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Abstract: Coupling between donor and acceptor orbitals for optically-induced intervalence electron transfer processes
has been considered for a series of rigid mixed-valent dinuclear trid{@yidine)iron complexes. Each of the

four complexes considered contains three saturated bridges which link the two Higp8y&dine)iron moieties.

The bridging linkages are CH,CH,—, —CH,CH,CH,—, —CH,OCH,—, and—CH,SCH,—. Despite differences in

the composition of the bridges X-ray diffraction and/or molecular dynamics calculations show that the el
separation and relative bipyridine orientations among all four complexes are nearly identical. Consequently, the
only factor which differs significantly among these complexes and which might affect the-dacoeptor coupling

in the mixed-valent forms is their connectivity. These complexes thus provide a unique opportunity to focus on
potential superexchange coupling in the absence of ambiguities introduced by other structural and energetic
considerations. Theories developed by Mulliken and Hush have been applied to intervalence charge-transfer transitions
in order to obtain values of the coupling matrix elemefts,. Configuration interaction calculations were also
carried out for each of the [)3]>" complexes to provide theoretical values ldf, and the effective donor/
acceptor separation distancegaft Experimental and theoretical results fds» are in excellent agreement and
indicate that the bridging moieties are either unimportant in the donor/acceptor coupling or, in one case, actually
reduce the coupling compared to the “bridge-free” system. The calculgiedalues are within 0.01 A of the

Fe—Fe distances.

Introduction framework connecting the two centers (superexchange). At
shorter distances, however, the situation becomes less clear.
Designing chemical systems which can be used to experi-
mentally address the importance of intramolecular superex-
change coupling between a donor and an acceptor is an
intrinsically difficult proposition. The donor/acceptor separa-
tion, their relative orbital orientations, the relative and absolute
rbital energies, and the connectivity can all influence donor/
cceptor couplin§. Few chemical systems allow for well-
efined changes in donor/acceptor connectivity without simul-
taneous changes in one or more of the other variables which
could alter the coupling. In the present study a group of four
symmetrical triply-bridged dinuclear iron complexes are con-
Sc,idered. Energy-minimized structures obtained from molecular
dynamics calculations are shown in Figure 1, and the ligand
structures are given below. These complexes possess several

Intramolecular electron-transfer reactions are of considerable
practical and theoretical interest. For example, essential
biological processes such as bacterial photosynthesiad
respiratiod# involve electron transfers between redox centers
rigidly positioned within protein structures. In some instances
respective redox partners are located within only a few
angstroms of one another, and in others they are separated b)9
substantial distances. Thus, developing a better understandin
of the mechanisms of electronic coupling in rigidly linked donor/
acceptor assemblies is an important goal. Of particular rel-
evance are questions about how the connective framework
participates in coupling the donor and acceptor orbitals. When
donor and acceptor sites are separated by large distances it i
well established that direct or “through-space” coupling is too
weak to account for experimentally observed rates of electron
transfer. In these instances the rates can be rationalized only
by considering coupling through the and/or 7 bonding
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Hi, may be obtained. Configuration interaction calculations
have also been carried out for each of the(Eg]>" complexes
from which theoretical values dfl1, are obtained. Below we

AN d w, S z}- consider the results from these experimental and theoretical
~< \;O, \y) ) treatments. The near-isostructural nature of the four complexes

X P Vil > allows the discussion to focus on how the different bridging
/ / \ linkages affect the donor/acceptor coupling in the absence of

ambiguities introduced by other structural and energetic con-
siderations which might influencd.

\
{Fez(4120)3]‘” \

[F62(430)3]4+
11

Experimental Section

Materials, Instrumentation, Complex Preparation, and Analysis.
The preparations of 1,2-bis[4:(methyl-2,2-bipyridyl)Jethane (420)
and 1,3-bis[4-(4methyl-2,2-bipyridyl)]propane (43 have been
reported previously. The preparations of bis[ZHf#ethyl-2,2-bipy-
ridyl)Jmethyllether (400), bis[[4-(4methyl-2,2-bipyridyl)]methyl]
sulfide (4S0), complexeslV , along with their characterization®H-
NMR, ES-MS and elemental analysis) are included as supporting
information. Also included as supporting information are descriptions
of materials and instrumentatidf'*

@
j Electrochemistry. Cyclic voltammetry (CV) was performed on a

X /\<\>§)
! 0.5 mM solution of each [F£L)3](PFs)a complex. Data was collected
]

[F¢2(4OO)3 4+ [Fe2(4SO)3]“* using a BioAnalytical Systems BAS ;OO Electrochemical Analyzer and
I VN a standard three-electrode cell with 0.1 M TBAPIR ACN as

. . . electrolyte. The experimental CV data for each complex was fit using
Figure 1. Structures ofl —IV obtained from molecular mechanics  pigisim’ (Bioanalytical Systems) in order to determiBig,'s for the
calculatlons_. T_hg central portion of the figure shows the superposition 4 closely spaced waves+85+ and 5+/4+. The algorithm Digisim

of the four individual structures. utilizes to simulate electrochemical data, developed by Rudolph, is

. . G . reported elsewher@. The following model parameters were use#:
mediated superexchange. First, despite significant dlﬁerences(the exponential grid factorr 0.5; potential step between calculations

in the structures of the moiet.ies bridging the bipyridines the — ( 005 v: GaussNewton iterations= 1: noise level= 0.0: D*/k*
metat-metal separation is virtually the same for all four (4 ratio of diffusion coefficient to reaction layes} 50; Xmad(Dy)Y2
molecules (ca. 7.6% 0.03 A). Figure 1 shows the individual (maximum distance for diffusiorsr 6. The fit was conducted assuming
structures of —IV obtained from molecular mechanics calcula- a planar electrode (no edge effects) with semiinfinite diffusion. The
tions. In the central part of the figure the four individual following fit parameters were set at their experimental valuBsia
structures are overlaid. As is clear from this structural presenta- (+0.5 V); Ereverse (+1.5 V); Efinai (+0.5 V); scan rate (0.01 V/s);

tion the only major difference among the four complexes lies temperature (298 K); number of cycles (1); electrode area (0.6, cm
in the bridges. analyte concentration (0.5 mM). Heterogeneous and homogeneous rate

. . . A tants for all electron transfer reactions were effectively infinite (1
The visibl rum of h complex i ntially indis- °"S = i
e visible spectrum of each complex is essentially indis x 109, anda, the transfer coefficient, for both half reactions was

tlngw_shaplc_e from that_of [Fe(D_MB}” (DMB.: 4,4-dimethyl- . held at 0.5. Parameters that were allowed to vary during the fit were
2,2-bipyridine), consistent with there being a weak orbital g svs: g s+4+ andD, the diffusion coefficient, for each species,
interaction between the two metal complex chromophores in g+ 5+ and 4. The comproportionation constanKcom was

the ground state. Detailed electrochemical studies have beerdetermined from the calculated CV best fit to the experimental data.
conducted on—I1V, and the results forandll are reported in Molecular Mechanics and Dynamics Calculations.The Dreiding

ref 6. To summarize the pertinent aspects of these results,force field*2 was modified slightly, as follows, for this work. All
because of the close proximity of the two positively charged nonbonded interactions were considered in energy calculations (i.e.,
metal centers there is a significant electrostatic influence on the nonbond cutoff distance was effectively infinite). A distance-
the redox potentials of each of the two the metal sites relative independent dielectric constant) (of unity was employed. The

to one another and relative to the monomeric complex [Fe- Nonbond parameter®{ and Do) describing the interaction between
(DMB)3]2*. For example, the first metal-centered oxidation for two dissimilar atoms were taken as the arithmetic mean of the

. . . parameters for the two atom types.
the dinuclear complexes {32+) is shifted by ca. 90 mV to Charge distributions were calculated using @teg charge equilibra-

more positive potentials relative to the-@+ couple of [Fe- tion schemé®which is an iterative process. It was assumed complete
(DMB)3]?*. Additionally, the second of the two metal-centered \hen the charge on each hydrogen atom varied less than 0.0005 of an
3+/2+ oxidations is shifted positively of the first by ca. 70  electron in succeeding steps.
mV. As a consequence, the ffe):]>" mixed valence form Molecular modeling calculations on the four FAe)s(CF:SOs)4
of each of these complexes has considerable thermodynamiccomplexes were carried out using Biograf, Versions 2.2 and 3.21
.Stat."“tY.Wlth reSpeCt to dISprOpo.rtlor.]atlon a.nd’ thus, will exist (9) Serr, B. R.; Andersen, K. A.; Elliott, C. M.; Anderson, O.IRorg.
in significant relative concentration in solution. Chem.1988 27, 4499.

The [Fe(L)s]®" mixed-valence form of each dinuclear (10) Sawyer, D. T.; Roberts, J. [Experimental Electrochemistry for
complex exhibits a weak, but experimentally measurable, ChemistsWiley: New York, 1974. o
intervalence charge transfer (IT) transition in the near-infrared. 19&1)36502%?1‘2_5” Strouse, G. F.; Meyer, T. J.; Sullivan, Plrigrg. Chem.
By application of theories developed by Mullikeand Hush (12) (a) Rudolph, MJ. Electroanal. Chem991, 314, 13. (b) Rudolph,

to these data experimental values of the coupling matrix element,M. J. Electroanal. Chem1992 338 85. (c) Rudolph, M. InPhysical
Chemistry: Principles, Methods and ApplicatioriRubenstein, 1., Ed.;

(6) Ferrere, S.; Elliott, C. MIlnorg. Chem.1995 34, 5818. Marcel Dekker: New York, 1995; pp 81129.

(7) Mulliken, R. S.J. Am. Chem. S0d.95Q 72, 600. Mulliken, R. SJ. (13) (a) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., ll. Phys. Chem.
Am. Chem. Sod 952 74, 811. Mulliken, R. SJ. Phys. Chem1952, 56, 199Q 94, 8897. (b) RappeA. K.; Goddard, W. AJ. Phys. Chem1991,
801. 95, 3358. (c) Stouch, T. R.; Jurs, P. @.Chem. Int. Comput. Scl986

(8) Hush, N. SProg. Inorg. Chem1967, 8, 391. 26, 4.



Mixed-Valent Dinuclear Iron Polypyridyl Complexes J. Am. Chem. Soc., Vol. 118, No. 22, 59298

Table 1. Calculated Distance Values (A) ment between the X-ray and modeled structures provides for a
roa values for [Fe(L)s]> high level of confidence that the modeled structures are
from GMH? result (eq 6) meaningful representations of these complexes both in the solid

rw_w values for [Fe(L)s]+* from bridges state and in solution. Since the modeling calculations represent
L molecular mechanics calcns full complex removed gas phase results, the structures of the dinuclear cationic units

420 7 64 763 762 appear essentially unaffected by crystal packing ferctiserwise

430 7.63 7.62 7.64 differences would be evident between the two methods of

400 7.61 7.61 7.62 determining the structures.

450 7.59 7.58 7.60 Since diffraction quality crystals of [FES0}]*+ and [Fe-

a Generalized Mulliken Huskf (400%]*" have not been obtained, modeling must be used to

make any structural comparisons with jE20%]*t and [Fe-
(Molecular Simulations, Burlington, MA). Initial structures for the ~ (430%]*". As shown in Figure 1 all four structures are very
complexes were built to resemble the publishebE20)](SO:CFs)4 nearly superimposable if the bridges are ignored. TheHee
crystal structurd. The cation portion of the complexes, pe)s]*, separations are the same to within0.03 A (Table 1, column
minimized to conformers which qualitatively resembled the cation 1), and the relative orientations of the bipyridines are all very
portion of the crystal structure. Anions were then constrained to the gimilar (see Figure 1). The only significant structural differ-
positions found in the crystal structure. With the anions constrained, ences, again, lie in the composition and orientations of the
the local minimum was found as described below. Simulated annealing respective bridges.

was used as the method of conformational searching. Each initial Electrochemical Det inati fK The d f
structure was heated from 0 to 600 K and cooled bac® K with a ectrochemical Determination or Keom. € degree O

symmetrical temperature ramp of “Levery 10 fs. The time step ~ COMProportionation between the fully oxidized (bet94]°") and
between structure calculations was 1 fs. Twenty annealing cycles werefully reduced ([Fg(L)s]**) dinuclear complexes (to produce the
used, and the local minimum for a6 K structure was found by the ~ mixed valent form ([FgL)3]>")) can be established from
procedure outlined below. The three resulting structures with the lowest experimentally determined voltammetric potentials for the 5
energy were used to calculate the distances in Table 1. 4+ and 6+/5+ redox processes. It is important to acquire
To find the local energy minimum for any high energy structure, a values for the comproportionation constaitgem, because for
charge equilibration with zero total charge was followed by an energy these weakly interacting systems (i.e., smélbm) there is
minimization (stopped when the root mean square (rms) residual force always a significant amount of disproportionation of the,fFe
constant was less than 0.001 (kcal/mol)/A), and then another charge(L)3]5+ mixed-valence species. Consequently, any effort to

equilibration, etc. until no change occurred in the minimization step. . h ; f mi | S luti
Molecular volumes were calculated by the uniform finite element ?nulf‘srj[tlttsliz tinfocgzg(e)[}z?té?: ?Ong)rfg[;\gsgce species in solution
method!*¢ van der Waals radii were scaled by 0.890, and in the solvent- prop )

excluded volumes a probe radius of 1.4 A was used. Grid calculations ~1he value ofKcom is straightforwardly extracted fromE,

had a dot density of 4 A. the difference inEy;, between the %/4+ and 6+/5+ redox
Titrations. Titrations were done on 0.0£8.02 M solutions of [Fe processes. For weakly interacting systems, howexié&r,is

(L)s](PFs)4 in ACN. Each solution was treated with small solid aliquots  relatively small (e.g., ca. 70 mV in the present cases); thus, the

of NOBF, to oxidize the complex from the+4 through the 5- to the individual voltammetric waves for the respective processes are

6+ oxidation state. The amount of NOBRn each addition (ap- not well resolved. The values fdEyo(5+/4+) and Ey»(6+/

proximately 0.1 molar equiv) was not premeasured. Each addition was 5+) must, therefore, be obtained by fitting the experimental
followed by a few seconds of mixing, and then a spectrum of the data to a mathematical model.

solution was acquired from 2500 to 600 nm. A very low intensity . . . e
band in the near IR first grew in and then disappeared in the course of Detailed electrochemical studies of j420)]™" and [Fe-

the titration for each complex. The color of each solution changed (430%]™" have previously been reported along with calculated
from red to green, as well. The titration was assumed complete when Values forKeom®9 In these studies the individu&y, values
there was no change in the spectrum upon further addition of oxidizing were obtained by fitting Osteryoung square wave voltammetry
agent. Oxidized solutions of [E@)s] were stable for at least several (OSWV) data to an ideal reversible EE mechaniéniFe,-

hours. (4S0)]" and [Fe(400)%]"" were not considered as part of this
earlier study. Alternatively, values &%on, for all four dinuclear
Results complexes under consideration here were obtained from cyclic

X-Ray Crystallographic and Molecular Mechanics Re- voltammetry measurements. A reversible EE mechanism was

. fit to digitized voltammograms with Digisim (BioAnalytical
sults. The X-ray structural details for [R&120)](SOsCRs)4
have been reported previouslyA preliminary X-ray study of Systems), and values @(4+/5+), EuA5+/6+), andKeom
[Fex(430%](SO,CFs)s has also been reported, although the were calculated directly from the fit. Table 2 lists the values

structural details were not included because of severe disorder?{ KC?“Er:epgceg Itn refl_ﬁ and 9 dalong with tthtc))s:a resultlt:lg fr(im
in the anion$. Attempts to model the disordered anions were IS or the ata. € good agreement between the values

completely unsuccessful. However, the cationic portion of the g_l:#alne(tj ?tst!ng the 3’1\/0 ddlf}ferent eélltzt(:)troncihemécallzteigrgqLrjlfs and
molecule was successfully modeled, even down to the level of ifferent fitting methods for [F44205]™ and [Fe(430)]

a 50/50 disorder in the central methylene carbon of each alkyl validates both approaches. The absolute valu#iggfare such

; o -~
bridge. Despite numerous attempts, diffraction quality crystals that_ when solut_|ons of [%)3] are OX|d|_zed by ex?ctly_ 1
of [Fe(4S0}]*+ and [Fe(400)]** have not yet been obtained. equiv the resulting solution will be approximately 70% mixed

Comparisons between X-ray structures and the structuresvalent’ [Fe(L)s]*", and 15% each of [Eé').""].ﬁ and [F.Q(L)3]6+'
obtained from the molecular mechanics calculations fog-[Fe Intervalenc% +Charge Trans[_ir Tran3|t|on of Mixed Va-
(420)]4" and [Fe(430)]*" are instructive. When the X-ray  €NC€ [Fe(L)al>". The [Fe(L)s]>" mixed valence form of each
and modeled structure of [F@20)]*" are overlayed the two dinuclear complex exhibits a weak intervalence charge transfer
are effectively identical (i.e., the relative position of each atom (i) transfltlﬁn in th(_e.near IR. Due tg th? I.OW |ntenS|&t)y23nd
in the two structures agrees to within 0.16 A). Likewise, except energy of the transition, concentrated solutions (0-€1L

for the disordered alkyl bridge, the modeled and X-ray structures ™ 14y 0'Dea, J. J.; Osteryoung, J.; Osteryoung, RAAal. Chem1981,
for [Fex(430%]*" superimpose, as well. This excellent agree- 53, 695.
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Table 2. Electrochemical Data for [R€.)s]""?

L ES+/5+(V) ESH4+(V) AE(V) Keom(CV) Keo(OSWVY
420 1.081+ 0.010 1.012+ 0.010 0.069+ 0.010 15+ 5 15.9
430 1.048+ 0.010 0.973+0.010 0.070+ 0.010 18+ 6 17.1
400 1.104+ 0.010 1.036+ 0.010 0.068+ 0.010 14+ 5
450 1.086+ 0.010 1.021 0.010 0.065+ 0.010 12+ 4

a Potentials are reported vs SSCErom ref 6.
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Figure 2. Corrected (see text) near-IR spectrum obtained during the Figure 3. Plot of absorbance at the IT band maximum vs absorbance

titration of [Fe(430)%](PFs)4 with NOBF4(s) in ACN at 25°C. This at 670 nm for the titration of 0.02 M [F&O0X](PFs)4 in ACN with

spectrum corresponds to the point in the titration with the highest NOBF,(s) at 25°C. The absorbance values are uncorrected. The solid

absorbance at 5000 crh circles are the experimental data; the solid line is the best fit to the
theoretical relation described in the text.

M) and moderately long path length cells (1 cm) were required ot

in these spectral titrations. Even so, the spectrum for each 2P!e 3. Spectral Data for the IT Band of [Ke)d]

complex is complicated by solvent overtone vibrational bands _1 Avip(cm™)  Avyp(cm™) o
and by the fact that the individual oxidized and reducedsmeL _ L vir (em™) (meas) (calcy e(emM™)
halves of each complex have small but significant absorbances 420 7000+ 400 4000+ 400 4000 1.8:0.2
within the wavelength region where the IT transition occurs. Z%% ggg% 288 jgggi 288 gggg i%i
Figure 2 is a corrected spectrum of the IT transition forfFe 450  5BOOL 600  4000L 800 3600 ar 1

(430%]°*. It was obtained by subtracting the spectrum okfFe
(430)]*" (obtained from the initial solution before adding any ~ *See discussion in text.Values were calculated from eq 1.
oxidant) multiplied by one half and the spectrum of JFe i ,

(430%]%+ (obtained at the end of the titration) multiplied by ~SE€VEN var_labl_es:Kcom, the threee’s at ,’1“‘0“ (for the 4t, 5+,

one half from the spectrum at the midpoint of the titratioml¢ and 6 omda’uo_n states), and.the thrés atAir. The va_Iue of
infra). Any residual absorbance from individual Fef) and Kcom for each fit was constrained to be the one obtained from

Fe(L):2+ chromophores should be removed by this manipulation, € €lectrochemical measurement. ‘Ehealues atimon for the
leaving only the IT transition. The IT band for each of the 4+ and 6+ oxidation states were obtained from the initial and

other mixed valence dinuclear complexes is similar. final spectra, respectively. Thevalue atimon for the mi?(ed
Molar extinction coefficients for the IT transitios;r, were valence 5 155tate and all three values atiyr were obtained
obtained from spectral redox titrations. The progress of the from the fits:> The quality of the fit shown in Figure 3 is typical

titration was followed by comparing the change in absorbance for all four_of the compound; un_der cons_ldera'non. The values
at the wavelength maximum of the IT transitiohy, with the of err ob.talned from these t!tratlon are given in Table 3.
absorbance change at a monitoring wavelengih, (either 670 Experlmental_ Determination of th_e Resonance Integrgl,

or 700 nm). Atimon the 6+ oxidation state has a larger Hi,. By employing well-known theories developed by Mulliken

extinction coefficient than does the-5both of which are greater and Hush (MH)’. the resonance integréds,, for the donor/
than the extinction coefficient of thetcomplex. It should acceptor orbital interaction for weakly coupled mixed valence

be noted that the extinction coefficient of the- Bpecies at species can be calculated from measurable spectral and structural

8
A is not exactly the arithmetic mean of the extinction paramete_r;%v. .
cgoeq‘ficients of they4r and 6+ species; therefore, it must be In the high temperature limit the IT spectrum should approach

treated as an independent variable in anyitl¢ infra). Il?neell:](iglj”n?l?nusAS;an 'thorlﬁlgil;gsget;mtﬁree%r?eukéigd mg;?rr?fjr?]agf
Figure 3 shows the results of a typical titration. The points o q y

are the experimental data, and the solid line is the theoretical (15) The values ot at A7 for the 4+ and 6+ oxidation states could

fit. The relationship used for the fit was derived by combining have been constrained to be the values obtained from the initial and final
spectra. However, given the signal-to-noise ratio in this spectral region and

the mass balance .relati.onship,. Beer's LaW}(la@n and 4rr), _ the likely measurement error, it seemed more reasonable to obtain these
and the comproportionation equilibrium expression. It contains values from the fit since it is significantly overdetermined.
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Table 4. Values ofHi, (cm™) for [Fey(L)s]5 based on values d:, given in Table 4. Several models have
theoretical been employed which estimate thg,: for dinuclear mixed
, valence metal complexé&1920 The details of various ap-
L expt full complex bridges removed . . - . o
proaches differ, but each considers a pair of spherical or elliptical
igg égig ;‘S g; metal complex centers (the donor and acceptor) located in a
400 1418 55 60 dielectric continuum. In the simplest cd%awhere the donor
450 37+ 8 49 48 ?nd acceptor are treated as two spheres the relation takes the
orm
aEquation 2, using spectral dataEquation 5, using adiabatic
quantities from INDO/S CI calculations. 1 1 1\ 1 1
=(AQ)—+— —=)[— - = 4
the IT absorptiony;r, as follows: Eou = (A0) (Za1 2a, r)(DOp DJ )
Avyp = /23100 1) whereAq is the number of electrons transferred,anda, are

Due to interference from solvent vibrational overtones on the the respective radii of the donor and acceptas, the distance
low energy side of the IT bands experimenah, values were ~ between the centers of the donor and acceptor Dap@ndDs
obtained by assuming the bands to be Gaussian and taking théire the optical and static dielectric constants of the solvent. The
difference betweenmay andv at half the maximum absorbance more complex models also contain the solvent dielectric term
on the high energy side of the band and doubling that value. [1/Dop — 1/Dg. The differences in the various approaches
The spectral values so determined and those calculated fromprimarily lie in the geometric factors used for the donor and
eq 1 are presented in Table 3. There is generally good acceptor.
agreement between the calculated and experimental numbers. Equation 4 is strictly applicable only to cases whaye- a,

Again, following the approach of Hush and Mullikéf Hi» < r; however, it has been applied to cases wtare- ap > r
(cm™1) can be calculated using the relation with considerable succe¥® Generally E, obtained from any
of these models tends to overestimate the experimental outer-
H,, = (0.02061)\/e(Av vy ) sphere reorganizational energy. Moreové&,, calculated

assuming elliptical cavities which encompass bathand a,

whereAvy, vir, ander have their previously defined meanings ~ (So-called “minimum enclosing volume conditioi9are gener-
andr is the separation between the donor and acceptor sites.lly slightly smaller than values obtained by the simpler two-
The second column of Table 4 lists valuesHf, calculated sphere model.

using eq 2 for the IT transitions of each of the four dinuclear ~ In order to apply eq 4 (or any of its more sophisticated
complexes. In these calculations the experimentally measuredanalogs), an estimation of the apparent radii of the donor and
values ofAvy, were employed. The value ofwas taken as  acceptor must be made. On the basis of X-ray structural results
the Fe-Fe internuclear separation obtained from the molecular from Fe(phen* and Fe(phenj* it can be assumed that =

mechanics calculation listed in Table 1, column 2. a for [Fex(L)3]°*.>” Molecular mechanics calculations can be
used to obtain a “van der Waals volume” (VV) for the individual
Discussion Fels halves of the complexes and a “solvent-excluded” (SE)

volume based on van der Waals contact of the solvent. If these
two volumes are assumed to be spherical an effective radius
for the Fels can be obtained for each. The radius values thus
calculated arewy = 5.29 A andasg = 7.41 A. Applying eq
+E, + Aso (3) 4, s_?ttingr =76 A gives value ofou = 3500 cn‘rl_and 200
cm1, respectively, folmyy andasg. Finally, assuming.so to

whereE,p is the energy of the transitiofo, and E,, are the D€ 460 cm?, values ofEopy) = 4000 cn* and Eop(se) =
outer-sphere and inner-sphere reorganizational energies, respe@60 cnT* are obtained from eq 3. Both values are significantly
tively, andso is the spir-orbit coupling correction (ca. 460 Iowerthan the experimentalr value listed in Tablg 3. Inorder
cm-1for Fe)16 The 3+/2+ self-exchange reaction for mono- 0 obtainEop values of 5000 cm from eq 4 a radiusa = 4.86
nuclear Fe(pheg)has an inner sphere reorganizational energy A must be assumed which seems unreasonably small on the
which is essentially zerty. Therefore, it can be assumed that basis of X-ray and modeled structures of these complexes. It is
the IT band energies listed in Table 3 for the {fEgs]5* entirely reasonable to question the quantitative validity of eq 4

complexes directly refledo+ Aso. The very weak coupling N the present case given thais considerably less than twice
in these systems argues that they are valence localized.the value of any of the assumed radii. That caveat notwith-

Comparisons of theser values with similar data obtained from ~ Standing, it does not appear that the experimental values in Table
a large variety of other mixed valence metal complexes suggest,3 are exceptionally small. If anything, they are larger than might

on first consideration, thatr (and, thusE,) for [Fex(L)3]°" is have been expectéd>

rather smalt® Typically, »7 values as low as these are The present complexes and those for which these continuum
associated with complexes which have delocalized valence ordielectric models have been previously applied differ in at least
which undergo rapid thermal intervalence electron transfer on tWo pertinent ways. First, for cases where the complexes are
the time-scale of solvent dynamics. Such explanations for the clearly Robin and Day Class II (i.e., localized valence) the

small magnitude ofr values listed in Table 3 are not reasonable Metat-metal separations usually are a good deal larger than
the 7.6 A found in the [F£L)3]°t compounds. Second, most

Intervalence Charge Transfer Spectra. The energy of an
IT transition is equal to the total reorganizational energy for
symmetrical mixed valence specié$

out

Epp=E

(16) (a) Brunschwig, B. S.; Ehrenson, S.; SutinJNPhys. Chenml986 ; ; ; ;
90, 3657. (b) Goodman, B. A.; Raynor, J. Bdy. Inorg. Radiocheml97Q of the previously considered systems are linked by a single
19, 135. bridge which excludes less solvent from the region between
(17) (a) Baker, J.; Engelhardt, L. M.; Figgis, B. N.; White, A.HChem. the donor and acceptor. In contrast, the three bridging linkages
Soc., Dalton Trans1975 530. (b) Zalkin, A.; Templeton, D. H.; Veki, T.
Inorg. Chem.1973 12, 1641. (19) Cannon, R. DChem. Phys. Lettl977, 49, 299.

(18) Cruetz, CProg. Inorg. Chem1983 30, 1 and references therein. (20) Brown, G. M.; Sutin, NJ. Am. Chem. Sod.979 101, 883.



5226 J. Am. Chem. Soc., Vol. 118, No. 22, 1996

of [Fex(L)3]>" completely exclude solvent from a solid cone
equal to>30% of the total volume around each metal center
(estimated from space-filling models). Thus, the JfE®s]>"

Elliott et al.

exchange processes involving transition metal complexes. In
the present study, instead of evaluatiig directly from charge-
localized diabatic states obtained from self-consistent-field (SCF)

are effectively “less-solvated” than complexes which are more calculations, as was done in the p#§tve adopt the alternative

accessible to solvent in this region, and the effect of this will
be to reduce the total magnitude B

A second feature of thgr data in Table 3 requiring comment
is the larger relative value for [E@20%]°>" compared to the
other three complexes. Calculated van der Waals volupigs (
suprg for the four [Fe(L)3] complexes indicate that [R@20)]

of obtaining theadiabatic states within the framework of a
2-configuration ClI calculation. The desird@baticquantities
(H12 and the effective donor/acceptor (D/A) separation distance,
rpa) are then evaluated by application of the generalized
Mulliken—Hush (GMHY¥® method, using the calculated vertical
energy gap between adiabatic statég, = hyir, and the

is smaller (ostensibly due to the bridges) than the averageadiabatic dipole moment shiff\zz, and transition dipolegy

volume of the other three complexes by ca. 5%. This difference
is modest and obviously by itself cannot account for the relative

differences inv;t (Table 3); however, in the absence of more
sophisticated dielectric models than are available, it is difficult
to assess how mudh,,: would be affected by modest changes
in the volume excluded by the bridges. Additionally, careful

Hyo = {u' /(A + 4 ) (twyy) (5)
roa = (AR + 4@')) /e (6)

whereu'y; is the component diy; along theAy direction ande

examination of the energy parameters obtained from the IS the magnitude of the electronic charge. Equation 5 may be
molecular mechanics calculations reveals that there is a sig-'€expressed in the familiar MullikerHush (MHY#2%form by
nificant torsional strain energy (ca. 1000chin the bipyridines ~ USINg €q 6:

of [Fex(420%]>+ which is absent in the other compounds. This
strain energy might translate into an innersphere component to
the reorganizational energy which is absent from the other

Hyp, = (' y/erpa)(hwir) (7)

complexes. Without detailed information on the solvent
dependenc@ of v;1, however, one can only speculate about the
origins of the larger value &, for [Fex(420)]%". Nonetheless,
while the relative difference betweesy for [Fex(420%]°" and

the other three complexes is large, the absolute difference is

relatively small, smaller than the typical margin of error for
the various theoretical models that predigt and Eoy:.

Finally, since the spectral titrations represented by the data
in Table 3 were conducted in fairly concentrated solution (ca.
0.02 M) the possibility of ion-paring effects on these data needs
consideration. Hendrickson et al. observed significant blue shifts

in v (ca. 700 cm?) for mixed-valence biferrocenes as functions

of concentration in low dielectric constant solvents. These shifts

were attributed to ion-parinf® In contrast, Hupp et al.
examined the concentration dependencepfor [(NH3)sRu-
(4,4-bipy)Ru(NH)s]®" in acetonitrile and found no spectral
shifts over the concentration range from millimolar to “infinitely
dilute”.2% We have conducted microelectrode voltammetry of

In conventional applications of the MH modeka in eq 7
has been estimated by using the distance separatirsgsoened
centroids of donor and acceptor si#%. In the GMH ap-
proach?® the assumed diagonal fofAof the two-state dipole
moment matrix in the charge-localized diabatic basis leads to
the expression forpa given in eq 6. Althougtrpa evaluated
in this manner may differ appreciably from estimates based on
molecular geometr§g-28-2%ve find in the present case (see Table
1) that the Fe-Fe separation is indeed a good estimate.

The two electronic configurations employed in the calcula-
tions may be represented as

%1 = (core)p, (8a)

23 = (corep, (8b)

where (core) is ann(—1)-electron corer(is the total number
of electrons in the [F£L)3]>" complex), which by construction

h ve nay - 0 0 :
I in acetonitrile, in both the presence and absence of addedis common to botty;, andy;, and where the molecular orbitals

supporting electrolyte (up to 0.1 M TBAR): and found no
measurable shifts iy, for the metal-centered oxidatiofs.

These electrochemical results and the spectral results of Hupd

(MO) ¢1 and ¢, are orthonormal linear combinations of the
effective D and A orbitals in the electron transfer process. These
atter orbitals are expected to be dominated by the 3d atomic

et al. lead us to conclude that ion-paring effects are likely not orbitals (AO) of the Fe atoms, but with important tails extending
a major concern in acetonitrile at the concentrations employed onto the tethered bipyridine ligands. The final eigenfunctions
to generate the data in Table 3; however, minor ion-pairing X1 andyz (i.e., adiabatic states) are obtained by configurational

effects cannot be entirely ruled out.
Theoretical Models for Hi,. The experimental values of

mixing of x5 andyJ. The desired quantitield;, andrpa are
then evaluated from egs 5 and 6 using the energies and dipole

Hi2in Table 4 may be compared with theoretical values obtained and transition moments in thg, . basis. The resultingii,

from configuration interaction (ClI) calculations carried out for
the [Fe(L)3]>" complexes using the INDO/S method developed
by Zerner and co-workefS. Previous studié4 have shown that
this method yields reliable values bfy, for a variety of self-

(21) For a variety of reasons including the very low valuevgf the
solubility of the complex, the low value efr, and the very positive value
of Ex(4+/5+), solvent studies have not yet been undertaken.

(22) (a) Lowery, M. D.; Hammack, W. S.; Drickamer, H. G.; Hendrick-
son, D. N.J. Am. Chem. S0d.987 109, 8019. (b) Hupp, J. T.; Dong, Y.;
Blackbourn, R. L.; Lu, HJ. Am. Chem. Sod.993 97, 3278.

(23) (a) Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff,
U. T. J. Am. Chem. S0d.98Q 102, 589. (b) ZINDO: A comprehensive
semiempirical SCF/CI package written by M. C. Zerner and co-workers,
University of Florida, Gainesville, FL.

(24) (a) Newton, M. DJ. Phys. Chem1991, 95, 30. (b) Newton, M.
D.; Ohta, K.; Zhong, EJ. Phys. Cheni 991 95, 2317. (c) Newton, M. D.
Chem. Re. 1991 91, 767.

may be understood as the coupling element in the charge-
localized diabatic basisyf, v2) obtained by a unitary trans-
formation of y1 and y, according to the GMH procedure.
Correspondinglyerpa is the dipole moment difference in the
Y1, Y2 basis.

(25) Cave, R. J.; Newton, M. BChem. Phys. Lettl996 249 15.

(26) (a) Reimers, J. R.; Hush, N. &.Phys. Cheml991 95, 9773. (b)
Creutz, C; Newton, M. D.; Sutin, Nl. Photochem. Photobiol. A: Chem.
1994 82, 47.

(27) The validity of this assumption has been demonstrated by more
detailed calculations, which take explicit account of the expansion coef-
ficients for the orbital and CI eigenfunctions (Cave, R. J.; Newton, M. D.
To be published).

(28) shin, Y.-G. K., Brunschwig, B. S.; Creutz, C.; Sutin, N.Am.
Chem. Soc1995 117, 8668.

(29) Newton, M. D.; Cave, R. J. IMolecular ElectronicsJortner, J.,
Ratner, M. A., Eds.; Blackwell Science Ltd., Oxford, in press.




Mixed-Valent Dinuclear Iron Polypyridyl Complexes

In order to provide a balanced treatment of the relevant two-
state space, the orbitals definij@%andxg (eq 8) were obtained
from a state-averaged SCF calculation based er6B0weight-
ing of x¥ andy2. In each case the,, ¢, pairs were dominated
(70—100% of the total orbital populations) by 2dype AO’s
at the two Fe sites, where thzeaxis is defined by the FeFe
vector. The remainder of th¢y, ¢» populations involve the
orbitals of the bipyridine ligands. As a result of the 3urbital
dominance, the relevant dipole moment vectors in thetate
(x1, x2) model are all aligned along the +&e direction (to
within <0.05D). The 3¢ orbitals belong to thé,q manifolds
of the Fe atoms since theaxis as defined here corresponds
roughly to a common trigonal axis of the quasi octahedral
coordination shells.

The Hi, values obtained (via eq 5) from the CI resulgs, (

J. Am. Chem. Soc., Vol. 118, No. 22, 5998

6700 cnl). Thus, the behavior of the isolated bridge moieties
mimics the Hi, trends of the full 420 and 430 complexes,
supporting the notion that the three-carbon bridges have little
role in the coupling, in contrast to the large degree of destructive
interference between TS and TB contributions in the case of
the two-carbon bridges. We emphasize that the TS coupling
invoked here is a local type (between bipyridine carbons in close
proximity), as opposed to the negligible long-range TS coupling
between the D and A sites (i.e., the Fe atoms).

Conclusions

In several important ways, the complexes under consideration
here are unique. First, they have very small metaétal
separations yet they remain weakly coupled and, thus, valence-

x2) are displayed in Table 4. For the three-atom bridge caseslocalized. For comparison, dinuclear ruthenium complexes
(430, 400, and 4S0) the calculated and experimental values ard'aving 4,4-bipyridine as bridging moieties have significantly
in agreement essentially to within experimental uncertainty. The larger metat-metal separations (ca. 11.3 R) and typically exhibit
calculated gap between the two-atom and three-atom bridgecouplings in the 3-/2+ mixed valence form which are 100 cfn
results is quite small in contrast to the larger gap obtained from O greate®3! In order to achieve distances comparable with

experiment.

To provide more perspective on the mechanism of D/A
coupling, we also carried out a series of calculations in which
the bridges linking the bipyridines were removed and the
dangling bonds “tied off” with H atoms, all other atoms in each
complex being maintained in their original positions. These

the complexes considered here bridging ligands such as pyrazine
have been employed (ca. 6.9 B! With such ligands,
however, the metalmetal coupling is greatly enhanced via
orbital mixing through the delocalizedsystem of the liganét

The small donor/acceptor separation is consistent with the
experimentally observed low value &, Furthermore, the

results indicate that the three-atom bridges are not importantlower values ofE,, for the complexes containing three atoms

for the overall coupling, which may be understood as direct or
“through-space” (TS) coupling between adjacent bipyridine

in the bridge relative to that for [@20%]>" can be rationalized,
at least in part, on the basis of differences in the ability of solvent

ligands of the respective Fe sites. On the other hand, removingto access the bridging region and on differences in torsional

the (—CH,CH,—) bridges in the 420 complex has a dramatic

doubling effect on théd;, value, thus suggesting a destructive

interference between the TS coupling and the “through-bond”
(TB) coupling mediated by the{(CH,CH,—) bridges. Analo-

gous but less dramatic effects have been found for even-

membered trans-staggered alkane brid§dmsjt detailed com-

strain.

The fact that the bridges do not, for the most part, contribute
to the donor/acceptor coupling was not anticipagegriori.
However, in retrospect, given the small separation of the
bipyridine ligands it is not altogether surprising. In fact, the
center-to-center separation in these systems is considerably

parison with the present results is complicated because of theshorter than what is generally assumed in the bimolecutdr 3
gauche conformation characterizing the bridges in the 420 2+ self-exchange reaction for [M(bpg)® The fact that the

complex. Since all the bridge-free complexes have similar Fe

two-methylene bridge appears to interfere with the direct

Fe separations (by construction, the same as those for the bridge@oupling mediated by the bipyridine rings was surprising. We

cases listed in Table 1), it might seem surprising thatHhg
values are not more similar in magnitude. The difference that
is in fact observed (97 cm vs the 48-60 cnT?! range for the
other cases) points to the important role played by local
stereochemistry of the bipyridine pairs between which the TS
coupling occurs.

have at our disposal other bridged bipyridine ligands which
should allow the preparation of analogous complexes in which
the metal-metal separation can be systematically increased,
albeit without maintaining the same relative bipyridine orienta-
tions as was possible here. Nonetheless, at some D/A separation
the bridge-mediated coupling should begin to dominate the direct

As a test of the above reasoning we have carried out coupling. Once this occurs a distance dependence typical of

calculations of D/A coupling in radical cations of the type ((H
(—CHz—)n (CHp))*, n = 2 and 3, with geometries taken from

throughe-bond coupling should be observ&dHowever, such
studies will almost certainly require a different experimental

the alkane bridges of the 420 and 430 complexes together withapproach given that the present complexes already exhibit IT

the carbon atoms of the bipyridine moieties at the points of

transitions which are so weak as to be on the edge of accurate

attachment to the bridges. These latter carbon atoms, in theexperimental measurability.

form of terminal CH groups, serve as the D and A sites in
these model electron-transfer systems. Radical cations (a

S,

Finally, the excellent agreement between the experimentally
and theoretically determinddh, values is noteworthy, especially

opposed to anions) were chosen as being the most re"avamtconsidering the relative complexity of these systems from a

analogs for the full complexes, where the low-lying ligand to
metal charge transfer (LMCT) states are likely to make “hole”

transfer (as opposed to “electron transfer”) the more important

bridge-mediated proced®& Calculations yield comparable
values ofH;, for then = 2 (~1400 cn1!) andn = 3 (~2100
cm 1) cases. Removal of the bridges as described above
keeping the coordinates of the terminal £¢toups fixed, has
only a modest effect o, for n = 3 (Hi2 = 2700 cnt?),
whereas fom = 2 the magnitude is greatly enhancédi{ =

(30) Liang, C.; Newton, M. DJ. Phys. Chem1993 97, 3199.

theoretical standpoint. The agreement supports the validity of
the compact picture of the coupling which emerges from the
theoretical results, one dominated by a pairtgf3d orbitals

on the respective Fe atoms (the “axial” Bdrbitals), whose
interaction is mediated via superexchange bystitgpe MO's

'of the bipyridine ligands. Analysis of the theoretical results in

(31) (a) Creutz, C.; Taube, H. Am. Chem. Sod 969 91, 3988. (b)
Creutz, C.; Taube, Hl. Am. Chem. So0d.973 95, 1086. (c) Callahan, R.
W.; Brown, G. M.; Meyer, T. Jinorg. Chem1975 14, 1443. (d) Goldsby,
K. A.; Meyer, T. J.Inorg. Chem.1984 23, 3002.



5228 J. Am. Chem. Soc., Vol. 118, No. 22, 1996 Elliott et al.

terms of the recently developed Generalized Mulliken Hush DE-AC02-76CH00016 (M.D.N.) at Brookhaven National Labo-
model not only yields$H;, values but also values of effective ratory. The authors also wish to thank Professor A. K. Rappe
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based on molecular structure. The values so obtained in the
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~als and instrumentation and experimental details for compounds
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