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Abstract: Stark (electroabsorption) spectroscopy can provide quantitative information on the change in dipole
moment and polarizability for an electronic transition. In the case of mixed-valence transitions, the change in
dipole moment associated with the intervalence charge-transfer band can be used to establish the effective
charge-transfer distance required for estimating the intermetallic electronic coupling using Hush theory (Oh;
BoxerJ. Am. Chem. So&99Q 112,8161). Stark spectra are reported for a series of cyanide-bridged complexes
with —RuU"(NH3)s as the acceptor and different metal/ligand combinations as the donor. The origins of
differences between the effective charge-transfer distance based on the intermetallic distance and the dipole
moment differences measured by Stark spectroscopy are discussed. The possible difference in the effective
charge-transfer distances for spiorbit states in [(NGOS'-CN-RU" (NH3)s]~, recently described by Karki

and Hupp J. Am. Chem. S0d997 110, 4070), is reevaluated, and it is shown that these distances are the
same within experimental error for these sparbit states. These data provide informative examples of methods
used to evaluate Stark data and the power of using higher-order Stark spectroscopy (LaoRtiya. Chem.

1995 99, 496) to measure the change in dipole moment for broad and relatively weak transitions often
encountered in mixed-valence systems.

Mixed-valence transition metal complexes exhibit a metal- obtained directly by Stark or electroabsorption spectroséopy.
to-metal charge transfer (MMCT) transition in the visible to The Stark effect describes the influence of an externally applied
near-IR region of the spectrum (for reviews see, e.g. refs)1 electric field on the absorption spectrum of a molecule. Oh
The extent of charge transfer associated with the MMCT and Boxer compared Stark data for [(§)kRu'-4,4-bpy-Ru" -
process, a critical factor in characterizing electronic interactions, (NHz)s]®" with the Creutz-Taube ion, [(NgsRU'-pyrazine-Rt -
is difficult to obtain quantitatively. For weak coupling between (NH3)s]>".89 A substantial amount of charge transfénAu|
the donor and acceptor metal atoms, the ground state of the= 28 D, corresponding to 529 of the metat-metal separation
complex is valence trapped (Robin-Day class Il) with only a distance)! was found for the former complex in which the two
small degree of ground-state delocalization. In these cases themetal centers are connected by &-bipyridine bridge, indicat-
electronic coupling matrix elemeni, can be estimated by  ing a mostly localized ground state structure. Little or no charge

using Hush theory:>6 transfer was observed upon excitation of the Creutz-Taube
complex where the two metal centers are connected by a
m pyrazine bridge. In this case the ground state is effectively
H., = (2 06 x 10_2) max “max “1/2 (1)
ab ' Aule (7) Oh, D.; Boxer, S. GJ. Am. Chem. Sod.989 111, 1130-1131.

(8) Oh, D. H.; Boxer, S. GJ. Am. Chem. S0d.99Q 112, 8161-8162.

where Pmax €max and vy, are the peak location, extinction 685(3%)_2;‘50'3' H.; Sano, M.; Boxer, S. Gl. Am. Chem. Sod99], 113

coefficient, and full-width at half-maximum, respectively, of (10) Oh, D. H., Ph.D. Thesis, Stanford University, 1991.
the absorption.Au is the change in dipole moment between (11)f is the local field correction, describing the difference in electric

the around and excit tate an fines the effective charge-ield strengthF, at the position of the molecule from that of the externally
e ground and excited state and defines the effective charge applied field,Fex: F = f-Fex. f can be modeled by using the dielectric

transfer distancerap = |_Ay|/e, wheree is the unit of charge.  constante of the solvent (see: Btcher, C. J. F.Theory of Electric
In the absence of direct measurementsAgf the metat- Polarization 2nd ed.; Elsevier: Amsterdam, 1973; Vol. 1). The most simple
metal separation distance has typically been used as the bestpproach employs the picture of a spherical cavity created in the solvent

: by the solute and predicts= 3¢/(2¢ + 1). Including the dielectric constant
estimate forg, Several years ago, Oh and Boxer demonstrated of the solute molecule and adjusting the shape of the cavity to approximate

that effective charge transfer distances of metal-to-ligand, ligand- that of the molecule usually lead to smaller predicted valudsief, values

to-metal, and metal-to-metal charge transfer processes can beloser to unity. An approach based on bulk dielectric measurements (e.g.
via measurements of the sample capacitance) might fail if the solvent is

T Stanford University. locally ordered in the vicinity of the chromophore, as has been recently
* University of Oxford. suggested (Bublitz, G. U.; Boxer, S. G.Am. Chem. Sodn press). For a

(1) Allen, G. C.; Hush, N. SProg. Inorg. Chem1967, 8, 357—389. given solvent this ordering depends on the dipolar properties of the solute.
(2) Hush, N. SProg. Inorg. Chem1967, 8, 391-444. Differences in the partial charges present at the ligasadvent (i.e. outer

(3) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocheri967, 10, 247. sphere-inner sphere) interface might lead to different valuekfof different

(4) Creutz, C.Prog. Inorg. Chem1983 30, 1-73. compounds even if their geometric proportions are similar. To separate this
(5) Crutchley, R. JAdv. Inorg. Chem1994 41, 273-325. factor from the experimental results we report all parameters determined
(6) Cave, R. J.; Newton, M. DChem. Phys. Lett1996 249 15-19. by Stark spectroscopy in terms bf
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@ through the sample, and detected with an amplified silicon photodiode.
3+ The sample consists of two microscope slides coated with a transparent
= ITO electrode and held apart by a Mylar spacer with a nominal thickness
[Phe,P“"'IRU(”) C=N-Ru(l(NHg)s of 25 um. The actual thickness of the empty sample cuvette was
PhsP determined interferometrically. An AC electric field was supplied by
1 a custom built high-voltage power supply, amplifying an externally
supplied sinusoidal wave. Samples were immersed in liquid nitrogen
in a dewar fitted with strain free quartz windows. The angletween
@ the direction of the externally applied field and the electric vector of
\ 3+ the polarized light was varied by rotating the Stark sample about the
[ Phspu"' Os(Il)—C=N- RU("')(NH3)5 vertical axis.
PhaP/ Conventional (@, see below) Stark spectra were obtained by lock-

2 in detection at twice the fundamental modulation frequenoyf the
externally applied AC electric field. Higher order Stark spectra (HOSS)
24 were obtained by using lock-in detection at four times the fundamental
[(OC)scr(O)—CEN—Ru(III)(NH3)5} frequency (4, see below). The changes in absorptidd, due to
application of the electric field were calculated from the experimentally
determined Stark signal\{) and the direct output of the photodiode
() (AAQw) = (2v/2/In 10)(Al(2w)1) and AA(4w) = (8v2/In
10)(Al(4w)/l). Absorption spectra were taken on the same setup as
[(NC)sos(Il)—CE N—Ru(lll)(NH3)5] i the Stark spectra as well as on a Perkin-Elmer Lambda 12 spectro-
photometer. Both gave identical spectra.

Compoundd—4 were synthesized as described in the literattn®.

3

4 For the Stark and absorption experiments, compouhd8 were
Figure 1. Chemical structures of the studied mixed-valence transition dissolved in a 1:1 acetone:EtOH solvent mixture. To study compound
metal complexes. 4 under identical conditions as previously reportéd,was dissolved

in a 1:1 glycerot-water solvent mixture. Solutions of compoufd

de|00a|lzed, that |S, the apprOprIate descrlptlon |S [éNRuZS' did not have sufficient Optlcal denS|ty to obtain HOSS.

pyrazine-R&%NH3)s]>" (Class Il in the Robin-Day classifica- )
tion). Method of Analysis

More generally, the same set of issues arises for organic g, 4 isotropic, immobilized sample placed in an electric fiald,
donor-acceptor compounds or for any system where electron i jead to a broadening anda. (the difference polarizability between
transfer occurs. For example, we recently reported Stark dataground state and excited state) will lead to a shift of the absorption
for a series of donoeracceptor polyenes prepared for studies spectrum. These two effects combine to give a Stark spectrum line
of the origin of second-order nonlinear optical propert®s, shape AA = field-on minus field-off) that is a weighted sum of the
and it has recently been shown that mixed-valence complexessecond and first derivative of the absorption spectrum, respectvely.
likewise exhibit strong optical nonlinearit§,as predicted from Typically these spectra are obtained by modulating the electic field at
the Stark resultd. We have also found that weak interactions frequencyw and detecting the signal at2andAA depends quadrically
between chromophores that participate in long-distance electron®" the field strength. We recently introduced a new technique called

transfer leads to unusual and informative Stark and higher-order"'9Ne'-order Stark spectroscopy (HOSS) that measures the higher even-
- harmonic responsesd4 6w, etc.) of the absorption to the applied field;
Stark (see below) line shap®s.

AA depends on the fourth, sixth, etc. power of the fi@ldAn important

In the present paper we investigate the group of cyanide- feature of HOSS data is thAl can be determined accurately for cases
bridged mixed-valence complexds-4 shown in Figure 1. where the absorption and absorption derivatives cannot be determined
Compound3 is isoelectronic and isostructural to [(NE¥'- precisely (e.g., for weak absorbers, broad lines, or overlapping
CN-Odg"(NH3)s]~ for which Stark data have recently been absorption features). For a detailed review of both techniques see ref
reportedt® In contrast to the other compounds, the metal atom 12.
on the donor side a3 is a group VI transition metal atom. All The conventional (@) Stark response can be expressed in terms of
compounds arefe-d° transition metal complexes. Stark spectra derivatives of the absorption spectrdf?
of 4 were recently reported by Karki and Hupp.We have
reexamined compoundlto investigate the possibility of orbital-  AA(2w, V) =

specific charge-transfer characteristics and reach rather different F A A + B, _d[A®) G, _ d(Am) @
conclusions than those reported by Karki and Hupp. M) T e Gl 30th2” a2\ 7
Experimental Section with

The setlsz fqr recqrdmg Stark spectra has been described in detail (18) Laidlaw, W. M. Denning, R. GJ. Chem. Soc.. Dalton Trar094
elsewheré? Briefly, light from a tungsterrhalogen lamp was passed  19g7-1994.
through a 0.22 m single monochromator, horizontally polarized, focused  (19) Laidlaw, W. M.; Denning, R. GPolyhedror1994 13, 2337-2342.
(20) Laidlaw, W. M.; Denning, R. GRPolyhedron1994 13, 1875-1880.

(12) Bublitz, G. U.; Boxer, S. GAnnu. Re. Phys. Chenil997, 48, 207~ (21) Additionally, electric field induced changes of the absorption
242. intensity lead to a Stark spectrum with a line shape similar to that of the

(13) Bublitz, G. U.; Ortiz, R.; Runser, C.; Fort, A.; Barzoukas, M.;  absorption spectrum (zeroth derivative line shape). All three effects can
Marder, S. R.; Boxer, S. GI. Am. Chem. S0d.997, 119 2311-2312. occur simultaneously, and the experimentally determined Stark spectrum

(14) Laidlaw, W. M.; Denning, R. G.; Verbiest, T.; Chauchard, E.; is analyzed in terms of the three derivative components (zeroth, first, and
Persoons, ANature 1993 363 58—59. second derivative of the absorption spectrum).

(15) Zhou, H.; Boxer, S. GJ. Phys. ChemSubmitted for publication. (22) Lao, K.; Moore, L. J.; Zhou, H.; Boxer, S. G. Phys. Chenil995

(16) Karki, L.; Lu, H. P.; Hupp, J. TJ. Phys. Chenil996 100, 15637 99, 496-500.
15639. (23) Liptay, W., InExcited StatesLim, E. C., Ed.; Academic Press:

(17) Karki, L.; Hupp, J. TJ. Am. Chem. S0d.997, 119, 4070-4073. New York, 1974; pp 129229.
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5 3 Table 1. Results of the Analysis of the Stark Spectra for
B, = 2Tr(A) + (3 cod  — 1)(§Aam - %‘I’r(Aa)) + Compoundd 4
(A-Au cross-term contributions) (3) conventional (&) Stark spectra
and A, Ao-f22 |Au|-f 4w HOSS
compd  [10722m#V? [A%] [D] |Au|+f [D]
= 2, — _ 1 5 550 21 c
C, = |Aul*[5 + (3 cog y — 1)(3 co$ i, — 1)] (4) 5 2 200 53 a5
. . I 3 8 1000 28 31
Herey is the experimental angle between the externally applied field 4 7 525 24 22
and the polarization of the incident liglit, is the internal angle between - — . .
A% and the transition moment ,nand Aoy, is the component of the aNeglectingAAu cross-term contributions. Estimated experimental

polarizability change along the direction of the transition moment (i.e. cerrorﬂa4o%. b_AssumingQA = 0°. Estimated experimental errar15%.
Aam = (MAamM)/|M|?). A, the zeroth derivative component, is linked Not determined.
to the electric-field-induced change of the transition dipole moment

and is usually small compared to the other two componajtsind factors that contribute to inhomogeneous broadening of the absorption
C,. The first derivative componenB,, has contributions from two ~ SPectrum, i.e., a spread in matrix field strength, can also lead to a spread
sourcesAc. and cross-terms betwednandAu. The latter are often  iN Auing across the inhomogeneously broadened spectrum. This is not

ignored, andAa is calculated directly fronB,. The second derivative ~ taken into account when the Stark data are analyzed in terms of the

componentgC,, is directly linked to]Ax|, the amount of charge transfer derivatives of the inhomogeneous absorption band, so (typically) small

upon excitation. deviations between Stark data and the fitting model based on-ejs 2
The expression ford-HOSS is similar to eq 2, but now the Stark @€ expected!

response corresponds to a sum of zeroth through fourth derivatives of

the absorption spectrum: Results
gt _ o The Stark spectra of compounils4 are shown in Figures
AA(dw, 7) = F* AX4w. A() + =L i_ (@) 422 % 2—5. The absorption and conventionah()ZSta_rk spectra of
35hc dv\ ¥ 70h°c all compounds were scaled to a peak absorption of unity and a

o [A®) DY o [Aw) E’ o [A®) field strength of 1 MVem™ to facilitate comparisons. The
A 7 | aed ot +MV@ 5) HOSS andv-weighted second derivatives of thev-Stark
spectra shown foP—4 were scaled to a field strength of 1
with MV-cm™! by using theF* and F? field dependencies of the
signals, respectively. All spectra were obtainedyat 90°,
E = |Aul*[7 + 2(3 cod y — 1)(3 cod &, — 1)] (6) except for4, wherey = 65° for better comparison with the
) results in ref 17. Table 1 lists the results of the simultaneous

so that again the highest (fourth) derivative component is related only best fit of the absorption andu2Stark spectra to eq 2 for all

v % v

to the amount of charge transféfu|. four compounds. The zeroth, first, and second derivative fitting
For large values of\u, the second derivative coefficie®, and components from which these numbers were extracted are also
fourth derivative coefficientEf”’ dominate the @- and 4v-Stark shown in Figures 25. All 2w-Stark spectra are clearly

response, respectively. In this case the line shape ofthE@SS is dominated by the second derivative component, with relatively
predicted to resemble that of tireweighted second derivative of the  small first derivative and only minor zeroth derivative contribu-
2w-Stark spectrum, an\u| can be calculated from the ratio of these  tjgns. Accordingly the relative error of thAu| values reported
two spectra: in Table 1 is smaller than that of tho values. For2—4 the
values of|Au| which were obtained from the comparison of

Al (4o, 7) = the HOSS with the derivatives of thev2Stark spectra (cf. eq
17a_Z(A'“\A,l(Zwa '7)) 7) are also listed in Table 1. The noise of the-WOSS data
P v is similar to that of the @-Stark spectra; however, the HOSS
,  [7+2(3cody—1)Bcode, — 1) , signal is smaller by a factor of about 100.
e Al (7) The angléeia between the difference dipole and the transition
28n°c’[5 + (3 cos y — 1)(3 cod &, — 1)] dipole moment can be determined directly from-Stark data

o ) ) obtained at different experimental angjei$ the Stark response
The proportionality factor on the right-hand side of eq 7 depends only is dominated by\u (cf. eq 4)?5 Although this is the case for
on the field strength F and the angleboth experimental parameters, 1-4, there are uncertainties in the angle adjustment, the
d on th I€x betweenAz and T which b d, ' . d .
and on the angléx betweenAyi and M which can be measured, so magnitude ofAA is rather small due to the low optical density,

this ratio of experimental data provides an independent approach for S -
obtaining|Aul. and the refractive index of the low-temperature solvents is not

The assumptions underlying eqs@are believed to be quite robust ~known exactly. Taken together these limitations give quite a
but do not cover all interactions affecting a molecule in solid solufion.  large error in the value ofa. Within the experimental
The major limitation that will give rise to deviations between data and uncertainty, the data for all four compounds yield values for

model originates in the interaction of the polarizability differente, Ca that are close to zero, that is, the transition moment, which
of a compound with the electric field created by the solvent matrix s expected to lie along the intermetallic axis, and the direction
surrounding it. This matrix field induces a dipole momefts = of charge displacement accompanying the MMCT excitation is
o-Fmarix, Which adds to the molecule’s intrinsic, permanent dipole

moment, to, t0 give &t = o + ing. AN intrinsic difference in (24) For example, if a molecule has a moderately large valutoof=
polarizability for the molecule thus can lead to an induced difference 500 A% a spread of 1 Mvtm™ in the matrix field strength across the
dipole moment between ground and excited sfate = A0Frawix. If inhomogeneously broadened spectrum will cause a spread of 1.AR.in

. ) : (25) The externally set experimental andlg,is adjusted by using Snell's
the magnitude Gfuing does not change across the absorption spectrum, law, n sin 61 = ny sin 6, (wheren; = 1.205 is the refractive index of the

this factor will have no effect on the analysis of the Stark spectrum, liquid nitrogen anch, that of the sampley = 90° — 6,. The Stark data
and the experimentally determingdu| will just be the sum of the are also corrected for the increased path length (i.e. increased absorption)
intrinsic and induced difference dipole moments. However, the same asy increases.
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(--), first (-—-), and second-f) derivative components of the s |°|‘>
simultaneous best fit to th& and AA spectra. For the absorption and |
AA spectrum both date#) and fit (—) are shown. All spectra were

scaled to a field strength of £ 10° V-cm™ and a peak absorbance of

unity. The actual sample had an optical density of 0.03.
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! i spectrum of2 at 77 K in a 1:1 acetone:EtOH solvent mixtureyat=

from the data assumings = 0°. 90°. (C) The zeroth (--), first (—-), and second ) derivative
Compoundi (cf. Figure 2) exhibits a broad absorption band components of the simultaneous best fit to ghend 2»-Stark spectra.

peaked at about 16 750 ctwith a shoulder at approximately ~ For the absorption andu2Stark spectrum both dat#j and fit (—)

18 000 cnt. The line shape of the Stark spectrum is dominated &€ shown. (D) 4-HOSS {-) and scaled-weighted second derivative

by the second derivative component (cf. panel C, Figure 2) with of the conventional (@) Stark spectrum-). The Stark spectra were

. I . . scaled to a field strength of £ 10° V-cm™ by using theF* (HOSS)
only minor contributions from the first and zeroth derivative andF? (20-Stark) dependence. The absorption andStark spectrum

compqnent_s. The best fit maps the experimental spectrum QUIteyere scaled to a peak absorbance of unity. The actual sample had an
well with slightly larger deviations between data and model at qptical density of 0.23. The derivative of theStark spectrum shown
higher energies. The result of the best fit translates into a largein the bottom panel was multiplied by a factor of 6060, corresponding
difference dipole moment df|Au| = 21 D and a moderately  to a value off-|Au| = 24.5 D (assuminga = 0°, cf. eq 7).
large polarizability change df-Da = 550 A3,

The results for compounds(cf. Figure 3) andé (cf. Figure ~ ously reported spectrum in line shape and magnitdtiewever,
5) are very similar. Two broad overlapping bands with a peak these authors extracted very different valuedofas discussed
separation>3000 cn! can be clearly distinguished in the below.

absorption spectra. Fdt the higher energy band is clearly The absorption spectrum of compouBd(cf. Figure 4) is
composed of two components, as shown by the presence of groad and unstructured. As for the other compounds, e 2
shoulder at-19 000 cn?. Similar to compound, for both2 Stark spectrum d8 has a dominant second derivative line shape;

and4 the 2v-Stark spectrum is dominated by a second derivative however, the first derivative contribution is slightly larger than
line shape with only small first and zeroth derivative contribu- for the other compounds. Agreement between the data and fit
tions. The fitting components translate into value$ pfu| = is very good, and the derivative parameters translate into values
23 and 24 D as well aB-Da = 400 and 525 Afor 2 and4, of f-|Au| = 28 D andf>Da= 1000 A%. The line shape of the
respectively. The agreement between data and fit is again quitetHOSS andv-weighted second derivative of thewZStark
good with a slightly larger discrepancy at higher energies. For SPectrum match well; the scaling factor for the derivative
both compounds the HOSS and iheveighted second derivative ~ SPectrum (cf. eq 7) translates figAu| = 31 D.

of the 2v-Stark spectrum match across the entire spectrum, using
a scaling factor for the derivative spectrum (cf. eq 7) that
translates td-|Au| = 24.5 and 22 D fo2 and4, respectively. The measuredAu| values for compound$—4 correspond
The experimental @-Stark spectrum oft matches the previ-  to effective charge transfer distances of approximately @0/

Discussion
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Figure 4. (A) absorption spectrum; (B) conventionala(R Stark Figure 5. (A) absorption spectrum; (B) conventionala(p Stark
spectrum of3 at 77 K in a 1:1 acetone:EtOH solvent mixtureyat spectrum of4 at 77 K in a 1:1 glycerol:water solvent mixture yat=

90°. (C) The zeroth (--), first (—-) and second ) derivative 65°. (C) The zeroth (--), first (—-), and second) derivative
components of the simultaneous best it to gend 20-Stark spectra. ~ cOmponents of the simultaneous best fit to Aend 20-Stark spectra.
For the absorption and«2Stark spectrum both dat#} and fit () For the absorption andaStark spectrum both dat#] and fit (—)

are shown. (D) 4-HOSS ¢++) and scaled-weighted second derivative ~ &'® shown. (D)_éb-HOSS ¢--) and scaled-weighted second derivative
of the conventional (@) Stark spectrum-f). The Stark spectra were ~ ©Of the conventional (@) Stark spectrum<). The Stark spectra were
scaled to a field strength of & 10f V-cm™2 by using theF* (HOSS) scaled to a field strength of £ 10° V-cm* by using theF* (HOSS)
andF2 (20-Stark) dependence. The absorption andStark spectrum andF? (2w-Stark) dependence. The absor.ptlon andStark spectrum
were scaled to a peak absorbance of unity. The actual sample had arfvere scaled to a peak absorbance of unity. The actual sample had an
optical density of 0.08. The derivative of the/Stark spectrum shown  OPtical density of 0.16. The derivative of the>Stark spectrum shown

in the bottom panel was multiplied by a factor of 9575, corresponding N the bottom panel was multiplied by a factor of 6015, corresponding
to a value off-|Au| = 31 D (assuminga = 0°, cf. eq 7). to a value off+|Au| = 22 D (assuming, = 0°, cf. eq 7).

. from electrochemical dat&. This method yields values-%
100f %, 120f %, and 95/ %, respectively, of the full metal  times larger than those obtained from Hush theory. For
metal separation (between 5.0 and 5244, The exactvalue  [(NC)sFe!-CN-Og" (NHs)s] - it predicts that 10% of an electronic
of the local field correction factof, is not known but is likely charge is transferred in the ground st¥teshich can partially

to be similar for similar compounds in the same solvénThe account for the observed small effective charge-transfer distance
previously reportedAu| value for [(NC)Fe!-CN-O3!' (NHz)s| - for this complex. However, since the ground state delocaliza-
corresponds to about 65% of the metat-metal separation  tion, assessed by the Hush method, for compounel is so
distance'® small, even the enhancement that could be expected from using

One possible reason for an effective charge-transfer distanceelectrochemical data is inadequate to account for the observed
of less than 100% of the metainetal separation distance is variations in Au. In particular the increase inAu| for
the presence of ground state charge delocalization. Hush theor\compound3 relative tol, 2, and4 cannot be explained in this
is commonly used to estimate the ground state delocalizationway since the optical data indicate a similar extent of delocal-
coefficient,a.. UsingHga, from eq 1 withrgp, set to the metat ization in all four compounds.
metal separation distance,can be calculated as= Hay/Vmax Electrostatic effects involving the acceptor group or the
For compound4—4 this predicts only about 1% ground state spectator ligands of the donor metal ion have been discussed
delocalization (using typical values b= 5.2 _A Vmax= 15000 (26) de la Rosa, R.; Chang, P. J.; Salaymeh, F.; Curtis, [30@. Chem.
cmt, €max = 3000 cnTt-M~4, and v = 3500 cnr ) 1985 24, 4229-4231.
Alternatively, the ground state delocalization can be calculated (27) Dong, Y.; Hupp, J. Tinorg. Chem.1992 31, 3170-3172.
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as another factor that might influence the effective charge-

transfer distancé&-3! The acceptor moiety; CN-RU" (NH3)s,

J. Am. Chem. Soc., Vol. 120, No. 2460238

the charge is completely localized on the metal atoms. It is
clear from the apparent extent of charge transfer that this effect

is the same in this series and obviously cannot account for is more important in the (C@Er— than in the (CN§Os— unit.

differences among compounds-4; however, the ligands on

Calculations show that the net charge donation from each CN

the donor side are different. It has been suggested that theligand to the osmium atom in the ground state is 0.80bait
permanent dipole moment of the spectator ligands can inducethat only 0.28 € is donated from each of the CO ligands to Cr

a substantial dipole moment along the metaletal axis?®2°
The magnitude of this induced dipole moment will depend on
the polarizability of the complex. A difference in polarizability,
Aa, then leads to a difference in induced dipole moment
between the ground and excited states, thus chamfgingThe
importance of this effect has been called into question for MLCT
and LMCT processe¥;however, for MMCT transitions it was
argued that this accounts for most of the difference in the
expected and observed charge-transfer dist&®.lIt is
important to note that a negative value/®dé was assumed in
these calculation® while the Stark data show directly thatt
is positive for compound4—4 (cf. Table 1 and refs 16 and
17).

In compoundd, 2, and4 the spectator ligands can, to a first

approximation, be assumed to have a (partial) negative charge

in close proximity to the donor metal ion, similar to the charge
distribution in the free ligand. However, it is unclear at a
guantitative level how the binding affects the charge distribution.

In 3 the carbon ligand atom attached to the metal center likely
carries a partial positive charge. Although molecular CO carries
a partial negative charge on the carbon atom, in CO bound to
a metal surface the charges are reversed and correspond to th

electronegativity of the atoif#:3* SinceAa is observed to be
positive for all mixed valence transitions 4, the ligand
dipoles will lead to a direction of\ziing Opposite to that of
Alimvct for 3 but in the same direction for the other three
compounds. The effective charge-transfer distance thus shoul
increase for2, 3, and4 but decrease foB—exactly opposite
from the observed differences jAu|. Thus, to the extent that

these qualitative expectations of the charge distributions in the
ligands are valid, it appears that ligand-induced dipole moments

(J. Waite, private communication). The implication is that back-
donation from the filled set of dorbitals on the donor metal is
much more significant in the (C@r— unit. This result is
consistent with the low formal oxidation state of chromium.
Since a hole is opened in the drbitals during MMCT, there
should be a large decrease in back-donation from the chromium
atom in the excited state that corresponds to an additional axial
component tgAg|.

Spin—Orbit States. Two peaks separated by more than 3500
cm! are observed in the absorption spectrum of compaund
These are caused by the spurbit splitting in the excited state
of the donor metal atom (see Appendix). In an octahedral site,
a 2Tyq (t2g°) state is split by®/,¢, where¢ is the spir-orbit
coupling constant. The lower energy/;J component at an
energy of— is a Kramers doublet, but the higher org)(at
+ Y,¢ retains a degeneracy that can be resolved in lower
symmetry (including axial) fields. EPR data on related ammine
complexes can be analyzed by usig= 2750 cn1? for Os-
(111)38 and ¢ = 1000 cn1! for Ru(lll) compounds? Thus,
assuming that the deviation from octahedral symmetry at the
osmium atom is not large, the observed splittingtiis of the
Eorrect magnitude, as is the roughly 2:1 relative intensity ratio
of the components (see Appendix). As expected, comp@und
shows a splitting of similar size, but here the low site symmetry
causes the removal of the residual degeneracy to give three

dpomponent level$® The smaller spir-orbit coupling constant

of Ru(lll) leads to a more poorly resolved high-energy
component in the absorption spectrum of compotindsimi-
larly ¢ for chromium(l) is too small to cause any detectable
splitting in the spectrum 08.

cannot account for the observed differences between complexes On the basis of their analysis of the Stark spectrun,of

1-4.
A more plausible effect which could account for the differ-

Karki and Hupp concluded that there is a significant difference
in the effective charge-transfer distance for the two sjoirbit

ences in effective charge-transfer distances is the flow of charge2ands, 3.TeA for the lower and 5.8&A for the higher energy

to the donor metal atom from its ligands, in response to the
MMCT. A related phenomenon occurs in [M(bgl?)" com-
plexes (M= Zn, Fe, Ru, Os), where it has been shown that
nominally ligand-centered transitions in the near-ultraviolet can
exhibit large|Au| values even though the isolated ligand itself
exhibits, as expected, littlé\u|.3° In these systems the effect

band!” By contrast, our analysis of the identical experimental
data suggests that the effective charge-transfer distances are
identical. Karki and Hupp rationalized their finding in terms

of the different orientation of the orbitals involved in the two
absorption transitions. The lower energy absorption bant of
was assigned to a transition originating from a degenerate pair

has been attributed to the mixing of ligand-centered states with of Os 5d-orbitals partially aligned along the charge-transfer axis.

the MLCT state. In the present compounds, if the donor
environment is approximately octahedral, as in compouhds
and4, the ligand-to-metal charge flow that accompanies MMCT
induces a dipole in the axial CO or CNigand—metal bond
relative to the ground-state charge distribution. This can
increasgAu| beyond what would be expected in the case where

(28) Reimers, J. R.; Hush, N. S. Mixed Valency Systems: Applications
in Chemistry, Physics and Biologlrassides, K., Ed.; Kluwer Academic:
Dordrecht, 1991; pp 2950.

(29) Reimers, J. R.; Hush, N. 3. Phys. Cheml991, 95, 9773-9781.

(30) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N.Am. Chem.
Soc.1995 117, 8668-8669.

(31) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, NPhys. Chem.
1996 100, 81578169.

(32) A two-level model which considers only the ground state and first
excited state will always predictoa to be negative.

(33) Surnev, L.; Xu, Z.; Yates, J. T. $urf. Sci.1988 201, 14—26.

(34) J. T. Yates, Jr. Personal communication.

(35) Hug, S. J.; Boxer, S. Gnorg. Chim. Actal996 242 323-327.

The higher energy band is believed to involve a single Os 5d-
orbital that is nominally orthogonal to the charge-transfer axis
but becomes allowed through asymmetries in the ligand field
and through mixing of the d-orbitals via spiorbit coupling®”
However, judging from the absorption data, the spinbit
interaction is the dominant interaction, since the separation of
the two bands is comparable with that due to that perturbation
alone in an octahedral site (see Appendix). Any axial field
perturbation must be diagonalized simultaneously with the-spin
orbit interaction. The dominance of the latter means that it is
misleading to associate the eigenvectors with particular spatial
components of thegorbitals, as suggested by Karki and Hupp.

(36) Medina, A. N.; Gandra, F. G.; Lima, J. B.; McGarvey, B. R.; Franco,
D. W J. Chem. Soc., Faraday Trank997, 93, 2105-2111.

(37) Blake, A. B.; Delfs, C. D.; Engelhardt, L. M.; Figgis, B. N;
Reynolds, P. A.; White, A. H.; Moubaraki, B.; Murray, K. 3. Chem.
Soc., Dalton Trans1993 1417-1420.
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Figure 6. (A) absorption spectrum; (B)a2-Stark spectrum of at 77

K'in a 1:1 glycerol:water solvent mixture gt= 65°. For each spectrum
both data #) and model {-) are shown. In panel A the model of the
two individual absorption bands is shown as weli(-). The model

of the Stark spectrum shown in panel B uses sAheand Aa values
previously reported by Karki and Hupffor 4, f-|Au| = 17.7 and 25.5

D andf>Da= 975 and 1550 Afor the lower and higher energy band,
respectively. The zeroth derivative components of the model were fixed
at zero—see text. It is evident that the fit is poor (compare Figure 4B);
a good fit can only be obtained by including oppositely signed and
unrealistically large zeroth derivative components.

The Appendix shows that, providing the degree of metal-to-
metal delocalization is small, the two excited states should not
therefore differ significantly in their effective charge-transfer
distances, in agreement with our finding thau| (andAa) is
nearly identical for these two bands (Table 1). Likewise, for
compound?2 the agreement between the data and fit is very
good across the entire spectrum when only a single value of
|Au| andAa. is used. Fits of thé\A spectra of2 and4 when

more than one set of derivative parameters are used (carefully

avoiding the introduction of artifacd did not result in
any significant difference of théu values for the different
bands. The homogeneity of the electronic structure is further
confirmed by the HOSS data which for both complexes yield
|Au| values similar to those obtained from the conventional 2
Stark spectra.

In general, it is important to be careful when analyzing Stark

Bublitz et al.

to interfering effects on the two banés.This can be avoided

by collecting HOSS data. As outlined above, the analysis of
HOSS data with eq 7 does not require any model fitting
functions and involves only comparisons among experimental
data. This provides a reliable way of determining whether the
electronic structure changes across the absorption spectrum. For
example, in acceptor-substituted carotenoids large changes in
|Au| across the absorption band are clearly revealed by H®SS.

Appendix — Intensity of the Spin—Orbit Component
Transitions

The zeroth-order wave functions are taken as those of the
octahedraldy shells on the donor and acceptor centers. These
two sets of bases can be related by the com@paxis along
z, i.e., the metatmetal direction. Because spiorbit coupling
is large at both metal centers it is convenient to use spinors
that diagonalize this interaction. The one-electron functions are
therefore bases for thd; (E') and I's (U') irreducible
representations of O*. In the notation of Griffiththese are
related to space-spin products by:

1 V2
E'o’’ = ——|t,0,00- YSt, + 1,80
V3 NE
V2 1
BB =4, — 1,00- —|t,080
V37l V37
1 V2
Uk = — —|t, — 1,00- ¥5t,0,80
NS V37
UiA=t,— 180
Uu=It,+ 1,00
V2 1
Uy = ¥5t,0,00- —|t, + 1,80 (1)
V37 V32

In terms of [LM_Okets and the reat-orbitals, the spatial
functions are given by,0 = 1//2(220— |2 — 2[) = idyy,
tr+ 1= 12 — 10= — i/lV2(dy, + dyx) andt, — 1 = —|210=
i/«/ﬁ(dyz — dxp). o and g are the spin functions.

The one electron spinorbit energies are-1/2¢ for U’ and

data for overlapping bands. To see this clearly for the present 75 for E". In the ground state there is a hole in thedrbitals

case, fits of theA and AA data of4 are shown in Figure 6 by
using values reported faxu andAa. for each spir-orbit band

by Karki and Hupp” This model clearly does not match the
data (compare the best fits in Figure 4A and B), greatly
underestimating\A for the lower energy band while overesti-
matingAA for the higher energy band. Karki and Hupp reported

of the Ru(lll) ion, and thus in th&" spinors which lie~1500
cm~! higher in energy than the 'U The ground-state
wave functions havé& symmetry and, in an obvious nota-
tion derived from eq 1, aréxglquavdod' B kalattava0s'Jand
[kalauavaoy Bu kadattavaPfa [ where the subscripts distinguish
donor and acceptor functions. The MMCT excited states are

good agreement between data and model; however, they digobtained by filling the hole in the E* acceptor shell by a

not show the decomposition into a sum of derivatives, as in
Figure 4C. This good agreement reported by Karki and Hupp
can only be obtained if large zeroth derivative components of
opposite signs for the two bands accounting for up to 50% of
the magnitude of th&A data are included in the fit. There is
no theoretical justification for this, and it is unnecessary as
demontrated by the excellent fit in Figure 4B where the zeroth
derivative component contributes less than 5% toAAesignal.
Generally, an unrestricted fit of the Stark response of overlap-
ping absorption bands using different derivative parameters for
each band is prone to the introduction of artificial results due

transition from either E” or Uspinors on the donor. The
transition moment operator for axial charge transfer is invariant
with respect taC4(z), so only those transitions where the initial
and final states transform identically under this operation are
allowed. ThusonhE'oa’ —E"a",E'a”" — U'v,E"f" —E"S"
andE"fs" — U'k contribute to the intensity. The relevant matrix

(38) AA for each band can be either positive or negative. For example,
a combination of a positive and a negative zeroth derivative component
for overlapping bands can lead to a model that resembles the first derivative
of the full spectrum.

(39) Griffith, J. S.The Theory of Transition-Metal lonsCambridge
University Press: London, 1961.



Cyanide-Bridged Mixed-Valence Transition Metal Complexes
elements are:

g 0 ' et 0 121t 04t 04 B =
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(& gV d0l By KakaltaV a0 186 AtV g0 B KealtaV a0 B L
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W ezif = 2,0 21, 0@) 3+ i, — 1@lezl, — 10
@)

with equivalent expressions for the Kramers conjugate states.set stemming from theE"(O*) spinors.

Matrix elements of the typ&l4|ez|S4' Ovanish on spin integra-
tion. The first transition moment in eq 2 applies to BEh—

E" transition, i.e., to the lower energy of the two excited states,
and the second to df' — U’ transition to the higher energy
state.

The bridging cyanide ion has no orbitals available with the
same axial symmetry as thgd (dx,) metal functions, so to a
very good approximation the overlap integf&D(d)|t,0(a)Clis
zero, and the contribution of the0 orbitals to the transition
moment is negligible. The remaining terms in eq 2 are
proportional to a transfer integral that originates in super-
exchange via the orbitals of the cyanide bridge. Their relative
magnitude (i.e.\/§:1) predicts that the&e" — E" transition
should have twice the intensity of ti&' — U’ transition.

From the coefficients of the + 1 orbitals in eq 1 we note
that the extent of delocalization in tHg' spinors should be
twice as large as that in thedJand Uv spinors that contribute
to the transition probability. It follows that, if the metal-to-
metal delocalization coefficient was in fact much larger than

J. Am. Chem. Soc., Vol. 120, No. 2460298

the ~ 1% suggested by the Hush modéfu| would be
observably larger in the higher energy — U’ transition than
in theE" — E" transition.

Finally the influence of an axial perturbation, in which the
leading term transforms &6, on the octahedral functions at
either or both metals, can be determined by examining the
appropriate coupling coefficients @*, or by inspection of the
functions in eq 1. The perturbation operates in second order
and leads to a superposition Bf o' with U'v, and of E"f"
with U'k. These functions share the sarB8 irreducible
representations of thesPdouble group. The effect is to split
theU'(O*) spinors into two set&'(D4*) andE'(D4*), of which
the former are at lower energy, and to raise the energy of the
Because of the
constraints imposed by axial charge transfer and spin orthogo-
nality, the E'(Ds*) — E"(D4*) transitions are forbidden.
Consequently there continue to be only two allowed transitions
in the presence of the perturbation, but their separation is
augmented by the second-order effect of the axial field. The
modification to the wave functions implies that the intensities
of the two transitions become progressively more equal as the
magnitude of the axial field increases. This effect is a composite
of the axiality at both metal centers. The constraints on the
transition moments are removed when the symmetry is lower
than axial, and all three transitions are then allowed. This is
clearly the case for compound, where three component
transitions are resolved.

Acknowledgment. This work is supported in part by a grant
from the National Science Foundation Chemistry Division.
W.M.L. is the grateful recipient of an EPSRC Postdoctoral
Fellowship.

JA980453S



