acetate, the photoreaction mechanism involves
the photoreduction of copper(II) to copper(I) through a long-
lived CT excited state: Cu(CH3;COO), hv CH;COO —Cu'-
OOCH;" — CH;COOCu + OOCHj5". Similarly, small photol-
ysis quantum yields were reported, of about 0.8 and 0.25% in
methanol and iso-propanol solutions, respectively.”® This points to
the presence of competing fast relaxation pathways, and further
motivates the present work.

To sum up, in the aforementioned photochemical measure-
ments, the authors mainly utilized steady-state methods such as
colorimetry®*** and steady state spectrophotometry>*° to
identify the products and measure their concentrations at
relatively long times after photoirradiation. Although diffraction
and NMR measurements allow for the structural characterization
of some product species, the transient relaxation following photo-
excitation remains largely unknown. For example, one of the
conjectured intermediates is an ion-radical complex of copper
(long-lived charge-transfer excited state), [Cl,.; CuCI"]>~".>>?¢
Small photolysis quantum yields reported strongly suggest the
presence of competing photochemical mechanisms, which occur
on ultrafast time scales and, therefore, require tools of ultrafast
spectroscopy for “real-time” monitoring and characterization. In
this work, we studied a monochloropentamethanol copper(1l)
complex, [Cu(MeOH);Cl]", expected to exhibit a simple reac-
tion mechanism that may be extended toward understanding
more complex systems. The radiationless relaxation pathways of
this complex in methanol solutions were investigated using
femtosecond transient absorption spectroscopy with deep-near
UV probing (212—384 nm). We report that the photochemical
reaction path of this complex includes ultrafast efficient internal

conversion, which predominates over the previously reported
photodissociation path.

B EXPERIMENTAL SECTION

The ultrafast transient absorption setup used in this work has
been previously described elsewhere.””** Briefly, a regeneratively
amplified Ti:sapphire laser system (Hurricane, Spectra-Physics)
generates a 1 kHz train of 90-fs (fwhm), 800-nm laser pulses with
an energy of 0.92 mJ pulse ' The amplified output is 50:50 split
into two beams. The first beam is delivered to a TOPAS-C
“pump” optical parametric amplifier (Light Conversion Ltd.) to
generate the second harmonic of the sum frequency of the
fundamental and signal output beams (SHSFS), 255 nm pulses,
used to excite the copper(II) complex. The second beam was
further split 40:10 with the largest portion delivered to the
TOPAS-C “probe” optical parametric amplifier to generate the
analyzing beam as (i) the fourth harmonic of the signal output,
FHS pulses tunable from 275 to 384 nm, (ii) sum-frequency of
the FHS output and 10% portion of the amplified beam, pulses
tunable from 210 to 265 nm, and (iii) sum-frequency of the
fourth harmonic of the idler output and 10% portion of the
amplified beam, pulses tunable from 267 to 300 nm. The
analyzing beam was sent to the delay line, and further split into
the reference and probe beams. The probe (passing through the
sample) and reference beams are sent to the monochromator,
and registered using two photodiodes. The transient absorption
AA signals measured at single probe wavelengths from 212 to
384 nm and at time delays between —10 and +1050 ps were
corrected for chirp and used to construct transient absorption
spectra. The pump and probe beams are made to overlap at an
angle of 8° at the sample position, and their diameters were
measured to be 500 and 150 um, respectively. Using a Berek
compensator in the path of the pump beam, its polarization is set
at the magic angle (54.7°) with respect to that of the probe beam.
The 312-nm AA signals were linearly proportional to excitation
pulse energy in the 2.4—7 uJ range, see the Supporting Informa-
tion. Consequently, a pulse energy of 5.4 uJ was selected for
sample excitation. The sample was flown through a 0.2-mm flow
cell. The width of the apparatus response function was deter-
mined using simultaneous absorption of two (pump and probe)
photons in methanol.”** It manifests itself as a bell-like AA
signal centered at zero time delay between the pump and probe
pulses with a width (fwhm) increasing with an increase in probe
photon energy, changing from 150 fs at 380 nm (near-UV or
UVA) to 270 fs at 280 nm (low-energy wing of the deep-UV
range or UVB) and 600 fs at 214 nm (high-energy wing of the
deep-UV range or UVC). Steady-state spectra were measured
using the Varian Cary 50 UV/vis spectrophotometer in a 0.2-mm
quartz cell. Copper(Il) perchlorate hexahydrate and lithium
chloride were dissolved in methanol. The solution was then
centrifuged to remove insoluble precipitate arising from crystal
carbonates present in the solid sample of copper(Il) perchlorate
hexahydrate. To characterize the charge-transfer (CT) absorption
band of a MeOH - Cl complex, solutions of chloroacetone (500 mM)
in methanol were excited at 266 nm, and the transient absorption AA
spectra were acquired in the 300—380 nm range at a 500-ps time
delay (excitation energy, 54 uJ pulse '; 0.2-mm flow cell). All
measurements were performed at the temperature of 22 °C.

Copper(II) perchlorate hexahydrate (98%), lithium chloride
(>99%), copper powder (>99%), acetyl acetone (99.5%), acetic
acid acetonitrile (>99.5%), and methanol (>99.8%) were purchased
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Figure 1. Steady-state absorption spectra of individual chloro com-

plexes of copper(Il) in methanol, [Cu"(MeOH)s.,Cl,]*", where n =
0—4, taken from the literature.>>

from Sigma Aldrich and used without additional purification.
Chloroacetone (95%) and ammonium acetate (HPLC grade) were
purchased from Alfa Aesar and Fisher, respectively, and used
without additional purification. Tetrakis(acetonitrile) copper(I)
perchlorate was prepared by the reduction of copper(1I) perchlorate
by copper powder in acetonitrile, followed by drying under argon.”"

B RESULTS

Steady-State Measurements. In methanol solutions, copper(1I)
ions mostly exist as [Cu"(MeOH)]**.**** Additions of chlor-
ide ions leads to the formation of highly labile chloro com-
plexes [Cu" (MeOH),_,Cl,]>™" (n = 1—4), possessing different
electronic absorption spectra®>** (Figure 1). Their equilibrium
concentrations are dictated by the initial concentrations of
copper(1l) and chloride ions. Relative concentrations of chloro
complexes were estimated using the “Medusa” software, devel-
oped by the Royal Institute of Technology (KTH), Sweden.”*
For our calculations, we used the following overall stability constants:
B1=28x10% ,=1.6 x 10*, B3=2.3 x 10°,and B, = 4.5 x 10°>*
The initial concentration of copper(II) was fixed at SO mM and the
concentration of chloride ions was varied between zero and 100 mM.
The calculated fractional distribution of chloro complexes is shown
in Figure 2. To maximize the relative concentration of the mono-
chloropentamethanol copper(Il) complex in the experiments,
the initial concentration of chloride ions was set to 25 mM.
Under these conditions, 96% of copper(Il) is present as a
mixture of unsubstituted ([Cu"(MeOH)4]**, 58%), mono-
chlorosubstituted ([Cu"(MeOH)sCl]*, 38%) complexes,
with a 4% contribution from [Cu"(MeOH),Cl,], Figure 2.
Furthermore, the measured steady-state spectra of the S0 mM
Cu(ClO,),/25 mM LiCl solution in methanol can be fitted to a
sum of the absorption spectra of these three copper complexes
(Figure 2). In the fitting procedure, the known molecular extinction
coefficients were held constant and the concentrations were varied to
produce the best fit. The resulting fractional distribution of chloro
complexes in the prepared solution is as follows: 44% of
[Cu(MeOH)4]*, 49% of [Cu"(MeOH)sClI]*, and 7% of
[Cu"(MeOH),CL]. The relative concentrations obtained from
the fit and “Medusa” program agree reasonably well. The small
difference in values arises from the “Medusa” program not taking
into account the ionic strength of the solution. Using this output, the
excitation wavelength in transient absorEI)tion experiments was set to
255 nm to preferentially excite the [Cu''(MeOH)Cl]" complex.

—— Experiment
- - - - Bestit curve: 44 % Cu™; 49 % CuCI"; 7% CuCl,

1 5 B i Y + .
Cu™  [Sheram
Ccucl’
1.0-
<
CuCl, CuCl;
0.51

D 4 60 &
[ClTror (mM)

0.0

250 300 350 400
Wavelength (nm)

Figure 2. Steady-state absorption spectrum of a methanol solution
containing Cu(ClO,), (50 mM) and LiCl (25 mM) measured in a
0.2-mm cell (line and symbols). The best-fit spectrum obtained using
the known & values of the individual copper(Il) complexes as the
parameters and their fractional concentrations as the variables is shown
by a dashed line. The distribution of chloro complexes of copper(II) as
function of concentration of chloride ions was also calculated by Medusa
software (inset) using the following overall stability constants 3, = 2.8 x
10% 3, = 1.6 x 10%, B3 = 2.3 x 10°, and f3, = 4.5 x 10°.**

0.004

Wavelength (nm)

Figure 3. Transient absorption spectra of a SO mM Cu(ClO,),/25 mM
LiCl methanol solution following 255-nm excitation with an energy of
54 uJ pulse '. Time delays given in the legends are expressed in
picoseconds. Panels A and B show the short and long time delays,
respectively.

To characterize the UV—vis spectrum of a thermally stable
copper(I) solvated complex in methanol, tetrakis(acetonitrile)
copper(I) perchlorate (3 mM) was dissolved in deoxygenated
methanol. Because of vast excess of methanol, acetonitrile
molecules in the first coordination sphere are replaced by
methanol molecules. EXAFS studies showed that copper(I)
cations in solution form tetrahedral [Cu'(solvent)4]" complexes
with solvents such as acetonitrile, dimethylsulfoxide, pyridine,
and tetrahydrothiophene.'® Similarly, copper(I) solvated com-
plexes are expected to adopt the tetrahedral [Cu'(MeOH),]"

2793 dx.doi.org/10.1021/jp208532u |J. Phys. Chem. A 2012, 116, 2791-2799
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Figure 4. Short-time transient absorption kinetic traces (symbols) of a
50 mM Cu(ClO,),/25 mM LiCl methanol solution following 255-nm
excitation (5.4 4] pulse ") measured at probe wavelengths of 214 nm (A),
234 nm (B), and 312 nm (C). Multiexponential fits (red lines) and
short-time AA signals measured in neat methanol (green lines) are also
shown. The insets display the same AA kinetic traces measured up to
long time delays.

structure in methanol. The electronic spectrum of [Cu'(MeOH),]*
consists of an intense band peaking at 211 nm (¢ = 6780
M ' em™') with two shoulders at about 240 and 290 nm
(Figure S).

Formaldehyde was detected in S0 mM Cu(ClO,4),/25 mM
LiCl methanol solutions exposed to 255 nm light (by reaction
with acetylacetone and ammonium acetate®®) but not in light-
deprived copper(II) methanol solutions.

Ultrafast Transient Absorption Measurements. Ultrafast
time-resolved transient absorption AA spectra following 255-nm
excitation of 50 mM Cu(ClO,),/25 mM LiCl methanol solution
are shown in Figure 3. In comparison to the transient absorption of
the sample solution, the AA signal from neat methanol measured
upon identical excitation conditions becomes weak starting from a
time delay, comparable to a half-width of the apparatus response
function, all at the same single probe wavelength. Actual contribu-
tion of the former to the total AA signal should be further reduced
by a factor of at least 2 because of the solute absorption, as
estimated from the comparison of AA signals at zero time delay for
neat methanol and sample solutions. A significant solvent con-
tribution from 212 nm to 280 and 248 nm persists in the AA
spectra measured at 0.2 and 0.3 ps, respectively. We conclude that
the methanol contribution to AA spectra of the sample solution is
minor at a time delay of 0.5 ps. At this time delay, broad transient
absorption from 310 to 384 nm (already present at the shortest
time delay of 0.2 ps), as well as negative AA signals between 225
and 290 nm due to the depletion of ground-state species are
observed. In the 212—224 nm range, weak transient absorption is
observed.

The description of the AA time evolution of the selected
kinetics traces shown in Figure 4 was obtained by a fit to a sum of
four exponential functions and an offset. At 214 nm, the best-fit
time constants obtained were: 7, ~ 2.2 & 0.2 ps (rise, major),

T3 A 26 ps (decay, minor), and 7, &~ 5800 ps (decay), whereas 7,
could not be resolved because of the solvent contribution. The
kinetic trace measured at 312 nm shows that the initial fast 7, =
0.4 = 0.1 ps rise of the signal is followed by a decay of 7, = 1.1 &
0.3 ps (both major), followed by longer decays with 73 & 13 ps
(minor) and 7, = 170 £ 40 ps (minor). Slower rise and decay
times are observed at 234 nm (7, = 0.69 - 0.07 psand 7, =3.8 =
0.5 ps, both major), whereas two other minor components 170 £
40 ps (similar to 312 nm) and 5800 ps (similar to 212 nm) were
recorded.

A more complete picture of the dynamics is illustrated by the
time evolution of the transient absorption spectra (Figure 3).
Between 0.3 and 1 ps, broad transient absorption spectrally
narrows to form a maximum at 306 nm (rise time constant, 400
fs, Figure 4C). Spectral narrowing is accompanied by a blue shift
which cancels the ground-state bleach signal between 280 and
285 nm. Between 2 and 10 ps, the 306-nm feature decay (a time
constant of 1.1 ps, Figure 4C) is accompanied by a partial re-
covery of the ground-state bleach. The remaining broad absorp-
tion in ~280—384 nm range undergoes some decay and reshap-
ing, manifested by the spectral shift of the AA = 0 crossing point
first to the blue (up to 6 ps) and then to the red. At the highest
energy wing of the investigated spectrum, a rise of the AA signal
is observed (time constant, 2.2 ps, Figure 4A). Following this rise,
the AA signal in this range remains constant for tens of
picoseconds before exhibiting a minor decay on a 200—1000 ps
time scale. The exponential fit yields a 5.8 ns decay time constant
for this process. Although the determination of this time constant
is imprecise because we only trace a portion of the total evolu-
tion, it can be safely concluded that the process occurs on a time
scale of about 10 ns. From 10 to 1000 ps, a gradual development
of the negative AA signal occurs between 258 and 293 nm
without any change in the negative signal amplitude from 237 to
258 nm. At the same time, the intensity of the broad absorption
band in the UV range (295—380 nm) significantly decreases.
The time constant for this evolution is about 150—220 ps,
estimated based on the decay of the integrated transient absorp-
tion signal in the UVA part of the probe spectrum. This is
consistent with the 170 ps component observed in the fits of the
234 and 312 nm kinetic traces.

To identify the presence of a Cl- atom fragment in the time-
resolved spectra of [Cu"(MeOH);Cl]* in methanol, the absorp-
tion of the ensuing MeOH - Cl charge-transfer (CT) complex
was identified. Here, methanol solutions of chloroacetone, a well-
known precursor of chlorine atoms,***** was photolyzed using
100-fs, 266-nm laser pulses. On a sub-500 ps time scale, the photo-
chemical reaction is found to involve long-lived species, tentatively
attributed to low-lying triplet states of CH;C(O)CH,C], similar
to CeHsBr.** At 500 ps, the AA spectrum shows two absorp-
tion bands due to the photolysis products. A broad band centered
at 320 nm is assigned to the absorption of the MeOH-CI CT
complex, similar to that previously reported by Herrmann in
aqueous solutions of chloro and hypochloric acids.®” The less
intense second band at 290 nm is consequently assigned to a
CH;C(O)CH," radical fragment, consistent with Hayon and co-
workers.***

B DISCUSSIONS

Ultrafast Photochemistry. The electronic absorption spectra
of the copper(II) complexes consist of highly intense UV bands
corresponding to LMCT transitions, and near-IR bands of much

2794 dx.doi.org/10.1021/jp208532u |J. Phys. Chem. A 2012, 116, 2791-2799
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Figure 5. (A) Absorption spectra of Cl-MeOH CT complexes and
[Cu'(MeOH),]* complexes in methanol obtained as described in the
text. The extinction coeflicient at the absorption maximum of the
Cl-MeOH CT complex was assumed to be 4000 M~ " cm ™" equal to
that reported for the Cl-H,O CT complex.** (B) The fit of the 1000-ps
transient absorption spectrum of a S0 mM Cu(ClO,4),/25 mM LiCl
methanol solution to the spectra of CI-MeOH CT and [Cu'(MeOH),]"
(assumed to be in equal concentrations), and the sum of the steady-state
absorption spectra of [Cu"(MeOH);Cl]" and [Cu"(MeOH),CL,]. For
the two latter complexes, the concentration ratio 49/7 is assumed as in
Figure 2.

lower intensity assigned to symmetry forbidden ligand-field (LF)
transitions between the d orbitals of a copper ion.”***** The
255-nm excitation wavelength used in this work preferentially
excites [Cu”(MeOH)Cl]*, and the [Cu"(MeOH)s]** and
[CuH(MeOH)4C12] complexes are also excited in a ratio of
1.0:0.33:0.16 based on the relative absorbance of these
complexes in solution. The quantum yield of products for the
least absorbing [Cu™(MeOH)4]*" is five time less than for
[Cu"(MeOH)sCl]" at 255 nm.*>** The product quantum yields
for [Cu"(MeOH),CL,] and [Cu"(MeOH)sCl]" are compar-
able;** however, the relative absorption of the former is small
(10% of the total absorbance at 255 nm). Furthermore, transient
absorption experiments upon 255-nm excitation in acetonitrile
solutions of copper(Il), where only monochloro copper(II)
complexes are excited, reveal a comparable width of the bleach
signal (Supporting Information) as well as similar short-time
dynamics. We, therefore, conclude that the photoexcitation of
[Cu"(MeOH)sCl]* complexes dominates the dynamics ob-
served in methanol solutions of copper(1I).

Photochemical Cu—Cl bond breaking in [Cu"(MeOH)CI]*
may occur either via an ionic mechanism with the formation of a
[Cu"(MeOH)]* complex and a chloride anion, or via a radical
mechanism with the formation of the [Cu'(MeOH)s]" complex
and a chlorine atom. As 255-nm excitation is into the LMCT
transition of [Cu" (MeOH)sCl]*, the latter cleavage mechanism
is expected. Indeed, previous photochemical investigations

showed the formation of copper(I) complexes and formaldehyde
consistent with a radical dissociation mechanism.** This is also in
agreement with the detection of formaldehyde in solutions
exposed to the 255-nm laser pulses in our work. It is well-known
that CI® atom fragments quicklgr form charge-transfer complexes
with the surrounding solvent.*** CT complexes of chlorine
atoms with “noncomplexing solvents” such as water, dichloro-
methane, and chloroform, exhibit broad absorption bands with
maxima at around 310—335 nm.>”**~* On the basis of the well-
obeyed correlation between the absorption maximum of a CT
complex involving a halogen atom acceptor and the ionization
potential of a solvent donor, the band maximum of the MEOH -
Cl CT complex is expected to lie at about 330 nm. This is in
agreement with our observation of the absorption maximum of
the MeOH-Cl CT complex at 320 nm, Figure SA. As for
the [Cu'(MeOH),]* fragment, its electronic absorption spec-
trum is not known. However, a coordination number of five is
uncommon for Cu' complexes.'>'® As a result, this fragment
is expected to be unstable, giving rise to a relatively more stable
[Cu'(MeOH),]" complex with intense absorption in the
210—230 nm range, Figure SA.

The spectral evolution of the short-time AA spectra (time
delays, 0.2—10 ps) is much more complicated that one would
expect for simple photodissociation of [Cu"(MeOH);Cl]*.
Narrowing and blue shifting of the broad, 310—384 nm transient
absorption observed on a 0.3—10 ps time scale is inconsistent
with a slight spectral shift characteristic of the formation and
relaxation of Cl-solvent CT complexes,*® bearing signatures of
vibrational relaxation. Typically, vibrationally hot polyatomic
molecules absorb to the red of the vibrationally relaxed species.*®
Therefore, the transient absorption emerging at the red wing of
the steady-state spectrum of [Cu"(MeOH)sCI]" is assigned to
vibrationally hot [Cu"(MeOH);Cl]*. Spectral narrowing and
blue-shifting of the transient absorption as a function of time
manifests an increase in the Franck—Condon overlap with
probe wavelengths within the steady-state spectrum, as hot
[Cu"(MeOH)sCI]* undergoes vibrational relaxation. The ob-
servation of hot transient absorption of [Cu"(MeOH)Cl]" as
early as 0.2 ps following excitation suggests that the parent
complex excited into the LMCT state undergoes fast internal
conversion, which populates highly excited vibrational states on
the ground-state potential energy surface (Figure 4). The decay
of electronically excited [Cu"(MeOH)CI]* species is too fast to
be resolved using the current time resolution of our instrument,
but 0.2 ps provides an upper limit for the internal conversion
process. Shorter probe wavelengths, cf. 312 and 234 nm, give a
somewhat longer formation time, 7; = 0.4 and 0.69 ps, respec-
tively, since the slower vibrational relaxation process is mixed
into the lifetime measured at these wavelengths as a result of
spectral evolution of the hot parent complex. Subsequent vibra-
tional relaxation on a several ps time scale (7,) leads to the
repopulation of the vibrationally relaxed ground-state, and sub-
sequently, the observed recovery of the [Cu'(MeOH)sCl]*
ground-state bleach. We note that hydrogen bonding between
the hot complex and solvent molecules 8provides a very efficient
and fast energy dissipation pathway.*”*

The long-time dynamics are consistent with the formation of
MeOH:-Cl CT complexes. Because of significant (120—160
kJ mol™') Cu—Cl radical bond dissociation energies reported
for chloro Cu" complexes,* we favor the formation of CI'
fragments from the excited state of [Cu"(MeOH)sCl]" as a
result of photodissociation, rather than thermal decomposition
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of the vibrationally hot ground-state species. The extinction
coefficients of [Cu" (MeOH);Cl]* and MeOH - Cl are compar-
able (typical & values for solvent:Cl CT complexes are
~2000—4000 M~" cm™'***) and both species should be
noticeable in the AA spectra provided that they are formed in
comparable yields. However, the spectral signature of vibration-
ally hot parent complexes dominates short-time dynamics.
Therefore, we conclude that internal conversion is a major
pathway for radiationless decay. LMCT excited states of transi-
tion metal ions such as Co(I1I), Fe(III), Cr(III), Cu(Il), etc. are
typically very short-lived.** > Internal conversion from LMCT
excited states is interpreted to occur either directly to the ground
state, or stepwise, vialower-lying LF excited states. In our work, the
observed radical bond cleavage products are consistent with
photodissociation taking place from the LMCT state. Notably,
the observed short-time spectral evolution is consistent with
absorption of vibrationally hot ground state species. The excited
state absorption from the LF states of the [Cu"(MeOH)Cl]*
species to the lowest LMCT state corresponds to wavelengths in
the vicinity of 380 nm based on the energy gap between the
maxima of the LMCT and LF bands (265 and 885 nm), i.. it
partially overlaps with the probed deep-near UV range. The fact
that vibrational relaxation dominates the dynamics, does not allow
us to safely rule out the involvement of these LF states in the
overall photochemical path. Nevertheless, the present results
strongly suggest that the electronically excited species in the
LMCT state relax to the ground state via back electron transfer
either directly or stepwise via extremely short-lived (<250 fs) LF
excited states. Such short-lived LF states have been recently
observed for a bioinor§anic copper(II) complex, a blue copper
protein (plastocyanin).>®

Photodissociation leads to the overcoordinated [ Cu'(MeOH);]*
ﬁragmentslz’18 possessing vibrational energy excess. Therefore, these
species are very likely to undergo further irreversible dissociation,
giving rise to a tetracoordinated copper(I) complex, [ Cu'(MeOH),]".
The 2.2-ps rise time of the transient absorption in the deep UV
region (214 nm, Figure 4A) where the [Cu'(MeOH),]* species
possess intense absorption is the likely spectroscopic manifesta-
tion of this decomposition.

The ground-state absorption bleach remains spectrally narrow
to about 10 ps, indicative of the depletion of ground-state
[Cu"(MeOH)<Cl]" species. However, as a result of the photo-
chemical decomposition of [Cu"(MeOH)Cl]*, the ground-
state equilibrium between the various copper(Il) complexes
becomes perturbed. Extremely large ligand exchange rates were
reported for d” systems,"* and therefore, the spectral evolution of
the ground-state bleach from other complexes present in the
solution ([Cu™(MeOH)4]** and [Cu"(MeOH),Cl,]) can be
expected as a result of ground-state re-equilibration. Indeed, at
longer delay times between 10 and 500 ps, the red shift and build-up
of the negative AA signal between 258 and 293 nm, the region
where the absorbance of [Cu"(MeOH)Cl]* decreases steeply,
suggests a gradual depletion of the ground-state [ Cu''(MeOH) ,Cl, ]
complexes via

[Cu"(MeOH),CL] + MeOH =
[Cu" (MeOH),Cl|" + CI™ (1)

The dichloro Cu" complexes possess a molecular decadic extinction
coefficient larger than the parent [Cu'(MeOH)sCl]" complexes
between 260 and 380 nm. The development of the ground-state
absorption bleach of [Cu"(MeOH),CL]) ought to lead to the decay

of transient absorption in the red part of the spectrum, as observed.
Similarly, the decay of transient absorption in the deep-UV range may
be attributed to re-equilibration involving [ Cu"(MeOH)4]*" via

[Cu"(MeOH)|*" + CI” = [Cu"(MeOH),Cl|" + MeOH
(2)

Note that our experiments suggest that the latter re-equilibration
process occurs on a much longer time scale of several nanoseconds
(~5.8 ns). On a time scale of several tens of picoseconds, the species
involved in the photochemical reaction are already thermalized, and it
is possible to use their steady-state spectra to assign the transient
absorption AA spectra. The adequate fit of the 1000-ps AA spectrum
includes a sum of the positive absorption contributions of the
MeOH-Cl CT and [Cu'(MeOH),]* complexes (implying the
occurrence of the photodissociation), and the negative contribution
of the steady-state absorption spectra of two [ Cu" (MeOH)sCl]* and
[Cu"(MeOH),Cl,] complexes (their relative concentrations
were assumed to be the same as those in Figure 2). In the fit, we
used the assumption that the [Cu'(MeOH)]" intermediate com-
pletely and irreversibly dissociated to [Cu'(MeOH),]" at 1 ns
after excitation, and we further postulated that the MeOH - Cl CT
and [Cu'(MeOH),]" complexes exist in solution in equal amounts.
Therefore, the concentration ratio of the MeOH-Cl CT and
[Cu'(MeOH),]* complexes was constrained to 1:1 for the fit.
The extinction coeflicient at the absorption maximum of
Cl-MeOH CT complexes was taken to be equal to that of Cl- H,O
CT complexes, ¢ = 4000 M ' cm™ .** The ¢ = 4000 M ' cm™'
value represents an upper limit for Cl-solvent CT complexes
because, e.g,, € = 2000 M em™! was reported for the Cl- C4Hy
CT complexes.” However, good fits were also obtained assuming
smaller ¢ values for the CI-MeOH CT complexes in the 2000—
4000 M~" cm ™! range; see the Supporting Information. Thus, the
conclusion that the equilibration between [Cu"(MeOH)sCI]*
and [Cu"(MeOH),Cl,] is complete at 1 ns is not too sensitive to
the choice of the € value for the CI-MeOH CT complexes. The fit
of the 1000-ps AA spectrum using the negative contribution of the
entire steady-state absorption spectrum (implying complete re-
equilibration of all three complexes) deviates from the experi-
mental data points in the deep-UV part of the spectrum, suggesting
incomplete re-equilibration of the [Cu"(MeOH),]** species; see
the Supporting Information.

lon and Neutral Diffusion. The ligand exchange reaction
(eq 1) involves two neutral species: methanol in vast excess and
[Cu"(MeOH),CL,]. Under the assumption that a methanol
molecule approaches the first coordination sphere by diffusion,
and that this diffusive approach is a limiting step in eq 1, the
corresponding rate constant (kp, M~ ' s~ ') can be described by
the Smoluchowski relationship>®

kp = 4w10 >NAD(R, + R,) (3)

where D = D + D, is the total diffusion coefficient equal to the sum of
the individual diffusion coefficients of the involved reagents, R; and R,
are the radii of the reagent species assumed spherical, and Ny is
Avogadro’s number (6.02 X 10~ mol ). Here, 1 and 2 correspond to
[Cu’(MeOH),CL,] and CH;OH, respectively. The size of the
[Cu"(MeOH),Cl,] complex is much larger than that of the CH;OH
molecule, and therefore, D~ D,, where D, = 1.78 X 10 > cm®s™ ' ¥is
the coefficient of methanol self-diffusion at 293 K. The effective radius
of [Cu"(MeOH),CL,] can be estimated as an average sum of the
metal—ligand bond distance and ligand effective radius for which the
following values are assumed: 2.2 x 10~ % cm (Cu—O bond distance)
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LMCT )/\ [Cu(MeOH)sCIJ*

re-equilibration
10-500 ps

[Cu'(MeOH),Cl,] [Cu'(MeOH)sCI]*

LMCT decay,

minor
[Cu/(MeOH)s]* + -Cl

-MeOH + MeOH
[Cu!(MeOH),]* Cl-‘MeOH
214 nm 320 nm

Figure 6. Suggested mechanism of the photodissociation of a [Cu"(MeOH),CI]* complex upon 255-nm excitation into its LMCT state.

and 2.5 x 10 ® cm (Cu—Cl distance) based on the known structure
of aqueous Cu" complex,® 1.81 x 10 ® em (Cl~ ionic radius®) and
19 x 10~ % em (CH30H effective radius®). This yields Ry = 4.2 x
10~® cm. For methanol, the effective radius is R, = 1.9 X 10 % cm.**
The kp, value thus obtained is equal to 8.1 x 10°M 's ™. In the nearly
neat methanol solutions (assumed concentration, 24.7 M), kp, = 8.1 X
10° M "5~ ! yields an inverse diffusion-limited rate of 5 ps.

To predict diffusion-controlled rates for reactions between
ions, e.g, eq 2, Debye’s theory based on bimolecular encounters
can be used. At low electrolyte concentrations, Debye’s diffusion-
controlled rate constant kp, is expressed

U./ksT
1

kT — )

kp = 4Jr103NADr<

where D = D; + D, is the total diffusion coefficient of two ions
1 (CI7) and 2 ([Cu(MeOH)4]*") with charges z; and z,, N, is
the Avogadro’s number, kg is the Boltzmann constant, T is the
absolute temperature, r is the closest distance between two
interacting ions, and UL is the electrostatic potential. In its turn,
U, = z,z,¢>/47er, where ¢ is the solvent dielectric constant. The
average Cu—Cl bond distance in aqueous [Cu(H,0);Cl]"
complexes is about 2.5 x 10~° cm," and this value was adopted
for r. Because the size of Cl™ is much smaller that of
[Cu(MeOH)4]*", the D value can be considered is mainly due
to a chloride ion. The latter D value can be estimated to be equal
t02.15 X 10~° cm® s~ ' at T = 293 K using the Stokes— Einstein
equation, D, = kg T/67t1a, where 77 is solvent viscosity (0.55 CP62) s
and a is the ionic radius of C1~ (1.81 x 10 % cm). The U, value is
calculated to be 4.44 x 107" erg using z; = 1, z, = 2 for the
reacting species and & = 33%* for methanol. The diffusion-limited
rate constant is estimated to be kp = 2.23 x 10° M~ ' s™'. The
inverse rate of the process is 18 ns for the [Cl ] = 25 mM used,
which is comparable to the 10-ns time scale estimated from the
experiment.

Exchange Mechanism. The Jahn—Teller distortion of Cu"
complexes renders the bond between Cu and axial ligand labile.
The distortion axis jumps very rapidly;' therefore, when chlor-
ide ligands appear in the axial positions, a Cu—Cl bond in
[Cu"(MeOH),Cl,] likely dissociates (Figure 6). The calculated
inverse diffusion-controlled rate for chloride ligand substitution
by a methanol molecule via eq 1 (S ps) is significantly smaller that
the experimental lifetime (150—250 ps). Therefore, the reaction
is controlled by an energy barrier, and can be thought to occur via
a dissociative mechanism.®*** The solvent exchange reaction for
a coordinated methanol molecule with the bulk solution in the

related [Cu"'(MeOH)4]** complexes was similarly reported to
occur via an interchange dissociative mechanism."® Thus, reac-
tion (eql) occurs in a stepwise manner along the reaction
coordinate. Methanol from the second coordination sphere
substitutes the vacancy of the copper metal center when the
chloride ligand departs the complex. The energy barrier comes
both from bond dissociation enthalpy and entropy contributions,
where the latter probably arises from the rearrangement of the
solvent molecules around the charged complex. Indeed, the
departing Cl™ ligand and the approaching CH;OH ligand have
to disrupt the H-bonding solvent network, which is further
ordered by the polarization forces exerted by a Cu”* ion.

The exchange reaction described by eq 2 is diffusion-limited. It
can be thought to occur via the preassociation mechanism
described by Eigen and Wilkins."> In this mechanism, the C1~
ion diffuses into the second coordination sphere and forms an ion
pair with the [Cu"(MeOH)¢]* complex by electrostatic inter-
actions. When successful collisions are made, the Cl ion
replaces one of the coordinated CH3OH ligands.

Bl CONCLUSIONS

Ultrafast transient absorption spectroscopy with deep-near
UV probing (212—384 nm) was used to investigate the radia-
tionless relaxation pathways of a model monochloro complex of
copper(II) in methanol solutions promoted into its ligand-to-
metal charge-transfer excited state upon 255-nm excitation. The
chemical composition of the parent methanol solutions contain-
ing copper(Il) (50 mM Cu(ClO,),/25 mM LiCl) ensured
preferential photoexcitation of [Cu"(MeOH)sCl]* in the pre-
sence of other two copper(II) complexes, [Cu"(MeOH)s)*" and
[Cu"(MeOH),Cl,]. The dynamics of the short-lived nonther-
malized states and reaction intermediates are traced through the
time-dependent spectral evolution. The electronically excited
Cu"(MeOH);Cl]" species undergo internal conversion via back
electron transfer to the vibrationally hot electronic ground state
of [Cu"(MeOH)sCI]* (major path) (Figure 6) and Cu—Cl
radical bond dissociation (minor path). An upper limit for the
time scale of the radiationless decay of the LMCT state is ~0.2 ps.
The subsequent short-time spectral evolution of the transient
absorption AA spectra manifest vibrational relaxation of hot
[Cu"(MeOH)sCl]" occurring with a distribution of time con-
stants between 0.4 and 4 ps, as well as a rise (time constant, 2.2 ps)
in the deep-UV absorbing tetra-coordinated Cu' ([Cu'(MeOH),]")
complex formed as a result of the nascent overcoordinated Cu'
fragment ([Cu'(MeOH);s]") losing a MeOH ligand. Some
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absorption of the MeOH - CI charge-transfer complexes is present
to the longest time delays investigated (1050 ps), indicating small
but irreversible photodecomposition of the parent complexes.
Small photodecomposition yield of the complexes observed can be
explained by competing ultrafast internal conversion from the
electronically excited LMCT state. The photochemical decom-
position of [Cu"(MeOH),CI]* perturbs the equilibrium between
the copper(Il) complexes present in the solution. The evolution of
the long-time AA signals is consistent with the fast (time scale, 10—
500 ps) for the depletion of the ground-state [Cu"(MeOH),Cl,]
complexes and much slower (time scale, several nanoseconds)
depletion of the ground-state [Cu"(MeOH)]*. The comparison
of the experimentally observed re-equilibration rate constants and
diftusion-controlled rate constants calculated for ion and neutral
species exchange suggests the dissociative and preassociative mecha-
nisms for the Cl~ -to-MeOH substitution in [ Cu"(MeOH),Cl,] and
the MeOH-to-Cl~ substitution in [ Cu"(MeOH),]**, respectively.

B ASSOCIATED CONTENT

© supporting Information. (i) Energy dependence of the
transient absorption signals for a S0 mM Cu(ClO,),/25 mM
LiCl methanol solution at 255/312 nm pump/probe wave-
lengths, (ii) 0.5-ps transient absorption AA spectra measured
in methanol and acetonitrile solutions, and (jii) a comparison
of the fitted 1000-ps transient absorption spectrum using diffe-
rent values for the molecular decadic extinction coeflicient of
Cl-MeOH CT complexes and different degrees of ground-state
re-equilibration. This material is available free of charge via the
Internet at http://pubs.acs.org.
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