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A series of binuclear complexes of general formulsgRu—BL—Rul',,"* where L and L are monodentate or

bidentate ligands bound to one metal center and BL is a bridging ligand are analyzed with the recently reported

unified solvation model (USM). The solvent dependenc@Bif,; andE;r data are analyzed for cases where L
is the same as’land where L and Ldiffer. Data for the change &, andEr as the Lewis base, B, is varied

in (bpy):CIRupyz Ru(NH)4B (where bpy is 2,2bipyridine and pyz is pyrazine) are also correlated. The USM
provides the relative contributions of specific and nonspecific solvation to the solvent dependence of the

physicochemical property. The factoring of the solvent dependence permits the construction of potential energy

surfaces providing unprecedented detail concerning the influence of solvent-dmueptor and solvation
contributions to these measurements. The ability of USM to correlate Fra@lmkdon energies and the failure

of donor numbers (DN) to do so emphasizes the need for a dual parameter treatment of the specific interaction.

In contrast to nonsymmetrical binuclear complexes, the solvent dependence Ef th@nds for symmetrical

complexes is not correlated by solvent donor and polarity parameters but is fit to the dielectric constants and

refractive indices of the MarcudHush dielectric continuum model. A rationale for this disparate behavior of
symmetrical and unsymmetrical binuclear complexes is given.

Introduction contributions to the measured property with the subscripts A
and B referring to acceptor and donor parameters. The

In the area of solvent effects, it has been widely accepted - 4
combined equation

that the solvent dielectric constant, dipole moment, refractive
index, or various fgnctions_thereof fail to e>_<p|ain the _influence Ay = E* ,E + C*,Cy + PS +W 3)

of solvent on physicochemical propertfeshis conclusion has

Ie*d to various empmcal spales of solvent. polarify .E.T(3O)' treats systems in which both specific and nonspecific interactions
7", etc.} which, in most instances, combine specific donor contribute2cd

acceptor interactions and nonspecific interactions of solute with
solvent into a single parameter. A unified solvation model
(USM) was offeredto provide a set of solvent parametess,
that could be used to estimat®nspecific salation with the
equation

From this perspective it is not surprising that atterhpts
understand the solvent dependence of the kinetics of electron-
transfer reactions and the energetics of intervalence transitions
(IT) in mixed-valence compounds with a dielectric continuum
model that employs the solvent refractive index and dielectric

Ay =PS+W 1) constant _could b(_a incomplete_._ Such imprope'r estim_ates of
nonspecific solvation and specific doreacceptor interactions
Ay is the measured physicochemical property in a solv@nt, can lead to incorrect conclusions about the important factors
is the solvent parameter that gauges the magnitude of theinfluencing the chemistry.

nonspecific solvationP is the susceptibility of the probe to A modification of Marcus-Hush theory which uses Sto
solvent effects, andV is the value of the physicochemical gauge nonspecific solvation and eq 2 to treat specific interactions
property wherS equals zero. Specific solvensolute interac- was reported? The model successfully correlated bimolecular
tions are treated with the physicochemical version oftted electron-transfer rates for the metallocenésG(~ 0) and
C equatiof§ concluded that there is no basis for a reporteslvent friction
correction in the interpretation of this data when proper estimates
Ay =E*pEg + C*,Cg + W (2) of solvation are made. This conclusion illustrates the point that

] the goal of data fits with USM is not simply data fitting, but
where E*aEg and C*ACg are the electrostatic and covalent more importantly, to provide an understanding of the funda-
mental factors influencing the solvent dependence of the
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Table 1. Fit of Spectral and Electrochemical Data for (yy{Ru'(pyz)RU" (NH3)sB

Evo(RUB)(CHsCN)  AE;(CHICN) Err(CHsCN) E1(RUB)(DMF) AE1(DMF) Err(DMF)

B2 exptl calcd exptl calcd exptl calcd  exptl calcd exptl calcd  exptl calcd
CsHsN 0.722 0.702 0.283 0.274 1.046 1.033 0.455 0.453 0.538 0.533 1.378 1.351
4-CHsCsH4N 0.684 0.684 0.296 0.295 1.051 1.060 0.424 0.441 0.548 0.539 1.360 1.360
3-CIGsH4N 0.769 0.745 0.223 0.225 0.950 0.969 0.485 0.483 0.515 0.518 1.319 1.329
3,5-(CH;).CsH3N 0.667 0.677 0.296  0.303 1.070 1.071 0.450 0.436 0.531 0.542 1.348 1.364
3-FGH4N 0.709 0.742 0.228 0.229 0.990 0.974
4-AcGsHN 0.762  (0.764) 0228 (0.208) 1.04 (0.95 0437 (0511 0527 (0.490) 1.37  (1.31)
NH3 0.553 0.552 0.418 0.420 1.198 1.198 0.255 0.255 0.720 0.720 1.512 1.512

2 The experimental data are reported in ref 6. HaeandCg values employed are given in ref 3. The 440, 3-F, and 3,5 dimethylpyridine
employedEg values of 1.59, 1.67, and 1.85 wi@ values of 3.37, 3.11, and 3.80, respectively, see ref 3c. Because of uncéitaihiyEs and
Csg values, 4-AcGH4N is given 0.1 the weight of the other donors in the data fit and is not included in the calculations of the fit devtafioas.
first half-wave potential of the complex in volts, V, attributed to the Rug)¥Bl fragment in CHCN solvent. Calculated witl; 00 = —0.315
(£0.043Fs — 0.011 @-0.016Cs + 1.303 (0.042);x = 0.015, % fit= 6.8; Ca*/Ea* = 0.034.¢ Difference in the first and second half-wave
potentials of the complex in volts, V, in GBN solvent. Calculated withE;, = 0.332(:0.011Fg + 0.020 ¢0.004Cs — 0.388¢0.019);%x =
0.003, % fit= 1.5; Ca*/Ea* = 0.06.9 Energy of the intervalence transitidfr in electron volts in acetonitrile solvent. Calculated wiEh =
0.406¢-0.03)Es + 0.0337 ¢0.01)Cgs + 0.191¢-0.03);Xx = 0.010, % fit= 1.3; Ca*/Ea* = 0.08.¢ Same as footnotke in DMF solvent. Calculated
with Ey* = —0.321@0.03s + 0.019 @0.009Cs + 0.959¢-0.00); X = 0.007, % fit= 3.0; Ca*/Ea* = 0.06." Same as footnote in DMF
solvent. Calculated witiAE;;, = 0.257@-0.02)Ez — 0.034 ¢-0.006Cs + 0.198¢-0.00); X = 0.006, % fit= 2.9; Ca*/Ex* = —0.13.9 Same as
footnoted in DMF solvent. Calculated witlier = 0.252¢0.04)Fg — 0.018 0.013Cs + 0.967@0.00); X = 0.011, % fit= 5.5; CA*/Ep* =
—0.07.

been used successfully to f, and E;r values for binuclear quantity AE;, is the difference in the second and first half-
complexes where the bridge capping grouips, the two metal wave potentials.
environments) are different and one metal center has hydrogen-

bonding acceptor ligands (NjH For these cases, the usual AE,,= El,Z(RuB) — E;;,(RU"B) (4)
observation is thakr values do not correlate well with (27

— 1/Dg) but do correlate with DN. On the other haifgl; values With the solvent held constant, the experimental data are fit
for the symmetrical AE = 0) binuclear complex [Ru(N#Js- to eq 2 using reportédeg and Cg values for B. As can be

(4,4-bpy)Ru(NH)s]>* (bpy is bipyridine) correlate well with  seen, there is excellent agreement between EhgRu*B)
(1m? — 1/IDs) despite the presence of NHigands which experimental values and those obtained (calculated) by substitut-
undergo specific hydrogen bonding interaction with donor ing the reportetidonor Eg and Cg values into the equations
solvents. While donor numbers do not correl&te data for given in the footnotes to Table 1. The equations are the best
the symmetrical [Ru(N)s(4,4-bpy)Ru(NH)s]5+ complex, data  fit parameters for eq 2 from the individual data fits. TAEy
for other complexes with identical capping groups are better fit andEr values are fit even better thdh(Ru*B) as indicated
with donor numberg? by x and the percent fit (10& X/range of values). The same

In this article, the unified solvation model will be extended electrostatic and covalent donor parametéfs §nd Cg) that
to interpret solvent influence on the redox chemistry and are used to predict the enthalpy of interaction of these donors
spectroscopy of mixed-valence binuclear ruthenium complexeswith a wide range of Lewis acids correlate variations in the
and their monomeric analogs. It will first be shown that Eiz, AEi, andEqr values for these unsymmetrical binuclear
variations in redox energies arigly due to contributions of complexes. Thé&V values from these fits provide an estimate
inner-sphere donor ligands can be correlated well by the model of the physicochemical property of a hypothetical complex with
of eq 3. The model will then be used to estimate the aligand B attached that has dispersion but no donor or acceptor
contributions of specific and nonspecific solutlvent interac-  tendencies with respect to the metal center.
tions to the redox energetics and intervalence band energies of The relationship betweer andAE,, for these complexes
binuclear mixed-valence complexes. Explanations will be has been discussed thoroughly by Curtis and co-wdikérsey
offered for the requirement of different properties to understand show that in the context of Marcug{ush theory, eq 5 applies
the solvent influence on symmetrical and unsymmetrical bi-
nuclear complexes. Finally, the solvatochromism of related Er =Erc+ AE

mononuclear complexes will be examined. = Eqc + AE,, + TAS+ [E,(RU) — E (RU)]
Results and Discussion =E .+ AE, + X (5)

Donor Variation in [(bpy) 2(CHRu" (pyz)Ru" (NH3)4B]**.
The first data set analyzed involves donor, B, variation in the
series of complexes [(bpyC)RU' (pyz)RU" (NH3)4B]*" (where
bpy is 2,2-bipyridine, pyz is pyrazine, and B is a monodentate
donor ligand trans to the bridge). Table 1 summarizes the
reported electronic transitionskr, and half-wave potentials
of base adducts in the solvents €N and N,N-dimethyl- _ _ - _
formamide (DMF). The label (RB) refers to the Ru(Ng)4B Ru@(ll) RU*(Ih +Ru5(lll) Ru(IN) ZRLF(”) Ru“(lzg)
fragment, and the label Ruefers to the Ru(bpy! fragment;
Ru is assumed to be Ru(lll) unless otherwise noted. The order energy difference between the *Rl) —Ru(Il) and

. . Rur(I) —RU(I1) states, andErc is the Franck-Condon energy

© Srtis, J. C- Sullivan, B. P.; Meyer, T. lhorg. Chem 1983 22, arising from the vertical nature of an intervalence transition.

(10) Lau, K. W.: Hu, A. M.-H. Yen, M. H.-J.; Fung, E. Y.; Grzybicki, S.: A consequence of the analysis expressed in eq 5 isBhat
Matamoros, R.; Curtis, J. Gnorg. Chim. Actal994226, 137. and AE;, are strongly correlated quantities. Indeed, if the

for a given mixed-valent binuclear complex, whd&g(RU*")

is the hypotheticalEy, of the R site if the effects of
electrostatic interaction and electronic delocalization between
the sites are removedAE;; represents the free energy change
for the comproportionation reaction of eq AE is the zero-




Ruthenium Ammine Complexes

hv.E

(01155I

AE~-0390V+X

(a)
l+ 3-CICsHN

AE=0225V+X

AE~0420 V+X

©

Q
Figure 1. Influence of ligand coordination on potential energy curves
in CHsCN solvent: (a) [Ru (bpyCl(pyz)Ru(NH;)B** in CHiCN;
(b) Ru(bpy}Cl(pyz)Ru(NH)4-3-CIGsHJN**; (c) Ru (bpy}Cl(pyz)-
Ru(NHs)s-NHz*". The dashed line is R(Il) —Ru*(ll) and the solid
line is RU(II) —Ru(lll). Q is a plot of the RG—N distance as the sum
RU’—N and R&—N is held constant.

variation of theErc, AS and Ey»(RU¥') terms with changing
ligand B is negligible, thed(E;r) = 6(AE;),) for two different
B ligands. This correlation has been experimentally verified
for the compounds in Table 1, as shown by Curtis and
co-workersS and 6(Eir)/0(AEyz) = 1 (acetonitrile solvent).
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by the covalent interaction. SinceE;, represents the differ-
ence in the minima of the two potential energy curves, the
dominance ofAE;; by the electrostatic term implies that the
difference in the bond strength of the metgand interaction
for RUE(I11) —Ru(11) —B compared to R(I) —Ru(lll) —B is
mainly electrostatic.

The positiveEx* and Ca* for the Ejr fit indicates that stronger
donors,i.e. largerEg andCg, increaseEr as seen for a change
in B from 3-CIGH4N (Figure 1b) to NH (Figure 1c). The
energy of the intervalence transition is also dominated by the
electrostatic bond-forming properties of the donor. In this case,
increased electrostatic interaction of B with®Rncreases the
transition energy because the excited state of the

(bpy),CIRU' (pyz)RU" (NH,),B —
{ (bpy),CI RU" (pyz)R'(NH,),B} " (7)

transition is stabilized less by a strong electrostatic donor than
is the ground state. Thus, in FigureBy is seen to increase
as AEy; increases. Again, Nfhas a greater influence than
pyridine on this transition because of its lardggyvalue. The

W value refers to the same transition, AR0) —Ru(lll) —
RU(IIN —Rux(11), in all systems.

Figure la illustrates the ground and excited intervalence state
potential surfaces for the hypothetical compound [(bBIRU"-
(pyz)RU" (NH3)4B°]**, where the ligand B has no donor
character Eg = Cg = 0). The large negative value o
(—0.388 eV) from theAEy; fit suggests that in acetonitrile the
ground state of this hypothetical complex isfRU) —Ru*(Il)
assuming that the correction tedris small. When true donors
are substituted for B8 the ground state becomes AR —
Ru*(lll) as observed for all the ligands in Table 1. Coordination
of a donor to Ré lowers the energy of the R(l) —Ru*(Ill)
state more than that of the Rul)—Ru*(ll) state as a
consequence of the higher Lewis acidity ofRU) compared
to Ru(Il).

Compared to CBCN, the more basic but less polar solvent
DMF decreaseg;,» (Ru*B) and increaseAE;;; by 0.12-0.30
V. This is attributed to an increase in electron density on the
nitrogen of the ammonia ligand from hydrogen bonding to the
stronger donor solvent, DMF, and will be discussed in detail
below. The trend in DMF solvent with varying B is the same
as that in CHCN with the electrostatic component of the donor
dominating the trend. However, it is interesting to note that
the main difference in th&E;/, values in the two solvents is

Therefore, for the systems in Table 1, the comparable quality attributed to theW value. The positiveV value for AE;s; in

of the fits eq 3 forAEy, andEir are not surprising.

The parameter&a*, Ca*, and W from fits of the redox
potentials andg;r enable us to construct the potential energy
surfaces shown in Figure 1. Note that the quantitsnust be
used to relateAE;;, to AE (see eq 5), anX and Erc are

DMF leads to [CIRU(pyz)RU" (NH3)4B9*" being the hypotheti-
cal ground state even with°Battached (again assuming thét
is small). This is attributed to the stabilization of ®Rul) by

the increased Lewis basicity of the NHhgands resulting from
the 3-center hydrogen bond of DMF to-¥{. Consistent with

dependent on the nature of B. When any one of the bases inincreased stabilization of R(l) —Ru*(Ill) in DMF, the sensi-

Table 1 (or even CECN) is attached to Ry the ground state
in acetonitrile solvent becomes &) —Ru*(Ill). Compared
to 3-CIGH4N, the donor NH lowers the energy of Ridll) —
Ru(l) even more than it lowers Rlll) —Ru(Il), giving rise
to a largerAE for NH3 than 3-CIGHsN. TheEa*Eg andCa*Cg

tivity of AE to the base change is decreased compared to CH
CN solvent as shown by a decreaseEit.

The above discussion and predictions do not consider that
mr-back-bonding occurs from Ru(ll) into pyridine. The net effect
of back-bonding is to lower the R(lll) —Ru*(ll) excited state

values indicate that the dominant property of the base that cause®nergy. If the extent of-back-bonding was roughly the same
AEjpto increase is its tendency to undergo electrostatic bonding. for all substituted pyridines or if it increased in proportion to a

The larger theEg value of B, the stronger the electrostatic
interaction of the base with Ru

decrease in the dond@;s value, theCa* value could accom-
modate these trends in the data fit. This would lead to incorrect

It is relevant that the dominance of the electrostatic interaction predictions if theEa*, Ca*, andW values were used to estimate

with Ru(lll) compared to Ru(ll) leads to a largAE;, for NH3
(Ee = 2.31;Cg = 2.04) than pyridinefg = 1.78;Cg = 3.54).
The opposite donor order would existAfE;» were dominated

results for as-donor whoseCg/Eg ratio differed from NH. The
influence of solvent hydrogen bonding to Ndn theEg and
Cg values of NH could also influence the B= NH3 system
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Table 2. Solvent Effects on Spectral and Electrochemical Data for®pRu(ll)pyz Ru(lll)(NHg)sL4*

(bpy)xRu(IClpyz Ru(lll)(NHs)s4+ (bpy)Ru(I)Clpyz Ru(ll)(NH3)4CsHsN**
AEq Er AEg Er
solvent 8) exptl calcdt exptl calcd exptl calcd exptl calcd
CsHsCN (2.63) 0.400 0.427 1.144 1.153 0.240 0.271 0.957 0.969
CH3CN (3.00) 0.418 0.422 1.205 1.215 0.288 0.293 1.027 0.999
(CH3),CO (2.58) 0.547 0.569 1.205 1.255 0.352 0.385 1.099 1.105
HC(O)N(CH;)o(DMF, 2.80) 0.720 0.679 1.516 1.458 0.541 0.511 1.349 1.308
CH;sC(O)N(CHs), (2.70) 0.714 0.710 1.505 1.493 0.548 0.538 1.373 1.357
(CH;3),SO (3.00) 0.745 0.766 1.589 1.594 0.619 0.605 1.409 1.443
CsHsNO-? (2.61) 0.316 0.304 1.025 0.991 0.196 0.152 0.771 0.787
(CHO)PC? (2.79) 0.633 0.646 1.422 1.482 0.461 0.497 1.278 1.323
P—C (3.10) 0.535 0.547 1.290 1.287 0.340 0.391 1.074 1.092
CH3NO; (3.07) 0.315 0.307 0.994 1.040 0.170 0.152 0.769 0.800
n-CsH,CN (2.70) 0.400 0.410 1.44 1.187 0.203 0.271 1.016 0.992
(CH,)4SG; (2.88) 0.538 0.507 1.265 1.242 0.342 0.350 1.086 1.055

a Experimental data from ref 6. Refindfy andCg values were used in this data fit. Key: NQHs, Eg = 1.27 andCg = 0.57; (CHO)sPO,
Eg = 2.42 andCg = 0.98; CHNO,, Eg = 1.09Cg = 0.70;n-C3H;CN, Eg = 1.81,Cg = 0.54; (CH)4SO;, Eg = 1.61, G = 1.09 and P. C.Eg =
1.51,Cg = 1.32. Known parameters were assigned weights of 1sBsCN, and (CHO)PO values of 0.5 and GNO,, P—C, n-CsH-;CN, and
(CH)4SQ; values of 0.2 in the data fif. Difference in first and second half wave potentials. Calculated Wi, = 0.207 &0.03)Es + 0.245
(£0.04)Cg + 0.019 @0.058 — 0.150 @0.13);x = 0.018;R? = 0.979.¢ Intervalence electronic transition in eV. Calculated Wik = 0.340
(£0.05¥s + 0.159 @-0.06)Cs + 0.193 E0.07)8 — 0.035 (0.2); x = 0.021;R? = 0.969.9 Calculated withAE;, = 0.218 €0.04)Es + 0.194
(£0.05)Cg + 0.087 (-0.06)S — 0.461 @-0.17); X = 0.028;R? = 0.962.¢ Calculated withE;r = 0.373 (0.04)Es + 0.212 (0.05Cs + 0.114
(£0.06)S — 0.105 (0.16);x = 0.025;R?> = 0.985.

Table 3. Solvatochromism of Ruthenium(ll) and (l1l) Ammine Complekes

RU"(NH3)5- RU“(NHg)s- RU“(NH3)4(py)- RU”(NH3)4- RU“I(NHg)s- AE]_/z(RU-
Ru'(NH3)spy 4CNpy* (bpCH;") (bpCH;") bpy dmapy (NHa)aL)
solvent exptl calcl exptl calcd exptl calcd exptl calcd exptl calcd exptl calcd exptl calcd
CHsCN 2457 2451 1842 1840 17.12 17.08 17.95 17.91 19.12 19.01 16.98 16951 -—-1.50
CsHsCN 2427 2450 17.92 (18.34) 16.67 (17.05) 17.04 (17.88) 18.98 1893 17.15 17.10
(CHs3).CO 2392 23.85 18.18 18.10 16.53 16.43 17.48 17.36 18.73 18.61 17.33 1+4M6 -—1.44

HC(O)N(CHs), 22.94 23.03 17.21 1736 1520 1536 16.18 16.35 18.05 18.13 18.62 184824 -1.28
CH:CON(CH:), 22.78 22.78 17.06 17.09 1493 15.00 15.87 16.02 17.92 1795 1898 18.91
(CHs):SO 2252 2249 1712 17.00 14.88 14.74 15.95 1579 17.83 17.86 18.80 18922 -1.18
[(CH3):N]sPO 2179 2174 16.16 16.17 13.72 13.66 14.99 1479 17.36 17.27 20.28 20.30
pP—C 23.98 24.09 1832 1851 16.67 16.88 17.57 17.77 18.80 18.90 16.89 164645 —1.48
CeHsNO, 18.35 (19.00) 16.89 (18.06) 17.76 (18.81) 18.98 19.42 1594 16.13

aThe experimental data are from ref®@Metal to ligand charge transfer transition in Ru(Il)(§)5iICsH4N?" in 10° cm~. Calculated withy =
—1.64 ¢0.3)Es —1.01 {0.5)Cs — 0.14 &0.8)S +28.34 (-0.1);X = 0.08.¢ MLCT [Ru" (NH3)5(4CN-GH,NCHs+)]3* (4-cyanoN-methylpyridinium
in 10° cm™). Calculated withv = —1.65 @0.2)Eg —0.19 #0.3)Cg + 0.08 (0.5)S +21.00 @0.1); X = 0.09.¢ MLCT in [Ru"(NH3)s(NCHs-
4,4-bpyH)]*" (N-methyl-4,4-bipyridine) in 1¢ cm™. Calculated withv = —2.27 @0.3)Es —0.82 @0.5)Cg —0.05 0.8)S +21.53 @0.1);X =
0.010. Systems in parentheses were omitted from the fit and calculated with the above e§WitiGi. in [Ru"(NHs)4(CsHsN)(NCHs-4,4 -
bpy")]3* in 1B cm™2. Calculated withy = —2.12(+0.4)Es —0.66 @0.5)Cs —0.06 (£0.9)S +22.0 5¢0.1);x = 0.015." MLCT in Ru(ll)(NH3)bpy?*
in 10°cm %, Calculated withy = —1.08 ¢-0.1)Fs —0.43 @-0.2)Cs +0.12 @-0.3)S +20.73 ¢-0.1);Xx = 0.011.9 LMCT in Ru" (NH3)s(NCsH4N(CHs)2)?"
(4-dimethylamino)pyridine) in f0cm*. Calculated withy = 2.53 &0.1)Es +0.102 0.1)Cs —0.28 @0.2)S +13.59 (0.1);Xx = 0.10." AEy;,
given by Ei;, (pyd™) — Ep(RU™") for [Ru(NH3)s(4-CN-NCHCsHN)]3T in V. Calculated withAE;; = 0.324 @&0.04)Eg +0.098 &0.1)Cs
+0.059 @0.06S — 2.28(+0.03);x = 0.03.

and be a source of error iBy*, Ca*, and W values from the nitrobenzene, DMA, DMF, acetonitrile, DMSO, nitromethane,
fit. Resolution of these problems requires study of ligands that benzonitrile, propylene carbonate, and HMPA), we examined
are non-protonic and are only capablecsbonding. Such a  correlations ofS with 1/Ds, 1/n? — 1/Ds, dipole moment, and
study has the potential of detectingraando-donor component  DN. The best of the resulting poor correlations was withgl/
to the interactions discussed above and of providing a more (r2= 0.53). This is not surprising sin&is derived to a large
reliable set ofEx*, Ca*, and W values for prediction of the extent from data for spectroscopic transitions that involve a large
influence ofo-donors. dipole change from the ground to the excited state, and energies

S Correlations with Other Relevant Parameters. Before of such transitions are expected to depend strongly on the static
analyzing solvent influence on these complexes, it is useful to dielectric response of the solvent to the dipole moment of the
assess the relationships$f Eg, andCg to various parameters  ground state. The correlation with2/— 1/Ds was very bad
used in the literature to fit data for mononuclear and binuclear (r2 = 0.3).
ruthenium complex ions. The analysis will be limited to a set  Correlations ofS with either dipole moments or DN are
of solvents that are commonly used in these studies. Generally,virtually nonexistenti? < 0.1) for these ten solvents. It should
these are solvents wit values> 2.5. be noted that some correlation 8f with dipole moment is

We first note thasS itself is not correlated with eitheg or present when a larger range of solversvalues from 1 to 3)
Cg (r? = 0.0 for 12 polar solvents in Tables 2 and 3 with well- is considered. Clearly 'Sdoes not correlate to any of the
establishe®, Eg, andCp values). Thus, fits with eq 3 willbe  properties of polar solvents commonly used for the solvent
unique sinceP, Ea, and Ca will be uncorrelated variables in ~ dependence analyses of these complexes.
the optimization. Effects of Solvent Variation on Spectroscopic and Elec-

For 10 solvents used extensively in this work (acetone, trochemical Data. The influence of solvent variation on the
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Figure 2. 2. Potential energy surfaces for the mixed valence binuclear
complex (bpy)RU'Cl(pyz) RU" (NH3)s** (solid lines) and (bpyCIRU"-
(pyz)RU'(NH3)s** (dashed lines). Part a indicates thE in a nonbasic,
nonsolvating solventHg = Cg = S = 0) with the resultingg;r. The
values given are for Ru(Ngjs and those in parentheses are for Ru-
(NH3)4CsH4N. Part b indicates the influence B = Cg = 0 andS >
O on AE and on the correspondirigr. Part ¢ represents the situation
for Eg = Cg = andS = 0. The numbers given are for (GSO solvent.

AE;; and Eir values of the B= NH3z and B = pyridine
complexes in Table 2 have been correlated previously with
donor numbers (DN§.7 Fits comparable to the ones obtained
using eq 3 result when the solvents in Table 2 are fit to the
donor number scale. However, the literaf@#é!lindicates that
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the values for [bpyCIRU(pyz)RU(NH)4B]34/5+ (B = NHy)

are indicated and those for CsHyN are given in parentheses.
As above, the values &E;;, andE;r will be strongly correlated
(eq 5). In this analysis, the values Xffor different solvents
are expected to be approximately equal. The valuAaBfis
clearly more negative for the pyridine analog than for the
ammonia complex as anticipated from our discussion of Figure
1.

The nonspecific solvation contribution to the measured
guantities is given byS. For AE;, the P values are zero
within experimental error or small (0.02 0.05 and 0.09t
0.06 respectively for B= NH3 and pyridine with errors reported
as oneo) indicating that the nonspecific solvation of &) —
Rur(Il) and R —Ruw(ll) is comparable. It should be
emphasized that nonspecific solvation in this case involves
solvating a very large complex ion that has solvent in the first
solvation layer specifically coordinated to NH

The bulk solvent is therefore far removed from both Ru
centers. Thus, in a solvent that is a poor donor (i.e. in a
hypothetical solvent, S, witkg = Cg = 0 andS = 3) theP
value from this fit indicates that nonspecific solvation of (py)
CIRU" (pyz)RU'(NH3)sS,*" would not be able to reverse the
ground states. This is illustrated in Figure 2b where the states
have the same relative energy differences for the minima as in
a solvent withS = 0. In contrast, the contribution ¢¥S to
the variation inEy is substantial = 0.21+ 0.07 eV for B=
NHs3). As shown below, this indicates that the nonspecific
solvation contribution has a significant effect on the Franck
Condon energy for the transitioBrc.

In all solvents studied, the dominant contribution to the
change inAEy,; from that of theW value comes from the
specific hydrogen bonding interaction. TBgR*Eg + Ca*Cpg
contribution is large enough that even in the weakest donor
solvent studied, the magnitude of this term overcomes the
negativeW term makingAE;, positive and the ground state
R (pyz)RWINHs. This leads to the potential energy curve
shown in Figure 2c for the solvent DMSO.

The W values forg;r are—0.03+ 0.2 and—0.1+ 0.2 for B
= NHgs and pyridine. These are zero within experimental error
but are shown foEr in Figure 2a for purposes of illustration.
The influence of nonspecific solvation &jyr is slightly larger
than that onAE;;. In (CHg),SO, B= NHj3 has a 0.6+ 0.2
and B= CsHsN a 0.3+ 0.2 eV contribution fromPS. The
above discussion of the parameters from the fits of the data in
Table 2 are summarized by the potential energy curves in Figure

The dominant influence of the solvent &, » involves the

the one-parameter donor number scale is a complex combinatiorSPecific interaction which consists of an electrostatic and
of a one parameter description of donor strength plus a covalent component. For (GHSO, the specific interaction

nonspecific solvation component. Good correlations with DN

makes a 0.8 eV contribution to the solvent effect when=B

do not lead to understanding of the separate specific andNHsor CsHaN. The electrostatic and covalent terms £,

nonspecific components of the interaction. This will be shown
to cause problems wheBr — AEi;, the Franck-Condon
Energy, is fit to donor numbers. Accordingly, the experimental

and forEr have the same sign. The negative end of the solvent
dipole hydrogen bonds more strongly to the ammonia of
RUE(I) —Ru(lll) than to RU(III) —Rux(ll). Thus, the specific

data in Table 2 were analyzed with eq 3, and the results aredonor—acceptor interaction stabilizes the/iRl) —Ru(lll) state

given in Table 2. The errors given in the footnotes to Table 2

more than the Riflll) —Ru*(Il) state and influences bothEj/,

should be consulted to obtain the error limits on the parameters.@nd Eir as shown in Figure 2. The stabilization of the
In several instances the parameters are comparable in magnitud®W(Il) —Ru(l1l) state by this specific interaction leads to a

to the error in them indicating that if they were zero there would

positive Ex* term andCa* term for both AE;, andE;r. The

be no difference in the fit. The resulting parameters are used covalent contribution to the bonding is best understood in terms

to construct the potential energy curves in Figure 2. We

of a three-center molecular orbital description. The electron

values lead to the potential energy curve in Figure 2a where density in the nonbonding orbital is mainly on the ammine

(11) (a) Riddle, F. L., Jr.; Fowkes, F. M. Am. Chem. Sod99Q 112
3259. (b) Lim, Y. Y.; Drago, R. Slnorg. Chem.1972 11, 202.

nitrogen and the donor solvent atom. This density on nitrogen
stabilizes the Ri(I) —Ru(lll) state increasingAE;,, and Er
as reflected by a positiv€x* for both AE;, andE;r.
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A larger change inEr than in AE;;, with specific and
nonspecific solvation is accounted for by a change in the minima
of the potential energy curves on tieaxis as shown in parts
b and c of Figure 2.

The quantityEr — AEy, is related to the FranekCondon
energy? Specifically, if X is constant in eq 5, thed(Er —
AE) = 6(Erc) as the solvent is varied. A poor plot Bfr —
AEj, vs the solvent donor numberesulted in a correlation
coefficient of 0.74 for the pentammine system. The fit of the
pentammine system to eq 3 produces Yan= 0.02 and a
correlation coefficient of 0.92 wittW = 0.11 + 0.2, Ep* =
0.13+ 0.03,Ca* = —0.09+ 0.04, andP = 0.17+ 0.1. The
Ea, Ca, P, andW parameters are in good agreement with the
values obtained by subtracting tBg*, Ca*, and W values for
E;r from the corresponding values fanE;» (e.g. Ea*(Eir) —
Ea*(AE1) = Ea*(Eir — AE1)) as expected. For the solvents

Drago et al.

model often used in fitting spectroscopic data for these systems.
For symmetrical mixed-valence binuclear complexes, a term
proportional to 1Ds that applies for unsymmetrical binuclear
complexes drops out since the IT transition does not change
the magnitude of the dipole moment. Only a term proportional
to (1,2 — 1/Ds) remains whemE = 0.

The term (1§? — 1/Dg), referred to as the Marcusdush
function, has been used successfitly fit the solvent depen-
dence ofg;r for related symmetrical mixed-valence compounds.
The quality of the fit can be improved by applying a variety of
corrections, but even the simple plot Bfr vs (1/? — 1/Ds)
usually yields straight lines with relatively little scatter. Two
symmetrical binuclear complexes related to the unsymmetrical
complexes discussed above, [Ru(e#,4-bpy)Ru(NH)s]>*
and [(bpy}CIRU'(pyz)RU" Cl(bpy)]3* , will be discussed to
provide a more complete treatment of solvent influence. Both

employed, the one-parameter donor number (DN) scale has adre valence localized ions with strongly solvent depenégnt

major contribution from a specific doneacceptor interaction
with a C/E ratio of 0.6 and a small contribution from nonspecific
solvation. The FranckCondon (FC) energy has a significant
contribution from nonspecific solvation and as a re&iltCa,
and S provide a better fit than the donor number scale. The
small R? value (0.85) for the USM fit is a consequence of the
small range in the values that are fit (0.11).

The extent to which real effects are averaged out in the one
parameter plots is illustrated by the observation that, contrary
to expectations, subtracting two straight line plots of energies
(Er and AEy») vs donor numbers from each other does not
give a straight line. Thus, the deviations in the donor number
plots are significant but are hidden in the statistics. In contrast,
not only are theEgc values fit to USM but subtracting tHea*
andCa* and W parameters foAE;, from E;r gives parameters
that are within the error limit of th&gc fit. This is a very
positive feature of the USM model compared to DN.

Our explanation of the origin of changes in the Franck
Condon barrier as a function of solvent differs from that offered
by Chang et af. They attribute the changes in the barrier to
bond length variations resulting from the donor strength of the
solvent hydrogen bonding to coordinated ammonia. The
parameters from the USM analysis indicate that the dominant
contribution is from nonspecific solvationg. the PS term. The
USM view is in keeping with the expected dominance of the
dielectric continuum contribution when metdigand bond
length changes are small for redox couples.

Solvent Effects for Symmetrical Binuclear Mixed-Valence
Compounds. As a measure of solvent polarit§s has both
dispersion and dipolar contributions contained in the single
parameter. The values f& are derived to a large extent from
data for charge-transfer transitions in which the magnitude of
the molecular dipole moment is different for the ground state
and the excited state. As a result, the differenceSiare
dominated by the dipolar term. Therefore, Bigparameteriza-

values. In the case of the latter ion, donor-acceptor interactions
with solvent are minimal. A good fit to (# — 1/Ds) results,
and, as expected from the lack of correlationsSofvith (1/52

— 1/Dg), eq 1 does not fit th&r values for this symmetrical
mixed-valence ion. In [Ru(NkJs(4,4-bpy)Ru(NH)s]>, sig-
nificant hydrogen bonding by donor solvents to ammonia occurs
in the first coordination shell. The data are poorly fit by eq 3
or by DN. The solvent dependencemf is well fit1® by (142

— 1/Ds) and the contribution from the doneacceptor interac-
tions is negligible.

Given the extensive donor interactions between ruthenium-
bound ammonias and donor solvents, it is initially surprising
that theEr for the decaammine mixed-valence complex above
does not correlate well with measures of solvent polarity and
donor propertie3® Neither DN orE, C, andS provide data
fits. Instead, the correlation with the Maretidush function
(1ip?2 — 1/Dg) is strong, and when reasonable values are assigned
to the transition dipole length and an ellipsoidal cavity model
is used, the quantitative agreement between the model solvent
shifts and experiment is godé. A simple model described
below provides a qualitative explanation for the lack of a
significant role for solvent polarity and donor-acceptor interac-
tions in the intervalence transition energies for some symmetrical
binuclear systems.

For a simple symmetrical mixed-valence binuclear ion without
specific, orienting interactions with solvent, e.g. [(bg®))-
Ru(pyz)Ru(bpyjCl]3*, the origin of the ()% — 1/Ds) depen-
dence on solvent is easily understood. The rapid electron
promotion of the optical intervalence transition leads to a charge
transfer from one center to the other, and the only portion of
the dielectric continuum polarization that can follow the
transition is the electronic polarization. Of the total Born
dielectric solvation energy, const (1 — 1/Dg), the electronic
energy component is equal to const(1 — 1/43). Thus, the
remaining energy barrier to the transition is corg(1 — 1/Ds)

— (1 — 1/p?)], or constx (1/y? — 1/Dg). This term then reflects

tion is not necessarily valid in the special case of transitions e congributions of “orientational” polarization to the energetics.
with no change in the magnitude of the molecular dipole o he polar solvents involved in the studies treated hebs 1/
moment. Such a transition is more dependent on the solventis gmall compared to ## and the MarcusHush solvent
dispersion interaction with the solute than tBeparameter  jopendence i is determined mostly by the refractive index.
differences are. It was asserted in the previous section that eq

3is useful for separating Spe_CIfIC and nonspecific solvation terms (12) gquation 2 has mainly been applied to 1:1 adducts. Since it
in unsymmetrical bridged binuclear complexes. However, eq accommodates the specific hydrogen bonding interaction forkth

3 i ot expecte o provid suh a separaton o reated cases a1y ofalsobis Mol i thr s same e
where dispersion forces dominate the nonspecific interaction  ;oqin a regular fashion with donor strength. Furthermore, the effect
andS is inappropriatej.e., for symmetrical bridged binuclear

of coordinating the first and the following solvent molecules has the
complexes, where the magnitude of the dipole moment does same proportionate influence on coordinating subsequent molecules
not change following the electron-transfer event.

in the second coordination sphere for all solvents.
Much the same situation applies for the dielectric continuum

(13) Hupp, J. T.; Doug, Y.; Blackbourn, R. I.; Lu H. Phys. Chenil993
97, 3278.
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Now consider the case of a complex ion that orients the hydrogen bonding are noted in ti#® fit of the Er bands
solvent in the first solvation shell, e.g., due to specificton  consistent with earli@ conclusions for ferrocene electron
dipole interactions. Since a large fraction of the energy barrier transfer kinetics.
to charge transfer arises from this first sHéllwe must Solvatochromism in Ru(NHs)s—xL x Complexes. The metal
incorporate the restriction of solvent orientation into the model. ligand charge-transfer transition in IRiNH3z)s—x(Lx)?" and the
The effect is often modeled by the assumption of dielectric ligand to metal transition in RI(NH3)4(L2)3" complexes are
saturation in the immediate vicinity of the ion, where the reduced very solvent dependeftOn the basis of correlations with donor
orientational component to the solvent polarization near the ion numbers, it was concluded that specific hydrogen bonding of
results in a lower effectiv®s value, and a lower Born energy  donor solvents to coordinated ammonia changes the redox
(const x (1 — 1/Dg)) for the ion. However, the general asymmetryAE;,, (estimated ag, (Ru) — Ein(L acceptor))
dependence on the MarcuBlush function using the bulPg and causes the spectral shift.
value will be retained if the effective & values are still Representative complexes are fit to eq 3 leading to an estimate
relatively small compared to# for a mixed-valence complex.  of the specific and nonspecific components of the solvent effect.
Apparently, this is the case in [(N}sRu(4,4-bpy)Ru(NH)s]> . The data are shown in Table 3. The MLCT transition fotRu

Finally, allowing for specific interactions of the donor- (NH3)sCsH4NZ (1) produces an excellent fit. Specific solvation
acceptor type will not change the above rationale for sym- causes the decrease in the transition energy. The specific
metrical binuclear complexes. Qualitatively, the charge transfer hydrogen bonding interaction of the solvent with coordinated
process can be largely followed by the electronic bonding NHj stabilizes the Ru(lll) excited state, more than the ground

components as shown schematically: state, thereby decreasing the transition energy. Contributions
from the nonspecific ternPS are small and not statistically

N HE\I“ 24 hu3+_h£H < dif_ferent from zero. This is expec_ted sinc_e r_lonspecific effects

’ H/‘ o o L ) arise from solvation of a large cation consisting of the complex

ion and solvent specifically interacting in the second coordina-

hv tion sphere.

H 34 or M The specific hydrogen bonding interaction has substantial

81 HN—RumsmmssmoR——N—H :S contributions in the same direction from both the electrostatic

H H and covalent components of the interaction. The direction of

) o L the shifts from specific interactions are in the same direction as
For clarity, only one solvertammine interaction is shown,  {hose recently determined from INDO calculatidhsThe value

and it is as_sum_ed that the number of bound solvents is similar ¢ W (28.34x 10° cm™?) corresponding to the nonsolvated ion
for both oxidation states of the complex. Therefore, the lost i, 5 solvent withEs = Cs = S = 0 is considerably lower than

donor-acceptor interaction on the side that is “reduced” in the he gas phase value of 40.49108 cmt from theory. (Note
transition is compensated for in this model by increased solventha1s = 0 is not necessarily appropriate for the gas phase.)
binding energy at the other end of the binuclear complex. NO  The fit of » to S for the complex [RUNH3)s(4-CNGsHa-
dependence on the donor ability of the solvent is predicted, andNcH,+)13+(11) is poor unless aromatic solvents are omitted.
the Marcus-Hush function ()* — 1/Ds) can still be useful  peyiations fromS by aromatic solvents arise when specific
although dielectric saturation is certainly preselnt_ln the first charge-transfer interactions exiatin this system the transition
solvation shell. Itis noted, however, that Lau et'@find that  energy is decreased by this specific interaction. Such a change
the situation is more complicated than expected for symmetrical \yoyid occur if metat-ligand -back-bonding were decreased
end capping groups, and the relative importance of factors thatyhen coordinated pyridinium forms a charge transfer complex
influence the solvent-dependence of IT transitions is not easily \ith a z-solvent. The values fd® in all these systems is zero
predicted. ) _ . within experimental error. The fit oAEy, for this complex is

In conydenng sym_metrlcal mixed-valence compounds, itis 4|50 good with the hydrogen bonding to coordinatedsNiyl
noted that variable fits ofr values to the (i* — 1/Ds) more basic solvents making the complex easier to oxidize. The
function can arrive from experimental artifacts. Hendrickson Ea, Ca, P, andW values are 0.324, 0.098, 0.059, an@.281
and co-worker® showed conclusively that the energies of res’,pec'tivély. ' ’ ’
intervalence band maxima for biferrocenium cations are strongly  Tne fit of data for [RU(NH3)s(N-CHs-4,4-bipyridinium?)]3+
depende6nt on concentration as a result of ion-pairing. Thus, an the corresponding tetrammine derivative also gives a poor
reported® solvent dependence for suBfy data supporting the it 15 eq 3 unless the aromatic solvents are omitted. Charge
Marcus-Hush function are only reliable if the band energies ansfer complexation of ther-solvent and the coordinated
are extrapolated to infinite dilution, as d@srle the study of N-CHs-4,4-bypyridine ligand occurs, again decreasing the
Eir values for [(NH)sRu(4,4-bpy)Ru(NH)s]>".  Good fits of energy of the transition. In contrast to the complexes containing
data for symmetrical complexes to solvent models that embody ationic ligands, B, and in accord with comple{RU(NHs)4-
both specific and nonspecific effects (such as eq 3) could be (inyrigyl)]2* is well-behaved in aromatic solvents. The specific
successful because the ion-pairing propensity in various solventsiyieraction is in the same direction as in [RU($CsHsN] 2+
is m_ode_led welBd It was suggested in an egirller report on The ligand to metal charge transfer transition in'[RNHx)s
appllcatlo_n o_f the U_SM to _ferroceﬁéerr(_)cenlum electron-_ NCsH4N(CHs)2]3* (where the ligand is 4M,N-dimethylamino)-
transfer kme’uqs that ion-pairing may contrlbutg tq the energetics pyridine) leads to a decrease in the metal charge in the excited
of those reactiond. The I|m|§ed number and limited range of  giaie. The ground state is stabilized more by hydrogen bonding
solvents reported for the biferrocenium IT band precludes a {4 ammonia and the—d transition energy is increased. The
meaningful comparison witl§ and (14> — 1/Ds). Analysis nonspecific solvation contribution is slight and the sign suggests
of the limited data shows that charge transfer complexation and ¢qyent is properly oriented in the ground state to more
effectively solvate the charged AL(N-dimethylamino)pyri-
dinium ion in the excited state decreasing the transition energy.

(14) Blackbourn, R. L.; Hupp, J. T. Phys. Chem1988§ 92, 2817.

(15) Lowery, M. D.; Hammmack, W. S.; Drickamer, H. G.; Hendrickson,
D. N.J. Am. Chem. Sod.987 109 8019.

(16) Powers, M. J.; Meyer, T. J. Am. Chem. S0d.978 100, 4393. (17) Stavrer, K. K.; Zerner, M. C.; Meyer, T. J. Private communication.
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Summary The charge transfer transitions of a series of monomeric
RuU(NHs)s—xLx"" complexes are influenced predominantly by

specific solvation. Charge transfer interactions between aro-
matic solvents and cationic ligands, L, are detected. Opposite

The extension of th& andC model for specific interactions
and the unified solvation model for nonspecific interaction is
reported for redox potentials and electronic transitions of a series

of ruthenium complexes. The binuclear complexes [(ERy) signs are found for the influence of hydrogen bonding on the
(Cl)(pyz)Ru(NH)B]**+ are analyzed as B is varied in GEN MLCT and LMCT transitions of [Ru(NK)sCsHsN]?" and
and DMF solvent. [RU(NH3)sNCsH4N(CHs)z]** respectively.

The solvent variation of (bpyRu(Cl)(pyz)(NHs)sL*t, in This understanding of second-sphere hydrogen-bonding in-

which L = NHs or pyridine, is found to be dominated by the teractions and nonspecific solvation contributions on the
specific hydrogen-bonding interaction of the donor solvent with potential energy surfaces is not available from data fits that treat
the coordinated ammonia. Data fits AE;, andEr lead to both interactions with a single parameter. The ability of the
potential energy surfaces in which the ground and excited statesynified solvation model to fit this new class of compounds
are dominated by the tendencies of the bases to undergoproducing signs folEx*, Ca* and P that are consistent with
electrostatic bonding with the coordinated ammonias. The USM tnose predicted from qualitative bonding considerations builds
fits the Franck-Condon energies, and the FC barrier is found ¢qnfigence in this method of analysis. This confidence enables
to have a substantial contribution from nonspecific solvation. gne tg attribute deviation in data fits to the existence of more
The_DN does not correlate this quantity. This dlffe_rgnce complex interactions and enables one to design experiments to
prow.d.es.strong support for the analysis of both nonspecific and find the nature of the interactions. This approach is to be
specific interactions. contrasted with searching the literature for accommodating

The inability of USM to fit solvent-dependent measurements . .
. ) parameters which are poorly understood, complex mixtures of
for symmetrical mixed-valence complexes reflects the near o e .
specific and nonspecific interactions.

absence of influences from the static dielectric constant and
dominance by the solvent refractive indexy2/ Donor—
acceptor and |<_}!=1d|pole interactions t_hat are lO.St 'T the elec”tron grant from the National Science Foundation to D.E.R. (CHE
transfer transition state on the side that is “reduced” are

. o w2 9311614).
compensated by increased binding energy on the “oxidized
side. 1C9600660

Acknowledgment. This work was partially supported by a



