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and Conformational Effects on the Electronic Structures of Distortional

Isomers of a Mixed-Valence Binuclear Cu Complex

Introduction

The electronic structure of binuclear copper complexes
provides a unique combination of mixed valency and flexible
coordination that has important functional consequences in
biology1~7 The Cwy center of cytochrome oxidase and nitrite
reductase consists of a mixed-valence €ite in their respective
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The electronic structure of the binuclear copper complex,(Qie+ [L = N(CH,CH;N(H)CH,CH,N(H)-
CH,CH,)3N] has been investigated by resonance Raman and electroabsorption spectroscopy. Crystallographic
Cuw, distances of 2.364(1) and 2.415(1) A determined for the nitrate and acetate salts, respectively, are consistent
with a substantial metalmetal interaction. The CuCu bonding interaction in the binuclear complex is modulated

both in the solid state and in solution by the ligand environment through coupling to ligand torsional modes that
are, in turn, stabilized by hydrogen bonding. Electroabsorption data on the three major visible and near-infrared
electronic transitions of Glt, Amax (€may = 1000 nm 1200 M~* cm™1), 748 nm (5600 M* cm™1), and 622 nm

(3350 M1 cm™1), reveal a difference dipole moment between the ground and excited statgshecause of
symmetry breaking. The difference polarizability for all three of the transitions is negative, indicating that the
ground state is more polarizable than the excited state. A general model to explain this behavior in terms of the
proximity of accessible transitions involving copper d electrons is proposed to explain the larger polarizability of
the ground state. Raman excitation profiles (REPS) provide evidence for multiple conformational states of
[Cux(L)]®". Separate REPs were obtained for each of the components of the two major Raman banda for
Cu—Cu stretching mode) aneb (a Cu—Cu—Neq bending mode). The Raman data along with quantum chemical
ZINDO/S CI calculations provide evidence for isomeric forms of,lCwith strong coupling between the
conformation of L and the CuCu bond length.

resting state$-° There is an increasing consensus that the weak
Cu—Cu bonding in these proteins allows the protein to exert
conformational and electrostatic control over electron transfer
at the Cy site®210 Numerous model compounds have been
prepared that show similar properties of Cu(l)/Cu(ll) mixed
valency and conformational flexibilit§1+-15

We have shown in a previous study that the-@u bonding

" North Carolina State University. _ interaction in a model binuclear complex is modulated both in
¥ Bioscience Division, Los Alamos National Laboratory. _ solution and in the solid state by the ligand environment through
"Nuclear Materials and Technology Division, Los Alamos National coupling to ligand torsional modes that are, in turn, stabilized
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Figure 2. Resonance Raman spectra oblQiNOs); in H,O. The Cu-

Cu stretching vibratiomn; and the Ct-Cu—Neq bending mode’, both
show a pronounced change in band composition as a function of the
excitation wavelength.

(MLCT) transition of Ru(bipy}?*, a large change in the dipole
moment was noted despite the presence of the idealxed
symmetry of the complex in the ground stdfeSymmetry
breaking may arise because of interactions with the counterions
or the surrounding solvent, which may act in conjunction with
vibronic coupling mechanisms. In either case, the result appears
to be the localization of the MLCT state, with a corresponding
change in dipole upon excitation, in a complex whose idealized
point group cannot support a permanent dipole. The idealized

. 3+ — i symmetry of Cyl is alsoDs, and thus, the difference dipole
by hydrogen bonding® The complex [C(L)]*" [L = N(CH, moment between the ground and excited stafgs) should

i 5_ 5 i
CHN(H)CHCHoN(H)CH,CHy)sN] contains a Ct®~CL7® unit be zero if the symmetry of the metal complex is considered in

stabilized by encapsulation in the octaaza-cryptand ligand L and. . L
has been crystallized with both acetate and nitrate counterions!SOIat'on' However, as shown in this paper, the meastieq

(Figure 1)1 The complex is thermally stable and is soluble in 'S not zero for any of the electronic absorption transitions. The
a range of solvents from benzene to water, depending on themeasured angle dependence of the electroabsorption effect

deniy of the counterion. The optical absorption and MCD IR & CEEIAR 20 (8 AR e S e This
spectra are quite similar to those of the Czenter of resting P )

eytochrome oxidast, and EPR estabishes a completely de- (CERC TR FCBe CLIEE o SOPUR R ME O S
localized (Cd®) valence state under a variety of conditions.

Crystallographic Cpl distances of 2.364(1) and 2.415(1) A E:egll({zrl;’ ;vac\)’?esc flc;l;r;d n:(r)’r:ettrr]ele;(r?chl)lég: Zorgg_l:g.m;he la
determined for the nitrate and acetate salts, respectively, are Ing u Yy y by iary Speci y play

consistent with a substantial metahetal interactiori a key role in electroabsorption spectra of centrosymmetric

. . inorganic complexes.
Preliminary dat#f revealed that the/(Cu—Cu) stretching g b

o~ The present work explores both the conformational and
Raman bandhg) and thes(Cu Cu. Neg) bend ¢2) appear as . _electrostatic effects of the environment on the properties ef Cu
single resonance Raman bands in each of the two crystalline

. . X ; Cu bonded systems by a combination of resonance Raman and
]::?’rrplshoi;hcil},nvifgqtsgnir;/e;gslZigfetcr:: dn:}g?tﬁlzaslth%ﬂ:géi elect_roabsorgtion spe)étroscopy. Hert_ain, we exgmine the cor-
bond. In agueous solutions, however, each band consists of thre reé?nt'gr? :fﬂ;?;ntgfoéﬁggiﬁnégg% );lrgg(r; 8; ?Hztlggrtn;eolﬁg\rﬁs
components whose relati_ve_populations are sensitive_ to _tem-mc v1 andv, and the component Raman band frequencies. The
e e 2o o anayses of e lectonic sctres usng lectoni S
T e e a1 0 h .16 o el ndcte tha he Wbraona
of multiple conformers of CaL in solution (see the Supporting modes are totally symmetric (Franeicondon) modes and that

Information and ref 15). This intriguing behavior has prompted the electronic absorption is polarized along the-Cu axis
us to investigate moré fully the ties between the physical (mole_cularzaX|s).16These cons_lderatlons, along with quantum
structure of this complex and its electronic properties chemical ZINDO/S CI calculations, strengthen the hypothesis
. thatthe REPs reflect specific isomeric forms oLCwith strong
To better understand the nature of the electronic transitions

. ) h . coupling between the conformation of L and the-Zu bond
in solution, we have obtained electroabsorption data on the threelength.

major visible and near-infrared electronic transitions oglCu
Electroabsorption spectroscopy has been used to determine thgxperimental Section
charge-transfer character of mixed-valent inorganic complexes.

In an early report that studied a metal-to-ligand charge-transfer Room-temperature resonance Raman measurements were performed
on solutions of CglL. Isotopic shifts were measured by repetitively

placing the natural abundance and isotopically labeled samples in the
laser beam for alternating 2 min data acquisition periods. A typical

Figure 1. Representation of the structure of £Ldrom the coordinates
for the nitrate salt obtained from X-ray crystallograghy.

(16) Miskowski, V. M.; Franzen, S.; Shreve, A. P.; Wallace-Williams, S.
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Electrostatic and Conformational Effects Inorganic Chemistry, Vol. 40, No. 25, 2006377

1.4F T 1 El T T T Ry T T T T T T
R A isomer 1 120 isomer 1 |
t2r isomer 2 7 isomer 2
- - isomer 3 > 10F isomer 3 i
G 1.0- ; sumof 1283 | g sumof 1,2 &3
.v." 3 o | N ] a
£ osf i g o8
g’ 06 . ’ N .qg) 0.6 s -
& 04 | | 2 o4l _
0.2} PO - 021 A, -
- 001 I i 1 1 4
10 12 14 16 18 20 10 12 14 16 8, 2
Raman Excitation Wavenumber (cm ~ x10°) Raman Excitation Wavenumber (cm ~ x10”)

Figure 3. Relative resonance Raman excitation profiles (REPs)of ~ Figure 4. Relative resonance Raman excitation profiles (REPs}) of
for each of three isomeric forms of @(NOg)s. The intensities were ~ for each of three isomeric forms of @U(NOs)s. The intensities were
determined relative to an ethylene glycol internal standard. The sum determined relative to an ethylene glycol internal standard. The sum
of the intensity for the three isomeric forms is also plotted in comparison Of the intensity for the three isomeric forms is also plotted in comparison
to the room-temperature absorption spectrum. to the room-temperature absorption spectrum.

data set consisted of 10 repetitions for a total of 20 min of data : ' ' ' '

acquisition time. Room-temperature solution samples were prepared 12
either in an aqueous solution or in a 50% ethylene glycol aqueous 10
solution. The ethylene glycol peaks at 346 and 481 'cserved as an
internal standard for the determination of relative resonance Raman & 0.8
profiles. Solutions were studied at several concentrations in the range § 06
from 2 to 10 mM to ascertain experimentally that inner-filter effects ’
were negligible at the concentration where the intensities of ethylene < 0.4
glycol bands were compared. Corrections for detector response were
not applied. Solid-state resonance Raman spectra were obtained by
diluting the crystalline sample in KBr powder to obtain a concentration 0.0
similar to that used for the solution measurements. Raman spectra at
40 K were obtained by placing the sample on the gold-plated coldfinger
of a Displex closed-cycle helium refrigerator. Near-infrared Raman
spectra were obtained with a SpectraPhysics argon ion laser-pumped T . — . .
SpectraPhysics 3090 Ti:sapphire laser operating between 700 and 920
nm. Typical slit widths were 10@m, although larger slit widths were
used at excitation wavelengths greater than 850 nm. The scattered
Raman light was collected using lenses, dispersed using a SPEX 1807
triple monochromator/spectrograph, and then detected using a liquid- 5 ol /\
nitrogen-cooled Princeton Instruments CCD camera. A separate Raman
spectrometer was used for visible resonance Raman experiments. A b
Coherent 590 dye laser (Rhodamine 6-G dye) pumped by the visible -100
lines of a Coherent Innova 400 argon ion laser provided output between
560 and 620 nm. Typical laser powers were 50 mW. Argon ion lines
were used at 514.5, 501, and 488 nm. A Coherent Antares 76S provided -200 | | | | |
quasi continuous wave output at 532 nm. Scattered light was collected 10 12 14 16 18
by a f/1 5 cm focal length lens and focused on the slit of a SPEX
1807. Slit widths were set to 50m to provide a 2.5 cmi resolution
on a Photometrics CCD camera. Figure 5. Electroabsorption data for GiL{NO3)s obtained at 77 K in
Electroabsorption measurements were conducted on a sample ofa glycerol/buffer glass. (a) The upper panel shows the absorption spectra
CwL(NO3)z placed between two microscope slides coated with for bands +IIl. The dashed lines represent the individual Gaussians
indium tin oxide. The spacer thickness was@%. The sample was from the fit to those bands given in Table 4 of the Supporting
placed in a liquid-nitrogen Dewar with strain-free quartz windows. The Information. (b) The lower panel shows the change in absorbance in
electroabsorption apparatus and analysis have been described elsean applied electric field<) and the fit to the data using derivatives

bsorl

0.2

100

T
1

Energy (cm ! x103)

wherel? according to the Liptay formalisth(--+). The electric field strength is
0.77 MV cn1?, and the experimental angle between the electric vector
Results of the light and the applied field ig = 52°.

The absorption spectra are crucial to understanding both the.to be simple, although broad, absorption bands. The absorption

;%Ss%nraggﬁ EZ?(?; iin: tzgoedicg’lﬁgzﬁrmn (dat?)' Ihi g(l)%cnomﬁands at 77 K are better resolved, as seen in the electroabsorp-
P N x (€may) = tion data in Figure 5; however, at both temperatures, band fitting

1 ~ 1 —1
gg‘oél&qofmcj)‘ ,a nc}%%% 'r\1/rrn (Clng 12)'07;]2 225%3&/??2;_"}; indicates that there may be more than one absorption band
’ ’ ’ underlying each of the transitioA%.

labeled HIlI, respectively. The room-temperature absorption o . .

spectrum of Cbl(NOs)s is shown with resonance Raman Resonance Raman excitation profiles of the major bands

excitation profiles for modes; and v, in Figures 3 and 4, and_vz _weref obtained n the range °f|5$920 nm by laser

respectively. While band | is ill-defined, bands Il and Il appear €Xcitation of CuL(NOg)s in aqueous solution at room temper-
ature. There are a number of higher frequency bands observed

(19) Bublitz, G. U.; Boxer, S. GAnnu. Re. Phys. Chem1997, 48, 213 in resonance with band Illifax = 622 nm) that we assign to
242, equatorial ligand deformation modes (see the Supporting
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Information). The REP is reported only for the most intense Table 1. Relative Raman Excitation Profiles (REPSs) farand v,
features observed for excitation in resonance with bandl( A. REPs forv;

= 748 nm) that appear as two strong resonantly enhanced modes
in the 140-170 cn! (v,) and 265-290 cn? (v;) regions.

Aex (NM) 1(290 cn?) 2 (277 cm?) 3(270 cn1?)

; i ; 583 0.32(2) 0.086(6) 0.0073(7)
ity opaslsmrmbpnioniiu sl T R
_ : el d 701.95 0.53(4) 0.31(2) 0.078(5)

see the Supporting Information). [The partitioning 1«qCuy) 721.6 0.65(5) 0.41(2) 0.15(2)
obtained from this calculation is in general agreement with the ~ 758.2 0.53(3) 0.67(3) 0.20(2)
results of an independent normal-mode determination recently ~ 780.76 0.29(2) 0.50(3) 0.15(1)
performed by McGarvey and co-workers. However, the details gig'g 8%@% 82883 8128{;
of the two calculations differ in that those reported in ref 15 ggo 5 0.05(2) 0.18(5) 0.07(3)
assign independent normal modes to the multiple-band features 921.7 0.03(1) 0.10(4) 0.04(2)

that are here assigned as features of multiple conformational
isomers that exist in solution.] Raman bang arises from
0(Cu—Cu—Neg) bending (77% of the potential energy distribu-

B. REPs forv,
Aex (NM) 1(174cnm}) 2 (164 cnr?) 3 (153 cnt?)

tion (PED)), and most of the remaining contribution to the PED 583 0.12(2) 0.032(4) 0.0027(3)
comes from the CuCu stretch. Raman bang is mostly a %2'35 g%g((?) g'%?g) 8'8}13%
Cu—Cu stretching vibration (64% of the PED), althoughitdoes 7516 0.44(5) 0.27(3) 0.10(2)
have a minor contribution frod(Cu—Cu—Neg) as well. These 758.2 0.46(4) 0.58(5) 0.17(2)
are A bands that are FranelCondon-active for thes — o* 522-56 8-%3(%) 8-31(2) 8-%;(%)
trang;mqn. The weak 'band at210 cnrt may be an A, pand 8482 0:168 0:58263 0:34243
that is vibronically active (see the Supporting Information). The  gg5'5 0.14(4) 0.48(4) 0.18(3)
band observed &316 cnt!is an overtone of,. There is an 921.7 0.04(1) 0.15(6) 0.06(2)

apparent structure te;, and the asymmetric shape »f also

implies structure. Bothy; andv, were fitted to three Gaussian the room-temperature absorption spectrum. The fit to the
components at each excitation wavelength, as presented previ@bsorption spectrum is shown in Figure 5 for data obtained at
ously (see the Supporting Informatiof¥)REPs were calculated . .

for each of the components of and v at various excitation Both the broad absorption band | and the intense feature at
wavelengths on the basis of their relative ratios as determinedPand Il require three Gaussians to obtain a satisfactory fit, while
from the Gaussian fits. These individual REPs are shown in band 1l can be fit with only two Gaussians. The fitting

Figures 3 and 4, respectively, along with the room-temperature parameters for all three of the electronic absorption bands at
absorption spe(‘:trum of QU(N,Oa)g 77 K are given in the Supporting Information. Although it is

T ) clear that there is some structure associated with each of the
The justification for treating the componentsiafandv2as  pands, the unambiguous determination of the components is still
contributions from discrete conformers of £L(INO5)s rather obscured by overlapping bands. This problem is particularly
than as distinct normal modes of vibration can be found in the noticeable in the region between bands Il and Ill. For examp|e'
previously reported isotope d&tand in the correlation between  the broadest band at the highest wavenumber value inside the
the REPs and component Raman band frequency that we presenénvelope of band Il could be narrower if part of the intensity
here. In53Cu/°Cu isotopically labeled G, v1 andv, appear  were due to the narrow band inside the envelope of band III.
as multiple bands whose components shift by 2.5 and 0:Acm  These types of issues complicate the quantitative resolution of
respectively. A fit of a valence force field to these data is the components using only the absorption spectrum. However,
consistent only with multiple isomers of the Cu dimer cryptand as shown in Figure 5, the peculiar shape of the absorption band
Cwl rather than with distinct Raman-active modes as an obtained at 77 K can only be fit by three components in a
assignment for the components seen in Figure 2 (see themanner consistent with the analysis of the resonance Raman
Supporting Information). The relative Raman intensity of the Spectroscopy.
bands in the REP and the error estimated from the fits are given Because of the lack of apparent structure in the room-
in Table 1. The presence of multiple REPs with slightly different temperature absorption spectrum, it is important to consider the
mode frequencies suggests a correlation between the forcdmplications of Raman data obtained at cryogenic temperatures
constant of thev(Cu—Cu) stretching internal coordinate (as N comparison with the absorption spectrum |n_F|gure 5 _ob_talned
reflected in the frequency of the vibrational modesand »») at 77 K. The Raman spectra at 40 K are quallt{;\tlvely smﬂay to
and the energy of the electronic transition. This correlation is (N0Se at room temperature (see the Supporting Information).
explored in ZINDO/S CI presented in this paper. The REPs This is important because it indicates that the exchange between

shown in Figures 3 and 4 indicate that the observed electronic:rszss_ri?]egtc é?rgqsec:]fi&tr': Se?:tﬂ?gs's hs/llg\r/(\/agcgrugméh:;igtgnce
absorption bands may be comprised of overlapping bands from yog P ’ '

three conformational isomers, each with a slightly different of multiple bands in both resonance Raman and absorption
. ' gntly spectra obtained at cryogenic temperatures indicates the pos-
absorption spectrum.

sibility that there is a relationship between the frequency of the
Fitting of the room-temperature data alone does not give & Raman band and the absorption maximum, as implied by the
clear indication of the proper composition of the spectra. It is room-temperature REPs shown in Figures 3 and 4.
more instructive to examine the structure in the absorption bands Electroabsorption data shown in Figure 5 were obtained at
of solutions frozen in liquid nitrogen at 77 K. Under these 77 K in a frozen glycerol/buffer glass. The electroabsorption
conditions, bands Il and Il narrow sufficiently to allow data could be well fit by simultaneously fitting the absorption
enhanced resolution of the near-infrared band I, and bands lland electroabsorption data to a model that consisted of three
and Il now exhibit an asymmetry of structure that is hidden in Gaussians per band (absorption) and the zero, first, and second
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Table 2. Difference Dipole Moments, Polarizabilities, and Angles Table 3. Calculated Transition Energies and Transition Dipole
Obtained from Fits of the Electroabsorption Data as a Function of  Moments for thes — o* Absorption Band at 750 nm Based on the

Experimental Angley ZINDO/S Cl Method
band | (2000 nm) band Il (750 nm) band Il (620 nm) Cu—Cu (A) o—o*(cm™?) o— o* (D)
Aun (D) 23+04 1.2+0.3 0.9+ 0.2 2.36 30326.3 6.62
Ca 45+ 4 62+5 43+5 24 29335.5 6.70
Ao (A3 —67+8 —41+6 —-32+5 2.45 28 013.3 6.80
Tr(Ao) (A3) —-30+4 —-19+4 -10+ 3 25 26 780.2 6.91
2.55 255394 7.0

derivatives of those Gaussians (electroabsorption) for bands |
and 1l and of a two-Gaussian model for band Ill. The band principally in resonance with thee — o* transition. The
structure is identical to that shown in Figure 5. [The fit to the presence of multiple conformational isomers suggests that there
data in the electroabsorption spectrum is a simultaneous fit to should be a dependence of both the mode frequeney ahd
both the absorption spectrum and the electroabsorption spectrumy2 and the electronic transition energy. The results of ZINDO/S
By using three Gaussians for bands | and Il and two GaussiansCl calculations performed as a function of the-&tu bond
for band Il1, this is an eight-Gaussian fit. The model does differ length are given in Table 3. These results confirm a correlation
from that obtained from the fit of the absorption spectrum alone, between the electronic transition energy and the frequency of
as shown by the comparison of the parameters given in thethe Raman-active vibrational modes consistent with experimen-
Supporting Information.] The data obtained at various experi- tal results. Lengthening the €Cu bond lowers the transition
mental angleg between the applied electric field and the electric energy, consistent with the trend observed in the REPs.
vector of the light were fit. The second-derivative components Experimentally, the peaks of the REPs for isomers 1 and 2 are
of these fits were used to extract the difference dipole moment 13 860 cm! (v = 290 cnt?) and 13190 cm! (v4 = 277
for absorption Aua) and the angled,) between the transition ~ cm 1), respectively. [The REP for isomer 3 appears to have
moment andAua. The first-derivative components of the fits  two maxima invy, and the complicated form of the REP seen
were used to extract the difference polarizabilizeg and the for v, suggests that vibronic coupling plays a role in the
magnitude of the trace of the difference polarizability. These observed REP. Using the value for the REP for isomer 3,
values are given in Table 2. Surprisingly, the difference we have 11 900 crit, or using an average value for theREP,
polarizability for all three of the transitions is negative, indicating the peak is found at 12 150 cth(vy = 270 cnl).] On the
that the ground state is more polarizable than the excited state basis of a bond length/frequency correlatfoand the correlation
This conclusion can also be reached by inspection of Figure 5, of the peak of the REP with the; frequency for the three
because the electroabsorption data show an absorption band shifsomers, the shift in the absorption band (i.e., peak of the REP
(first derivative) to higher energy for the three absorption bands. in this case) is predicted to ke1000 cnt? for a change in
The angleta in band Il (750 nm band) is greater than 54.7 bond length of 0.05 A. Both the bond length/frequency
(the magic angle). This too is unusual because it indicates thatcorrelations and ZINDO/S Cl calculations indicate that the range
the direction of charge displacemen:(y) in the excited state ~ of bond lengths in CiL is as great ast0.08 A in solution.
is not aligned with the transition moment. This is not the case This does not seem unreasonable given the difference of 0.05
for bands | and I, wher€, is ca. 43 but still less than the A in the two crystal structures that show isomeric forms oflCu
magic angle. Comparisons of the absorption spectrum of The absorption and Raman spectroscopy of boti (NO3)3
CwL(CH3CO,)3 in acetonitrile/water indicate that solvato- and CulL(CH3COy)s indicate the presence of multiple confor-
chromic shifts occur for all three of the bands. Band | appears mational isomers in solution. As a test of this, we obtained the
broader in an acetonitrile solution than in an aqueous solution resonance Raman frequency of theband of both salts as
(see the Supporting Information). Bands Il and Il have nearly crystalline solids. The two isomers of the Listructure in the
the same bandwidth but are substantially shifted to higher two salts CuL(NOg3)3; and CuL(CH3CO,); may be related to
energies. The solvent effects follow the same trend as thethe isomeric forms in solution. The Raman frequencies of the
difference dipole moments in the electroabsorption spectra. Fortwo crystalline forms are single-component Raman bands of
example, when acetonitrile and water are compared, the bandCuL(NO3)3 v1 ~ 290 cnT! and CyL(CH3CO;)3 v, ~ 287 cntt
shifts are very large (i.e51000 cnt?) for band I, 610 cm? when excited at a sufficiently low laser excitation intensity. In
for band Il, and 410 cmt for band IIl. the process of investigating the resonance Raman spectra on
ZINDO/S Cl calculations of a model of Guwere performed polycrystalline samples in a KBr pellet, it was found that the
to determine the electronic structure for comparison with both illumination of the acetate salt with laser powers>df00 mwW
the Raman and electroabsorption data (see the Supportingocused onto ar=30um spot size for periods of 20 min resulted
Information). The calculations assigned the electronic transitionsin the appearance of a shoulder on theband at 276 cm.
asd — ¢* (1000 nm),o — ¢* (750 nm), ando* — o* (620 This frequency shift with respect to the pure crystalline band is
nm). [Extended Huckel theory (EHT) calculations performed commensurate with the frequency shifts observed when the
in collaboration with Dr. M. Whangbo yielded a slightly crystalis dissolved in an® solution, although it was estimated
different picture. The EHT results indicated that the electronic that only about a 10% conversion of the sample was achieved
transitions are assigned &®* — o* (1000 nm),o — o* (750 in 20 min. At low powers £15 mW), a single band was
nm), andz,m* — o* (620 nm). The two calculations are  observed for both the nitrate and acetate salts.
consistent in thatr — o* is the intermediate energy transition
and that it has the largest oscillator strength.] The assignmentpiscussion
of the 750 nm band as — ¢* can be reconciled with the
properties of the REPs (e.g., the depolarization ratiop ef The existence of the isomeric forms of Luin solution
1/3).16 Moreover, the valence force field analysis of tH€u— represents an important example of a distortional isomer. In this
Cu) stretching and thé(Cu—Cu—Neg bending character of  conformer, the Ct+Cu bond stretch is strongly coupled tadN
modes v1 and v, are consistent with their enhancement, Cu—Cu—Ngq torsional deformations. Although bond-stretch
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isomerism in a number of inorganic complexes has been determination of the electronic properties of,CuBy symmetry,
discredited on the basis of experimental considera#éibtisgre the dipole moment is zero in all of the states for a molecule of
is no theoretical reason to exclude this class of isometism. Dz or D3y symmetry. However, environmental or vibronic
The bond-stretch isomerism described here involves a tradeoffsymmetry breaking can lead to a significant dipole and,
between two types of bonding interaction. Both the hydrogen therefore, a significamyua, even in molecules whose idealized
bonding to counterions by the six equatorial-N groups of point group cannot support a dipole. There is no evidence to
CuwL and the strain of the octaaza-cryptand ligand L are coupled indicate strong vibronic coupling because the enhanced Raman
to Neg—Cu—Cu—Neqtorsional distortions. The CuCu bond is modes for ther — ¢* transition are all FranckCondon-active
sufficiently weak such that its length is also coupled to thg-N modes of Ag symmetry.

Cu—Cu—Ngq torsional coordinate. There is considerable ex-  Environmental symmetry breaking can arise because of the
perimental evidence to support this view of the potential energy instantaneous position of the counterions in solution or the
surface. Although the multiple-component solution resonance frozen configuration of counterions in a glycerol/buffer glass.
Raman spectra of Gu are correlated with the frequency of In the crystal structure of the acetate salt, the acetate counterions
the absorption band as indicated by the REPs of the Franck are hydrogen bonded to the equatoriatiN groups of the
Condon-active modes; and v,, both the acetate and nitrate octaaza-crytpand ligand. The conformation of the counterions

salts exist as crystallographically well-defined structifrés in solution is not known but can be modeled by placement of
that each display; andv, as single-component peaks. The band counterions around the molecule at various distances from the
positions ofv; in the crystalline forms differ byg2—3 cnr?, N—H hydrogen bond sites (see the Supporting Information).

with the energies of the nitrate peaks corresponding to the ZINDO/S CI calculation systems where the counterion confor-
highest-frequency component of thr¢ band in Figure 2 and  mation is varied lead to induced equatorial dipole moments,
the acetate peaks being at a lower frequency. The direction ofalthough the axial 4 polarized) polarizability is larger. The
this shift is consistent with the increase of the-&Zu bond reason for this is that the polarizability in tkg plane is roughly
length in the acetate salt by 0.05 A relative to the nitrate’8alt. half as large as that alorgyyet the electric field inxy is much
The ligands L in the two structures are related by a concerted greater than that alorgpecause the counterions hydrogen bond
twist coupled to the Bi—Cu—Cu—Ngq dihedral angle, which  to N—H sites in this plane. This prediction agrees with
changes from a nearly perfectly staggefzg geometry (60) experiment. By symmetry, the transition moment for> o*
for CL(NO3) 3-6H,0 to 50 for Cu,L(CH3CO;)3-6H,0 as the transition is aligned along the G«Cu bond while those for the
ligand L twists. As a consequence of the coupling of the ligand 6 — ¢* and 6* — o* transitions are perpendicular to the €u
geometry to the CuCu bond length, the frequency of is Cu bond. The angle&a give the projection ofAua along the
strongly influenced by changing the hydrogen-bonding environ- transition dipole moment. The anglésin Table 2 suggest that
ment around the ligand. The complete absence of hydrogenthe equatorial effect of the counterions dominates, giving rise
bonding, achieved by dissolving the Bds),~ (tetraphenyl- to a large angle between tlee— o* transition andAua.
borate) salt of Csl. in CH3CN solution, leads to a Raman The sign ofAa is negative, indicating that the ground-state
spectrum having a single-componentpeak at a frequency of  polarizability is larger than the excited-state polarizability.
275 cnT1.16 On the other hand, the dissolution of the acetate Surprisingly, this unusual electronic structure is predicted by
salt of CyL in a CHsCN solution which permits hydrogen the ZINDO/S ClI calculations. The fact that the transitions occur
bonding results in two dominant componentsifgr one at 288 from o andd levels to a single occupied* level provides a
cmt and one at 276 cm. In agueous solutions, where simple explanation. The energy level spacing among these d
hydrogen bonding to the ligand is likely dominated by the levels is relatively small compared to the energy-level gap to
solvent, identical multicomponent spectra for the acetate andthe next highest level. Using simple models of the polarizability,
nitrate salts are observed, and these are indeed similar to theve show that, under these circumstances, the ground-state
spectra observed in GEBN for the acetate salt. polarizability can be larger than the excited-state polarizabil-
The ZINDO/S CI calculations provide orbital assignments  ity.?22
that are consistent with-ed transitions that are intervalence ~ The polarizability change of a two-level system shown in
transitions of the CtP—Cu5 system held in place by the Scheme 1 can be modeled using the Krametsisenbergr
cryptand ligand. These calculations support the previously Dirac formalism.
mentioned view particularly in that they show that the different
isomers likely have slightly different absorption spectra and
Raman frequencies far; andv, and moreover that these are EL, — )
correlated as the experimental data indicate. We have tacitly
assumed that the REP of a particular mode tracks the absorption
spectrum for that mode. This is indeed the case for Franck
Condon-active modes 4 modes) in the limit of weak

Scheme 1

Ey ——— 0y

The ground-state polarizability is given by

electron-nuclear coupling as is the case here. The apparent 1 [0|er|1I1/er o0
breadth of the absorption bands is due to the presence of multiple oy = A ?
conformations and rapid electronic dephasing of electronic 1

tranS|t|onshW|th &Ig _créaracter. Ther? IS no elvldence ‘;F” the In this expression, the terms are the transition moments for the
structure that would indicate strong electraruclear coupling. g jectronic transition from state 0 to state 1. The polarization is

The electroabsorption data indicate that the counterion giong the direction given by the unit vecterFor a two-level
environment in aqueous solution plays an important role in the system, the excited-state polarizability is the negative of the

(20) Parkin, GChem. Re. 1993 93, 887-911. (22) Brunschwig, B. S.; Creutz, C.; Sutin, iKoord. Chem. Re 1998
(21) Exstrom, C. L.; Britton, D.; Mann, K. R.; Hill, M. G.; Miskowski, V. 177, 61-79.
M.; Schaefer, W. P.; Gray, H. B.; Lamanna, W. Morg. Chem1996 (23) Reimers, J. R.; Hush, N. €oord. Chem. Re 1998 177, 37—60.

35, 549-550. (24) Liptay, W.Ber. BunsenGes 1976 80, 207—217.
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ground-state polarizability. for the ¢ — o* transition as compared with the,0* — o*
transitions (Table 2). These values indicate that the dominant
_ 10JenOi0jer10 term in the difference polarizability 80z, > Adxx = Adyy,
°* h E,—E % consistent with the experimental parameters found in Table 2.
The transition moment of the — o* transition is along the
Thus, the difference polarizability is negative. axis, and thus, the projection of Tx¢) on Aa is larger for this

electronic transition than for thé 6* — o* transitions.

Ao = 0, — 0y = —20
Conclusion
This is, of course, an artifact of the simplified two-state system
used here. However, consideration of the aforementioned The study presented here provides new insights into the
argument demonstrates that there will always be a contribution interpretation of electroabsorption spectroscopy in inorganic
to the polarizability that is negative because of the transition complexes. We have shown, using a simple model, that the
moment for any system. Usually, for a multistate system, this difference polarizability can be expected to be negative for
negative difference dipole moment change is outweighed by transitions among d states that are well-separated from other
the positive change from the many higher states. However, for higher-lying s and p states. The procedure for estimating the
the 0 — o* and 9,0* — o* transitions of CulL, it is possible difference polarizability given here can be applied generally to
that the relatively large transition moment for an electronic Systems where there are a limited number of energetically
transition that is basically a-€d transition could give rise to a  accessible states. The electroabsorption data suggest that sym-
dominant contribution. The s and p states may be significantly metry breaking due to the counterions induces a dipole moment.
higher, and thus, their contribution to the polarizability would The first observation of this type of symmetry breaking was
be less. To illustrate this, we can consider a three-state systenmseen in Ru(bipy) where theDsz symmetry of the molecule must
in which the two lowest are much closer in energy than the be broken to give rise to the large value Afia observed in
the MLCT transition. The data and analysis provided here

Scheme 2 indicate that this phenomenon may be applied generally to
E, — inorganic complexes.
The weakness of the CtCu bond gives rise to substantial
E, 1 conformati_onal flexibility in dimeric copper com_plexe_s. Elec-
Eq 0) troabsorption and Raman data present a detailed view of the

electronic structure and the potential energy surface of one such
complex, CuylL. A structural picture emerges based on the

third. For this system, the polarizability in the ground state is 4
y P y g comparison of these data to the X-ray crystal data on the acetate

1 Mjer1Mjer00 . 1 O|er22/er00] and nitrate salts of Gl.. The torsional coordinate & Cu—
R R E, AT E = E Cu—Ngq is strongly coupled to the CtCu bond stretch. The
1 2 torsional coordinate is affected both by the ligand geometry and

the hydrogen-bonding environment. The coupling of a torsional

coordinate to a bond stretch provides an example of bond-stretch
isomerism. Although the original claim for bond-stretch isomer-

e:%EL|er|O[_HIDI|Eer|1D %EL|eé|2[_H2||Eer|lD ism was flawed by unrecognized disorder probléfmbond-

B 1 2 1 stretch isomerism coupled to ligand deformation or distortional
isomerism is recognized as a viable mechanism for multiple
minima?! Evidence for such isomers coexisting as true minima
1 Mjen2M2jer10 1 jed2M2|enor] in solution has been lacking. The present data present further
== —= — evidence for the coexistence of such isomers in solution.

°h B-F h B-FK The complex studied here mimics the dimeric copper complex

2 [Ojer0m0[er10) in the Cu site of cytochrome oxidase and nitrite reductase in

h E,—E several important respects. Both have stable mixed-valent forms.

Both have three visible and near-infrared absorption bands that

The difference polarizability will be negative if the transition originate from &-d transitions of coupled metal centers. Both
moment for the 6~ 1 transition is significantly larger than that have low-frequency Raman bands that are consistent with-a Cu
for the 1— 2 transition and particularly if the energy difference Cu bond. However, the copper dimer in Luprovides an
E; — Ep < E, — Ey, as indicated in Scheme 2. This model can example of the importance of isomerism in -©0u bonded
explain the negative polarizability change observed ipLCL systems that is not immediately apparent in the Raman and
the transition moments — o* and §,0* — o* are sufficiently absorption spectra of the ¢ gite. Regarded as a model system,
large as compared to* — 4s o* — 4p, the difference  the Cu-Cu bond of Cul indicates the importance of consider-
polarizability will be negative. Although this simplified three-  ing multiple isomers that may not be immediately apparent in
state description is, at best, only qualitative (possible transition the resting state of an enzyme. In cytochrome oxidase, the
dipole coupling between the three low-lying orbital configura- possibility of such control by subtle changes in the ligand
tions has not been considered), the general model has also beeanvironment could be critically important in the function of the
substantiated by semiempirical ZINDO/S ClI calculations, where Cua subunit, which serves to shuttle electrons to the enzyme’s
Ao ~ —68 A% s found to be an upper bound to the difference catalytic site. Both the large Deby&Valler terms found by
polarizability for theo — o* (Supporting Information). The fact ~ EXAFS for the binuclear Cucenter of cytochrome oxidag
that the polarizability is greater along the €Qu bond is and strong mixing of metal and sulfur orbital8€may be related
consistent with the larger experimental valueéafand TrAa) to the control of electron transfer in the enzyme.

and the excited-state polarizability is

Thus, the difference polarizability is

Aa=0,—
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