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A complex that mimics many of the properties of the blue copper protein center that was synthesized by
Holland and Tolmahis studied using Stark spectroscopy to determine the values of two electronic properties,
the change in the dipole momentag|) and the average change in the polarizabilixd[) for excitation

into the ligand-to-metal charge transfer (LMCT) band. Measurements at 77 K in methylcyclohexane yield a
value for|Au| of between 1.3 and 1.9 D for the lowest energy LMCT band, which has been assigned as a
predominantly thiolate (8) — Cu(de-,?) transition? The value oflAu| is remarkably similar to that we have
measured earlier for the type-1 blue copper protein azurin in a glyeesatier 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 (MCDf several higher-energy charge-transfer bands.
Values for the electron-transfer matrix elemetd and the effective charge-transfer distanRg)(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 covalency of the Cu'S bond, meaning that the valence electron
The type-1 class of blue copper proteins (bcp’s) are involved is nearly equally distributed over the Cu and S sites. The latter

in biological electron transfer in photosynthesis and in respira- €ffect is thought to enhance the coupling of the Cu center to
tion3 Their active sites share the structural motif of three the protein backbone via the S and to thereby provide a favorable
strongly coordinating ligands, two histidines and a cysteine, Pathway for ground-state electron transfer.

bound to the central copper that is in its Bxidation state. For many years, inorganic copper complexes with properties
However, among bcp species, numerous variants of the coor-similar to those of the type-1 Cu proteins were unknown in the
dination geometries of the active site are seen. These includeliterature. However, recently, several complexes have been
trigonal bipyramidal in azurin, which contains two weakly synthesized that mimic the distorted tetraheéldrahd trigonal
coordinating residues, distorted tetrahedral for plastocyanin, planat coordination geometries found in the Cu proteins.
which contains a single residue at shorter distance (2.1 A), andSpectroscopic studies of these complexes allow the relationship
trigonal planar for proteins such as ceruloplasm, fungal laccase,between the identity of the coordinating ligands and the
and some azurin mutants, in which axial ligation is absent. properties of the Cu site to be examirftt? On the basis of
Nonetheless, all are characterized by a she@.{ A) Cu-S electron spin resonance (ESR), magnetic circular dichroism
bond that is the primary source of many of their characteristic (MCD), and resonance Raman measurements of these synthetic
spectroscopic features, including their color, which is due to complexes, Solomon and co-workers have delineated several

an intense charge-transfer band in thé20 nm regior?. similarities as well as differences between the protein and
Regarding function, this CuS bond is proposed to serve as a synthetic systems12
favorable conduit for biological electron transfer. In this communication, we report an electroabsorption (Stark)

One of the prime topics of interest in the study of bep's is  gpectroscopic study of the complex shown in Figure 1a (referred
the manner in which the coordination of the Cu site affects the {5 here asl) that was recently synthesized by Holland and
spectroscopy and, by inference, the electron-transfer propertiesroiman? This system is a structural model of the active sites
of these sys'gems. This interplay has bgen e.xplored in great dQTaibf trigonal planar type-1 copper proteins, such as fungal laccase.
via comparisons between bcp's with different active site pecroabsorption (Stark) spectroscopy is frequently applied to
geometries as well as by using site-directed mutagenesis andpe study of intramolecular electron transfer in organic, inor-

the addition of exogenous ligands to mod_ify the active %ité. _ ganic, and biological systef?s!8 because it provides a
Moreover, comparison of the spectroscopic and redox profert'esquantitative measure of the extent of charge transfer in the
of bep's to those of typically square planaynthetic Cu? excited state as compared to the ground state of a molecule via

species led to the proposal that the unique geometry of the '\’ ‘1he apsolute value of the change in dipole moment. This

protein Cu site is optimized both to reduce the reorganization quantity, in turn, can be used to evaluate the electronic matrix

energy associated with electron transfer and to increase theelement for electron transfer in the systeHy] as described
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thaw methods to remove oxygen prior to dissolvingamples

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
um 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 blised 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 literatifeThe equations
His46 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,
Met121 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:

Figure 1. The structure of complek (a) and the active site of azurin

(b). The ligands surrounding the copper center and the bond distances = v [ o [A®)
(A) between the copper and the ligands coplanar to it are shown. The AA(P) = F aA@) +b ==l T
structures are reproduced from ref 1 and 28, respectively. 15w\ v
v | (AN
transition is measured. The trace of the polarizability of a state Cx3(h2 3_172 > 1)

i is proportional toy jilzij|%/(E; — Ei), whereg; represents the
transition moment between electronic staé@d all other states  The A(P) represents the unperturbed absorption as a function
j andE represents the energy of the respective states. Therefore ¢ frequency 7) and Fert represents the field at the sample in
the quantityAalTeflects the interactions between the electronic v/cm. This effective field includes the enhancement of the
states that are coupled in the optical transition afidother  gppjied field due to the cavity field of the matrix. The subscript
electronic states of the system. Itis also frequently regarded as, represents the angle between the direction of the applied
ameasure of the change in the extent of electron delocalizationg|ectric field and the electric field vector of the polarized light.
upon optical excitation. For example, a large positive value of The experiment is normally performed at two angjes; 54.7
[Aa[is often interpreted to imply greater electron delocalization (magic angle) ang = 90°. In the laboratory frame, this angle
in the excited state than in the ground state of the optical js actually set to 46to account for the refractive index of liquid
transition. . nitrogen and of the solvent glass. Because the refractive index
The information contained in boti\u| and [Aalicomple- of the glass is not precisely known, we use the ratios of the
ments other spectroscopic and electronic structure studigés of sample absorbances at the two angles to verify that the
in the literature’. Here, we report these quantities for several laboratory frame angle has been set correctly to yield a value
charge-transfer transitions identified in the absorption spectrum of y of 54.7 at the samplé417
of 1 and compare these results to those obtained previously for The expressions &, b,, andc, are related to the change in
two species of azuril. This comparison indicates a high degree the transition moment polarizabilith{) and hyperpolarizability
of similarity between the electronic properties of the main (By), the change in the electronic polarizabilitA@[), and the
charge-transfer band df and the corresponding transition of change in the dipole moments\|), respectively, as given in
the azurins, indicating that the synthetic complex successfully eqs 2-4 below.
mimics this aspect of the electronic structure of the bcp’s as

well. 1 2
8547~ 2zAij2 T szBm 2
Experimental Section 3|m|=T 3|m|=1
Compoundl was synthesized by Holland and Tolman as 10 15
reported in ref 1. This complex is oxygen sensitive and was D5, 7= :zmAijAﬂj + ?@D 3)
therefore handled in the nitrogen atmosphere of a glovebox. ||~

The solvent, 2-methylcyclohexane (MCH, Aldrich), was dried — 5
over CaHh in an argon atmosphere and degassed by freeze Cs4.7= OlAu| (4)
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In the above equations, the tenséysand B represent the ' .
transition polarizability and hyperpolarizability, respectively. 03l PA Azurin ! \
These terms are generally small for allowed transitions and can ;'
therefore be neglected relative to other terms in the expression L !
for [Aall(eq 3), particularly in those compounds exhibiting a ’,’

\  Complex 1 1

\
\
i
1}
\

small value of|Au|, such as that reported here farand g o2t / ! ‘ .
previously for other bcp'd? 5 / \ \

Information regardindAu| for the molecule is contained in 8 ! A
the cs4.7 term (eq 4). It is important to emphasize that, for an <

isotropic sample such as those studied in this work, only the 01
magnitude and not the sign &fu is measured.

Performing the experiment at any different angein our .
case 90, allows us to estimate the relative orientation of the | 7 ___
|Au| with respect to the transition dipole moment direction. If , . . . ,
the ratio of coefficient, at 54.7 versus 90is ~1.67, one can 400 500 600 700 800 900 1000
infer that the_transition moment vectqi)(is parallel to the Wavelength (nm)

direction of Au for the transition. For further discussion, see Figure 2. Room temperature (dashedot line) and 77 K (solid line)
ref 17. absorption spectra of in methylcyclohexane. For comparison, the

The coefficientsa,, b,, andc,, are extracted by means of a a_bsorption ?)pectrum of the type-I blue copper protein PA azurin (dashed
linear least-squares (LLSQ) fit of the electroabsorption signal ""eS) i 50% glycerotwater glass at 77 K is shown.

to the sum of the derivatives @&f(v). If the resultant fit to the . . . .
absorption line shape (a single setaf b,, andc,) is not of Figure 2. The spectra are characterlzec_i _by an intense transition
high quality, this is an indication that there is more than one 2}55740 r&m anld se\{era![hwetaker tra?smoPhs betwgen 40? t?wnd
transition (electronic or vibronic) underlying the absorption nm. Lpon lowering the temperature, the maximum ot the
band, each having different electrooptical properti@( most intense transition Sh'fts 270 chto higher energy and
and/orfAal). This is the case for the electroabsorption épectra the k?and becomes more highly resolved. TWQ transitions located
of both bep's studied previousiyand forl as presented here, &t higher energly%490 and~430 nm) exhibit a similar blue

In such instances, one strategy to the fit to the electro- shift (~200 cnT) at 77 K_relat|ve to 298 K, while the position
absorption spectrum is to model the underlying transitions in of th? band at-570 nm is essenulally unchanged. K h
the absorption band as a sum of Gaussians. To implement this | YSINg MCD spectroscopy, Solomon and co-workers have
method, we chose the starting parameters for the bands to fitSNOWn that the most intense transitionlot ~750 nm arises
the absorption spectrum @fto be those Gaussians used to fit from charge transfepredqmmantlyfr_om the thiolate .(S)”.
the 4 K magnetic circular dichroism (MCD) data by Solomon ©rPital to the Cu(g-?) orbital and will be referred to in this
et al2 The initial parameters were varied using a simplex routine f@shion throughout though the N atoms of the ligaasb act

to obtain the best fit to the absorption spectrum using a minimum &S donors. Likewise, the strongest band-620 nm) in azurin
number of Gaussians. The final parameters for all Gaussians@"d other bep's arises from the Cys{S— Cu(de-y) ligand-

used to model the absorption dfat 77 K are summarized in to-metal charge-transfer (LMCT) transitiéhe assignments
Table 1 of the Supporting Information. Valuesaf b,, andc, of the remaining bands will be considered in more detail below.
for each individual Gaussian or sums of different sets of _ TNe electroabsorption signal bis shown in Figure 3b (solid
Gaussians were then evaluated through the fitting procedure.n€)- The signal intensity for the thiolate £5— Cu(de-y?)

By using these coefficients and eqs 3 and 4 above, a value ofLMCT transition is comparable to that observed for azdfin.

|Au| and[Aalwas assigned to each transition. This method is HOWwever, the electroabsorption signalmgich strongerfor 1
explained in detail in ref 22. in the high-energy region (19 06@4 000 cnml) where the

A second strategy, also used here, is to subdivide the aPsorption itself is relativelyeak This demonstrates that the

absorption and electroabsorption spectra into regions, which are/&rious underlying transitions have different values/ut| or

then each fit using a single set af, b,, andc, parameters? [Aaor both. N

Selecting the regions to be fit is normally a matter of trial and ~ In this work, we take two approaches to fitting the electro-
error though an effort is made to maximize the wavenumber absorption spectrl_Jm df (see Expe_rlmental Sectlon)_. Oneisto
range of each region chosen. One advantage of this method ofmodel the absorption spectrum with several Gaussian bands and

fitting to the truncated absorption spectrum over the Gaussian 0 allow the fitting parameters of eachsg7, bsa.7, andcs.7 of -
resolution approach described above is that the number of fitting €3S 2-4) to vary independently. A minimum of seven Gaussian
parameters is significantly reduced. Possible artifacts arising Pands (G+G7 in Figure 3a) was required to fit the absorption
from the fitting of overlapping Gaussian bands are also SPectrum in the region shown. Their assignments will be
minimized. discussed following a description of the fitting results.

To summarize, the two quantities derived from the Stark  In the low-energy region, a high-quality fit to the electroab-
spectrum reported here are the valuesa_qfﬂ and Aafor sorption spectrum (Figure 3b) was obtained by this method. The
each of the bands in the absorption spectruni tfat exhibit ~ fit shown in Figure 3b yields 1.9- 0.3 D for |[Au| and—15 =
a significant field response. Note that the experimentally 5 A®for [Aalfor G2 and similar values for G3 (Table 1). The

reported values haveot been corrected for the effects of the magnitudes ofAu| measured for G2 and G3 indicate thath

cavity and reaction field. For a more detailed discussion of the have some charge-transfer character.
analysis method, see refs 15 and 21. The second approach is to truncate the electroabsorption

. . spectrum into distinct wavelength regions that are then fit
Results and Discussion independently using the corresponding regions of the experi-

Results of Fitting the Electroabsorption Spectrum.The mental absorption spectrum. While this method (truncated fit,
absorption spectra dfin MCH at 300 and 77 K are shown in  Figure 3c) gives a somewhat lower-quality fit to the data, the
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TABLE 1: Electroabsorption Results for the LMCT Transitions of 1

truncated Gaussiarfs truncated Gaussiarfs truncated Gaussiarfs

absorptioa G2 G3 absorptioA G4 G5 absorptioA G6 G7
frequency 11 500-15500 13 550 14 640 16 069000 15830 17 560 195625000 20 700 23620
|Aul 1.3(0.2) 1.9(0.3) 12(0.3) 2.0(0.2) 3.6 (0.4) 2.6(0.5) 7.6(1.0)
Aam 1(2) -15(5) -10(4) 10(2) 24 (10) 45 (5) 55 (12)

aFit using the truncated absorptidhFit using independent Gaussiaf®eported in cm. ¢ Reported in D& Reported in A Errors are in
parentheses.

0.3F S * @] the parameters of Gaussians G6 and G7 independently. The

G2\ 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
asubstantially largewalue of|Au| (7.6 D) than does the low-

energy LMCT band (G2). Our results support the previous

assignment of G7 as an LMCT bahddowever, theyalso

indicate that G6 has charge-transfer character, suggesting that

this transition mayotbe 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\u by obtaining the electroabsorption at
two different angles of (i.e., 54.7 and 90, see ref 17). We
obtain values focss 7cgp Of ~1.67 & 0.2) for both the thiolate
(Sm) — Cu(de-y2) LMCT transition (equivalent to G2) and the
higher-energy transitions (G6 and G7). Therefdg,is nearly
parallel to the direction of the transition dipole moment in all
three transitions. This result for the thiolater}S— Cu(de-y?)
LMCT band of 1 is very similar to that obtained from
electroabsorption spectroscopy of the analogous transition in
azurint’

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
Figure 3. Absorption and electroabsorption spectra for The of the published assignments of Solomon and co-workers
absorption spectrum df (panel a) was modeled using seven Gaussians (Specifically, Figure 2A and Table 1 of ref 2). As stated earlier,
(dashed line) marked GiG7. G1 and G4 are shaded for clarity. The Gaussian G2 in the spectrum afcorresponds to the most
experimental absorption spectrum (dotted) lies below the sum of the intense thiolate S(j) — Cu(de-y) LMCT transition? Gaussian
gaussians (solid). The vertical dashed lines indicate the various rangess7 is nearest in energy to a band assigned previously to a second

of the electroabsorption signal that were fit as indicated in Table 1. LMCT transition? This is also consistent with its large value
The parameters for the Gaussians are contained in the Supporting — ’

Information. Panel b contains the experimental electroabsorption ©f Al (Table 1). Two possible origins for this LMCT
spectrum (solid lines) normalized by the square of the applied electric transition were considered in ref 2, one from the thiolate S(p,-
field at the magic angley = 54.7. The fits to the electroabsorption ~ pseudos) — Cu and the second arising from the nitrogen (N
signal (dashed-dot lines) shown here were obtained using the Gaussians> Cu) of the-diketiminate ligand (Figure 1a). However, the
shown in panel a. The bands in paretheses denote the particularformer was argued to be more consistent with a variety of other
Gaussians that were used to fit each of the three regions shown. Pane pectroscopic measuremeAtBands in the region of G4G6

c contains the fit obtained by dividing the electroabsorption spectrum . o -
into three regions and fitting each separately to the corresponding regionh"’“’e been assigned as Cuditransitions via MCD.However,

of the experimental absorption spectrum (truncated fit, see text). PanelWe measure significant values ¢hu| for these, indicating

d contains the decomposition of the fit shown in panel c into the zeroth charge-transfer character. In addition, as described above, our
(dotted), first (short dash), and second derivative (long dash) contribu- results point to there being a second charge-transfer transition
tions. The decomposition of the fit in panel b is contained in the in the high-energy region of the spectrum corresponding to G6

Supporting Information. that is not evident from the MCD spectrum of ref 2. Finally,

=3
N
T
)

Absorbance
=]
—-

Normalized Signal (AA/F2) X 10‘6, in ((:mN)2

16
£

Components of Fit x 10
o

15000 20000 25000

Wavenumbers (cm'1)

value obtained for&fn is similar to that obtained via the fit to
Gaussians (Table 1) though the value [@allis not. The
discrepancy inAalprobably arises because the value&d]

band G3, whictalsohas considerable charge-transfer character,
has no obvious analogue in the Gaussian resolution of the
absorption spectrum used to fit the MCD datm summary,

obtained using the Gaussian fitting method in this region proved the results of Stark spectroscopy are in generally good agreement
to be_quite sensitive to the parameters used though the valuegvith MCD daté regarding the positions of the LMCT bands of

of |Au| were not.

1, though several additional transitions with significant charge-

In the intermediate region of the electroabsorption spectrum, transfer are identified uniquely in the Stark spectrum.
a good fit could be obtained using both the truncated absorption Comparison of the Properties of 1 to Those of Azurin.
spectrum and the Gaussian resolution method (Table 1). TheThe most intense band in azurin§20 nm) is due to a &) —
electronic properties of G4 were not reported, however, becauseCu(de-,?) LMCT arising from the cysteine ligartt:2°It shows

this band has a very small oscillator strength.

a |Au| of 1.8 £ 0.5 D and aAaOof —15 + 5 A.Y” The

Finally, the electroabsorption spectrum in the high-energy properties measured for the analogous transition (thiolatg (S

region (19 008-25 000 cnt!) canonly be obtained by varying

— Cu(de-) of 1 (Table 1) are remarkably similar.



Electronic Properties of a Model Active Site J. Phys. Chem. B, Vol. 106, No. 11, 2002011

Randall et al. have proposed that the transition correspondingCu(de-y?) LMCT transitions of a synthetic compound designed
to G7 in1 arises either from the S(p,pseudp— Cu LMCT to mimic several of the properties of the blue copper protein
or from the No orbital of thef-diketiminate ligand with the active site are remarkably similar to those previously reported
former assignment being considered more like@ur results by us for two species of azurin. While the value| | for the
support their assignment for the following reason. In azurin, lowest-energy (thiolate (8) — Cu(de-?)) LMCT transition
the field response of the Cys(S pseugo— Cu(de-y?) LMCT of the complex is relatively small, values of up 18 D are

transition is quite strong|fux| and [Aalof 3—5 D and~30 observed for higher-energy charge-transfer transitions. The Stark
A3, respectivelyfs whereas the high-energy His(N) Cu(ll)- spectrum shows general agreement with the published MCD
(de—y2) LMCT transitiong*2>have very weak responses to the spectrum ofl regarding the positions of the various LMCT
applied field and therefore have much smaller value§Aof| bands thougladditionalcharge-transfer transitions are identified

and [Aall” To the extent that it is reasonable to compare a in the Stark spectrum that have no obvious counterpart in the
LMCT transition arising from a histidine N in azurin with that  published Gaussian resolution of the absorption spectrum based
arising from the N of g-diketiminate ligand ir, the fact that on MCD data. This highlights the utility of employing multiple
the His(N)— Cu(ll)(de-,?) LMCT is weakin the Stark spectrum  spectroscopic techniques to resolve and assign electronic
of azurin supports the assignmenf the charge-transfer band  absorption spectra containing overlapping transitions, such as

of 1in the region of G7 {420 nm) to a S(p, pseuds-— Cu that of the complex studied here. Finally, we derive a large value
LMCT rather than to a nitrogen-based transition. for electron-transfer matrix elemenit,, from the measured
Electron-Transfer Parameters Derived from Stark Mea- properties of the thiolate (8) — Cu(dz-y?) LMCT band that

surements. Using values obtained from electroabsorption is likewise similar in magnitude to the value that we previously
measurements, one may obtain electron-transfer parameters sucteported for azurin.

as the electron-transfer coupling elemefat and the effective
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