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Influence of Sequential Solvation on Metal-to-Ligand Charge Transfer in
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The first direct measurements of the contributions of individual solvent molecules to solvent reorganization
associated with photoinitiated charge transfer in a coordination complex are reported for gas-phase clusters
of bis(2,2,2"-terpyridyl)iron(ll), [Fe(terpy)]?", with dimethyl sulfoxide (DMSO) prepared by electrospray
ionization. Excitation of [Fe(terpy)DMSQ),]?" clusters at wavelengths corresponding to the metal-to-
ligand charge-transfer (MLCT) absorption characteristic of Fe@Blypyridine complexes in solution triggers
evaporation of solvent molecules, permitting the application of laser photofragmentation mass spectrometry
to monitor MLCT absorption. The energy of the optical transition corresponding to MESTS reported

for [Fe(terpy)-(DMSO),]?* clusters = 1—11), and the cluster-size dependencé&gfis examined following
Jortner’s cluster-size-equation approach (Jortnet, Bhys. D1992 24, 247). The first 11 DMSO molecules
contribute 54-63% of the bulk solvent reorganization energy, based on estimateSffatr the gas-phase
[Fe(terpy}]?t complex falls between 1.86Q 10* and 1.876x 10* cm2.

Introduction The simplified description of the interactions between the

. ) .. solute(s) participating in ET and the surrounding medium offered

Optical electron-transfer (ET) processes in coordination . gielectric continuum models has led to their widespread
complexes, particularly metal-to-ligand charge transfer (MLCT) onyjication. However, it is precisely this oversimplification in
and metal-to-metal charge transfer (MMCT), have been studied o reatment of solutesolvent interactions that results in a

extensively:® Typically, solvent reorganization is probed by ) eadown in the ability of these models to make quantitative
changing the composition of the bulk solvent and then measu””gpredictions 0fEqp 619 Fine tuning of dielectric continuum

the energy of the optical transitidgy,, which corresponds 0 modelg has improved quantitative agreement between theory
the maximum of the ch_a_rge-trgnsfer (C.T) absorptlon band. In and experiment; nevertheless, the underlying assumption that
fac_t, Eopis gene_rally partitioned into contributions from t_he ZET0-  golvent behaves as a dielectric continuum ignores the molecular
point energy difference between the grpund and excited Statesdetails of the strongest interactions that occur between the solute
OT th(_e isolated CT chromophotEs, the inner-sphere reorga- and adjacent solvent molecules in the first solvent shell. The
nization of the chromophore to accommodate the new Chargeresponse ofEo, in solvents which exhibit strong, spatially
distribution in the CT excited stafy; and the outer-sphere or - .= 15 28 27 oh as hydrogief® or Lewis acid
solvent reorganization in response to the new charge distribution 2456 bonding wiih the ET chromophore, highlights the

Eou, where limitations of dielectric continuum models. These local solvent
solute interactions effectively saturate the dielectric immediately
surrounding the solut¥:2%.27 A further complication in the
behavior of Ey, which manifests itself as a concentration
In many cases, the solvent reorganization energy correlatesgependence, arises from ion pair formation between ionic ET
strongly with the bulk dielectric properties of the solvent. This chromophores and counterions present in soluti@p28.29
relationship between bulk dielectric properties of the solvent 1 aoretical work has begun to focus on the impact of local
and solvent Eorganlzsatlon first emerged from théolg)velloped interactions between coordination complexes and solvent on
by Marcus;™” Hush? and Levich and Dogonadze for the energetics of optical ET. Zerner and co-worketmave
thermal electron transfer (ET). HUSH® subsequently estab- calculated the MLCT transition energy for the isolated
lished the connection between thermal and optical ET _and [RU(NHs)s(pynJ2" complex (pyr= pyridine) as well as for this
extended the theory developed for thermal ET to optical complex associated with 5, 10, and 15 water molecules using

g\ter\llaler:jcg IIE(Tk An@alterna(;g arr:prfoé?:rbased ofn tr|1eo_ry the intermediate neglect of differential overlap (INDO) model
;a\_/e Opﬁ oy Kur wot?_ to prﬁ ictt de' “?g energy of solvation 5 e configuration interaction (Cl) level of theory. The addi-
8. Ilon?' a\ﬂng ar: ar graryq arglj(ed |s;tr| _u?on mtatﬁom'nTOUSt tion of water molecules near the five ammine ligands of the
dle ec (;'C asfas? Ielglj Invoked 1o interpre € solven complex had dramatic effects on the energies of both the MLCT
ependence ot optica ’ and the pyridine-localizedt — z* transitions consistent with
~ the solution absorption spectra, which could not be reproduced
*To whom correspondence should be addressed. E-mail: [y 5 dielectric continuum model. Reimers, Hush, and co-
lynmarie.a.posey@vanderbilt.edu. . L . L.
fCurrent address: Department of Chemistry, Stanford University, WOrkers have combined ab initio and semiempirical methods
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Eop = AEO + Ein + Eout (1)
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to model the effects of local solvensolute interactions, part-
icularly hydrogen bonding, on optical ET. When they applied

these methods to predict the MLCT transition energies for [Ru-

(NH3)sL]2", L = pyr or pyrazine (pyz), in wate¥; 36 they found
that it was only necessary to explicitly determine molecular

interactions between the coordination complex and water

molecules located within the first solvent shell; solvent beyond

the first shell could be modeled as a dielectric continuum.
Experimentally, opticdl~° and electrochemic& 443 stud-

ies of coordination complexes exhibiting MMCT and MLCT

in mixtures of acetonitrile and dimethyl sulfoxide (DMSO) have

provided the clearest evidence of the importance of local solvent

interactions in ET and the magnitude of their contribution to
the solvent reorganization energy. At mole fractions of DMSO
below 0.1,E,, deviated significantly from the linear dependence
on solvent composition anticipated if the composition of the
solvent shell immediately surrounding the coordination com-
plexes mirrored bulk solution. This behavior was attributed to

Spence et al.

photofragmentation

[Fe' (terpy),(DMS0)]** + hv —
[Fe" (terpy )(terpyy (DMSO)J*™* (2)

[Fe" (terpy )(terpy}(DMSO)]**+ —
[F€ (terpy),(DMSO),]** + (n—m)DMSO (3)

As a consequence, the wavelength-dependent photodepletion
action spectra reflect cluster absorption.

Experimental Section

The tandem mass spectromé®ezquipped with an electro-
spray ionization (ESI) cluster souffeused to collect laser
photodepletion action spectra was described in detail pre-
viously. Briefly, ESI of a 1.5x 10~* M methanolic solution
(Fisher, Certified ACS) of Fe(terpyPFs). generated gas-phase

preferential solvation of the coordination complexes studied by [Fe(terpy}]?>" and [Fe(terpyy (CH;OH),]2" ions. The region

DMSO in the mixed solvent. Hupp and co-work&r® also

between the electrospray needle and the metal capillary, which

concluded that the response of solvent molecules in the first served as the sampling orifice into the tandem mass spectrom-
solvent shell to the change in the charge distribution ac- eter, was gently purged withsaturated with DMSO (Fisher,

companying optical ET accounted for most of the solvent

Certified ACS) or DMSOds (Cambridge Isotope Laboratories,

reorganization energy. Although the concentration effects 99.9% D). Conditions in the ESI source were optimized to
observed with mixed solvents were pronounced, these experi-"femove [Fe(terpy)(CH;OH),J** clusters formed in the ESI
ments still have not resolved local contributions to the solvent Process and to produce [Fe(terpyPMSO)]*" clusters, which
reorganization energy from the bulk contributions because the formed from the association of gas-phase ions and neutral

coordination complex “clustered” with DMSO remained embed-
ded in a continuum of acetonitrile.

This paper explores the contributions of individual solvent
molecules to solvent reorganizatiatirectly by probing the
energy of the d— 7" MLCT transition in the low-spiff bis-
(2,2,2'-terpyridyl)iron(ll) complex, [Fe(terpy)?*, as a function
of solvent numbem = 1—11, in gas-phase clusters with DMSO.

solvent molecules in the intermediate pressure regions of the
ESI source

After traversing two stages of differential pumping, the ions
entered the collision-free environment of the tandem mass
spectrometer. A Wien filter (Colutron Research, model
600-B) selected a particular cluster size from the distribution
of clusters generated by ESI. Following mass selection, an
electrostatic turning quadrupé&fedeflected the ion beam by 90

Clusters not only permit control over the exact number of solvent and merged it with the output of a tunable ring dye laser
molecules surrounding the ET chromophore, but they also (Coherent 899-01, typical line width 2 GHz) pumped by an

eliminate the ion pairing with counterions responsible for the
ionic-strength dependence i&f, in the condensed phase. This

argon ion laser (Coherent Innova 420). The laser and ion beams
copropagated through a set of electrostatic focusing optics and

work builds upon our previous efforts to develop electrospray an 80-cm long quadrupole ion guide. A quadrupole mass filter
ionization as a source of clusters containing transition-metal ions (Extrel EXM-340 system) located at the exit of the ion guide

in the +2 oxidation state for spectroscopic stuy?’

The [Fe(terpy)]>" complex exhibits the!'MLCT — 1A;
absorption characteristic of IFepolypyridines in which the
excited electron is initially localized on a single ligalet® This
transition is ideally suited to detection via cluster photofrag-
mentation because, in contrast with the correspondingaRd
Od' complexes, [Fe(terpy]?™ does not emit following excitation
to the IMLCT excited stat¢? Instead, the!MLCT excited-
state undergoes rapid intersystem crossing (L ps) to form
the long-lived °T, ligand-field excited staté? which has a
lifetime of 2.54+ 0.13 ns in water at 298 K. Note that these
generalized state designations fot' F@olypyridines are based
on the symmetry of the ligand field rather than the overall

separated parent cluster ions from photofragment ions. Since
the detailed description of this instrument was repoftetie
electronics for the quadrupole mass filter were upgraded to
operate at 0.88 MHz (300 W), which extended thizrange to
over 1000. lons were detected with a conversion dynode and
Channeltron electron multiplier (Galileo Electro-Optics model
4870E) and scored with a photon counter. Typically, the signal
for mass-selected [Fe(terpy(DMSO),)2" clusters ranged from

1.5 x 10*ions s for then = 1 cluster to 1.5x 10% ions st

for then = 11 cluster.

Absorption by [Fe(terpy)(DMSO)]?* clusters was detected
indirectly by monitoring the depletion of the mass-selected
cluster ion beam resulting from photofragmentation. Photo-
depletion action spectra were collected for [Fe(ter@MSO)] 2"

symmetry of the complex. On the basis of transient spectra, ¢|sters as a function of photon energy over the range {1.78

which indicated that thermalization of t¥&, state occurred
within 2—3 ps following formation, McCusker et &.proposed

1.89) x 10* cm™! (rhodamine 560 and pyrromethene 556 dyes,
Exciton). Pumping the dye laser with the multiline output of

that the solvent played an important role as a sink for dissipation the argon ion laser determined the high-energy limit.

of vibrational excitation in the®T, state. The remaining
excitation energy is dissipated nonradiatively by vibrational
relaxation following intersystem crossing from fffe state back
to the groundA; state. When [Fe(terpyf* is isolated in gas-

In contrast with our previous wor¥, where the yields of
photofragment ions were measured at fixed wavelengths spaced
by 5—10 nm and then later assembled into photofragmentation
action spectra, photodepletion of the mass-selected ion beam

phase clusters, excitation of the MLCT transition triggers cluster was measured as the dye laser was scanned in this study. A
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mechanical chopper (Stanford Research Systems SR540) gated
the laser at 30 Hz while a photon counter (Stanford Research
Systems SR400) registered the amplified signal (Channeltron
detector and Stanford Research Systems SR440 preamplifier)
from mass-selected parent cluster ions striking the conversion
n=>5

dynode in 10-ms periods. The number of ions detected in each
period was sorted based upon the state of the laser beam during

the counting period to distinguish photofragmentation from
performing three to five determinations of the percent depletion

/\n W\n =9
metastable decompositiéh?® The ion intensity was sampled
for 3500 10 ms periods before average laser-on and laser-off
ion intensities were determined and the laser wavelength
(Burleigh Wavemeter Jr.) and power (Ophir 10A thermopile
detector, DGX display) were recorded. Percent depletion of n=2 n=6 n=10

m: n=11
of the cluster ions at each step during an individual scan. The or — —
data reported represent the average of several of these scans.

n— oo

power, which was held below 400 mW (91 W c#ito avoid
saturation of the strong MLCT transition. Wavelength-depend-
ent photodepletion action spectra were generated by stepping
the dye laser output in approximately 14 chincrements, while

Relative Intensity

laser-off ion intensities and normalized with respect to laser
were normalized using overlapping data points to correct for
changes in laser and ion beam overlap.
Bis(2,2,2"-terpyridyl)iron(ll), [Fe(terpy)]?*, was synthesized

following the work of Morgan and Burstafifrom FeSQ-7H,0 R o
(Fisher, 99%) and 2,2"-terpyridine (Aldrich, 98%) and was 18 19 18 19 18 19
isolated as a the hexafluorophosphate salt (NaR#rich,
98%). The UV-vis absorption spectrum of [Fe(terg}d" in

the ion beam was then calculated from the average laser-on and
Scans obtained on different days or using different laser dyes j)ﬂl\

: ; s _ Figure 1. Photodepletion action spectra for [Fe(temfPMSO)]?*
DMSO was recorded using an Hitachi U-2000 spectrophotom clusters,n = 1-11, obtained at photon energies in the range (.78

eter (wa_lvelength accu_rady0.4 nm). The DMSO solu_tlon usc_ad 1.89) x 10* cm-L. Note that the spectrum shown far= 3 is the
to obtain the absorption spectrum was prepared immediately photodepletion action spectrum of [Fe(terpfPMSO-de)s]2* (see text).
before recording the spectrum. The smooth lines through the data represent nonlinear least-squares
fits of the data to log-normal functions. The corresponding absorption
spectrum of [Fe(terpy)PFs). in DMSO, designated by — oo, is also
shown over the same range of photon energies.

Figure 1 shows the photodepletion action spectra of
[Fe(terpy}-(DMSO),]?" clusters,n = 1—11, which reflect attributed to changes in laser and ion beam overlap and to
MLCT absorption by the [Fe(terpylf ™ complex isolated in gas-  variation in the amount of time that clusters spend in the laser
phase clusters, and the corresponding solution absorptioninteraction region. Clusters generated by ESI exit the ion source

Results

spectrum f — o) over the photon energy range (1-78.89) with the same kinetic energy; therefore, larger clusters spend
x 10* cm™L. An overlapping peak in the parent ion mass more time in the laser interaction region of the tandem mass
spectrum necessitated using DM$@to prepare then = 3 spectrometer. For example, [Fe(terp(fdPMSO)1]?" clusters

clusters. Perdeuterated DMSO shifted the peak fomthe3 spend~150us in the laser interaction region, while [Fe(terpy)
cluster byAm/z= 9 and eliminated the mass coincidence that (DMSO)]?" clusters interact with the laser beam fe240
interfered with collection of then = 3 photodepletion action  us. The absorption spectrum of [Fe(terffFs)2 in bulk
spectrum. The smooth line through each spectrum representdMSO solution is shown in Figure 2 for direct comparison with
the nonlinear least-squares fit of the experimental data to a log-the photodepletion action spectra of [Fe(teppMSO)|2",
normal line shapé? which was used to locate the maximum of n = 1 and 8; these spectra reflect the general trend that the
the asymmetric MLCT band (Table 1). A constant multiplier energy of the MLCT transition shifts to the red with increasing
of +1 or —1 was added to the expression for the “skewness” solvent number.
of the log-normal function to account for its direction and was  Figure 3 shows the position of the band maximum corre-
treated as an adjustable parameter in the fits of experimentalsponding toE,, for MLCT obtained from log-normal fits to
data. The skew of the fits shifts from negative to positiveat  the photodepletion action spectra as a function of cluster size,
= 10. In general, the photodepletion action spectra of and Table 1 summarizes the experimentally determined band
[Fe(terpy}]?* clusters shift to the red with increasing cluster maxima. Error bars represent the standard deviation obtained
size. The anomalofsnegative skew in the log-normal fits for by fitting individual scans independently. The energy of the
small clusters results from limited photodepletion data on the MLCT transition increases, moving gradually away from the
blue side of the absorption maximum. bulk limit, as the second and third solvent molecules are added
Each spectrum represents an average of at least three scangnd then drops back to roughly the same value observed for
and all traces are normalized with respect to the band maximum.= 1 as the fourth and fifth solvent molecules are added. With
Depletion of the [Fe(terpyd(DMSO) %" cluster ion beam the addition of the sixth through eighth DMSO solvent
ranged from 8 to 21% at the maximum normalized to 1 W. molecules, the energy of the MLCT transition rapidly declines
Variation in the observed maximum percent depletion may be from 18616 to 18302 cmi, beginning the red shift toward the
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Figure 2. Absorption spectrum of [Fe(terpy{PFs). in DMSO solution
at 20°C shown with the photodepletion action spectra of [Fe(terpy)
(DMSO)J?*, n= 1 and 8. For purposes of comparison, the maxima in

the cluster photodepletion spectra are normalized to match the maximum

in the solution absorption spectrum.
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Figure 3. Maxima of the MLCT absorption band of [Fe(terpy)
(DMSO),]?* clustersEq,, monitored by photodepletion plotted as a
function of solvent numbem.

bulk limit. The energy of the transition increases slightly with
the addition of the ninth solvent molecule but continues to

decrease with the addition of the 10th and 11th DMSO. Com-

parison of the shift in the band maximum fram=5ton =8
with the shift fromn = 8 ton = 11 suggests that the contribution
of individual DMSO solvent molecules is beginning to level

off, which would be expected as the first solvent shell closes.

Discussion

Structure and Spectroscopy of Bis(2,22"-terpyridyl)-
iron(ll). X-ray crystallograph$p reveals that [Fe(terpyf+ has
approximateD,q symmetry, exhibiting axial compression with
shorter Fe-N bonds to the central terpyridyl N and longer bonds
to the N’s of the terminal rings. A space-filling model of
[Fe(terpy}]?t generated by MacroModél using crystallo-
graphic coordinaté8is shown in Figure 4. Mssbauer specfra

suggest that tetragonal distortion of the ligand field arises from

strongo bonding, resulting from donation of electron density
from the nonbonding electrons of the ligands’ central N’s to
the unoccupied metaldorbital combined withr back donation

of metal g, and ¢, electron density to the unoccupied ligand
ar* orbitals. Distortion of theOy, ligand field toDyg symmetry
splits the F& tyg (b, €) and g (b1, &) orbitals. The reduced
symmetry of the complex also results in splitting of the ligand
a* orbitals >’

Spence et al.

The solution absorption spectrum of the low-spin
[Fe(terpy}]?" complex in the region from 15000 to 21000 th
consists of several partially overlapping bands (Figure 2). The
dominant band in the absorption spectrum of [Fe(tex{®Fs)2]
in DMSO solution withAmax = 1.793x 10* cm™1 (Figure 2) is
assigned as thtMLCT < 1A; transition from a metal-centered
e orbital to the lowest of the ligand-based orbitals. This
MLCT transition is the focus of the work reported here. It is
lower in energy and narrower than the corresponding transition
in the [Fe(bpyj]?* complex in DMSO fmax = 1.896 x 10*
cm1). The reduction in the MLCT energy in the terpyridyl
complex relative to the bipyridyl complex results from enhanced
back donation and the more easily redd€ectendedr system
of terpyridine. The narrowness of the band is attributed to the
stiffness of the terpyridyl ligand, which restricts the geometry
change accompanying MLCT excitati®h. The broad band
located 1206-1500 cn1? to the blue of the maximum corre-
sponds to the MLCT transition to the higher of the split ligand
ar* orbitals, IMLCT, — 1A ;57 58it is also likely that transitions
to vibrationally excited levels of thB#MLCT state contribut&®
A shoulder also appears on the red side of the main MLCT
absorption band; resonance Raman depolarization ttios
indicate that it corresponds to an electronic transition separate
from the MLCT transitions. In Fe-polypyridines, the ligand-
field splitting is sufficiently small to drop optically accessible
ligand-field excited state(s) below the MLCT excited state. On
the basis of thed® configuration TanabeSugano energy
diagramS®we assign this shoulder as the second allowed ligand-
field transition {T, < 'A;); distortion of the complex from
On symmetry enhances the strength of this ligand-field absorp-
tion.

Cluster-Size Dependence dEop for MLCT in [Fe(terpy) »:
(DMSO),]?" Clusters. Figure 3 summarizes the cluster-size
dependence of the energy of the optical transition associated
with MLCT Eop,, and reflects the contributions of individual
DMSO molecules to solvent reorganization. We begin by
examining the general trend &y, as a function of cluster size
before looking at the detailed cluster-size dependence. Com-
parison ofEqp for [Fe(terpy}-(DMSO)]?+ with that for the
[Fe(terpy}]?" complex in DMSO solution reveals the effect of
solvent on the energy of the MLCT transition at a coarse level.
The energy of the optical transition shifts by7.0 x 10?2 cm™?!
in going from the cluster with one DMSO molecule to bulk
solution. Addition of 10 DMSO molecules to the [Fe(terpy)
(DMSO)]?* cluster shiftsEq, by —4.0 x 102 cm™, with a shift
of —3.0 x 10? cm™! remaining to reach the bulk limit. The
shift fromn = 1 ton = 11 accounts for 57% of the red shift
betweenn = 1 and the bulk limit.

We rule out cluster temperature as the origin of the general
trend of decreasingt,, with increasing cluster size upon the
basis of our previous analysis of metastable decay fractions for
[Fe(bpy}:(CH30H),)%" clusters = 2—6) using the evaporative
ensemble model and RRK rate constdfitsTemperatures of
the [Fe(bpy)(CH3OH),)2" clusters deceased from 321 K for
then = 2 cluster to 239 K for then = 6 cluster. A similar
trend for [Fe(terpy)(DMSO)]2" clusters would produce a
slight blue shift inEqp with increasing cluster size. Instead,
the general trend of decreasifig, with addition of solvent
molecules arises from preferential stabilization of a polar MLCT
excited state relative to the nonpolar ground state by a polar
solvent. A polar excited state results because the electron
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TABLE 1: Metal-to-Ligand Charge Transfer Band Maxima in [Fe(terpy) »*(DMSO),]?" Clusters

n band maximum, cmt n band maximum, cmt n band maximum, cmt n band maximum, cmt
1 18629+ 12 4 18631+ 19 7 18410+ 23 10 18256+ 26
2 18670+ 19 5 18616+ 24 8 18302+ 20 11 18235+ 23
3 18702+ 21 6 18529+ 19 9 18354+ 22 0 (1.793£ 0.002)x 10*

[Feiterpy),)**

Figure 4. Space-filling model of [Fe(terpy)?* generated by Macro-
ModeF® using crystallographic coordinates obtained by Baker and
Goodwin® The intraligand distance between the centers of the hydrogen
atoms bonded to C(4) and C({4of the terpyridyl ligands is ap-
proximately 13.3 A, and the interligand distance between the centers
of thAe hydrogen atoms bonded to Q(df the two terpyridyl ligands is

6.9 A.

transferred from the metal-centered orbital is localized on one
of the terpyridyl ligandg#48

At the outset, addition of DMSO molecules to [Fe(terh3)
has a small effect oo, The values ok, for n = 1-5 are
between 18616 and 18702 ctn Examination of the space-
filling model for [Fe(terpy)}]?" (Figure 4) reveals gaps or
pockets between the ligands and partial exposure of tHe Fe
center to the solvent. Space-filling models for the complex and
dimethyl sulfoxide generated with MacroMoéfindicate that
there is sufficient room for the first four DMSO molecules to
sit deeply enough in the gaps to interact with the metal center
as well as the ligana-system. Molecular mechanics simula-
tions using MacroModel's MM2* force field with Monte Carlo
energy minimization for clusters with = 4 and 8 place the
first three or four DMSO molecules in the interligand pockets
with their oxygen atoms oriented toward the''Feenter.

a slightly stronger stabilization of the ground state with addition
of these solvent molecules or differences in cluster temperatures,
which are anticipated to decrease with increasing cluster'size.
Metastable decay fractiofiorresponding to loss of one DMSO
from mass-selected [Fe(tergy(DMSO),]?* clusters are below
0.10 forn = 1—-3 and between 0.10 and 0.15 for= 4-5,
which is consistent with a strong interaction between these first
five DMSO molecules and [Fe(terp§j*. For comparison, the
metastable decay fractions for= 8—10 jump to nearly 0.40.
There is an apparent transition in metastable decay behavior
aroundn = 6 or 7, where the respective metastable decay
fractions are 0.24 and 0.11.

As the next several DMSO molecules= 6—8, are added,
the anticipated red shift toward the bulk limit begins, with
reorganization energies for individual solvent molecules ranging
from —87 & 31 cnt!to —1194 30 cntl. For comparison,
Blackbourn and Hup}§ estimated a solvent reorganization
energy of 125-150 cnt? per first-shell DMSO molecule from
a study of MMCT in mixed acetonitrile/DMSO solutions, where
DMSO preferentially solvates the mixed-valence dimer. The
positions in the interligand pockets in closest proximity to the
metal ion are already occupied when the sixth through eighth
DMSO molecules are added. As a consequence, these solvent
molecules interact primarily with the terpyridyl ligands. The
stabilizing effect of these solvent molecules on the ground-state
charge distribution is diminished, while these solvent molecules
continue to have a strong stabilizing effect on the charge
transferred to the terpyridyl ligand in the photoinitiated ET
process. Molecular modeling indicates that there is sufficient
room for at least eight DMSO molecules to have close contact
with the [Fe(terpy)]>" complex. Addition of the ninth DMSO
molecule to the cluster shift&,, to the blue rather than
continuing the trend toward lower energy. One possible
explanation is that accommodation of the ninth DMSO molecule
in the first solvent shell crowds the solvent, pushing the DMSO
molecule(s) closest to the ¥Fdon even closer to enhance
stabilization of the ground state. As the 10th and 11th DMSO
molecules are addedt,, begins once again to shift to lower

Precedent for small molecules occupying the pockets betweenenergy. However, the shift betwear= 10 andn = 11 is much

the ligands in this complex is provided by the X-ray crystal
structure for [Fe(terpy)(ClO4)2-H,O, where the perchlorate
anions and water occupy this sp&eeln development of an
ellipsoidal cavity-dielectric continuum model to describe solvent
reorganization accompanying MMCT, Brunschwig et?%l.
comment that the effective radius of the cavity is reduced in
complexes containing the polypyridine ligand bipyridine because
solvent can occupy the space between the ligands.

The DMSO molecules that occupy the interligand pockets
reduce the energy of the ground state by interacting strongly
with the charge residing on the metal ion and the portion

smaller than the sequential shifts observed between5 and
n = 8, which is consistent with closing of the first solvent-
shell.

Development of a Cluster-Size Equation forEo, and the
Approach to Bulk Behavior. The approach o, to the bulk
limit as well as deviations oEg, from the predictions of a
dielectric continuum model, which are indicative of specific
solvent interactions, will now be examined following the
approach developed by Jortner and B8§%to model the cluster-
size dependence of properties including vertical electron detach-
ment energie&}5 jonization potentials, dispersive spectral

delocalized onto the ligands. In the excited state, an electronshifts, and binding energies. Jortner has shown that the cluster-

is transferred to one of the ligamdt molecular orbitals, leaving
the metal formally in thet-3 oxidation state and creating a net
dipole moment. Stabilization of the excited-state charge
distribution by DMSO molecules in direct contact with
[Fe(terpy}]?" is comparable to stabilization of the ground
state, resulting in little change iy for the first few DMSO
molecules added. In fact, the initial increaseBg with the
addition of the second and third DMSO molecules either reflects

size dependence of these properties can be described by applying

a correction,C(n), to the bulk valueE(w) to account for the

volume of the bulk absent in the cluster,
E(n) = E() — C(n) 4)

In the resulting cluster-size equation (CSE), the molecular-level

interactions, which are difficult to handle computationally, are
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included in the bulk value. The term correcting for the excluded TABLE 2: Cluster-Size Equation Parameters
volume contains the long-range interactions, which can be

—2
predicted using a dielectric continuum model. __“Ei( 1- DOP)’ « 103 em™t
Application of Jortner's approach to the cluster-size depen- p A 4, D 0 R: \2Dg,+ 1
dence ofEqp fo_r MLCT in [_Fe(terpy)g]2+ requires determination 5.00 957 n+a44a 361
of an appropriate correction ter@(n). The long-range interac- 525 103 n+5.15 4.18
tions between ground state [Reerpy)y]2", which has no net 550 11.0 n+5.92 4.81
dipole moment, and DMSO are ietwlipole in nature. Excitation 6.00 126 n+7.68 6.24

of the MLCT transition transfers an electron from the metal
center to one of the ligands creating a polar excited state. When
the complex is in its MLCT excited state, the long-range-ion
dipole interactions between the complex and solvent remain
essentially unchanged; however, new dipal@ole interactions
between the solvent and [t&erpy)(terpy)P+ stabilize the R=nR+b’=R}
excited state relative to the ground state. Meyer and co-

workers* used Kirkwood's equatidfi for the mutual electro-

static energy of an ion in a polar medium to derive the following As a consequence,
expression for the solvent reorganization associated with MLCT

the complex is taken into account by introducing the fabbr
Rz when expressing the cluster radi&®& as a function of
cluster sizen

3
n+ 2=

~ R (8)

in the related ions [M(bpy)]?" (M = Ru, Os): ﬁés 1- D,

) = 2D, + 1 ®)
— Rf,n op
_ Hes[ 1~ Dop :
out b3 2Dop+ 1 ( ) and
N 2 _
whereuesis the excited-state dipole momehtis the effective E_(n) = E,(c0) — Hes 1 Dop (10)
radius of the ion, and,yp is the optical dielectric constant, P P Rn[2Dq + 1

which describes the response of the solvent medium to a

high-frequency electric fiel& In a dense isotropic medium,  This cluster-size equation predicts tEa}is a function of ()2,

(1 — Dop)/(2 Dop + 1) is directly proportional to the number  wheren’ = n + b3/R§.

density of pOlaI’izable electrons and the pOIariZability of these Comparison of the predictions of the CSE with the values of

electrons?’ _ Eop measured for MLCT in [Fe(terpyDMSO)]?", n = 1—-11,
The same expression can be used to correct for the electro-requires knowledge dEoy(0), Dop, andiies In bulk solution,

static energy of the ion that is absent when the region outside Eop is (1.793% 0.002) x 10* cm? and Dop = 2.1815 at

the cluster i luded b lacibgvith the clust di ~
e cluster is excluded by replacibgyith the cluster radiug 20 °C58 The excited-state dipole momengs can be deter-

211-D mined from the solvent dependencekf in bulk solution (eq
CR) = Hed ™ Pop ) 5). A plot of Eq, for [Fe(terpy}]?" in acetone, acetonitrile,
|:<3C 2D, t1 dimethyl sulfoxide, dimethylformamide, methanol, and py-
ridazine solutions vs ( Dgp)/(2 Dop + 1) yields a slope of
to yield. It is assumed in this approach that the dielectric 3:687x 10°cmtand an intercept of 1.876 10*cm™%.% The

constant within the cluster is unity. Using the expression for slope corresponds @;/b?; the excited-state dipole moments

the cluster volume determined for several valueslvbetween 5.0 and 6.0 A (Table
. . . 5 2) range from 9.57 to 12.6 D. Lettintg= 5.25 A yieldsiies=
V. = (1)aR = n(*)aRe + (Yl5)ab (7 10.3 D andn’ = n + 5.15. In Figure 5a the experimentally

determined values oE,, are plotted as a function of(+
whereR, is the effective radius of a DMSO molecule ands 5.15) 1 with the cluster-size dependence &f, predicted by
the effective radius of [Fe(terpy¥", the correction ternc(R) eq 10. Atsmall cluster sizes there is significant deviation from
can be expressed as a function of the cluster sizeThe the predictions of the CSE, as anticipafédeflecting the
effective radius of DMSO determined from its density at’20 specific solvent interactions with the [Fe(tergy); however,
(1.1014 g cri)88 is 3.041 A. The space-filling model for there is essentially quantitative agreementrfee 10, 11.
[Fe(terpy}]?* generated with MacroModel yields a volume of The difference between the values Bf, measured for
377 A and an effective radius of 4.48 A. Since the space- [Fe(terpy}:(DMSO)]2" clusters and the predictions of the CSE
filling model for DMSO generated by MacroModel yields a summarized in Table 3 reflect the influence of molecular
volume that is only 62% of that based on the density of DMSO, interactions in small clusters. Cluster-size equations provide a
we scaled the volume for [Fe(terp}3*™ obtained from Macro- means for quantifying specific solvent interactions in excess of
Model by the same factor to get a molecular volume of 688 A  the electrostatic interactions between the dipole moment of the
and an effective radiud = 5.25 A. This value is more  ET excited state and the polarizable electrons of the solvent.
consistent with the effective radius of 6.5 A for [Ru(bgyy For clustersn = 3—6, the measured values Bf, exceed the
and [Os(bpyj]?" used by Meyer and co-workets. When the CSE values by over 200 cth  The experimental values for
chromophore differs from the rest of the cluster constituents, = 8, 10, 11 begin to approach the CSE values, suggesting that
the volume of the chromophore is typically ignored in develop- a regime has been entered where specific solvent effects are no
ing CSE’s%2 However, it is unreasonable to neglect the volume longer significant. Because of the uncertainty in determining
occupied by the chromophore in this work because it is much an effective radius for the [Fe(terpyj]?" complex, CSE'’s were
larger than the solvent molecules and contributes appreciablydetermined for four values df in the range 5.66.0 A. The
to the cluster volume at small cluster sizes. Instead, the size ofcalculated excited-state dipole moments, valuesn'ofand
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1.90 : . . . 1.90 It is not possible to directly measuk, of the unsolvated
[ a complex in the gas phase with laser photofragmentation ass
188 - 1 188 spectrometry because the energy of the MLCT transition is
g insufficient to dissociate one of the tridentate terpyridyl ligands
OV 186 = from the complex. HoweveiE,, for the unsolvated complex
e ot 1 1 § can be estimated from our cluster data. The trend in the
2 ] = cluster-size dependence Bf, asn — 0 (Figure 3) suggests
&£ 182 [ ] 180 5; that Eqp for [Fe(terpy}]?™ may be as low as 1.86& 10
] g cm L. Another estimate oE,, for the unsolvated ion can be
180 [ 180 obtained from Figure 5b, where the curves converge &t0
[Fe(terpy),»(DMSO) J2* to the value of 1.876< 10* cm™%, the intercept value frori,
178 Lo ' TSN SN I VS (1— Dop)/(2 Dop + 1) in bulk solution for different solvents.
0.00 005 010 015 020 In a related study of MLCT in [Fe(terpyf* clustered with a
n+515) variety of solvent$? the band maxima for thea = 1 clusters
1.90 : ; : 1.90 fell between these two estimates with the exception of [Fe-
b b 5.00 A (terpyk+(CHsCN)J?*, whereEqp, = 18816+ 17 cnl. If we
1.88 — --b=525A 1188 assume thak,, for [Fe(terpy}]?* falls in the range (1.860
@ — —-b=550A J os) 1 . . .
} \“o . —-b=600A ] 2 1.876) x 10* cm™1, the solvent reorganization energy in
g 8T AN $ . SoutionLimit 1 186 = bulk solution is betweer-6.7 x 10?2 and —8.3 x 102 cm ™%
Ll g\\\ s ] 164 %- Consequently, addition of the first 11 DMSO molecules to_[Fe-
g TNy ] 5 (terpy)]? recovers 54-63% of the bulk solvent reorganization
o e L R 1ie & energy. The CSE developed for this system predicts that the
b B E} next eleven DMSO molecules added to the cluster will contrib-
1.80 [ J1s0 ute only 13-17% of the bulk solvent reorganization energy.
. With a reasonable estimate of the MLCT transition energy
178 : —— 1.78 for the gas-phase complex, it is now possible to make
0 5 0 18 2 comparisons with some of the theoretical and experimental work
Cluster Size, n . K .
on similar systems. Zerner and co-workers found in calculations
Figure 5. (a) MLCT absorption band maxima of [Fe(terpy)  that association of 10 water molecules with [Ru@#tpyr)]**

(DMSO),)?" clusters monitored by photodepletion plotted as a function produced 75% of the gas phase to solution shiftig for
of (n+ 5.15)* for comparison with the predictions of the cluster-size  \MLCT: association of 15 water molecules yielded 94% of the
equation (CSE) developed in the text (eq 10), assuming an effective gt The results of our study are perhaps not as dramatic as

chromophore radius ob = 5.25 A for [Fe(terpyj]?"; (b) Eop(n) . . .
predicted by the CSE for several values of the effective chromophore those observed for this system because there is no opportunity

radiusb and the experimentally determined cluster band maxima shown for hydrogen bonding in the [Fe(terpyfDMSO)*" clusters.
as a function of cluster size, Using an approach which combined ab initio MCSCF and INDO

methods to determine gas-phase electronic excitation energies
with Monte Carlo simulations to predict ground-state solvent
structures, Zeng, Hush, and Reinféf®und that only solvent
molecules withi 5 A of the center of the [Ru(NB)s(pyr)]?*
complex had a significant impact upon the energy of the MLCT
transition, which is consistent with our observations. Finally,
the experimental studies of MMCT and MLCT in DMSO/
acetonitrile mixtures by the groups of H#3g°*%and Curtig8
clearly point to the first solvent shell as the origin of most of
fhe solvent reorganization energy and highlight the importance
of molecular-level interactions between CT chromophores and
solvent.

corresponding values of (12/R%) [(1 — Dop)/(2 Dop + 1)] for

eq 10 are summarized in Table 2. In Figure 5b, the CSE’s for
the four values ot are shown as a function of with the
measured values &, Changingb has a small effect on the
magnitude of the calculatégh, The experimental data for [Fe-
(terpy)(DMSO),)2" clusters begin to converge with the curve
for b =5.50 A for clusters containing as few as 10 or 11 DMSO
molecules. The slope d,, plotted as a function of (Figure

3) also shows a noticeable decrease, suggestive of a shel
closing, in the same cluster-size range. The quantitative
agreement between the predictions of a CSE for MLCT based
on a dielectric continuum model and our experimental data for
clusters as small as= 10, 11 provides additional experimental
justification for computational approaches which preéigsin The contributions of individual molecules in the first solvent
the condensed phase by first determining the electrostatic shell to the solvent reorganization associated with photoinitiated
interactions between first-shell solvent and the CT chromophore ET in a coordination complex have been quantified for the first
in its ground and excited states with explicit consideration of time by using gas-phase clusters to control the local solvent
molecular structure and then calculating the solvent shift environment and eliminate the influence of the bulk solvent.
associated with transfer of the CT chromophore surrounded This study shows that over half of the solvent reorganization
by one solvent shell from the gas phase to a dielectric energy in this system arises from interactions between the
continuum34-36 [Fe(terpy}]2" complex and dimethyl sulfoxide molecules in the

Conclusions

TABLE 3: Deviation of Measured MLCT Band Maxima Eg, for [Fe(terpy).:(DMSO),]?" Clusters from the Predictions of the
Cluster-Size Equation, Assumingb = 5.25 A

n AE, x 102cm™? n AE, 102x cm™ n AE, x 102cm™ n AE, x 102¢cm™?
1 0.2 4 2.4 7 1.3 10 0.5

2 1.5 5 2.7 8 0.5 11 0.4

3 2.6 6 2.2 9 1.2
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first solvent shell. Furthermore, comparison of the experimen-
tally determined cluster-size dependenc&gffor MLCT with

the predictions of a cluster size equafidt? developed for this
system illustrates the effects of molecular-level solvesaiute
interactions.

(27) Blackbourn, R. L.; Hupp, J. . Phys. Chem199Q 94, 1788.

(28) Lowery, M. D.; Hammack, W. S.; Drickamer, H. G.; Hendrickson,
D. N. J. Am. Chem. S0d.987, 109, 8019.

(29) Blackbourn, R. L.; Hupp, J. TThem. Phys. Let1988 150 399.

(30) Stavrev, K. K.; Zerner, M. C.; Meyer, T. J. Am. Chem. Soc.
1995 117, 8684.

In more general terms, this work also clearly demonstrates lgé%%gzi’l%vzl? Craw, J. S.; Hush, N. S.; Reimers, JJ.RChem. Phys.

the power of goupling electrospray ionization with laser (32) Zeng, J.: Hush, N. S.. Reimers, J. R.Chem. Phys1993 99,
photofragmentation mass spectrometry to probe the spectroscopy 496,

of species containing transition-metal ions in the chemically  (33) Zeng, J.; Hush, N. S.; Reimers, J. R.Chem. Phys1993 99,
important+2 formal oxidation state, which have previously 1508 _ o

eluded spectroscopic study in the gas phase. Comparison Oflogg. zeng, J; Hush, N. S.; Reimers, J. R.Phys. Chem1995 99,
the electronic structure and reactivity of coordination complexes  (35) zeng, J.; Hush, N. S.; Reimers, J.JRAm. Chem. Sod996 118
in the gas phase with their condensed-phase counterparts t®059.

make inferences regarding the role of solvent depends on the_ (36) Zeng, J.; Hush, N. S.; Reimers, J. R.Phys. Chem1996 100
transition-metal ion having the same oxidation state in the gas (37)' Hupp, J. T.: Weydert, Jnorg. Chem.1987, 26, 2657

and condensed phases. The presence of a strong absorption (3g) Ennix, K. S.; McMahon, P. T.; de la Rosa, R.; Curtis, JIrrg.

feature in the photodepletion action spectra of [Fe(terpy)

(DMSO),]?* clusters within 800 cm' of the band assigned to

MLCT in solution confirms that this is the situation when this
coordination complex is transferred to the gas phase by ESI.
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