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The effects of donaracceptor (D/A) electronic couplinddpa, on the spectroscopic and electrochemical
properties of several series of Chbridged transition metal complexes have been examined. The complexes
employed were formed by ruthenation of M(L)(GN) parent complexes (fan = 0, M = Ru(ll) or Fe(ll),

and L= bpy or phen; fon =1, M = Cr(lll), Rh(lIl), or Co(lll), and L = bpy, phen, or a tetraazamacrocyclic
ligand). The observed half-wave potentials of the resulting ®Ndged D/A complexes spanned a 300

350 mV range in contrast to the range of about 80 mV expected on the basis of the oscillator shigngth,

of the D/A charge-transfer MMCT absorption band and the geometrical distance between donor and acceptor,
roa. Different series of complexes exhibit different correlations betweerandhpa. Several factors have

been found to contribute to these differences: (a) symmetry effects; (b) solvational differences that arise
when nonbridging ligands are changed; (c) solvational effects arising from differences in overall electrical
charges; (d) partial delocalization of electron density along the D/A axis in such a way as to reduce the
effective distance between centers of chargg, To take account of the effects of the solvational factors,
systematic examination has been made of (a) the metal independent shifsadfich occur when nonbridging
ligands are changed; (b) the differencesBm, that occur in closely related Ru(lll)/Ru(ll) couples which
differ in charge; and (c) solvent peturbationskaf,(Ru(NHs)s*"2") and solvatochromic shifts of the central
metal-to-ligand charge transfer (MLCT) and MBT absorbancies of (opfCN)RU(CNRu(NR)s)** and (bpy)-
Ru(CNRu(NH)s):5". The experimental observations indicate that changes in the nonbridging ligand of the
central metal can result in a range of about 90 mV variatioB;js(Ru(NHs)s32%), the effect of a one unit
increase in charge of the central metal is to incrdagdyy approximately 65 15 mV, solvent perturbations

of E1» and the electron-transfer reorganizational enetgyare approximately equal in magnitude, solvational
corrections can be treated linearly, and the solvational contributidBgtihat arise from charge delocalization

are less than about 10 mV in these complexes. The complexes have a very rich charge-tansfer spectroscopy,
and in some complexes as many as seven different CT transitions can be identified which depend on the
oxidation state of the Ru(Ngjt moiety. There is evidence for considerable mixing between these transitions.
The mixed valence (Ru(Ngs>"/Ru(NHs)s3H), bisruthenates exhibit a unique Ru(j)y™ MM 'CT component

in addition to the expected Ru(N)#+ — Ru(NHg)s*t CT; this relatively weak absorption tracks the dominant
Ru(NHs)s/central metal MNMCT absorption, and it is attributable to the different effects of local
M(CN7)Ru(NHs)s electronic coupling in the mixed valence complex. Value€gf(obsd), corrected for
solvational effects implied by the experimental observations, correlatdwytttorrected for symmetry effects,
Eipn(corr) = Eyp(ref) & (4.2 x 107%) hpalrpa, only if the “solvational correction” for Fe(ll)- and Ru(ll)-
centered complexes is about 70% larger than suggested by the experimental observations. This may imply
greater charge delocalization onto (or from) the bridging ligand for these two metal centers. For either
interpretation, the correlation betwe&h,(obsd) andhpa implies thatrg]e < 0.62pa. This relatively small

value ofr{, can be interpreted in terms of charge delocalization onto (or from) the bridging ligand, and it can
be qualitatively described in terms of perturbational mixing of the ground and excited electron-transfer states
with higher energy CT states. This mixing is described in terms of a multicenter@QMN—RW) vibronic
coupling model which was previouslynorg. Chem 1996 34, 3463) used to account for the anamolous
shifts of the CN stretch in CN-bridged D/A complexes.

Donor—acceptor (D/A) systems, and the related electron- plexes®”3® The results of our observations have led us to
transfer processes, are of central importance in chenti§ungh consider the applicability of “vibronic” models in which the
systems have been extensively studied experimeftéfiand electronic coupling matrix elemertipa, is a function of some
theoreticallyl=413.17.2537 phyt a number of fundamental issues of the nuclear coordinates involved in the electron-transfer
remain unresolved. Among these are various aspects of theprocesg832-3540 |n the present paper we describe our spec-
electronic coupling between donors and acceptors in electron-troscopic and electrochemical observations on several series of
transfer system$>10.19-2226-36,38 \We have recently been cyanide-bridged, transition metal D/A complexes, and we
examining the effects of strong D/A electronic coupling on the compare these observations to expectations based on a simple,
properties of covalently linked transition metal (D/A) com- semiclassical vibronic model.

Electron-transfer kinetics of D/A systems are usually analyzed
€ Abstract published ilAdvance ACS Abstract€ctober 15, 1997. in terms of the product of functions of an electronic factor (e.qg.,
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the electronic matrix elemeripa) and a nuclear reorganiza-
tional factor ¢,); for example in the semiclassical limit the

electron-transfer rate constant can be represented as in eq 1, in

@)

ket = KelnuwVnu

which «; (i = el for electronic; i nu for nuclear) are
transmission coefficients, and,, is the correlated nuclear

frequency at the transition state. Very clearly, related parameters

govern a D/A charge transfer (DACT) absorption: the absorp-
tion band maximum can be correlated with the transition-state
energy? the oscillator strength is proportional kpa2,22% and
the square of the bandwidth is correlated witi4° While the
contributions of nuclear reorganizational factors to electron-
transfer rates and to CT absorption bandwidths have been well
documented;>~710-14.17.42the magnitudes and the origins of the
contributions of electronic factors have often been difficult to
define and difficult to directly investigate experimentally and
the experimental observations have sometimes been subject t
conflicting interpretation&?-21,26-36,39,404352 Mgre specifically,
it has been difficult to establish how (and, sometimes, whether)
the components of the spatial region between donor and accepto
contribute to the magnitude of the electronic faéto16.30]t
has been comparably difficult to establish how and to what
extent D/A electronic coupling modifies the properties of the
ground stat@; 719-22:24.26,2830.32-36 gn the relationship between
the observed variations in ground-state propertiesHisdhas
also been difficult to establis:29:39.4452

For some time we have had an interest in the use of the CT
perturbations of neighboring groups to enhance the electronic
coupling of electron-transfer donors and acceptdPs?43The

Watzky et al.
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Figure 1. Macrocyclic nonbridging ligands used in this study. For

groper names see ref 53.

Cyclic Voltammetry. The apparatus has been described
elsewheré?4° Redox potentials were measured from solutions
fn 0.1 M TEAP (or 0.1 M TBAH)/acetonitrile at a scan rate of
500 mV/s. A platinum disk working electrode, previously
polished with 0.3-0.05 um Buehler alumina suspension, a
platinum wire counter electrode, and an Ag/AgCl reference
electrode were used. Ferrocene or diacetylferrocene (0.367 and
0.827 V vs SCE, respectiveff)was dissolved in the sample
solution and taken as an internal standard. The potential values
were averaged over-5L0 determinations; standard deviations
were typically+3 mV. A solid sample of (bpyRu(CNRu-
(NH3)s5)(LAS)s (LAS = lasalocid) was obtained by adding a

present report describes some studies of CT perturbations of3-fold excess of NdLAS (Aldrich Chemical Co.) to a metha-

D/A coupling in CN-bridged, transition metal D/A complexes.

nolic solution of the ruthenium complex and then allowing the

We have examined the spectroscopic manifestations of electronicsolvent to evaportate. This solid was dissolved in 0.1 M TEAP/

coupling in several series of CiNoridged complexes, and we
have compared the spectroscopic information to electrochemical

CH3CN solutions for the electrochemical measurements.
Absorption Spectroscopy. Spectra were collected using

measures of the trends in ground-state stabilization energieseither an HP-8452 diode array spectrophotometer or on an OLIS

The observations seem to be consistent with a n@dein
which there is synergistic coupling between the electron-transfer
states and higher energy donor-to-Clind CN -to-acceptor

CT excited states.

Experimental Section

Syntheses of most of the compounds used in this study have
been reported previousfy:*° Syntheses are also described
elsewhere for the complexes M&Meg[14]aneN)(CN),t 54 (M
= Cr3" 5 Rh#t 55 and CG&* %9); M(rac-Meg[14]aneN)(CN),"

(M = Cr¥* 5 and RR" 59); Cr([15]aneN)(CN);*;3* M([15]-
aneN)Cly" (M = Rh#t 57 and C&* 58); and M(NH;)sCN?* (M

= Cr¥" % and M = Rh* 8%, Minor variations of these
procedures were used for the compounds reported here.
Elemental analyses and spectroscopic properties of the com
pounds synthesized were in good agreement with expectation
and with literature reports. Ruthenation of the cyano complexes
employed procedures described previo#8Kf.61 The ruthen-
ated complexes were characterized by their vistt® and

IR spectroscopy, redox titrations, and elemental and inductively
coupled plasma (ICP) analysis. The ruthenated complexes wer

prepared in small amounts, and fresh preparations were used® (PPY2RU(CNRU(NH)s),

modified Cary-14 spectrophotometer. Spectral deconvolution
was performed with Spectracalc software from Galactic Inc.
(example in Figure 1s). Anaerobic solutions of Ru@)A"
metalates were made either by dissolving the metalate in Ar-
degassed water (freezpump—thaw cycles) or by reducing the
Ru(NHz)s®™ metalate (for M = Fe(ll) or Ru(ll) only) in water
on Zn(Hg) with an Ar purge and transferring the solution
anaerobically to a cuvette fused to the purging vessel. Molar
absorptivities were determined by redox titrations: a deaerated
aliguot of a standard solution of €e(0.1 M (NH4).Ce(NQGy)s
in 1 M CRSQG:H) or Fe(HO)s®*" (0.1 M Fe(NQ)zin 1 M CFs-
SO;H) was added by means of a syringe to the sample solution
in the purging apparatus, and the spectrum was recorded after
each addition. The original spectrum could be regenerated by
addition of Ru(NH)e2" to the solution, and some samples were
back-titrated with standard solutions of Ru(jk+ (0.05 M
Ru(NHs)eCl3 in H20). Molar absorptivities were determined
from plots of absorbance vs concentration of added oxidant (or
reductant) (example in Figure 2s). Solutions of (bRY-
(CNRuU(NHg)s)2(LAS)s in methanol were obtained by adding
a&LAS in about 3-fold stoichiometric excess to a solution of
5+ complex (~10~4 M) and allow-

in most experiments. We did observe that the ruthenates of N9 the mixture to equilibrate for several hours.

the Cr(lll)-centered cyano complexes could be stored as solids
(in an Ar atmosphere) in a refrigerator for a few months without
evidence of decomposition. Additional details of the synthesis
and characterization of these am(m)ine complexes are to be
published elsewher@.

Results

Some important general features of the ruthenated complexes
have been described previoudhf%.61.64 Since many of these
compounds are of moderate to marginal stability, we have been
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Figure 2. Spectroscopic changes during théFexidation of (bpy)Ru(CNRu(NH)s),*" (top) and (bpyXCN)RU(CNRu(NH)s)?" (bottom). The
standard F& solution was added in microliter aliquots & 3 mLsample in a cuvette (all deaerated). CT absorption assignments are (a) Ei(bpy)
— RU(NHs)s*"; (b) Ru(NHg)s?" — Ru(NHs)s*; (c) Ru(NHs)s>m — bpy; (d) Ru(bpy¥" — bpy; () CN- — Ru(NH)s®*; (f) Ru(NHz)s>t — CN-.

careful to prepare samples of the least stable compounds ommetal. The characteristics of some of these absorption bands
the same day that they were used, and we have routinelyare summarized in Table 1; others can be found elsewh®re
compared IR and visUV spectra and CV behavior of each (see Table 1s3® These bands are usually nearly Gaussian in
preparation with similar measurements reported elsewhéte!63 contrast to the analogous bands reported for @9G)
A. CT Absorption Spectra. 1. Classification. The ruth- CNRu(NH)5~.66.67
enated polypyridyl complexes exhibit a rich charge-transfer  (b) During the course of the redox titrations of the bisruth-
spectroscopy, with several metal-oxidation state dependent, neaenates a weak absorptioangx > 10?) developed in the near
IR to near UV absorptions. These bands can be characterizedR (800-1000 nm). The intensity of this absorption maximized
by their behavior in the redox titrations (see FiguresA22s, when sufficient oxidant had been added to generate a 1:1 ratio
and 3§%. The important CT absorption bands are as follows: of Ru(NHs)s2" to Ru(NHs)s3t. This band was almost always
(a) The first are the Ru(NgJs/central metal CT absorptions.  convoluted with the more intense MMIT transition, and the
These varied in intensityegax = (0—5) x 103 M~ cm~Y/Ru) absorptions in this spectral region were sometimes complicated
and energy Amax = 340—-950 nm) depending on the central by impurity absorption&® This is clearly a Ru(NkB)s>" — Ru-
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Figure 3. Spectroscopic changes during thé‘Fexidation of (bpy)-
Fe(CNRu(NH)s),**. See Caption of Figure 2 and text for assignments
and details. Inset illustrates the effect of MLCT andLKIT mixing
when components of the same symmetry are very similar in energy.
For simplicity only two components (symmetric and antisymme®f€)

are shown for these CT transitions of the two metals.
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Figure 4. Spectroscopic changes during thé'Fexidation of (HN)s-
Rh(CNRu(NH)s)**. See caption of Figure 2 and text for assignments
and details.

(NH3)s3+ CT transition. The behavior of these absorptions in
the M(MCL)(CNRu(NH)s),5" complexes will be discussed in
detail elsewher& Owing to the much greater overlap of these
weak absorptions with the visible range of CT absorptions, we
have not attempted to systematically deconvolute them from
the spectra of the polypyridyl complexes.

(c) Absorption bands of intermediate intensity occur in the
350-500 nm region of all polypyridyl complexes containing
Ru(NHs)s?". Comparable transitions do not occur when the
central metal has saturated ligands such as in the (MCL)M-
(CNRuU(NHg)s)2>" complexes in which M= Rh(lll), Co(lll),
or Cr(lll) (compare Figures 2 and 3%;skeletal structures of
MCL ligands in Figure 1). This supports the previous assign-
menf! of these transitions as Ru(NJ?™ — polypyridyl
MLCT transitions. These absorptions are almost always
convoluted with MMCT transitions or with central metal to
polypyridine CT transitions. The most striking examples of this
occur for the (Ru and Fe)(PP)(CNRu(Nk).** complexes in
which the Ru(NH)s2* — PP transitions are evidently mixed
with the M(PP)** MLCT transitions (see especially Figures 2
and 3 and the discussion below).
summarized in Table 2.

(d) For the complexes with Ru(bpy) or Fe(bpy or phery
centers, a central metal to bpy.MCT transition is observed
(Amax = 400-560 nm).

Watzky et al.

(e and f) A relatively weak band can often be resolved at
about 340 nm in the CNbridged complexes containing Ru-
(NH3)s3t, while a band of roughly comparable intensity is almost
always observed in the 35@l00 nm spectral region in the CN
bridged complexes containing Ru(Misf™. These absorptions
are assigned as Citr) — Ru(lll) and Ru(ll) — CN~(x*),
respectively, and they are summarized in Table 3. This
assignment is consistent with the occurrence in comparable
spectral regions of MLCT absorption bands in Ru(g¢N)and
LMCT absorption bands in Ru(CR#.69-71

(9) A relatively weak absorption always occurs in the mixed
valence, Ru(Nk)s3t/Ru(NHs)s2, bisruthenates at 356%000
cm~1lower energy than the MMCT absorption maximum (see
Figures 2, 3, and 3s). These absorptions do not appear in any
of the monoruthenates. A relatively simple interpretation of
this absorption of the half-oxidized complexes is that it is an
MM'CT transition which involves a central metal orbital which
is not directly involved in local R¢M: D/A coupling. The
multicenter, M—(CN~)—Ru, D/A coupling argument proposed
previously for the symmetrical linfi? can be qualitatively
generalized to provide a reasonable basis for this assignment
(see Figures 7 and 43and the disucssion below). This issue
is being further examinett.

The spectra of the cyano ruthenates of the M(MCL)(£N)
complexes contain the CT bands a, b, e, f, and g, but they do
not contain the visible region MLCT bands so characteristic of
their polypyridyl analogues.

The transitions are assigned to the above categories (desig-
nated by a-g) for (bpyRU(CNRuU(NH)s)"" in Figure 2.

These assignments are based on (1) the behavior of the
designated absorption during a redox titration; (2) the compari-
son of absorption spectra of several complexes; and (3) literature
precedents.

2. The R — CN(n*), MLCT, and CN(x) — Ru(lll),
LMCT, Absorptions. The CN-based LMCT and MLCT
transitions have turned out to be relatively important to the
interpretation of trends found in this study, so a few additional
comments about these assignments are in order. The charge-
transfer spectra of M(CNy~ and M(CN)*~ complexes have
been examined, and several LMCT and MLCT transitions have
been assigne®?~—71 The complexes with M= Fe or Ru are of
particular interest in the present context. Since several sym-
metry-adapted ligand orbital combinations must contribute to
the spectra and MCN bonding in theO, complexe$® 71
guantiative comparisons are a little difficult. For our purposes
it is useful to note that the MLCT transitions (Rt — t1, or
toy) tend to occur at higher energlivmax = 2 x 10° cmY),
while the CN™ — M(lIl) CT transitions (by — Ru'"'tag) occur
at lower energyAhvmax~ 4.8 x 10 cm™1) for Ru than for Fe.
This is the ordering one would predict based on the respective
M(CN)e2 4~ redox potentialsEy(Ru) — Eyx(Fe)= 0.5 V)3
in fact the observed differences in MLCT and LMCT energies
compare favorably with the expectation ofxd4 16° cm~! for
this difference based only on the differences in redox potentials.

Related reasoning would lead one to expect a ERu(lll)
LMCT transition at about 33 10° cm™1in a RU(NH;)sCN?+
complex in whichEy»(Ru3*2t) &~ 0.3 V. Thus, the absorptions
observed at (3& 3) x 10°cm™!in the MCNRu(Ill) complexes
are very consistent with this simple argument (for example, it
neglects any differences in reorganizational energies) and the

These absorptions areCN~(r) — Ru(lll) assignment?~"® The same reasoning applied

to the bands assigned as Rut)CN~(sz*) MLCT absorptions

in Table 3 suggests that the lowest energy absorption band
should occur at-40 x 10° cm1,72 rather than the (2% 3) x

10® cm™!, which we observe. However, the Ru(GR)*~
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TABLE 1: MM 'CT Absorption Bands and Half-Wave Potentials of Some (L)(M(CNRu(NH)s),"t and
(L)(CN)M(CNRu(NH 3)s)"* Complexes

formal charges of

MM'CT Amax, NM (emad10%, M~

Eup (RU(N H3)5)3+'2+ c

M n metals (Ru, M, Ru) cm) [Av12/108, cm Y] in H,0P V(AE, in mV) in CHsCN
Rh(lI) t-[14]aneN 5 (2,3,2) {342(0.8)[6.0 0.037
Rh(lIl) t-Meg[14]aneN; 5 (2,3.2) {338« 0.312-+ 0.007(128)
Rh(lI) t-[15]aneN: 5 (2,3,2) {3409 0.318- 0.006(130)
Rh(lll) (NH3)s 4 (2,3) {391(655)[6.4] 0.285-+ 0.006(88)

(2,3) {391(655)[6.4]

co(lll) [14]aneN; 5 (2,3.2) 501(1.03)[7.0] 0.26Z 0.006
co(lll) t-Meg[14]aneN 5 (2,3,2) 513(1.4)[6.0] 0.33% 0.003(124)
co(lll) t-[15]aneN: 5 (2,3,2) {518(0.64)[6.0} 0.268- 0.006(110)
cr(iiny t-[14]aneN; 5 (2,3,2) 500(8.0)[4.9] 0.32% 0.000(120)
cr(iin) t-Meg[14]aneN, 5 (2,3,2) 515(6.4)[5.2] 0.364 0.004(121)
cr(in) t-[15]aneN, 5 (2,3.2) 515(7.1)[4.6] 0.328 0.006(124)
cr(lin) (NH2)s 4 (2,3) 462(3.1)[5.7] 0.372 0.003(69)
cr(in) t-[14]aneN; 3 (2,3) 498(4.4)[5.2] 0.328: 0.006(82)

a See ref 53 for proper names of ligan8gmax determined by redox titration with standard Ce(1V) or Fe(lll) solutions (1.0:N1 M CRSG;H);
nr = not resolved® In 0.1 M TEAP/CHCN. Pt disk electrode. Ferrocence (0.367 V vs SSCE) or diacetylferrocene (0.827 V vs SSCE) standards.
Average of 3-5 determinations; standard deviaticnst3. Related couples in (GGEN): Ru(bpy}(CN),"°. ¢ There may be significant Ru(Il)/CN
MLCT contribution to this absorption.

TABLE 2: Higher Energy CT Absorptions in (bpy) .M(CNRu(NH 3)s),"* Complexes
probable assignment

formal charges of Ru(ll)/bpy Mc(I)/bpy Ru(I)/CN~ CN/Ru(lNN)
M n metals (Ru, M, Ru) (c) (d) (e) ®
Ru(ll) 4 (2,2,2) 20.6¢-9)[~6] 24.5(10.7)[4.4] 27.4¢10)[5]
Ru(ll) 6 3,2,3) {18(~2)[27]}P 24.9(10.7)[5.1] ~28(~5)[4.5]
Fe(ll) 4 (2,2,2) {22(~5)[5]}¢ 18(~7)[4.4] 30¢~6)[4.4]
26(~10)[5]
Fe(ll) 6 (3,2,3) 24¢7)[5] ~28(~7)[5]
Rh(IlI) 5 (2,3,2) {21(1.5)[5.9}¢ {28(2.2)[4.5}¢
{24.5(2.6)[6}°
Cr(lll) 5 (2,3,2) {21.6(1.1)[5.8}° 29.8(5.6)[3.8]
25.5(1.7)[5.1]
Cr(lll) 7 (3,3,3) {24.8(0.8)[4.7}° 29.2(5)[4.9]

a Absorption maxima in cmY/10® (emax, M™t cm™) [(Aviz, cnTY10%. Letters in parentheses refer to bands so designated in Figure 2. The most
ambiguous assignments or bands which must be of other parentage are indicated with curly Brabietsand may be an artifact of the spectral
deconvolution since it lies between the much more intensé MvVand MLCT absorptions; see Figure 2. It could also be a triplet MLCT, partly
allowed by magnetic coupling to the terminal Ru(j$3" moieties.c Possibly a deconvolution artifact; possibly a second RujitHbpy MLCT
component (expected &y, symmetry), or a higher energy MKIT component (see Figure 5)This absorption is most likely a MM T contribution;
see Table 1¢ The parent Cr(bpyCN)," complex exhibits moderately intense absorbancies in this rebign = 23.8 x 10° cm™, emax = 362
cm M™% hvmay = 25.3 x 10° cm™, emax = 519 cnT* M~1) which have been assigned as internal ligand-t 37* transitions partially allowed
owing to magnetic coupling to Cr(l11). The Co(MCL)(CNRu(N}g).>" complexes also exhibit absorbances in this reghomd~ 26 x 10° cm™;
€max ~ 10 cmt M),

TABLE 3: Higher Energy CT Absorptions in (MCL)M(CNRu(NH 3)s),"t Complexes

probable assignment
Ru(Il)/CN~- CN~/Ru(lll)
)

formal charges of

M n MCLP geometry metals (Ru, M, Ru) (e)
Rh(lr) 5 [14]aneN, trans (2,3,2) {29.2(0.8)[6.0}°
Rh(Il) 7 [14]aneN, trans 3,3,3) 30.8(0.4)[6]
Rh(Ill) 5 m-Meg[14]andN, trans 2,3,2) {29.6(0.9)[5.9)¢
Rh() 7 m-Meg[14]aneN, trans (3.3,3)
Rh(lr) 4 (NH3)s 2,3) {36.4(0.41)7.2)°
Rh(1I) 5 (NH3)s 2,3) 30.9(185)[6.7]
Co(lll) 5 [14]aneN, trans 2,3,2) 27.5(0.5){6]
Co(lll) 7 [14]aneN trans 3,3,3) ~27(0.5)p6]
Co(lll) 5 m-MeMes[14]aneN, trans 2,3,2) 26.7(0.4)
Co(lll) 7 m-MeMes[14]aneN, trans (3,3,3) 27(0.9)
Cr(lln 5 [14]aneN, trans 2,3,2) 28.9(0.8){6]
Cr(1l1) 7 [14]aneN, trans (3.3,3) 33.6(3.0){6]
Cr(lln 5 m-MeMes[14]aneN, trans 2,3,2) 29.2(1.5){6]
Cr(Iln 7 m-MeMes[14]aneN, trans 3,3,3) 33.0(3.15{6]

aSee notea of Table 2.» See Figure 1 and ref 53 for structures and formal nafmEkis absorption may contain a MET contribution; see
Table 1.

comparison is at best a qualitiative one for the (LMGNRu- does identify the near UV as the spectral region in which these
(1) or (LMCN *)—Ru(ll) systems since it does not take into absorptions are expected to occur. We have used the variations
account the differences that occur whenahidges two metals in absorption spectra with the oxidation state of the Ru{iyH

or when the donor atom (N or C) is changed. The comparison moiety as the principle basis for our assignments.
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TABLE 4: Solvent-Induced Variations in the MM 'CT and MLCT Spectra and the Half-Wave Potentials of
(bpy)2(CN)RU(CNRU(NH3)s),*" and of (bpy),Ru(CNRuU(NH;)s),%*

solvent
complex property acetone acetonitrile benzonitrile DMF DMSO water
Ru(CNRu§* hvmax (MM'CT), cnTY/10° 14.0 13.3 13.5 15.0 15.1 14.3
Mmax (MLCT),? cm~Y/10° 22.2 23.4 22.4 22.4 25.0
AEp, V 0.54 0.390 0.66 0.72 0.487
RU(CNRu)s* hVmax (MM'CT), cnTY/10° 15.2 145 14.4 16.6 16.5 15.3
hvmax (MLCT), cm~ /10 24.8 25.3 23.6 23.7 25.3
AEyp, V 0.54 0.404 0.49 0.63 0.66 0.462

3 Abbreviations: Ru(NCRW = (bpy)(CN)RU(CNRuU(NH)s)*"; RU(CNRuU}** = (bpy):Ru(CNRuU(NH)s),*". ® Central Ru(ll) to bpy MLCT.
¢ AEy» = Ey(Fe(Cp)y*?) — Epa(Ru(NHg)s3™2h).

3. Possible Ru(Ily~ Rh(Ill) MM'CT Absorptions.Assign- absorption bands, which can be interpreted in terms of a change
ment of the absorptions at (29440.2) x 10® cm~tin the RH'- of solvent environment. The MLCT and MKIT bands shift
(MCL)(CNRU'(NH3)s).°" complexes is not as straightforward in opposite directions with respect to the respective 395 and
as the preceding discussion might suggest. This can be700 nm absorptions of (bpyRU(CNRuU(NH)s).5" in water.
illustrated by considering the = M(lIl) LMCT absorption in Different shifts of the MLCT and MMCT absorptions are a
Co(NHs)s12t and Rh(NH)sI2". The ¢ and z (p orbital characteristic feature of this complex in many solvents (Table
symmetries at1) components of these transitions occur at 35.1 4). In many of the solvents employed we have been able to
x 10° (emax = 16 000 cnm! M~1) and 27x 10° cm™! (emax &~ obtain half-wave potentials for the Ru(NF™2t couple
2700 cnt! M~1), respectively for Co, and at 442 10° (€max (referenced to Fe(Cp)© and in most instances the related
= 20000 cnt* M~1) and 36x 10° cm™! (emax ~ 3600 cntl information for the (bpyXCN)Ru(CNRu(NH)s)3+ complex.
M1, respectively, for the Rh complé®. On the basis of this  Since, these observations provide some experimental insight into
comparison one expects “LMCT” absorptions of Rh(lll) to be the solvent contributions to the CT spectra, we have considered
about 9 x 10 cm™! higher in energy than those of the them in detail.
corresponding Co(lll) complex. Since the Ru(t) Co(lll) The shift in opposite directions of the (R®u") MM'CT
MM'CT absorption is at 20< 10° cm™! in Co([14]aneN)- and the (Rl(bpy)/bpy) MLCT spectra of (bpyCN)Ru-
(CNRuU(NHs)s),>", the preceding comparison of LMCT spectra (CNRu(NH)s)3™ when the solvent is varied is a very striking
suggests that the corresponding absorption of the Rh(lll) observation, and it is consistent with a simple perturbational
analogue should occur at29 x 10° cm™1. This comparison treatment of the solvent effects. The variationshefax with
originally led us to make such an assignm&atAfter examin- change of solvent for the MMLT absorption of the bisruthenate
ing a large number of complexes in which the Ru(h are 35% greater than those of the monoruthenate, but there is
CN~(z*) absorption occurs at about this energy, we conclude an excellent correlation between the solvent shifts for the two
that a definitive simple assignment is not possible; in fact one complexes (Figure 43. We also find that the shifts for both
would expect that the observed absorption band involves somecomplexes correlate strongly with the respective variations in
mixture of these potential chromophores. It is interesting that AEy, (AEy, = EyFe(Cpy™? — Ei[RU(NH3)s3H2]) with
the Rh(lll)-centered complexes have the smallest absorptivities hvpaxincreasing ad\E;, increases (i.e., as Ru(NJ* is more
of any of the complexes in this region (the reverse of the stabilized by solvation), but the data are scattered (correlation
observations on LMCT spectra mentioned above). In our coefficients~0.9). There is a 160210 meV difference immmax
discussions below we will take account of the ambiguity in for the bis- and monoruthenates in all solvents examined, while
assignment of the MRCT spectra of Rh(lll)-centered complexes AE;; for either varies only over the range of-G0 mV. The
by considering both extreme possibilities: (a) that thex29  largest part of this difference ilwmax for bis- and monoruth-

10% cm~1 absorption contains no MMET contribution; and (b) enates in any specific solvent probably arises from the contribu-
that the 29x 10° cm™! absorption contains only MMLT tion of Eip(Ru(bpy}**2*) to AEg, since the difference
absorption components. However, we will tentatively assign between measured half-wave potentials of the ($fpyJCNRu-

the lowest energy CT absorption in these Rh(lll)-centered (NHz)s)(CNRh(NH)s)™6 and (bpy)(CN)RU(CNRuU(NH)s)*+3*
complexes as Ru(Il~ Rh(lll) MM'CT. This assignment is  couples (in acetonitrile) also falls within this range. That this
supported by observations on thez(HsRh(CNRU(NH)s)*" is the case is illustrated by the observation that the difference,
complex (Figure 4). This complex exhibits-2 collections of Ahvmax = hma{MLCT) — hvmad MM'CT), for the Ru(ll) —
absorption bands which depend on the oxidation state of thebpy and Ry(ll) — Ru(lll) absorptions, respectively, is cor-
Ru(NHsz)s moiety: (i) bands in the 340450 nm region which related with AE;»(RU(NHg)s34") (Figure 58%. That the

we assign as Ru(Ih~ Rh(lll) CT; (ii) bands in 286-355 nm differences between the energies of the absorption maxima of
region which we assign as CN~ Ru(lll) CT; (iii) absorptions the RU (bpy). — Ru" (bpy~)(bpy)* and the (bpyRU'(CNRU"-
in the 246-290 nm region which we assign as Ru() CN~ (NH3)s) — (bpy)RU"(CNRU'(NH3)s) CT transitions are so

CT. The~5 x 10° cm~! higher energy of the latter absorptions  simply correlated witlAE;,(Ru(NHs)s3™2") indicates that (a)
is consistent with the splittings expected of strongly coupled, these contributions to the absorption energies can be treated as

nearly isoenergetic Ru(lly> CN~ and Ru(ll) — Rh(llI) a simple linear combination of the contributions of the electron
transitions. There are higher energy transitions in this complex transfer components and (b) the solvational interactions are
which we tentatively assign as Ru(Nif™ — solvent CT. largely dominated by interactions of the Ru(§&t™2" couple.

4. The Effect of Soknt on the CT AbsorptionsThe MLCT The latter point is consistent with Richardson’s analysis of the
(d) and MMCT (a) absorption bands of (bpRu(CNRu- solvent dependence of the Ru(bgy)?" and Ru(NH)gH2"
(NH3)5)28" shift to 410 and 615 nm, respectively, in methanolic redox coupleg® Thathvma(MLCT) and hvya(MM'CT) vary
solutions containing a 3-fold stoichiometric excess ofLI¥e5. in nearly opposite senses as the solvent is varied suggests that
The LAS*™ anion effectively sequesters the ammine complex solvation of the Ru(bpy¥™2" couple cannot be neglected; a
moieties’* This results in shifts of both the MM@T and MLCT simple way of rationalizing these trends in CT absorbancies is
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Figure 5. Comparison of MMCT transitions expected for LM-
(CNRU"); (left side) and LM(CNRU)(CNRuU") (right side) complexes.
The symmetries assumed in this illustration are faar(s[14]aneN)-
Cr(lll)-centered complexes. The higher enetyy,, components of
the LM(CNRU'), complexes have not been identified. All three
components appear in the LM(CNR(CNRU") spectra (where M is

a dr donor or a & acceptor). The dominant absorption in each case is
assigned abv,. Subscripts: c, central metal; t, terminal metal.

to attribute most of the solvation effect to the solvation of the
Ru(lll) centers and that this effect is about twice as large for
Ru(NHs)s3t as for Ru(bpy®** (this is based on the 2-fold ratio

of external radii and the inverse dependence of solvation energy
on this parameter; this is reasonably consistent with the opposite

trends of MLCT and MMCT spectra considered here). These
points may be compactly summarized in terms of et§js-2’7

Y DACT) = ES, + A )
FE, (A/A) = FES(AIAT) — €, ®3)
FE,(D/D") = FE(D/D") + ¢, (@)
ESy= FE3(D/A) + 2¢,+ TAS (5)

for a D/A complex in which DACT mixing stabilizes the ground
state by an amount af;, the superscript refers to the redox
couples in the absence of D/A mixings the Faraday constant,
and we will generally ignore the entropy contributioag).

The solvent will generally contribute to botkE3,(D/A) and
toA. If we represent the relative variations in these contributions
with respect to some reference (“ref”) medium &gX) and
ym(Y) for the complex fragments X (Ru(N$%, Ru(bpy), bpy)
and for the electron-transfer couples Y, respectively, and if we
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mented by charge density considerations, on the complexes
suggest that the relative solvent perturbations are ordered as
(B/B™ = bpy’7): (@) |0m(A)| > |0m(D)| > 10m(A7)| > [0m(D")|

> [0m(B7)| > [0m(B)I; and (b) [ym(A/A7)| > |ym(DID7)]| >
lym(B/B7)|. The MLCT absorption maximum can now be
represented as in eq 8. Then the differeld® = hvmaxc

h o {MLCT) = FAESR(D/B) + Apg™™+ {6,,(D) —
O(D7) = 0n(B) + 6,(B) + y(B/B") — y(D/D )} (8)

(MLCT) — hvma{DACT) is given by eq 9, wheré\y, is the

Ahy = A+ {0,(A) = 0(A7) = 0,(B) + 6,(B7) +
Ym(B/B") — ym(A/AT)} (9)

collection of solvent(m) independent terms from eqgs 6 and 8.
The observations on these complexes and the inferences noted
above suggest that terms involving the pentaamine moieties are
dominant and that the simpler form of eq 10 is sufficient. The

Aty = Ay, + {0,(A) + 7(B/B") — y(A/AT)} (10)

experimental half-wave potentials can be represented as in eq
11, with C"/C = Fe(Cp}™°. A comparison of eqs 10 and 11

FAESS '~ FAEFK(CIA) + {0,(C") — 0,(A) — 6,(C) +
(A7)} (11)

to Figure 4s suggests eq 12. Approximations based on the

{6m(A) + Vm(B+/B_) - ym(A/A _)} ~ _2{ 6m(C+) -
On(A) — 0,(C) + 0(A)} (12)

relative sizes of the solvent perturbations, discussed above lead
to the conclusion that in (bpyRU(CNRU(NH)s).5+ the effect
of solvent variations on the half-wave potential of the Ru-
(NH3)s3™2t couple are approximately compensated by the
concomitant changes in solvent reorganizational energy, eq 13.
YulAIAT) & —0,(A") (13)
This near equality ofym(A/A~) and —dn(A), inferred from
Figure 5s, is not so obvious, but it is not unreasonable.
Overall, our observations on the solvent dependent properties
of the (bpy}(CN),—nRU(CNRuU(NH)s)>"" complexes shows that
these are dominated by the solvent dependence of the Ru-
(NH3)s3t moiety and that the Ru(bpy)) center plays a much
smaller, but sometimes important, role. An extension of eq 13
which is useful in arguments employed in the Discussion
section is that the contributions of solvation energies to
E12(Ru(NHs)s3+2%) can be approximated by the solvational

assume that contributions to these variations are linearly contribution toA,.

additive?® then the solvent (or mediunm) dependence can be

5. Some Obseations on the Mixing of CT Excited States

described using terms in the curly brackets of egs 6 and 7, wherein the CN'-Bridged ComplexesSome points have already been

hy, . (DACT) = FAEFKD/A) + A + {6,(D) — 6,(D7) —
O(A) + 0 (A7) — yn(DID™) + y(AVAT)} (6)

FAE,,(D/A) = FAEEYDI/A) + {6,(D) — 6,(D") —
On(A) +0(A)} (7)

we have introduced the abbrevations A/A Ru(NHz)s®™2"
and D/D- = Ru(bpy}**?*. Then our observations, comple-

noted above. The most dramatic manifestations of the mixing
between chromophores in these systems is illustrated by the
(bpy):Fe(CNRu(NH)s)54+ redox titrations (Figure 3; we
observe very similar behavior for the phen analogue). If this
is compared to Figure 2, it is evident that the dominant Fe(ll)
— bpy MLCT absorption, which occurs at 520 nm in Fe(bpy)
(CN), and which would most likely be assigned at 545 nm in
the reduced complex or 470 nm in the oxidized complex, shifts
dramatically upon oxidation of the terminal Ru(i)sf™ moiety,
while a much smaller 410 nm) shift of the analogous
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absorption is observed in the Ru(ll)-centered complex. It is

further evident that the Fe(lty> bpy MLCT absorption occurs 04
very near the energy of the Ru(Njg?™ — bpy absorption in A
the other, related complexes (20<610° and 21.6x 10° cm™4, o
respectively, for the Ru(ll)(bpy)and Cr(lll)(bpy} analogues; 03 A
Table 2). This behavior of the Fe(Il)(PRjomplexes is strong
evidence for significant mixing between the central metal M
— PP MLCT (M; = Fe(ll) or Ru(ll)) and the “remote” Ru-
(NH3)s2™ — PP MLCT excited state§:”® The effects of this
proposed mixing are illustrated in the inset of Figure 3.

While the intensities of the deconvoluted Ru(j43" — bpy 01 -
transitions have to be regarded as relatively uncertain, especially
in the Ru(ll) complex, there is a general trend for these
absorptions to be most intense when there is a neighboring CT 0.0 - a
absorbance (Table 2). This apparent “intensity stealing” is m e
further, qualitative suport for mixing of the CT stafes. ' ' N '
While the evidence is strongest for mixing of the-M bpy -45 25 -5 15 35
MLCT_ excited_ states, because t_hey are so simil_ar_ in energy, (+-) (Emaxavi2)/ 105, em2M!
there is more limited spectroscopic evidence for mixing of most
of the CT states of these complexes. Evaluation of such Figure 6. Graphical representation of the variationsi};“ with the
interactions is very difficult for the higher energy CT excited 0Scillator strength of the MACT absorption band for some (L)M-

- . . (CNRuUNHs)s"* complexes: L= (bpyy, n=2;®, L = (bpyy, n=1;
states owing to their large number and to the convolution of A, M = Fe(ll), L = (phen), n = 2. #, L = (tpy)(bpy),n = 1; +.

02 -

obsd
Eip o, mV

their overlapping absorptions in most of the complexes. (bpy):RU(CNRh(NH)s(CNRU(NH)<)®*: O, L = msMeg[14]JaneN, n
Mixing of the MM'CT excited states with Ru(N§E2+ — =2;0,L =[14]aneN, n=2; A, L = (NH3)s, n = 1; +, L = [15]-
CN~(*) or with the CN~(r) — Ru(NHs)s3" LMCT excited aneN, n = 2. The *=" sign is chosen for Ru(Nk)s*" adducts, the

states is also symmetry allowed. The CT spectra aN)Rh- +" sign for Ru(NH)s*" adducts.

(CNRu(NHs)s)*+ are consistent with significant mixing of these
chromophores, analogous to the effects observed in the Fe(ll)
polypyridyl complexes. It is generally difficult to identify clear
spectroscopic evidence of such mixing largely because we
cannot properly account for the effects of the many high-energy
transitions that are possible and observed and in some instance
because there is ambiguity in assigning the transitions.

Overall, the CN/Ru MLCT and LMCT absorption spectra
and the Rubpy MLCT spectra are consistent with the mixing The M(bpy)*+2+ couples were nearly reversible for M

of these states with the MI@T excited states of concern in - g, and Fe and quasireverisble for¥Cr. We also found the
this papeg® The effects are rel_atively s_maII for some of these Co(ll)—(Il) couple of rans-Co([14]aneN)(CN);* (in DMSO)
states, as expected on the basis of their energy differences. Th%ndtransCo([14]aneN)(CNRu(NI—t;)5)25+ (in acetonitrile) to
spectroscopy of these complexes does indicate that any symy,q quasireverisbleEy(AE,) = —1.279 + 0.005 (96) and
metry-allowed mixing of CT states must be taken into account _4 5544 0.006 (160), respectively, vs SCE and referenced to
in dealing with these systenis. The further implications of Fe(Cp)*?). Observations on the parent complexes are sum-
this will be developed below. marized in Table 2s.

B. The Patterns of Variation in Ey, for the LM(CNRu- A few Ru(NHs)s)25" half-wave potentials were determined
(NH3)s)**# Couples. The redox potential of the Ru(Nj$**/# in water using a glassy carbon electrode. Fhe values in
couple in these complexes was found to span a range of 350water were more negative than those in acetonitrile by an
mV in acetronitrile (see Tables 2 and 1s). It tends to the more gverage of 934 22) mV, independent of charge type (all
positive values for species in which the Ru(ll) form is stablized yeferenced to Fe(Cp)©).
by mixing of the ground state with the MKIT excited state C. Some Symmetry Considerations.We have noted above
and to more negative values when this mixing stablilizes the that symmetry considerations play an important role in evaluat-
Ru(lll) form.  Only one voltammetric wave was observed for ing our observations on the trimetallic complexes. The sym-
the bismetalates, with a peak-to-peak distance about 20% |argermetry-adapted metal-centeredz(dr do) orbitals for pertinent

(b) the symmetry constraints for optical absorption are different
from those for the mixing of excited and ground states in these
different series of complexé§;(c) there is a change of charge
type for the complexes at the extremes of the polypyridyl series,
and this may lead to different solvational contributions; (d)
ghanges in the nonbridging ligand result in changesgfwhich

are also likely to be solvational in origin. Each of these points
will be addressed in the discussion below.

than for the respective monometalates. The valug&;gffor complex geometries, maximum symmetry ®f, for cis and
the Ru(NH)s*""2* couple of the (bpyRU(CNRU(NH)s)2(LAS)s Con for trans (note that th€, axes pass through only the central
complex in acetronitrile was found to be 0.0220.010 V atom in either case), and the resulting MBT excited-state
(referenced to Fe(Cp)° with excess LAS). symmetries are presented in Table 5. For the terminal Rg}\NH
There is a rough correlation of the variations /- moieties we have only considered the drbitals (i.e., the two

(Ru(NHg)s*2") with the oscillator strength of the MMCT  orbitals parallel to the MNaxis), but for the central metals we
absorption band (Figure 6), but the “slopes” and “intercepts” have taken into account all the lowest energy acceptor orbitals.
differ for series of complexes with different nonbridging ligands.  The (bpy»Ru(CNRu(NH)s).5* complex is the most com-
The apparent “slopes” vary over a 4-fold range, with the most plicated of those that we have considered, largely due to the
shallow found for the (MCL)M(CNRu(NbJs)-.>" complexes and  nominal degeneracy of the tworcholes at the terminal Ru-
the steepest for the (bp¥CN)M(CNRuU(NH;)s)™ complexes. (NH3)s2™ moieties. Thus, there are six different potential
There are a number of complications in evaluating these ground-state electronic configurations of this complex, which
apparent slopes: (af’ is probably greater than zero for the differ only in the arrangement of the holes in the symmetry-
Rh(lll)-centered “reference” compounds, as mentioned above; adapted Ru(ll}~ dr orbitals. If all these configurations were
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TABLE 5: Orbital and Electronic-State Symmetries for LM ((CNRu¢(NH3)s), Complexes

maxiumum ground stat&® excited state
molecular central electronic electron
symmetry metaf configurations symmetry configuration$ symmetry
Ca, Ru'¢ (8q, o) B2 (a/a'/by")(au/by): A1,B2,A2,(B1),(B1),A2
(g @l,a’,by") or (aua') Az (au/ag/by")c(au/ae ) (A1),A2,A2,(A1),B1,B2
or (au,b1"): B (a/ar' /by )c(Bu/by' ) A1,B1,A2(B2),BrA1
or (&' ,by) B> (/&' Iby')c(8' /by ) Az,(B1),A1,B2,B2,A1
or (&', b2 B (an/ar' /by )o(80'112): A, (B2),A1,B1,(B2),A2
" or (b’ ) Az (a/a'Iby")e(by' 1) B1,B2,B2,B1,(A1),A2
CZV C c
(tog: an&',br") (ag,&',b1')c B2 (eq,8")c(@u/laf @' Iy ') A2,(B2),A1,B2
(al,bi’)c(allbzlal’/bl’h (Bl),AZyBZ.Al
(&',br)o(au/balap' Moy ) (B2),A1,(B1),Az
Czl, Rh(III)/CO(III) A 1 (al,bz)c(allbzlaglbl)1 Al,Bz,Az,Bl,Bz,Al,Bl,(Az)
(8g a1,bp)
Con Cr(lln
(t2g: ag.39'.by) (ag.:3'.by)c By (agag')o(ag/by'/b/ay); (Ag).Bg.BuAy

(ag,bg")c(8g/ 10y Tag/bu/a )t Bg,(Ag),Au,By
(8g',by)c(8g/by ag/b/ay ) B, (Ag),AuBu
Rh(I1)/Co(lll) Ag (ag)c(ag/bg/bula ) Ag,(Bg),Bu,Ay
(&g ag,bg) (bg)c(ag/by/bu'Tan); (Bg).Ag,AuBu
a Subscripts: “t"= terminal; “c” = central. Metal-centered orbitals considered are designatefdrdorbitals parallel (or at 49 to the Ru-
CN—Ru axis; tg and g refer to d orbitals so designated @, symmetry. The symmetry-adapted arbitals of two terminal Ru moieties are
(ag,bz,@',by') in Cp, and (@,by,a,,bg) in Con. PIn Cy, symmetry the apostrophe refers to orbitals not in the(Ruw), plane; inCz, symmetry the
apostrophe refers to orbitals not in the symmetry plang Note that theC; axis inCy, is orthogonal to the R{RW), axis and bisects an equatorial
N—Ru—N angle.c The slash (/") to be read as “or®.Symmetries disallowed for electronic (dipole) absorptions and for mixing with the ground
state are in parentheses. Excited states with proper symmetry to mix with the ground state are in italics.

similar in energy, then on the average only one excited-stateissue has been the extent to which variations in the ground-
configuration would mix with the ground state for every three state stabilization energy, which arises from D/A coupling, may
allowed transitions ifC,, symmetry were applicable and all be manifested in variations in the half-wave potential of the
MM'CT components were equally weighted in each case. In simple —Ru(NHg)s*H2" probe redox couple. Unfortunately,
C, symmetry the ratio would average 1/2. The same symmetry neither the variations oE;;, with Hpa nor the independent
restrictions apply to the cis-complexes with Cr(lll), Co(lll), and evaluation of Hpa has been a simple matter. Thus, the
Rh(lll) centers. systematic variation ofHpa in a “homologous” series of
The highest symmetry of the trans-complexes used in this compounds requires variations of some molecular functional
study is Czn, but lowering the molecular symmetry to ap- groups, such as the nonbridging ligands or the donor or the
proximatelyC, (with the [15]aneN complexes) has no signifi-  acceptor, and such variations in the molecules inevitably cause
cant effect on the observations. This suggests that only the axialvariations in some other parameters, which also change the
symmetry is important for D/A coupling-related issues. Inview parameters measured, e.g., the solvational free eneAg3y).(
of this, and the fact that our cis-complexes all have maximum As a consequence, it has been necessary to examine several
C, molecular symmetry, we have used the less restridfiye  aspects of solvational effects and CT state mixing in several
symmetry in treating the observations. series of compounds before we have been able to extract
This analysis assumes that all components of the dipole information about how bridging ligand mediated D/A coupling
operator have equal weights for their contributions to the might affect ground-state thermodynamic properties. The results
absorption intensity or in their mixing with the ground-state are more or less consistent with those of Curtis and co-workers

wave function’9:80 on very different substraté$ and they can be accounted for in
. . terms of a pseudo-JahiTeller-like vibronic model involving
Discussion bridging ligand nuclear coordinates, such as has been suggested

We began this study in order to obtain independent experi- €lSeWheré?333%0
mental measures of the electronic coupling parameters which A. Aspects of the MM CT Spectroscopy. The dominant
appear to be important in determining thd0*-fold range of ~ MM'CT band in these complexes is nearly Gaussian (with
back-electron-transfer rates in CMridged D/A complexe®:82-85 respect to an energy scale) in ambient solutions and is probably
This had led us to compare the spectroscopic and electrochemi-2 convolution of several configurationally different components.
cal properties for several issues of GHridged D/A complexes. ~ Mixing with MLCT or LMCT states of the nonbridging ligands

A number of ground-state properties of the Ghridged D/A does not appear to have a significant effect on the oscillator
complexes have differed from our expectation when we began strength.
to study these systems several years gémong the most The bisruthenates of LM(CMomplexes (M= a dr donor

striking examples are the unustfashift to lower energies of or acceptor) exhibit a weak, relatively low energy Ru/M KO

ven When the CN bridges a D/A pair, the proportionality of  component when the ruthenium moieties differ in oxidation state.
this shift toHpa%/Epa, and the symmetry constraints on which  This can be associated with an electronic transition that involves
CN~ modes (symmetric or antisymmetric) couple wtia.39:40.62 a central metal d orbital which is not involved in coplanar
Such observations indicate that bridiging ligands’ nuclear dz(D)/dz(A) coupling. In a multicenter quasibonding model
coordinates are coupled tdpa. As a consequence we have of the D/A coupling, the two components of the Ru/M MBI
examined ways in which the interaction between bridging ligand absorption in these “mixed valence” (Ru(lll)/Ru(ll)) complexes
and donof-acceptor may alter the net behavior of the electron- correspond to ar,y-allowed dr(Dgmo) — dz(Anemo) absorp-
transfer ground and excited states. An important aspect of thistion at the lower energy and zallowed dt(Dgmo) — d7n-
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(Aasmo) absorption at higher energy (where BMO corresponds EJ()Q|H'|1/);,IIJ“ In the simplest limit eqs 14 can be considered
to the multicenter D/A coupled ground-state orbital(s), ABMO good approximations to thep;. In this limit, electronic
corresponds to the corresponding excited-state “antibonding” coupling is in effect a very weak “bonding” interaction between
orbital set, and NBMO is an acceptor orbital not involved in D and A and may be referred to as “direct” couplirigpg?).

the coupling); see Figure 5. The simplest way to allow for the contributions of a bridging
B. Comparison of Hpa Dependent Ground-State ligand to Hpa is to add terms to egs 14 that allow for the
Observables: MMCT Absorption Intensity and ES%° perturbational mixing of bridging ligand excited states with the

Figure 6 strongly suggests a relationship between these observelectron-transfer ground and excited states. The important
ables, but it also suggests that evaluating it is bound to be bridging ligand excited states in this context are the metal (D
complicated. To proceed, we must first consider what one might or A™) to bridging ligand charge transfer (MLCT) and bridging
expect and then evaluate those factors that might complicateligand to metal charge transfer (D or A) excited states. This
the comparison. The major complicating factors that we leads to a superexchange contributiorign,*3°which can be
consider are the effects of electronic delocalization and of written as in eqs 1517* in which theHict (i = D or A) are
variations in solvation energies.

1. Perturbational Models for the Relationship between the Hpa (MLCT) = HpcrHact/AE,, (15)
Variation of Ground-State Stabilization Energy,, and Hpa.
The variations ine!” that result from D/A electronic coupling HpaS(LMCT) = Hy o7 Hy " o /AE (16)
must be defined with respect to some uncoupled reference state, a
a diabatic state with respect to D/A coupling. For the systems

I I WI P PN y AE,, = 2EpctEnct/(Epcr + Eacr) (17)

discussed here, it would be useful to define reference states in
terms of the properties of uncoupled, monometal complexes.
In practice, no monometal complexes that are rigorously
appropriate reference systems are available: such complexe
typically differ in their coordination spheres, charge types, and/
or solvational interactions. Alternatively, one might seek a
substitution inert “reference” metal to substitute for D or A in
di- and trimetallic complexes. Ideally, this reference metal
should exhibit no D/A coupling, but this is equivalent to the
unrealistic requirement that the cationic metal center used have
no electron affinity (or ionization energy). Thus, the actual
“experimental” reference parameters, suchEéeé, must al-
ways involve some sort of approximation or extrapolation. We
have elected to use Rh(lll)-centered complexes as approximat
experimental reference compounds sincesthenature of the
D/A coupling should lead to relatively small valuestifa and
sinceEpa should be relatively large, so that one exp&tgls:
Hpa%/Epa to be relatively small for such complexes. We have
taken into account the major factors that might contribute to
any differences between the values of parameters measured fo
the Rh(lll)-centered reference compounds and an idealized
reference complex. The simplest and most traditional, “Mul-
liken—Hush” level of treatment of D/A complexes, the evaula-
tion of the relevant parameters based on the experimental
measurements, and the comparison of the experimental observ
tions to pertient models are considered in this section.

2. Contributions to a. In the simplest two-state limit any
contributions of the bridging ligand are ignored or are assumed
to be the same in the monometal components such as in th
bridged D/A complex. Thus, one begins with knowledge of
the unmixed, or diabatic limit (designated with a superscript
°), so that the perturbationally corrected ground (subscript g)
and excited (subscript e) state wave functions are given as in
eq 14 % whereAEg, is the energy difference between the two

the electronic matrix elements for the MLCT transitions
éinvolving the same bridging ligand molecular orbital) of the
electron-transfer ground (D) and excited (A) stéfeand the

Eict are the respective vertical (with respect to the ground-state
equilibrium nuclear coordinates) energy differences (analogous
| definitions can be made for the LMCT states). Equations 15
and 16 are second-order perturbational correctiomépfcf and

are expected to be important only whelga? ~ 0. Reimers

and Hush have generalized this argument and point out that if
the PE minima of one of the electron-transfer states and the
perturbing state are comparable, then much more complicated
behavior than that implied by egs 15 and 16 can be expé&&ted.
€n the systems considered here the perturbing CT excited states
(of CN™) are much higher in energy than the energies of the
electron-transfer states near their PE minima (however, this will
not generally be true far from these PE minima; see discussion
below). The superexchange model as sketched here does not
allow for any problems in evaluatirigpa that might result from

the changes in nuclear coordinates that accompany charge
delocalization onto (or from) the bridging ligand, and it is
generally applied assuming thefxct or HaTcr have values

that are independent of the nuclear coordinates (however, see
also comments below).

@ Several authors have discussed electronic coupling models
in which Hpa is a function of one or more of the nuclear
coordinates associated with the electron-transfer prééésss4?

i.e., Hpa = Hp, + bx, whereHp, is the coordinate indepen-
€dent electronic coupling (possibly a sum dpa? and HpaS,
above), b is a linear vibronic constafd?®? and x is the
appropriate nuclear coordinate. Several features of the-CN
bridged D/A complexes, some mentioned above, some reported
in this study, have led us to consider a simple vibronic model
for D/A coupling in these systen#§41 We have searched for

a relatively simple vibronic model that would have the potential

Pg = [yg + (Bod AEG)W N (14a) of encompassing all the observed features of these systems. A
3 . simple, semiclassical vibronic model seems able to d8%His
Ye=[vg — (Byd A gIN (14b) (see Appendix B). This model involves a synergistic mixing

of “local” (donor/bridging ligand and bridging ligand/acceptor)
diabatic states (g and gjge = Wp{ H'} - S, F;, theyyare MLCT and LMCT excited states with the ground and NBT
wave functions of these staté$,is the perturbation Hamiltonian  excited states, and this synergism is inferred to lead to an
which allows their mixing S is an overlap integrakyg is the enhancement of the MLCT/LMCT mixing to stabilize the
energy of the unperturbed ground state, Birid a normalization ground state. To display the qualitatively important features
constant. Parameters measured in real systems must be definedf the argument in an algebraically simple way, we have treated
in terms of “correct” wave functionsyy and y,, and the the MLCT and LMCT parameters (stabilization energies,
corresponding matrix elements can be expressetizas= reorganizational energies, coupling matrix elements, etc.) as the
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“averaged” contribution of a single CT state. This leads to a that seem to contribute to this inequaf#:5! However, a major
ground (g) and MNCT excited state (e) energies which are factor, and a sufficient factor for treating some of the trends of
corrected for coupling to the higher energy CT state(s) as in eqour observations, is the manner in which electronic charge is
180-92whereEpa is the energy difference between the ground delocalized in the electron-transfer ground and excited states.
This can be approximately treated with simple perturbation

V= ké — ax theory arguments, since the charge delocalized along the D/A
(18) axis, onto (or from) a bridging ligand, or between D and A,
Vo= Ep, + kyé + ax will have the effect of reducing the distance over which one

unit of electronic chargeqgg) is transferred. Alternatively, the
and MMCT excited states before the vibronic perturbation, and delocalization can be interpreted as reducing the charge differ-
it assumed that the force constants of the ground and excitedence @err) between the D and A centers. If we assume that

states are equak), This argument leads to eq 19 féipa OefifDA = qe|r;e 2% gnd that charge transferred onto (or from)
v . 1 the bridging ligand is localized at its center, th@gm roa(l —
Hpa = Hpa + acrAcripn) ™ + apadpa (19) 20pa® — 3oct?/2)?® where acr is @ sum over ground- and

o . excited-state contributions. If there is additional delocalization
evaluated at the ground-state equilibrium nuclear coordinates, ynio the nonbridging ligands, L, then eq 23 may be more
where theo; (i = CT or DA) are the coefficientsHpi/Ep;) for applicable T

mixing the respective diabatic state functions with the ground

state (thex;? are the respective fractions of charge delocalized) 1~ rpa(l — 20p,° — (1.5072 — foy 2) (23)

and thel; are the correlated nuclear reorganizational energies. ge ~ DA bA cr -

The perturbational corrections given by eq 19 are superficially where f takes account of the spatial distribution of this last
similar to those given by egs 15 and 16 in that they can be component of delocalized charge and the sum over ground- and
viewed as products of an effecitve mixing coefficient and an excited-state contributions. Equation 23 is qualtiatively useful
energy; however, they are qualitatively different in that the to focus aspects of our discussion, but the actual weights of the
additional terms in eq 19 allow for the changesHya with perturbation terms represented are not clear and some ab initio
the horizontal displacement of the ground-state PE minimum calculations indicate that the most heavily weighted contribu-
and in that the perurbational changes are weighted by a nucleations occur for components which lie along the-B axis 2%
reorganizational energy rather than by an electronic matrix Furthermore, although eq 23 has components that are conceptu-

element. . ' ally reasonable, it suggests that there is limited physical basis
3. The Expected Relationships betwe%‘fd&th_e Ground-  for simple correlations ofEJs" and 2° and that for large
State Stabilization Energye", and Hba. In the simple two-  DACT oscillator strengthshba) each complex should be treated

state model sketched above, the mixing described by eqs 14as a separate system.
leads to stabilization of the ground state by an amount given  For purposes of our discussion we will define an experimental
by eq 20 ifEpa > 2|Hpal.2* When the donor and acceptor are  parameterHpa®, which is based on the observed NMBT

) absorption as in eq 24. We can then define an empirical
€s= HpaTEpa (20)

o __ 0.020 1/2
redox labile transition metal complexes, oxidation of the donor Hoa o= fon ?GmaxAVIIZVmax] (24)
center (or reduction of the acceptor) will remove that center
from the CT coupling. Consequently, the electrochemical half- parametereZ”, in which the only variables are the oscillator
wave potentials are expected to vary systematically wjths strength and the vertical energy differenBga = hvmay’® as
in eq 21394°whereE[} is the half-wave potential (e.g., for the in eq 25.

Ep’= Efp £ el (21) €= (Hpa™) IV oy (25)

A/A~ couple of a D/A pair) when there is no CT coupling and 4. The Baluation of €’ from MM'CT Spectra. The

the sign ofes is determined by which component of the particular combination of eqs 24 and 25 yields eq 26, in which the constant
couple (e.g., A or A) is stabilized by the CT coupling. In the

limit that D/A coupling is dominated by “transfer” (or local € = M(€naAV1/0) (26)
dipole) terms (i.e., if there is significant direct overlap of the

donor and acceptor orbitals of the ground stagegimple model of proportionalitym = (0.0205fpa)2 = 1.55 x 10° cm for our

for the transition dipole in an electronic absorption can be used CN™-bridged complexes. Equations 21 and 26 are the basis

to give the electronic matrix element as in eq 22, whggés for the comparison in Figure 7. One possible interpretation of
the apparently different values af for the different series of
0.020 2 . . )
H, = Tﬁema Avyveo] (22) complexes would be thaﬁJe differs in a systematic way from

one series of complexes to another (see the preceding discus-
sion). Before we can comment further on this, we must deal
the distance (in A) between the effective centers of charge of with some additional issues.

states e and §729485Y . emax and Avyyz are the frequency 5. The Baluation of™ Symmetry and Solvational Cor-
and molar absorptivity of the absorption maximum and the full rections. a. Symmetry Correctionghe ground- and excited-
width at half-maximum of the corresponding CT absorption state symmetries of the ground and MBT excited states for
band. If significant charge is delocalized in the various CT the cis-C,,) and trans-Cz,) complexes are summarized in Table
mixings, as discussed above, th@g should differ from the 5. We have used the less restricti@®@ symmetry, which
equilibrium distance between the geometrical centers of donor distinguishes only A and B representations, for tigLM-

and acceptorpa. Electroabsorption measurements have gener- (CNRu(NH)s), complexes. Thus, for theis- and trans
ally suggested tha@e < rpa*850:52 There are several factors  bisruthenates we have in effect correlaﬁﬁﬁ?dwith e’ per Ru

ge
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Figure 7. Correlation betweefES’ and oscillator strength per Ru(NJd for some CN-bridged D/A complexesES%s® from Figure 6 has been
corrected for (a) differences in solvation originating from nonbridging ligands and (b) charger8&@ cnt? for Ru(ll)- and Fe(ll)-centered
dicyano complexes; this may include about 350 €montribution from excited-state LMCT coupling. See text for details. The data points are
labeled as in Figure 6. The constant of proportionalityniss 15.25x 1078 cm™; values correspond te” with rge = rpa. Sign convention as in

Figure 6.
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Figure 8. Qualitative illustration of the variations éfpa with nuclear

coordinates in a superexchange model (left) and the contrasting effects

absorption is allowed. This correction eliminates most of the
discrepancy between the mono- and bisruthenates of the
M(bpy)2(CN)."t complexes.

b. The Effect of Charge Differences o@}’zﬁ The (bpy)-
(CN)M(CNRU(NH)5)3™2T (M = RW?* or Fe&) couples differ
by one charge unit from (L)(CN)M(CNRu(Ng§)*+3+ (M =
Rh*, Co®t, or Cet) couples. This difference could affect
ES*d for the Ru(ll)- and Fe(ll)-centered polypyridyl com-
plexes through either or both of the following: (i) differences
in solvation energy (even though the charge difference nominally
resides at the M center and our basic comparison is of the Ru-
(NH3)s3™2* couples) or (ii) differences in the bridging CN
Ru(NHs)s bonding (e.g., from electrostatic “induction” or an
“internal Stark effect”). In generalEs" tends to increase
with increases in positive charge. This feature is illustrated in
the differences irE‘f}’ZSd for four pairs of the D/A complexes
discussed in this paper (Table 6). These experimental com-
parisons suggest that a one unit increase in charge increases

ES by about 65+ 15 mV, and we have made the corre-

on the ground-state adiabatic potential energy surface of a reactionsponding adjustment (524 20 cnt?) to E(l)?zsc'for the Ru(ll)-

coordinate independehip, (Condon approximation and a vibronic type
of coordinate dependence Hb,) (right). The upper figure presumes
that the D'A and DA™ diabatic PE surfaces are coupled through mixing
with a higher energy CT surface as in the lower portion of the upper
figure. A perturbational mixing of the two degenerate electron-transfer
surfaces in the lower figure used electronic matrix elemétys =

H2, + f(Q). The functionf(Q) was chosen so thatipa increased
nearly linearly withQ when moving from either PE minimum toward
the surface crossing, so thbpa = HR, at the PE minima of the
diabatic surfaces, and so thidba would increase for large displace-

and Fe(ll)-centered polypyridyl complexes in Figure 7a (i.e.,

for these complexeESy = E%Y+ 524 cnrl).

c. The Effects of Charge Delocalization off%E The
electronic coupling of donor and acceptor leads to some
fractional charge delocalizationga?). For the Cr(Ill) and Ru-

(1) complexes discussed hemga? < 0.1, and, based on the
comments in the preceding section, one would expect that this
should contribute less than 10 mV to any measured value of

ments away from the surface crossing point (somewhat mimicking the E;;». Because solvation depends on charge density (see Results

superexchange behavior, top left).
in Figure 7, since in botlT; andC;, symmetry only one MNMCT

section A and Appendix A), there is an asymmetry in the effects
of charge delocalization in these complexes (eq All of

excited state (on the average) has the proper symmetry to mixAppendix A) and this might affect our observations. Charge

with the ground state for every two states for which optical

bsd

delocalization decreasés>“ in all the D/A complexes, and
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TABLE 6: Effect of Complex Charge on EZ%5%a

J. Phys. Chem. A, Vol. 101, No. 45, 1999453

overall charge

comple® couple type of couple Eln, V AEy, mvd
(A)sCr(CNRu(A))* RU(A)s3+2+ 5+/4+ 0.372} 49
([14]aneN)(CN)Cr(CNRu(A))** RuU(A)3+2 4+/3+ 0.323
(tpy)(bpy)Ru(CNRu(A)*+ Ru(A)+2+ 4413+ 0.04 68
(bpy)(CN)RU(CNRuU(A})3 RU(A)s3+2+ 3+/2+ -0.02
(bpy)2RU(CNRuU(A))(CNRh(A))®+ Ru(bpy)®+2+ 6+/5+ 1.34 62
(bpy:(CN)RU(CNRu(A})** Ru(bpy)}®t2* 4+/3+ 1.15
(tpy)(bpy)Ru(CNRu(A)*+ Ru(tpy)(bpy¥t2+ 5+/4+ 1.23 80
(bpyk(CN)RU(CNRu(A})*" Ru(bpy)}®t2* 4+/3+ 1.15

ave 65+ 13

2Data from Tables 1 and 18A = NHa. ¢ Corrected to identicak’ using the empirical correlation—-6 mV for the ([14]aneM)(CN)-
Cr(CNRuAs)*+3" couple).d Apparent effect of one unit increase in charge.

TABLE 7: Relative Effects on Eq(Ru(NHz)s32") of
Changes in Nonbridging Ligands L in LM(CNRU(NH 3)5)2P

M
L Rh(l11) Co(lll) Cr(ll1)
(bpy) —40+ 14 24+ 8
t-Meg(14]aneN +58+ 12 +72+ 15 +43+7
[15]aneN 1+10
(NHa3)s 31+ 10 43+9

a E1(RU(NHg)s32), for L(CN),-nM(CNRU(NHg)s),1=29+ minus
E1(RU(NHg)s3+2) for ([14]aneN(CN),—sM(CNRU(NHg)s),120F (n

= 1 or 2). Error limits represent the sum of standard deviations in
£
bisruthenates have been averagetiverage of relative solvent effects

in mV due to nonbridging ligands: (bpy) —30 + 13; trans
Meg[14]aneN, 54 + 15; trans[15]aneN, ~1 + 10; (NHs)s, 37 £ 8.
Error limits are 1 SD for the values averaged.

the effect of asymmetry is extremely smat-§ cnrl; see
Appendix A). We have not made any corrections for this effect.

d. The Variations in &5"that Result from Changes in the
Nonbridging Ligands. There are systematic changes in
E12(Ru(NHg)s3H2) that occur when the ligands (L) on the
acceptor (M) are altered in L(CB),M(CNRuU(NH)s),(1+20+
complexes (M= Rh#*, Co*", or CP#*"). The relative changes
(M constant) are characteristic of the nonbridging ligand (Table
7), and they do not vary significantly wita’. The most
likely origin of these effects is solvational; that is, that the

measurements. Where data are available, values for mono- and

larger values ofHpa andeg, therefore, eq 23 suggests a steeper
slope of the correlation for the polypyridyl complexes, quali-
tatively as observed in Figure 7. However, it is very unsettling
that this approach results in different values Eﬁ‘; There is

no obvious justification for such a (44 mV) difference. The
very similar values ot for Cr(lll)-centered complexes are
also difficult to justify in terms of the arguments presented above
(which suggest a smaller value oge for Cr(lll) complexes
with polypyridyl than for those with am(m)ine nonbridging
ligands). That these values afare so similar (289 35 cnt?)
suggests that such charge delocalization onto nonbridging
ligands may not be a major factor in determinirjgand that
the major contributing factors relate to charge delocalization
along the D-A axis (see also Cave and Newf8.

If one imposes the requirement tH&E}, be the same for all
complexes in this correlation after corrections for differences
in solvation, then the “solvational” correction required for the
Ru(ll) and Fe(ll) complexes i8AE;; = 118 mV (compared
to 65 mV based on the pairs of couples in Table 6). Such a
value of 6 AE;, could be entirely a solvational effect, or it could
be a combination of solvational differences and variations in
ree ON the basis of experimental LMCT and MLCT param-
eters (Tables 2 and 3) we would estimate that there is about 42
mV greater stabilizationeﬁ“) resulting from charge delocal-
ization in the electron-transfer excited state for the Ru(Bpy)
centered complexes (i.e., from CRRu(llI)LMCT) than for the

solvation of the D and A centers of these complexes is not Cr(bpy)-centered complexes (i.e., from Cr(l1)/CEMLCT)).

entirely independerftt In the CN--bridged complexes these
effects are relatively large, comparable €8 and relatively

Assuming similar ground-state delocalization, this estimate,
combined with eq 23, would come close to accounting for the

easily taken into account since they are independent of M (andabove value ofSAE;.°®* However, this interpretation also

€. Such systematic variations &, in D/A complexes

implies that the proportionality “constantf, in eq 26 varies

when nonbridging ligands are altered may be a more seriousfrom one complex to another (see eq 23 and Discussion section
problem than has been generally recognized. The studiesB3). Complexes with less oxidizing Ru(lll) centers might be

reported here are unigue in that we have been able to correctuseful in assessing whether this interpretation is correct. The
for such coupled solvational effects by comparing complexes approach in Figure 7b seems to have fewer problems than the

that differ only in their acceptors M.

6. The Obsered Contrasts betweed]' ande’. In Figure 7
we present observations regarding the correlationEgs-
(Ru(NHg)s3+2M) with e_P. The corrections o2’ for symmetry

effects andE‘l’}’;d for solvational effects have been described

approach in Figure 7a.

In priniciple, one might usé(Ru(bpyf2*) to estimate
€. In practice it is difficult to account for all the solva-
tional,’> entropic?® or other factors contributing to the stabiliza-
tion of the Ru(bpy)**-centered oxidation product and K/,

above. The straightforward application of these corrections for this couple. Many of these factors should disappear when

results in different correlations for complexes with polypyridyl
nonbridging ligands than is found for complexes with am(m)-

the differences oE;, are compared for cyano ruthenates (Ru-
(NH3)s3") and cyano rhodates (Rh(NJg*"). The experimental

ine nonbridging ligands. The extent of this difference depends differences inEy(Ru(bpyft2?t) are 90+ 10 mV for the

only on the “correction” for the charge difference between M(ll)-
and M(lll)-centered complexes; for example, for the NV

monoruthenates and # 10 mV for the bisruthenates (Table
1s)3° The values calculated, based on the correlations in Figure

excited states of the polypyridyl complexes one would expect 7b, are 97 and 75 mV, respectively. For this surprisingly good

appreciable Cr/polypyridine and CN/Ru(bpy}®*t charge
delocalizaitons. This should lead to relatively smaller values
of rge than found for the am(m)ine complexes and thus to

agreement to be meaningful, thé&; , “correction” above would
have to be purely solvational am@ewould have to be constant
through the series of complexes. Such a simple result also
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TABLE 8: Electronic Matrix Elements and Stabilization Energies Based on Optical (MM'CT) Spectra
formal charges of HZ /Ru, e, e, Hoa,

central (MCL) metals (Ru, M, Ru) cm Y1032 cmib cmice cm Y1034
Ru(bpy)?* (3.2,3) 2.1 297 772 3.4(4.4)
Ru(bpy)}?* (3,2) 2.1 305 793 3.4(4.4)
Ru(tpy)(bpy¥+ (3,2) 2.1 305 793 3.4(4.4)
Fe(bpy)?* (3.2,3) 17 240 624 2.7(3.3)
Fe(phengt (3.2,3) 1.7 248 645 2.7(3.3)
Fe(bpy)?* (3,2) 1.9 324 842 3.0(3.7)
Rh(bpy)3* (2,3,2) (1.69 85 221 2.6
t-Rh([14]aneN)3* (2,3,2) (1.0 37 96 1.7
t-Rh(m-Meg[14]aneN)3+ (2,3,2) (1.8% 37
t-Co([14]anel))3+ (2,3,2) 1.1 56 146 1.7
t-Co(m-Meg[14]aneN)3+ (2,3.2) 1.2 76 198 2.0
Cr(bpy)s* (2,3,2) 2.0 256 666 3.2
Cr(bpy)® (2,3) 2.3 329 855 3.6
t-Cr([14]aneN)3* (2,3,2) 25 300 780 3.9
t-Cr(m-Meg[14]aneN)3" (2,3.2) 2.2 244 634 35
Cr(NHg)s>" (2,3) 24 269 699 3.9

aFrom eq 4 withrpa® = 5.2 A. ® From eq 20° Based on the" = 2.6¢2 or 3.2:2° for M = Ru(ll) or Fe(ll). ¢ Hpa = [e[Epa]“2. ¢ The absorption
on which this is based may have a substantial Ru(Il)JGN.CT contribution.

seems surprising, and we suspect that there may be a fortuitousreasing Epa.

cancellation of the factors that stabilize Ru(byand those
that stabilize Ru(bpy) centered complexes. The alternative
view, noted above (i.e., with a nonsolvational component of
about 42 mV for both complexes), would suggests 3.2 for
Ru(bpyf+-centered complexes (comparednio= 2.6 for Cr-
(I)-centered complexes) and IeadSetB% 119 and 92 mV,
respectively, for these complexes.

C. The Values of Hpa: Results and Comparisons to
Models for Electronic Coupling. 1. Values of l§a. Our best
estimates of values dfipa, based on the correlation in Figure
7D, for several CN-bridged D/A complexes are listed in Table
8. The dr-donor/dr-acceptor systems have comparable values
of Hpa ~ 3 x 10 cm L. Significantly smaller values are
obtained for the @-donor/dr-acceptor complexeldpa ~ 2 x
10 cm™L. The smaller values dfipa for the complexes with
do acceptor orbitals is intuitively appealing since one expects
relatively poorero/x than z/zx overlap and since LMCT
transitions witha/r symmetry are generally less intense than
those with similar donor and acceptor orbital symmetffe&.8

2. Comparison to D/A Coupling ModelsThe infrared
spectra reported previoudhand the CT spectra discussed above
strongly implicate the bridging CN as a major factor in
determining the magnitude oHpa in CN™-bridged D/A
complexes. The mechanism by which the bridging ligand

We find no evidence for such behavior.
Furthermore, wheiepa ~ Epct, €gs 15-17 predict thalH‘BA
should become very large. It appears thgk ~ Epcr for the
Rh(lll)-centered am(m)ine complexes, whiga < Epct for

their Co(lll) analogues, yet comparable, small valuesiph

are found for these complexes (Table 8). We infer that eqs
15-17, and the superexchange model that they embody, do not
properly describe electronic coupling in the Gldridged D/A
complexes.

The superexchange model does not explicitly take account
of effects arising from variations in the relaxation of nuclear
coordinates that accompany the delocalization of chargerf
or aact?, to or from the bridging ligand) in the ground state. It
treats the effects of MLCT and LMCT perturbations separately,
and these second-order perturbations should in principle be
small. Consequently, itis difficult to see how the superexchange
approach would be consistent with significant variation of the
ground-state properties of the bridging ligand. Yet there are
very substantial shifts of the ground-state CHNtretching
frequency which correlate with variationslitba.*° As a result
of such considerations and the points made above, we have
explored the use of a simple, semiclassical vibronic approach
to address these issu¥&340 This approach in effect treats the
D(CN7)A interaction as a weak, multicenter bonding interaction
in which the MLCT, LMCT, and DACT perturbations mix

promotes D/A electronic coupling has been a major concern of synergistically to produce stronger D/A coupling than would
our work. be generated by the sum of the corresponding superexchange
Superexchange models are commonly employed to describecomponents. The approach is sketched in Appendix B. The
bridging ligand mediated D/A coupling. If we use the spec- stabilization of the ground state due to vibronic coupling is given
troscopic MLCT/LMCT parameters in egs 15 and 16, then the by eq 2994 (Appendix B), in which the parameters refer to
resultingHg , are less than 50% of the values in Table 8 even " 5 ) s
in the most favorable cases, and those parameters predict abouts = Epa/2 + KXin 72 — (L/2)[Epa” + 48X~ +
S
a S-fold lower value ofHp, for Cr(lll)-centered complexes 4ax,, Epp + 4EppeM? (29)
with polypyridyl than with am(m)ine nonbridging ligands. This,
combined with our observation of similar values Biba, the complex in which no nuclear relaxation has occurred, and
suggests less than a 20% contributiorHgf, to Hpa. Another Xmin == (@ + 202 ,b)/K, @ = 4o (AcTk/2)/2, andb = (Apak/2)!2
feature of the superexchange model is that, based on eq 17(see Appendix B and refs 3911) lead to the conclusion that
Hoa is. expected to be a function of the nucl.ear coordinates G‘Sh > € (in strongly coupled systems withpa > i, €XF)
(see Figure 8). For our systems this translates into a dependencghenever 2621)%ct > (a°DA)2Apa; that is, for the conditions
on Epy; thus, forEact = Epct — Epa andEpa < Epcr, €915 stated one obtains eq 30.
can be rewritten as in eq 28.
th op o \2 o 2
€5 — € = 2(0¢r)Acr — (0a) Apa (30)
HSDA = [(HpcrHact)/Epcrl(1 + Epal2Epcy) (28)
A rough comparison of eq 30 to experimental parameters can

Consequently, for smalEpa, Hy, should increase with in-  be made for the Cr([14]aneCNRu(NH)s),°" complex (ratios
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contain numerical values of energies in316m™1): (a) SCHEME 1
0g(9) ~ 2/30 = 0.07 andog(e) ~ 2/10 = 0.2; (b) ajs ~ - IE)y - UE), 1
0.5/20= 0.025; (c)Act ~ 9 x 103 cm?; (d) Apa ~ 4 x 103 a=Ru ,M), ———————= (Ru,M);=b

cm L. These parameters and eq 30 leaddd € €2 ~ 350

cm~1, which is comparable to the value of 480 chaetermined

above. Given the gross approximations and a very simple Gsa Gsp
model, this is excellent agreement and good support for the basic '
elements of the argument.

i -FEypp
111
Conclusions R M), R M),
In this report we have compared two experimental measures .
of donor-acceptor electronic coupling in Chbridged transition Acknowledgment. We gratefully acknowledge partial sup-
metal D/A complexes: (a) the oscillator strength of the NI port of this research by the Division of Chemical Sciences,

absorption band and (b) variations in the half-wave potentials Office of Basic Energy Sciences, Office of Energy Research,
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tion and study of complexes with five different central metals Stuggestions from Dr. V. Swayambunathan and discussions with
combined with up to six different nonbridging ligands. This Professor H. B. Schlegel. S.E.M. acknowledges support from
wide range of complexes has allowed experimental comparisons”]e. Conselho .NaC|onaI de Desenvolviment Cietifico e Tecno-
that have demonstrated the importance of solvation effects in 109ico of Brazil. .

the electrochemical studies: (i) changes in nonbridging ligands o . . .

result in systematic variations By, (e.g., about 10 mV per AEbBE“d'X A: The Effects of Differential Solvation on

methyl substituent on an aliphatic nonbridging ligand); (ii) a Eve

one unit increase in charge of the central cation results in at  The free energy of solvation of a cation with net chafye
least a 50 mV increase By, and possibly as much as 120 and effective radiusex can be approximated by eq Al, where
mV; and (iii) the variations ofEj, with solvent are ap-

proximately equal in magnitude to the solvent variations of the AG
reorganizational energy associated with electron transfer. An

empirical correlationEy," = 1630 + (1.09 x 10 %)hpa/rpa fis a function of the solverf® The strong dependence on charge
(hoa = oscillator strengthgmaxAvayz, in cm2 M1 Eyjzin mV) type suggests that the mono- and biscyano metalates should have
can be generated, provided corrections are made for®MM  ditferent values oE}, (note thatrer will also differ), and this
degeneracy (or symmtery; imba), for solvational differences  seems qualitatively consistent with the negative shifts of
arising from changes in nonbridging ligands, and for charge gobsd\yhen the solvent is changed from acetonitrile to water
(or possibly other) differences that arise when an M(lll) central (the more polar solvent tends to stabilize the higher oxidation
metal is replaced by a M(Il) central metal. This implies that state). One also expects some differencdéﬁbfor the series

the actual stabilization energy of the D/A complex is 2.6 times ¢ M(PP)3" complexes (M= Cr, Rh, Co) and the M(PE)"
larger than that calculated from the oscillator strength and the complexes (M= Fe, Ru). T

assumption that the effective distances between the centers of o (PPIM(CNRu(NHs)s"™" complexes are very asymmetric,
charge,rg, in the ground and excited states, is equal to the and one expects very different solvation of the M¢FRjgment
D/A separation, rpa.  This single correlation for all the  than of the Ru(NH)s fragment. For example, the difference in
complexes impliesrg, = 0.62pa. In view of the fiting solvational contributions t&;, for the M(bpy)®"2+ and Ru-
procedure used, this may be more correct for M(lll)-centered (NH3)s3*2+ couples has been estimated to be 100 kJ ol
complexes than for Fe(ll)- and Ru(ll)-centered complexes; for (about 1 eVy5 As a result, the actual charge distribution within
the latterrg, could be as small as 0.6%. These inferences  the molecule will result in different solvational contributions
are qualitatively consistent with recent electroabsorption to values ofE;;» measured at the different centers.

studieg®52 and indicate that electronic coupling is very strong It is convenient to discuss the effects of charge delocalization
in the CH'—(CN")—RU', Ru'—(CN")—RU", and Fé—(CN")— on the electrochemically determined ground-state stabilization
Ru" complexes:Hpa = (3.6 & 0.3) x 10, (3.4-4.2) x 10, energy in terms of the simple free energy cycle in Scheme 1.

and (2.8-3.4) x 10° cm!, respectively (the ranges for Ru(ll)-  With reference to Scheme E;, may be redefined as in eq A2
and Fe(ll)-centered complexes are based on uncertainity in

—(ZIr ) (A1)

=
solv =

r;e noted above). Electronic coupling is much smaller in Rh- _Eflelg =[(IE), — (IE)y+ Gy, — Gs JF (A2)
(Im- and Co(lll)-centered complexestHpa = (2.1 + 0.4) x
10° and (1.8+ 0.2) x 10° cm?, respectively’® where (IE) and Gs; are the ionization energy and solvation

The inferred values oHpa are much larger and behave energy, respectively, of thehi species and~ is Faraday’s
differently than expected based on spectroscopic parameters andonstant. Then the effects of electronic coupling will appear
a simple superexchange model. They are reasonably consistenas corrections to (IE)es, or as corrections to the solvation
with a simple vibronic model that assumes that D/A eletronic energy,dGs;. The latter comes about because the denor
coupling varies with the displacement of bridging ligand nuclei acceptor electronic coupling results in some delocalization of
and that the displacement of bridging ligand nuclei varies with electron density and, in effect, a change of charge type from
the amount of charge delocalized to (and from) the bridging that of the reference state. The fraction of charge delocalized

ligand from D (to A). The inferred variations Uf;e are is given by eq AZ For CT stabilization of Ru(ll), the ionization
qualitatively consistent with perturbational assessment of charge
delocalized, but only if charge delocalized onto (or from) the o’ = [,(SQ/AEDA]2 = FeJAEpa (A3)

bridging ligand is the dominant factor in determinikty, in
these strongly coupled systems. energy term becomes (IE) [(IE)i — Feg), and the solvational
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termGsp— [Gsat 0Gs 4, resulting in eq A4. Based on similar MM'CT states, and on the LMCT and MLCT states involving
sbsd of the bridging ligand. We do not include the charge-transfer states
Eip =Ejp— e~ 0Gg F (A4) involving the polypyridyl ligands. To simplify this discussion,

_ _ - we will assume that these perturbations are either small or nearly
reasoning the MKCT coupling stabilizes Ru(lll) and results  constant (e.g., contributions tBY}) through the series of
ineq A5. From eq Al we infer thatGs; can be approximated  compounds.

The microsymmetry at the Ru(Nj3 center of the mono-

Eg?ZSdZ Erl% — €~ 5Gs,tF (A5) metalates is very close &, so two of the Ru d orbitals will

be nearly degenerate; that is, the drbitals can be treated as
subsets of e anchlsymmetry. For Ru(NB)s®™ moieties, local
CT interactions will tend to favor placing the hole in the e subset,
sincee. > ey, for the respective LMCT and MLCT stabilization
) energies designated by L and M. The site symmetry of the
0G| = 20°G{/Z (A7) central atom of the M(bpyJCN), moieties is (in the bisruth-

) ) o enates)C,, and there is no degeneracy among theodbitals
The Ru(NH)s center is the dominant factor. Substituting into o M.~ Although there may be some differences in their

eqs A6 and A7 we obtain eqs A8 and A9, respectively. intensities, this will lead to the convolution of several compo-
nents in the MMCT absorption bands of MCN(RuU"), (M =
Ru or Fe) complexes and of the'@N(RU'), complexes. The
obs ref symmetry is lower Cs) in the monometalates so that selection
Esn ) = Eff) — J1 + 0.66AGJAE,F  (A9) rule issues, discussed above, are not a problem. ThéauiM

) ) ) ) ) absorption bandwidths of these complexes are 8 larger
Thus differential solvational effects, which arise from delocal- han expected on the basis of electron-transfer reorganizational
ization of charge, result in an intrinsic redox asymmetry in energies/pa ~ 4 x 10° et for Ru(I)/Cr(lll), Ru(ll)/Ru-
condensed-phase measurements. It is difficult to assess the(m), and Ru(ll/Fe(ll) complexes (see Results section), and a
magnitude oAGs for the systems considered here. Arguments gemiclassical analysis of bandwidkh?® The relatively large
presented in the text suggest that a reasonable approximatiothandwidths and the nearly Gaussian band shapes are consistent
is AGs ~ —4s. With this approximation the differential  th the convolution of several components which differ little

by eq A6, so thatGs; is given to first order by eq A7.

0Gq; = [Z2 — (Z £ o) flr o (A6)

Epll) = Efp + ¢, [1 — AGJAEp,JF  (A8)

solvational contributions amount to less than 10%‘5'6fn the in energy.
systems considered here. Richardson’s estimates for the isolated The general trends in behavior are most simply discussed in
couples suggest an extreme upper limit\@$s = 100 kJ mot* terms of a Hekel-like analysis of ther interactions in a linear,

(in water) and differential solvational contributions in the range four-orbital-four-atom system. We consider first a symmetric
30-50% ofes for Ru or Cr central metals. These effects have M,—C,=C,—M, species. Since there will generally be a large
the same sign independent of charge type, and only a smallenergy difference between the dnd the p(C) orbitals, we will
fraction can contribute to the slopes in Figure 7. consider only the respective symmetric and antisymmetric
The arguments in the preceding paragraphs are based on thgombinations: ®s and ®, for M; and My and ®,, and @« for
assumption that the total effect of differential solvation is ¢, and G. The molecular orbital combinations are given by

localized on the pentaamine moiety. If the central metal eqs B1 and the resulting orbital energies are given in egs B2
contributes as well, then eq A8 needs to be modified as in eq

A10, where superscripts a and p refer to the ammine and P,(1+ 2 =D_+ 1D,
212 _
EXS) = E®) + 1 — AGIAE,, + 0.66AG/AE,] L A (B1)
1+ =, —p*d
(AlO) 1/}3( Y ) - Fa Y a
YA+ y)P=y0 . + O,
polypyridyl moieties. If we seAGs? = A(~4 x 10° cm™?) € ~a + ﬁi/(a — )
and AGS = 0.5AGZ, then eq A10 may be rewritten as in eq 1= o
All. Substitutinghvma(MM'CT) for AEps and @ ~ 4 x €= 05— fl(a, — o) (B2)

€32 0 — B2l (0y — 0t

€= 0. + a0, — o)

(A11) for first-order perturbational mixing. In" eqs B2, the =

- , , [@;|H| D[] B+ = [ @+ |H|DLCANdS, = [, |H| P in the limit

10° cmr?, we find thalt the correction terms ares6 cnt* for that the overlap integrals are small; for nonnegligible overlap,

C_r(III) and —72 CT_- for Ru_(II) cen;ered comple>_<e$. The Bij = [@|H|®;0— S;E« (k =i or j as appropriate). Note that

difference of 6 crm? is well within estimated error limits. the symmetry-allowed orbital mixings in a one-electron limit

R . . . . . correspond to perturbational mixings of bridging ligand and

g?g%‘g&x ”Bn' A Simple Semiclassical Vibronic Model for metal orbitals, LMCT with e for the ®,/®s mixing and MLCT

piing with dz* for ®@,+/®, The symmetric five-electron system is

1. Some General Considerations of Metal-Bridging Ligand necessarily delocalized. When there are MLCT and LMCT

Interactions in M(CNRU(NH 3)s)"* Complexes. The electronic transitions involving the bridging ligand, the antisymmetric and

structures of the cyanide-bridged transition metal complexes aresymmetric combinations of donor/acceptor metal electronic

relatively complex. To minimize the complexities, we will states will differ in energy. The splitting energy is ap-

confine the discussion to simple [BL)A complexes, such as  proximately Hee = (¢} + ), in which the €' is the

the monoruthenates of this study. Since we wanted to developone-electron stabilization energies resulting from local LMCT

a model in which the key parameters were (in principle) and MLCT couplings, respectively, and for the nuclear coor-

experimentally accessible, we have largely focused on the dinates of the symmetrical system (denoted by the asterisk).

E3XN) = E) — eJ1 + 0.66AAEy, — A2AEy,]
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To the degree that the* are significant in magnitude, the  compared to the classical electron-transfer l#nft*2in which
donor and acceptor states cannot be degenerate in the symmetnAV(xm) = Apa, Wheredpa is the nuclear reorganizational energy
adapted system (note that the symmetry-adapted system correassociated with the D/A electron-transfer process. Thus,
sponds to the “transition state” in the usual analysis of electron- [Apak/2]V2.
transfer systems). The same basic point has been made in 3. The Symmetrical Limit When the Bridging Ligand is
Peipho’s pseudo-JahiTeller treatement of the CreutZ aube CT Coupled to the Donor and/or Acceptor. For simplicity
ion3 and in a treatment of classical inner-sphere electron-transferwe will treat this as an equivalent three-state problem, for which
reactions'! we assume thafe andVy are not dependent ofin the absence

2. A Vibronic Model for Donor —Acceptor Coupling. a. of D/A coupling and thaHge = Hp, + bx. This results in the
Definitions and General ApproachThe argument outlined ~ PJT limit discussed by Bersuk#&t. In this limit, the intrinsic
above is a “four-state” approach: (a) electron localized on the splitting of the symmetry adapted D/A states, discussed in a
donor in the unperturbed ground state (D); (b) electron localized preceding section, is taken as the initial condition so tht
on the acceptor (A); (c) MLCT; and (d) LMCT excited states. = €21 = (ey + €) = 2HZ+. If we again assume thatp, = O,
To deal with this problem in a simple way, we first allow for then the secular equation has the PJT fSramd its roots are
local MLCT and LMCT interactions by means of standard first- given bye. = + [(H2,)? + b&4Y2 If €2, is very large, so
order perturbational corrections of the electron transfer state (Dthat H2;)? > b?x,2 then there is a single PE minimum and a
and A) potential energies, and we then allow for the D/A relatively large bond order for the EBL bond and/or the
coupling perturbation using a2 2 secular determinant. The  BL—A bond (see the previous discussion). A double-minimum
net result of the several possible first-order CT interactions will sjtuation can only result iH2; is small (thus, approaching the

be to alter the potential energies of the ground (subscript “g”) jimit in section 2, above) or ifipa is relatively large. The PE
and excited (subscript “e”) electron-transfer states as indicatedminjma occur forx, = +(b/K)(1 — H2.,2k2/2b%), and the first-

in egs B3, order corrections to the potential energy are of the form given
. 2 by eq B6, but substitutingdg; for H3,.
Vo=V — € —én— épa T kX2 A more appropriate model for this limit is obtained by
(B3) defining the PE functions for the equivalent three-state problem
Vo=V — €' — ey’ + pa + kX2 as in eq B7 and again settilg/° = €2, = 2H2;. The form of
where theVare PEs in the absence of any CT interactions, the V =V — Ax+ Kd/2

i ande; are local charge-transfer stabilization energies (L for
ligand-to-metal charge transfer; M for metal-to-ligand charge
transfer) for the ground and excited states, respectivelyegnd

= Boa%AEp, is the stabilization energy arising from direct D/A . , ) o )
coupling. In general the; = H;%/E; are functions of the the coefficient A’ appropriate for this limit requires some

electron-transfer coordinate, This dependence can be ex- comment. A displacement along the coordinaté eq B7
pressed in terms of a first-order Taylor's series expansion aroundcorresponds to the delocalization of charge in nearest neighbor

x=0, as in eq B4. One expects bghande; for the local CT CT interactions. This will increase the stabilization eneegy,
only if the D—BL and/or BL—A bond orders are incrementally

(B7)
V= Ve + Ax + kX2

€ = € 1 [(9€;/0%),—o]X (B4) increased as the bond order in the bridging ligand is decreased;
that is, the competition between charge localizing and delocal-
interactions to vary withx. If GP= [Ej + kj(x — x2)?/2] and if izing factors, discussed above, should appear in the definition
B = Hjj = Hf + ajx, thene; may be expressed as in eq B5, of A, and the result should decrease the valu&'af Apa is
wherea;; = (Hj/E;), Aj = k;j(x°)%/2, and we have set= r(k;a;/ sufficiently large compared tdct. For small corrections, we
2) (see the following section). The signs of the correction terms can treat the decreaseAin terms of an attenuation factdt,
ineq B5 i.e., A = A'f, where A’ is given by eq B5. Recalling that we

are dealing with incremental changes dgr, an appropriate

expression would bé= [(021)%Acr — S(@2x)Apal/(0&1) e,
(B5) where s is a scale factor, scaling thea corrections to be
= €;° + 2(0y + oy )xy/ kA2

€ = €;° T 205X + ¢ kijxij"x/Eij

appropriate foect; we takes= AEpa/Ect. These expressions

and parameters for the RUCNRu complexes described in this
will be different for the contributions to the ground and excited report indicate that~ 0.9 for these Comp|exes_ Consequenﬂy'
electron-transfer states, so that the result in eq B5 may beye shall sefd ~ 202 [KetkerAcr/2]12 in the remainder of this
summarized by = [ef + Ajx]. _ discussion.

b. The Symm'etrllcai Limit in the Absence of CT Coupling 1o The resulting secular equation has roots given by eq B8. For
or from the Bridging Ligand: A Connection to Standard
Electron Transfer Formalismsin the symmetrical limitvg =
V¢ = Ve, and in the absence of CT coupling with the bridiging
g?angrﬂi%; fzorﬁ'éA -Ebe, t?])é ?ggt: z?l:m; r;%sufsruggggtirgﬁtgfe our purposes it is Nsuffjcient Nto considerothe spe(':ial case in_which
given bye, = £(Hp3, + bX). Substitution into eq B6, withj Apa < Act, Hpp ~ Her, b~ 0, and|He| > |’_AX|' Fgr this
= ¢ = 0, results in ground-state PE minimaxat= +b/k and example e = +(Hv2 + Axv'2), so that the single, displaced

€, = H[(He + AX)® + (H3, + b3 (B8)

potential energies ad, are given by eq B6 (assumirkg = ke). ground state PE minimum is given by eq B9. As before, a
V(%) = V° — HR, — b2k ) (Vohn & V° = Hav/2 — ap?Acy/2 (B9)
B6
V(%) = V° + H2, + 3b%2k double-minimum solution is possible only fig; + A'X)? < (

Hp, + bx).2 The important new feature of eq B9 is that the
For the limit in which|H2,| < b%2k, these equations can be vibronic coupling can result in stabilization of the ground state
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beyond the stabilization expected based on optical absorption.

Thus, the matrix element for optical absorptionHga =
(H3a + bx) so that the expression for ground-state stabiliza-
tion, based on eq B8, can be written as in eq B10.
e’ = [(Hgr + A%)? + (Hpa) ™ (B10)
4. Unsymmetrical Donor—Acceptor Systems with CT
Coupling with the Bridging Ligand. This is the limit most

pertinent to the cyano-bridged complexes of concern here. In

this limit, and using the three-state approximation introduced
above, we can s&fV° = AEpa + 2¢2; = A (see eq B7). Itis
useful to describe the PE functions as in eq 16. With this
definition, the procedures described above result in eq B11
(assuming theékct = kpa).

Vi = —A'x + kxX/2

Vo= A+ Ax+ ké/2 (B11)

Since the vibronic matrix element l8pa = (H3s + bX), the
resulting secular equation gives rise to eq 29 for the ground-
state stabilization energy.

Supporting Information Available: Tables 1s, 2s, and 3s
and Figures 1s7s (13 pages). Ordering information is available
on any current masthead page.
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