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The charge-transfer resonance Raman spectra of
(CN)sFeCNRu(NH)s~ taken in several solvents show that the
Franck-Condon activity of the different CN stretch modes is
strongly solvent dependent. These results imply that the choice
of solvent can control high-frequency vibrational mode coupling
to electron transfer (ET). Specific couplings between solute
(donor/acceptor, DA) vibrations and solvent have previously been
thought to be important only for the low-frequency modes of the
system.

A polar solvent often largely controls the relative free energies
of DA and D'A~ in solution!=3 Similarly, intramolecular
vibrations of DA and DA~ exhibit different equilibrium dis-
placements in DA and DA~ and, thus, also contribute to the
relative free energies, which is crucial in the Marcus inverted
regime?% A model of the ET mechanism must account for the
reorganization energies and dynamics among these modes, an

resonance Raman spectra are particularly useful for extracting

specific mode coupling informatiof4

As shown in Figure 1, we have collected the resonance (1064
nm) Raman spectra of (CBHeCNRu(NH)s~ in three solvents:
water (HO and BO), formamide (FA), andN-methylformamide
(NMF).*5 These data show the CN vibrational stretch region.
The mode at ca. 2100 crhhas been previously assigned to the
bridging CN ligand’~°1* The mode at ca. 2000 crhin NMF
and FA is assigned to the stretch of the CN ligand trans to the
bridging ligandt® A much weaker band, also assigned to the trans
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Figure 1. Resonance Raman spectra of FeRu i®@[Dsolid), formamide
(dotted) and N-methlyformamide (dashed). The bridging CN of
(CN)sFeCNRu(NH)s~ is seen at ca. 2100 crthand scatters strongly in

all three solvents. On the other hand, the lower frequency Raman active
CN mode is strong and seen at ca. 2000 &nonly in formamide and
N-methylformamide solvents. In & the band is significantly shifted
(2014 cn1l) and is very much weaker. The shift and change in Raman
activity is attributed to strong solvensolute interaction at the CN group
trans to the bridging ligand.

CN ligand, is seen at 2014 cthin D,O. The cis CN modes are
not Raman observed to any significant extent in any of these three
solvents. On the other hand, the IR spectra in this frequency
range (data not shown) indicate a strong band at 2050, eufich

may be assigned to tloés-CN stretch. The intensity of thteans

CN stretch band is strongly solvent dependent, as is its frequency
shift.

We have also collected the Raman excitation profile for
(CN)sFeCNRu(NH)s~ in D,O. The relative Raman intensities
@f the CN modes at ca. 2000 and 2100 éndo not depend

ignificantly on the excitation frequency (data not shown, see the
Supporting Information). These results indicate that the variation
of Raman intensities among the three solvents is not a conse-
quence of the wavelength of the exciting radiation relative to the
origin of the charge-transfer band.

We have simultaneously fit the resonance Raman and CT
absorption spectre:*® A variety of approachgg!1420-23,25-32
have been used by others to account for solvent broadening of
the resonance Raman and charge-transfer absorption bands, to

(17) The following is one functional form that has been used to fit the CT
absorption spectrumi(v) O ¥i; (/1) i) ((Aa/v2)j)((As/va) k) exp(—Ad
v1)eXp(Aa/v)exp(—Aava)exp—(v — (Aa — AG® + ivy + jvo + kig))HdAgko T).
Here,/; are vibrational reorganization energiesare vibrational frequenicies,

Aq is the classical reorganization energy, &@° is the minimum free energy
difference between the ground and excited electronic states. The variations in
Raman intensity among the modes can be related to unitless normal coordinate
distortions,A, and ultimately to the vibrational reorganization energigsas
outlined by Heller and co-worket8.In a particularly simple case, the
relationships aréy/l; = w1?A%w?A? wherew is 27 times the vibrational
frequency!® If the local coordinate approximation is appropriate, thealue

can be converted to absolute bond distortigis() by |Aa] = (A%v/uwb)'?
whereu is the reduced mass andis the effective bond degeneracy. From

the normal coordinate or bond distortion data, individual contributigpsd

the vibrational reorganization energy can be calculated: (1/2)b(Aa)* =

(1/2) Ai%vi. We have also used detailed analysis of the charge-transfer and
resonance Raman spectra without assuming the short time behavior, see ref
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Table 1. Solvent-Dependence of Resonance Raman Bands ofsFERNRu(NH)s~

solvent mode Vmax(Cm™1) Avewnm (cm™1) band area (relative) Avib (cm™1) |Aal (A)
DO bridge CN 2098(1) 11(1) 1.0 622(20) 0.038(0.001)
DO trans-CN 2014(1) 38(2) 0.25 162(10) 0.020(0.001)
DO Fe—C bridge 598(1) 31(3) 0.41 902(30) 0.131(0.001)
FA bridge CN 2089(1) 13(1) 0.68 453(20) 0.033(0.001)
FA trans-CN 1996(1) 29(1) 0.61 428(20) 0.034(0.001)
FA Fe—C bridge 592(2) 31(3) 0.17 408(20) 0.089(0.001)
NMF bridge CN 2089(1) 13(1) 0.72 505(20) 0.035(0.001)
NMF transCN 1993(1) 29(1) 0.75 550(20) 0.038(0.001)
NMF Fe—C bridge 592(2) 33(3) 0.28 697(25) 0.116(0.001)

aThe classical reorganization energies (for solvent and intramolecular modes with frequekitiagere 4550, 3560, and 3300 ciin D0,
formamide, andN-methylformamide, respectively. The driving forces wer&600, —4100, and—4000 cnt? in D,O, formamide, and
N-methylformamide, respectively.

extract the vibrational reorganization energies. We combined the Proadening’ The results of these fits are summarized in Table
low-frequency modes of the solute and solvent in a single classical 1+ @nd €xamples may be seen in the Supporting Information.
degree of freedom. Furthermore, in our analysis the relative 1he solvent dependence of the resonance Raman and infrared
displacements of the three modes, two high and one mediumSPectra most likely reflects solvent electrostatic effects on the
vibrational frequency quantal degree of freedom, were fixed by ground electronic state wave function of the solute, which is
the corresponding ratios of quantal vibrational mode displace- Significantly localized on the Fe cent&r®* The blue-shift in the
ments?* These relative displacements were calculated both by Metal-to-metal charge transfer spectrum with more polar (and
the short time approximation to resonance Raman intensities andProtic) solvent and the frequency shift on the low-frequency CN
by more detailed time-dependent scattering thédand the two resonance are consistent with solvent perturbation on the Fe side
methods provided similar estimates. The absolute magnitudesOf the dimer. Solvent-induced alterations in solute electronic and
of the reorganization energies in the high-frequency modes werenuclear structure may result from strong sotuselvent interac-
obtained from the fit to the charge-transfer absorption band. In tions at the most basic cyanide group, trens-CN.
this way, the high-frequency reorganization energies are treated These resonance Raman spectra also suggest that in this class
consistently with the electronic absorption band energy and width, of binuclear metal systems the solvent determines which vibra-
without requiring detailed knowledge of the origin of band tional modes couple to the radiationlé3326% electronic ground-

— - - ~ state recovery (reverse ET) following optical excitation. Time-
cN(%Qnﬁeii‘i'éas?ii?riﬂ"éa”aﬁ?ﬁﬁ Vs"gﬁeﬂzs‘f"'tﬂ‘eg{qos'%,\Fl’rggll%s'igch; ggg/g'”g resolved optical pump/IR probe experiments to test this prediction

Lorentzian in RO and>70% Lorentzian in formamide arld-methylforma- are In progress.
mide. The band areas were referenced to perchlorate ion and the CT absorption
spectra. We note that the relative scattering intensity equation in ref 17 assumes Iy
that the mode does not change frequency between the two electronic states Acknowledgment. We thank Fred .Va”?e for prowdlng'a sample of
Electrochemical studies indicate that the vibrational mode is likely to change the mixed valence compound used in this research. This research was
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as 10% increase of the vibrational mode reorganization energies. ONR(NO001-96-1-0735) to G.C.W.
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