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A complex that mimics many of the properties of the blue copper protein center that was synthesized by
Holland and Tolman1 is studied using Stark spectroscopy to determine the values of two electronic properties,
the change in the dipole moments (|∆µB|) and the average change in the polarizability (〈∆r〉) for excitation
into the ligand-to-metal charge transfer (LMCT) band. Measurements at 77 K in methylcyclohexane yield a
value for |∆µB| of between 1.3 and 1.9 D for the lowest energy LMCT band, which has been assigned as a
predominantly thiolate (Sπ) f Cu(dx2-y2) transition.2 The value of|∆µB| is remarkably similar to that we have
measured earlier for the type-1 blue copper protein azurin in a glycerol-water glass. The sensitivity of Stark
spectroscopy to charge-transfer transitions is utilized to identify and, in some cases, to confirm the assignment
previously made via magnetic circular dichroism (MCD)2 of several higher-energy charge-transfer bands.
Values for the electron-transfer matrix element (Hab) and the effective charge-transfer distance (Rab) derived
from our measurements on this complex are also reported. These parameters are likewise found to be quite
similar to those previously determined for azurin.

Introduction

The type-1 class of blue copper proteins (bcp’s) are involved
in biological electron transfer in photosynthesis and in respira-
tion.3 Their active sites share the structural motif of three
strongly coordinating ligands, two histidines and a cysteine,
bound to the central copper that is in its 2+ oxidation state.
However, among bcp species, numerous variants of the coor-
dination geometries of the active site are seen. These include
trigonal bipyramidal in azurin, which contains two weakly
coordinating residues, distorted tetrahedral for plastocyanin,
which contains a single residue at shorter distance (2.1 Å), and
trigonal planar for proteins such as ceruloplasm, fungal laccase,
and some azurin mutants, in which axial ligation is absent.
Nonetheless, all are characterized by a short (∼2.1 Å) Cu-S
bond that is the primary source of many of their characteristic
spectroscopic features, including their color, which is due to
an intense charge-transfer band in the∼620 nm region.3

Regarding function, this Cu-S bond is proposed to serve as a
favorable conduit for biological electron transfer.4

One of the prime topics of interest in the study of bcp’s is
the manner in which the coordination of the Cu site affects the
spectroscopy and, by inference, the electron-transfer properties
of these systems. This interplay has been explored in great detail
via comparisons between bcp’s with different active site
geometries as well as by using site-directed mutagenesis and
the addition of exogenous ligands to modify the active site.5-10

Moreover, comparison of the spectroscopic and redox properties
of bcp’s to those of typically square planarsyntheticCu2+

species led to the proposal that the unique geometry of the
protein Cu site is optimized both to reduce the reorganization
energy associated with electron transfer and to increase the

covalency of the Cu-S bond, meaning that the valence electron
is nearly equally distributed over the Cu and S sites. The latter
effect is thought to enhance the coupling of the Cu center to
the protein backbone via the S and to thereby provide a favorable
pathway for ground-state electron transfer.3

For many years, inorganic copper complexes with properties
similar to those of the type-1 Cu proteins were unknown in the
literature. However, recently, several complexes have been
synthesized that mimic the distorted tetrahedral11 and trigonal
planar1 coordination geometries found in the Cu proteins.
Spectroscopic studies of these complexes allow the relationship
between the identity of the coordinating ligands and the
properties of the Cu site to be examined.2,6,12 On the basis of
electron spin resonance (ESR), magnetic circular dichroism
(MCD), and resonance Raman measurements of these synthetic
complexes, Solomon and co-workers have delineated several
similarities as well as differences between the protein and
synthetic systems.2,12

In this communication, we report an electroabsorption (Stark)
spectroscopic study of the complex shown in Figure 1a (referred
to here as1) that was recently synthesized by Holland and
Tolman.1 This system is a structural model of the active sites
of trigonal planar type-1 copper proteins, such as fungal laccase.
Electroabsorption (Stark) spectroscopy is frequently applied to
the study of intramolecular electron transfer in organic, inor-
ganic, and biological systems13-18 because it provides a
quantitative measure of the extent of charge transfer in the
excited state as compared to the ground state of a molecule via
|∆µB|, the absolute value of the change in dipole moment. This
quantity, in turn, can be used to evaluate the electronic matrix
element for electron transfer in the system (Hab) as described
in ref 19. In addition, the average change in the polarizability
(〈∆r〉) between the lower and upper states of the optical
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transition is measured. The trace of the polarizability of a state
i is proportional to∑j*i|µbij|2/(Ej - Ei), whereµbij represents the
transition moment between electronic statei and all other states
j andE represents the energy of the respective states. Therefore,
the quantity〈∆r〉 reflects the interactions between the electronic
states that are coupled in the optical transition andall other
electronic states of the system. It is also frequently regarded as
a measure of the change in the extent of electron delocalization
upon optical excitation. For example, a large positive value of
〈∆r〉 is often interpreted to imply greater electron delocalization
in the excited state than in the ground state of the optical
transition.

The information contained in both|∆µB| and 〈∆r〉 comple-
ments other spectroscopic and electronic structure studies of1
in the literature.2 Here, we report these quantities for several
charge-transfer transitions identified in the absorption spectrum
of 1 and compare these results to those obtained previously for
two species of azurin.17 This comparison indicates a high degree
of similarity between the electronic properties of the main
charge-transfer band of1 and the corresponding transition of
the azurins, indicating that the synthetic complex successfully
mimics this aspect of the electronic structure of the bcp’s as
well.

Experimental Section

Compound1 was synthesized by Holland and Tolman as
reported in ref 1. This complex is oxygen sensitive and was
therefore handled in the nitrogen atmosphere of a glovebox.
The solvent, 2-methylcyclohexane (MCH, Aldrich), was dried
over CaH2 in an argon atmosphere and degassed by freeze-

thaw methods to remove oxygen prior to dissolving1. Samples
for electroabsorption were prepared in the glovebox by placing
a drop of this solution between two indium tin oxide (ITO)-
coated glass slides, which are then clipped together with a 50
µm thick Kapton film used as a spacer between the two
electrodes. Immediately after removal from the oxygen-free
atmosphere, the cell was inserted in a liquid nitrogen optical
Dewar flask (H. S. Martin) to form a glass, ensuring that the
complex was not exposed to air for more than 1 min. An AC
electric field of 2500 V (∼470 Hz) was applied to the glass,
and electroabsorption measurements were performed using a
home-built Stark spectrometer, which is described fully in ref
20. The transmission spectrum of the complex was measured
at the same time as the electroabsorption spectrum and converted
to an absorption spectrum using a blank consisting of MCH
glass between ITO electrodes. Room-temperature absorption
spectra of the same solution of1 used for the electroabsorption
measurements were also recorded using a Perkin-Elmer absorp-
tion spectrophotometer from 400 to 1000 nm to compare to
published data.

Data Analysis Procedures.The analysis of the electro-
absorption data follows that in the literature.21 The equations
shown here are appropriate for the experimental conditions used,
that is, the sample is isotropically oriented within a rigid glass.
Essentially, the change in absorption due to the application of
an external electric field is fit to the weighted sum of zeroth,
first, and second derivatives of the zero-field absorption
spectrum. The overall change in absorbance caused by the
application of an electric field can be described by the following
equation:

The A(ν̃) represents the unperturbed absorption as a function
of frequency (ν̃) andFBeff represents the field at the sample in
V/cm. This effective field includes the enhancement of the
applied field due to the cavity field of the matrix. The subscript
ø represents the angle between the direction of the applied
electric field and the electric field vector of the polarized light.
The experiment is normally performed at two angles,ø ) 54.7°
(magic angle) andø ) 90°. In the laboratory frame, this angle
is actually set to 46° to account for the refractive index of liquid
nitrogen and of the solvent glass. Because the refractive index
of the glass is not precisely known, we use the ratios of the
sample absorbances at the two angles to verify that the
laboratory frame angle has been set correctly to yield a value
of ø of 54.7° at the sample.14,17

The expressions ofaø, bø, andcø are related to the change in
the transition moment polarizability (Aij) and hyperpolarizability
(Bijj ), the change in the electronic polarizability (〈∆r〉), and the
change in the dipole moments (|∆µB|), respectively, as given in
eqs 2-4 below.

Figure 1. The structure of complex1 (a) and the active site of azurin
(b). The ligands surrounding the copper center and the bond distances
(Å) between the copper and the ligands coplanar to it are shown. The
structures are reproduced from ref 1 and 28, respectively.

∆A(ν̃) ) FBeff
2[aøA(ν̃) + bø

ν̃
15p{ ∂

∂ν̃(A(ν̃)
ν̃ )} +

cø
ν̃

30p2{ ∂
2

∂ν̃2(A(ν̃)
ν̃ )}] (1)

a54.7 )
1

3|mb|2
∑
i,j

Aij
2 +

2

3|mb|2
∑
i,j

miBijj (2)

b54.7 )
10

|mb|2
∑
i,j

miAij∆µj +
15

2
〈∆r〉 (3)

c54.7 ) 5|∆µB|2 (4)

3008 J. Phys. Chem. B, Vol. 106, No. 11, 2002 Chowdhury et al.



In the above equations, the tensorsA and B represent the
transition polarizability and hyperpolarizability, respectively.
These terms are generally small for allowed transitions and can
therefore be neglected relative to other terms in the expression
for 〈∆r〉 (eq 3), particularly in those compounds exhibiting a
small value of |∆µB|, such as that reported here for1 and
previously for other bcp’s.17

Information regarding|∆µB| for the molecule is contained in
the c54.7 term (eq 4). It is important to emphasize that, for an
isotropic sample such as those studied in this work, only the
magnitude and not the sign of∆µB is measured.

Performing the experiment at any different angle,ø, in our
case 90°, allows us to estimate the relative orientation of the
|∆µB| with respect to the transition dipole moment direction. If
the ratio of coefficientcø at 54.7° versus 90° is ∼1.67, one can
infer that the transition moment vector (µb) is parallel to the
direction of ∆µB for the transition. For further discussion, see
ref 17.

The coefficients,aø, bø, andcø, are extracted by means of a
linear least-squares (LLSQ) fit of the electroabsorption signal
to the sum of the derivatives ofA(ν̃). If the resultant fit to the
absorption line shape (a single set ofaø, bø, andcø) is not of
high quality, this is an indication that there is more than one
transition (electronic or vibronic) underlying the absorption
band, each having different electrooptical properties (|∆µB|
and/or〈∆r〉). This is the case for the electroabsorption spectra
of both bcp’s studied previously17 and for1 as presented here.

In such instances, one strategy to the fit to the electro-
absorption spectrum is to model the underlying transitions in
the absorption band as a sum of Gaussians. To implement this
method, we chose the starting parameters for the bands to fit
the absorption spectrum of1 to be those Gaussians used to fit
the 4 K magnetic circular dichroism (MCD) data by Solomon
et al.2 The initial parameters were varied using a simplex routine
to obtain the best fit to the absorption spectrum using a minimum
number of Gaussians. The final parameters for all Gaussians
used to model the absorption of1 at 77 K are summarized in
Table 1 of the Supporting Information. Values ofaø, bø, andcø
for each individual Gaussian or sums of different sets of
Gaussians were then evaluated through the fitting procedure.
By using these coefficients and eqs 3 and 4 above, a value of
|∆µB| and〈∆r〉 was assigned to each transition. This method is
explained in detail in ref 22.

A second strategy, also used here, is to subdivide the
absorption and electroabsorption spectra into regions, which are
then each fit using a single set ofaø, bø, andcø parameters.23

Selecting the regions to be fit is normally a matter of trial and
error though an effort is made to maximize the wavenumber
range of each region chosen. One advantage of this method of
fitting to the truncated absorption spectrum over the Gaussian
resolution approach described above is that the number of fitting
parameters is significantly reduced. Possible artifacts arising
from the fitting of overlapping Gaussian bands are also
minimized.

To summarize, the two quantities derived from the Stark
spectrum reported here are the values of|∆µB| and 〈∆r〉 for
each of the bands in the absorption spectrum of1 that exhibit
a significant field response. Note that the experimentally
reported values havenot been corrected for the effects of the
cavity and reaction field. For a more detailed discussion of the
analysis method, see refs 15 and 21.

Results and Discussion

Results of Fitting the Electroabsorption Spectrum.The
absorption spectra of1 in MCH at 300 and 77 K are shown in

Figure 2. The spectra are characterized by an intense transition
at ∼740 nm and several weaker transitions between 400 and
650 nm. Upon lowering the temperature, the maximum of the
most intense transition shifts 270 cm-1 to higher energy and
the band becomes more highly resolved. Two transitions located
at higher energy (∼490 and∼430 nm) exhibit a similar blue
shift (∼200 cm-1) at 77 K relative to 298 K, while the position
of the band at∼570 nm is essentially unchanged.

Using MCD spectroscopy, Solomon and co-workers have
shown that the most intense transition of1 at ∼750 nm arises
from charge transferpredominantlyfrom the thiolate (S)π
orbital to the Cu(dx2-y2) orbital and will be referred to in this
fashion throughout though the N atoms of the ligandalso act
as donors.2 Likewise, the strongest band (∼620 nm) in azurin
and other bcp’s arises from the Cys(Sπ) f Cu(dx2-y2) ligand-
to-metal charge-transfer (LMCT) transition.2 The assignments
of the remaining bands will be considered in more detail below.

The electroabsorption signal of1 is shown in Figure 3b (solid
line). The signal intensity for the thiolate (Sπ) f Cu(dx2-y2)
LMCT transition is comparable to that observed for azurin.17

However, the electroabsorption signal ismuch strongerfor 1
in the high-energy region (19 000-24 000 cm-1) where the
absorption itself is relativelyweak. This demonstrates that the
various underlying transitions have different values of|∆µB| or
〈∆r〉 or both.

In this work, we take two approaches to fitting the electro-
absorption spectrum of1 (see Experimental Section). One is to
model the absorption spectrum with several Gaussian bands and
to allow the fitting parameters of each (a54.7, b54.7, andc54.7 of
eqs 2-4) to vary independently. A minimum of seven Gaussian
bands (G1-G7 in Figure 3a) was required to fit the absorption
spectrum in the region shown. Their assignments will be
discussed following a description of the fitting results.

In the low-energy region, a high-quality fit to the electroab-
sorption spectrum (Figure 3b) was obtained by this method. The
fit shown in Figure 3b yields 1.9( 0.3 D for |∆µB| and-15 (
5 Å3 for 〈∆r〉 for G2 and similar values for G3 (Table 1). The
magnitudes of|∆µB| measured for G2 and G3 indicate thatboth
have some charge-transfer character.

The second approach is to truncate the electroabsorption
spectrum into distinct wavelength regions that are then fit
independently using the corresponding regions of the experi-
mental absorption spectrum. While this method (truncated fit,
Figure 3c) gives a somewhat lower-quality fit to the data, the

Figure 2. Room temperature (dashed-dot line) and 77 K (solid line)
absorption spectra of1 in methylcyclohexane. For comparison, the
absorption spectrum of the type-I blue copper protein PA azurin (dashed
lines) in 50% glycerol-water glass at 77 K is shown.
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value obtained for|∆µB| is similar to that obtained via the fit to
Gaussians (Table 1) though the value of〈∆r〉 is not. The
discrepancy in〈∆r〉 probably arises because the values of〈∆r〉
obtained using the Gaussian fitting method in this region proved
to be quite sensitive to the parameters used though the values
of |∆µB| were not.

In the intermediate region of the electroabsorption spectrum,
a good fit could be obtained using both the truncated absorption
spectrum and the Gaussian resolution method (Table 1). The
electronic properties of G4 were not reported, however, because
this band has a very small oscillator strength.

Finally, the electroabsorption spectrum in the high-energy
region (19 000-25 000 cm-1) canonly be obtained by varying

the parameters of Gaussians G6 and G7 independently. The
truncated fit completely fails to reproduce the line shape of the
electroabsorption signal (Figure 3c). Consistent with the strong
field response seen in this wavelength region, band G7 exhibits
a substantially largervalue of|∆µB| (7.6 D) than does the low-
energy LMCT band (G2). Our results support the previous
assignment of G7 as an LMCT band.2 However, theyalso
indicate that G6 has charge-transfer character, suggesting that
this transition maynotbe of d-d origin as it had been assigned
in ref 2.

It is possible to evaluate the angle between the transition
dipole moment and∆µB by obtaining the electroabsorption at
two different angles ofø (i.e., 54.7° and 90°, see ref 17). We
obtain values forc54.7/c90 of ∼1.67 (( 0.2) for both the thiolate
(Sπ) f Cu(dx2-y2) LMCT transition (equivalent to G2) and the
higher-energy transitions (G6 and G7). Therefore,∆µB is nearly
parallel to the direction of the transition dipole moment in all
three transitions. This result for the thiolate (Sπ) f Cu(dx2-y2)
LMCT band of 1 is very similar to that obtained from
electroabsorption spectroscopy of the analogous transition in
azurin.17

Assignments of the Bands Comprising the Absorption
Spectrum of 1. To turn to assignments of the transitions
described above, these will be discussed within the framework
of the published assignments of Solomon and co-workers
(specifically, Figure 2A and Table 1 of ref 2). As stated earlier,
Gaussian G2 in the spectrum of1 corresponds to the most
intense thiolate S(p,π) f Cu(dx2-y2) LMCT transition.2 Gaussian
G7 is nearest in energy to a band assigned previously to a second
LMCT transition.2 This is also consistent with its large value
of |∆µB| (Table 1). Two possible origins for this LMCT
transition were considered in ref 2, one from the thiolate S(p,-
pseudo-σ) f Cu and the second arising from the nitrogen (N
f Cu) of theâ-diketiminate ligand (Figure 1a). However, the
former was argued to be more consistent with a variety of other
spectroscopic measurements.2 Bands in the region of G4-G6
have been assigned as Cu d-d transitions via MCD.2 However,
we measure significant values of|∆µB| for these, indicating
charge-transfer character. In addition, as described above, our
results point to there being a second charge-transfer transition
in the high-energy region of the spectrum corresponding to G6
that is not evident from the MCD spectrum of ref 2. Finally,
band G3, whichalsohas considerable charge-transfer character,
has no obvious analogue in the Gaussian resolution of the
absorption spectrum used to fit the MCD data.2 In summary,
the results of Stark spectroscopy are in generally good agreement
with MCD data2 regarding the positions of the LMCT bands of
1, though several additional transitions with significant charge-
transfer are identified uniquely in the Stark spectrum.

Comparison of the Properties of 1 to Those of Azurin.
The most intense band in azurin (∼620 nm) is due to a S(π) f
Cu(dx2-y2) LMCT arising from the cysteine ligand.24,25It shows
a |∆µB| of 1.8 ( 0.5 D and a〈∆r〉 of -15 ( 5 Å.17 The
properties measured for the analogous transition (thiolate (Sπ)
f Cu(dx2-y2)) of 1 (Table 1) are remarkably similar.

TABLE 1: Electroabsorption Results for the LMCT Transitions of 1

Gaussiansb Gaussiansb Gaussiansbtruncated
absorptiona G2 G3

truncated
absorptiona G4 G5

truncated
absorptiona G6 G7

frequencyc 11 500-15500 13 550 14 640 16 000-19 000 15 830 17 560 19 500-25 000 20 700 23 620
|∆µB|d 1.3 (0.2) 1.9 (0.3) 1.2 (0.3) 2.0 (0.2) 3.6 (0.4) 2.6 (0.5) 7.6 (1.0)
〈∆R〉e 1 (2) -15 (5) -10 (4) 10 (2) 24 (10) 45 (5) 55 (12)

a Fit using the truncated absorption.b Fit using independent Gaussians.c Reported in cm-1. d Reported in D.e Reported in Å3. Errors are in
parentheses.

Figure 3. Absorption and electroabsorption spectra for1. The
absorption spectrum of1 (panel a) was modeled using seven Gaussians
(dashed line) marked G1-G7. G1 and G4 are shaded for clarity. The
experimental absorption spectrum (dotted) lies below the sum of the
gaussians (solid). The vertical dashed lines indicate the various ranges
of the electroabsorption signal that were fit as indicated in Table 1.
The parameters for the Gaussians are contained in the Supporting
Information. Panel b contains the experimental electroabsorption
spectrum (solid lines) normalized by the square of the applied electric
field at the magic angle,ø ) 54.7°. The fits to the electroabsorption
signal (dashed-dot lines) shown here were obtained using the Gaussians
shown in panel a. The bands in paretheses denote the particular
Gaussians that were used to fit each of the three regions shown. Panel
c contains the fit obtained by dividing the electroabsorption spectrum
into three regions and fitting each separately to the corresponding region
of the experimental absorption spectrum (truncated fit, see text). Panel
d contains the decomposition of the fit shown in panel c into the zeroth
(dotted), first (short dash), and second derivative (long dash) contribu-
tions. The decomposition of the fit in panel b is contained in the
Supporting Information.
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Randall et al. have proposed that the transition corresponding
to G7 in 1 arises either from the S(p,pseudo-σ) f Cu LMCT
or from the Nσ orbital of theâ-diketiminate ligand with the
former assignment being considered more likely.2 Our results
support their assignment for the following reason. In azurin,
the field response of the Cys(S pseudo-σ) f Cu(dx2-y2) LMCT
transition is quite strong (|∆µB| and 〈∆r〉 of 3-5 D and∼30
Å3, respectively),26 whereas the high-energy His(N)f Cu(II)-
(dx2-y2) LMCT transitions24,25have very weak responses to the
applied field and therefore have much smaller values of|∆µ|
and 〈∆r〉.17 To the extent that it is reasonable to compare a
LMCT transition arising from a histidine N in azurin with that
arising from the N of aâ-diketiminate ligand in1, the fact that
the His(N)f Cu(II)(dx2-y2) LMCT is weakin the Stark spectrum
of azurin supports the assignment2 of the charge-transfer band
of 1 in the region of G7 (∼420 nm) to a S(p, pseudo-σ) f Cu
LMCT rather than to a nitrogen-based transition.

Electron-Transfer Parameters Derived from Stark Mea-
surements. Using values obtained from electroabsorption
measurements, one may obtain electron-transfer parameters such
as the electron-transfer coupling elementHab and the effective
charge-transfer distanceRab between the donor and the acceptor.
For example, the quantityHab may be estimated from the
transition dipole moment (µijB), the |∆µB|, and the absorption
maxima of the transition (νjmax) using the following expression
of Cave and Newton:19

We obtained the value of the transition dipole moment (2.6 D)
of the most intense LMCT transition (12 000-15 000 cm-1) of
1 by integrating the absorption spectrum at 77 K in this region
(εmax ) ∼5700 M-1 cm-1). Using the experimentally measured
value of ∼1.9 D for |∆µB| of this band and 13 550 cm-1 for
νjmax, we obtained a value ofHab of 6350 ( 250 cm-1. This
value is indeed similar to the value that we had obtained
previously for azurin (∼7800 cm-1).17 Such large values ofHab

reflect the fact that, for both systems, the electron is highly
delocalized on the ground-state surface and electron transfer is
essentially barrierless as a result.

It is also possible to estimate the effective charge-transfer
distanceRab for charge-transfer transitions from the change in
the dipole moment asRab ) |∆µB|/e, wheree is the charge of a
single electron. For1, a value of∼10 D for |∆µB| would be
measured if one full electron charge were to move across the
crystallographic distance separating the Cu and S atoms (2.12
Å). Instead, we observe a muchsmaller value of |∆µB| sug-
gesting that only partial charge transfer occurs on transition. If,
in 1, Rab is considered to be the crystallographic distance
between Cu and S atoms, our measured|∆µB| implies that
∼0.19 e is transferred to the S upon photoexcitation. Alterna-
tively, one can say that a full electron is transferred over a
distance of 0.4 Å. These are very similar to the corresponding
values obtained for azurin, for which it has been estimated that
∼0.2 e is transferred on excitation.27 Likewise, the measured
|∆µB| of 1.7 D for azurin17 would imply that a full electron is
transferred over 0.35 Å. These comparisons again emphasize
the similarities between the thiolate (S,π) f Cu(dx2-y2) LMCT
transition of1 and the analogous Cys(Sπ) f Cu(dx2-y2) LMCT
transition of the protein system.

Conclusions

Using Stark spectroscopy, we have demonstrated that the two
electronic properties,|∆µB| and 〈∆r〉, for the Cys(S,π) f

Cu(dx2-y2) LMCT transitions of a synthetic compound designed
to mimic several of the properties of the blue copper protein
active site are remarkably similar to those previously reported
by us for two species of azurin. While the value of|∆µB| for the
lowest-energy (thiolate (S,π) f Cu(dx2-y2)) LMCT transition
of the complex is relatively small, values of up to∼8 D are
observed for higher-energy charge-transfer transitions. The Stark
spectrum shows general agreement with the published MCD
spectrum of1 regarding the positions of the various LMCT
bands thoughadditionalcharge-transfer transitions are identified
in the Stark spectrum that have no obvious counterpart in the
published Gaussian resolution of the absorption spectrum based
on MCD data. This highlights the utility of employing multiple
spectroscopic techniques to resolve and assign electronic
absorption spectra containing overlapping transitions, such as
that of the complex studied here. Finally, we derive a large value
for electron-transfer matrix element,Hab, from the measured
properties of the thiolate (S,π) f Cu(dx2-y2) LMCT band that
is likewise similar in magnitude to the value that we previously
reported for azurin.
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