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Metal-to-Ligand Charge Transfer in the Gas-Phase Cluster Limit
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The solvent dependence of metal-to-ligand charge transfer (MLCT) in the Bj&(2t@rpyridyl)iron(ll)
complex, [Fe(terpy]?*, isolated in small gas-phase clusters with one or four molecules of the polar, organic
solvents acetone, acetonitrile, dimethyl sulfoxiNg\-dimethylformamide, methanol, and pyridazine is reported.
The shift in the maximum of the MLCT banH,,, for [Fe(terpy)-(solvent)]?* clusters, measured using laser
photofragmentation mass spectrometry, relative to the corresponding values in bulk solution ranges from
+601 cm! for acetone to+764 cnt! for pyridazine. The solvent dependence of the outer-sphere
reorganization energy predicted by a dielectric continuum model provides a context for contpgriatues
determined for MLCT in [Fe(terpyj(solvent)]>" clusters f = 1, 4) with those measured in solution. A
model derived from Kirkwood’s equation for the mutual electrostatic interaction energy of an ion and a polar
medium predicts that the solvent reorganization energy associated with MLCT in [Feff&rpy)a linear
function of (1— Dqp)/(2Dop + 1), whereD,, is the optical dielectric constant of the bulk solvent. A linear
relationship betweek,, and (1— Dgp)/(2Dgp + 1) is observed not only in the bulk solvents, as anticipated,
but also in clusters containing as few as four solvent molecules.

I. Introduction coordination complexes, such as [Fe(tes}y) to the gas phase
while avoiding reductiofi# in order to measuré,, for the
isolated complex. Although this problem can be overcome with
electrospray ionization (ES?),2 the concentrations of the gas-
phase ions produced preclude direct absorption measurements.
Furthermore, measurementd, for the isolated complex and
comparison with the solution value provide no information on
the contributions of individual solvent molecules to the bulk
@ solvent reorganization energy. The ESI process, which transfers
ionic coordination complexé4® and organometallic
) _ ) compound¥—13 to the gas phase, can also be exploited to
Alternatively, Eop, which corresponds to the maximum of the  yrenare clusters of these complexes with solVéit. These
charge-transfer (CT) absorption band, can be broken down into,sters can then be probed using laser photofragmentation mass
components corresponding to the energy of the CT transition gpecrometry516which not only enables detection of absorption
in the isolated gas-phase chromophore and the energy resulting,y the complex but also allows measurement of the contributions

from differential solvation. of the ground and excited states of ¢ individual solvent molecules to the reorganization energy
the chromophore. In this approach, the energy of the CT j¢50ciated with charge transfer.

In solution, the energy of an optical transition to prepare a
charge-transfer excited stat®, consists of contributions from
the zero-point energy difference between the ground and excited
states AE,, inner-sphere reorganizatioB;,, and outer-sphere
(solvent) reorganizatiorE,.! Generally, these contributions
are considered separable, and in this limit
Ep=AE, + E, + E,

ut

transition in thg isolat_ed chrorr_lophore is equivalenhtg, + This paper reports the solvent dependenceEgf for the
Ein, and the dlﬁergntlal solvation energy corresppnds to the MLCT transition in small [Fe(terpy)(solvent)]2* clusters f
solvent reorganization enerdg,.. Conceptually, the investiga-  — 1 4) determined from photodepletion action spectra collected

tion described in this paper is based upon the latter approachsing |aser photofragmentation mass spectrometry. Excitation
of separating the CT energy into gas-phase and solution o the §— 7* transition from the!A; ground state to the lowest
components; gas-phase clusters are employed to study thep, cT excited state in the low-spth[Fe(terpy}]2" complex

influence of solvent on the energy of the metal-to-ligand charge- regyts in evaporation of solvent molecules from these clusters:
transfer (MLCT) transition in the coordination complex bis-

(2,2,2"-terpyridyl)iron(ll), [Fe(terpy)]2*. [Fe' (terpy) (solvent)]** + hv —

In principle, it should be straightforward to determine the Il - 244
bulk solvent reorganization energy associated with CT by taking [Fe"(terpy )(terpy)(solvent)] (2)
the difference between the values Bf, measured for the Fdl _ |
coordination complex in solution and in the gas phase. [Fe" (terpy )(terpy)(solvent)]
However, it is difficult to transfer nonvolatile, multiply charged [Fe (terpy),* (solvent)]*" + (n — m)solvent (3)

24y
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The influence of solvent on the energetics of photoinitiated
charge transfer in coordination complexes typically has been
studied in the condensed phase by measuEggn different
solvents and then correlating the behavioEgfwith functions
of the static and optical dielectric constaris, and Dop.2%-24
Any deviationd>30 in E;, from the dependence on bulk
dielectric constants predicted by dielectric continuum mdétiefs
have been attributed to specific molecular interactions between
the solvent and CT chromophore. By analogy with solution
studies Eqp is determined as a function of solvent while keeping
the number of solvent molecules in the cluster fixed in this study.
However, in contrast with the corresponding solution studies,
the environment surrounding the [Fe(terd¥) complex in the
gas-phase clusters studied is limited to first-shell solvent, where
molecular-level interactions between the solvent and ionic
chromophore are expected to have a significant impact on
CT 223738 Gas-phase clusters offer an opportunity to examine
the point at which the properties of a structureless dielectric
continuum take precedence over “specific’ solvestlute
interactions in determining the solvent dependencEqgf In
this work, the values oEg, for MLCT determined from the
photodepletion action spectra of [Fe(ter}y) are compared
with solution values within the context of a dielectric continuum
model appropriate to the [Fe(terg}d" system, which will be
described subsequently.

Il. Experimental Section

Bis(2,2,2"-terpyridyl)iron(ll), [Fe(terpy}]>", was synthesized
following the procedures described by Morgan and BurStall
from FeSQ-7H,O (Fisher, 99%) and 2,2"-terpyridine (Al-
drich, 98%); it was isolated as the hexafluorophosphate salt
(NaPFs, Aldrich, 98%). UV~visible absorption spectra of Fe-
(terpyy(PFs)2 in acetone, acetonitrile, dimethyl sulfoxide (DMSO),
N,N- dimethylformamide (DMF), methanol, and pyridazine were
recorded using an Hitachi U-2000 spectrophotometer.

Gas-phase [Fe(terp}¥" ions were generated by ESI of a
1.5 x 10~* M methanolic solution (Fisher, Certified A.C.S.) of
Fe(terpy)(PFs)2. Simultaneously, with the region between the
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Figure 1. Photodepletion action spectra for [Fe(terpfgolvent)]>*
clusters collected between 1.%810* and 1.89x 10* cm ! (DMSO =
dimethyl sulfoxide, DMF= N,N-dimethylformamide). The smooth lines
through the data represent nonlinear least-squares fits of the data to
log-normal functions.

chopped at 30 Hz, and the ion intensity was sampled for 3500
10 ms periods before average laser-on and laser-off ion
intensities were recorded. Percent depletion of the ion beam
was normalized with respect to laser power, which was held
below 400 mW (91 W cm?) to avoid saturation of the strong
MLCT transition. At each photon energy in a scan;33
individual determinations of the percent depletion were made.
The photodepletion action spectra reported are composites of
3—5 scans through each spectral region. The data were
averaged when the photon energies for scans through the same
spectral region coincided; otherwise, the individual data points

electrospray needle and the metal capillary, which serves as thevere plotted. As a consequence, the data density in many cases
sampling orifice into the tandem mass spectrometer, was gentlyis greater than one point per 14 cithe step size on individual
purged by N saturated with acetone, acetonitrile, DMSO, DMF, scans. Scans obtained for a particular cluster on different days
methanol, or pyridazine vapor. All solvents were Certified Or using different laser dyes were normalized using overlapping
A.C.S. grade (Fisher) except DMF (Fisher, reagent grade) anddata points to correct for changes in laser and ion beam overlap.

pyridazine (Aldrich, 98%). Conditions in the source were
optimized for the production of [Fe(terpyjsolvent)]2+ clusters,
which form by the association of gas-phase ions and neutral
solvent molecules in the ESI source following collisional
desolvation of any [Fe(terpy\CHsOH),]2" clusters formed
directly by ESI®

I1l. Results

Figure 1 shows the photodepletion action spectra collected
from 1.78x 10*to 1.89x 10* cm~1 for [Fe(terpy}-(solvent)]?+
clusters, where solvenrt acetone, acetonitrile, DMSO, DMF,
methanol, and pyridazine; the photodepletion action spectra for

The tandem mass spectrometer and dye laser used to obtailusters containing four solvent molecules, [Fe(tespy)
photodepletion action spectra have been described in detail(solvent)]?*, appear in Figure 2. These photodepletion action

previously’®> A subsequent paper provides an updated descrip-

spectra track the transition that promotes an electron from a

tion of the mass spectrometer and methods used to obtainmetal-centered e orbitaDgy Symmetry) in [Fe(terpy]?* to the

photodepletion action spectra of mass-selected clu&tens.
the present study, the signal for mass-selected [Fe(terpy)
(solvent)]?* clusters ( = 1, 4) following the mass-analyzing

lowest of the ligand-based* orbitals®® because théMLCT;
excited state decays exclusively by nonradiative pathwaifs.
A detailed discussion of the spectroscopy and structure of the

stage of the tandem mass spectrometer ranged from 1800 tdFe(terpy}]?" complex is provided elsewheté. The smooth

6000 ions s
Cluster absorption spectra were collected by measuring

lines through the data are nonlinear least-squares fits of the data
to a log-normal line shap¥:*! The band maximum for each

photodepletion of the mass-selected cluster ions as a function[Fe(terpy}-(solvent)]?* cluster o = 1, 4) is reported in Table

of photon energy as the dye laser (Coherent 899-01, typical
line width <2 GHz) was stepped from 1.78 10* to 1.89 x

10* cm~! (Rhodamine 560 and Pyrromethene 556 dyes, Exciton)
in approximately 14 cm! increments. The dye laser was

1 along with the corresponding MLCT band maximum in bulk
solution fi — ). The spectrum obtained for [Fe(terpy)
(methanol)]?" clusters was not fit to a log-normal line shape
due to the absence of a single, clearly defined maximum. There
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Figure 2. Photodepletion action spectra for [Fe(terpfgolvent)]>*
clusters collected between 1.%810* and 1.89x 10*cm* (DMSO =
dimethyl sulfoxide, DMF= N,N-dimethylformamide). The smooth lines
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data to the log-normal function to locate the band maximum
and vyield artificially narrow fitted line shapes. No attempt is
made to fit the photodepletion action spectrum of [Fe(terpy)
(methanolj]?* clusters to the log-normal function because it is
not clear that the maximum has been reached at photon energies
below the upper limit on photon energy at 1.8910* cm™L.

As a consequence, we can only report tBgtfor [Fe(terpy):
(methanolj]?" is greater than 1.88< 10* cm™! with any
certainty.

Comparison ok, for then = 1 andn = 4 clusters with the
same solvent allows determination of the average solvent
reorganization energy associated with the second through fourth
solvent molecule added to the cluster. For DMS&, is
essentially unchanged betweer 1 andn = 4, where there is
only a—2 cnr® shift. In fact, we found in a related stutfyof
[Fe(terpy)(DMSO),|2" clusters f = 1—11) that there was little
change irEqp for n = 1-5. The largest shift observed between
n =1 andn = 4 was—167 cnt? for pyridazine, which is an
average shift of-55.7 cnt! per molecule.

IV. Discussion

In an effort to establish a connection between our gas-phase
cluster studies and solution studies of MLCT, we have examined
the solvent dependence &, for these small clusters containing

through the data represent nonlinear least-squares fits of the data toa fixed number of solvent molecules while varying the solvent.

log-normal functions.

appears to be a band maximum at (::8384) x 10* cmtin

the spectrum of [Fe(terpymethanol)]>™ and possibly a second
band growing in on the blue edge of the data collection window
((1.78-1.89) x 10* cm™1). Unfortunately, the presence of a

As discussed in the Introduction, the energy of the CT transition,
Eop (eq 1), can be separated into contributions related to the
isolated CT chromophoré\E, + E;5, and solvent reorganiza-
tion, Eqy.  In the condensed phase, the contribution of solvent
reorganization tde,p, is typically examined using a dielectric
continuum model for solvent, which neglects the details of the

second band cannot be confirmed because the 514.5 nm line irsolvent’s molecular structure and specific interactions with the
the multiline output of the argon ion pump laser suppresses theCT chromophore. In fact, deviations from the behavioEgf

output of the dye laser at photon energies above k8B0*
cm~11516 The capacity of methanol to form strong hydrogen
bonds with itself via the hydroxyl group distinguishes it from
the other polar solvents used in this study and may be

responsible for the marked difference in the character of the

[Fe(terpy}-(methanol)]>" spectrum. Competition between
hydrogen bond formation within the solvent portion of the
cluster and orientation of the solvent dipoles relative to the
[Fe(terpy}]?" ion may produce [Fe(terpy(methanol)]2*
isomers in which the extent of interaction between solvent and

predicted by such a model are routinely ascribed to spatially
directed specific interactions between the CT chromophore and
solvent, such as hydrogen bondifi” or Lewis acid-base
bonding?8-20

The investigations of optical CT in mixtures of acetonitrile
and DMSO carried out by the groups of Hdpg#42and Curti43
provide some of strongest evidence for these “specific” solvent
effects in the condensed phase. They found Eygexhibited
a more pronounced dependence on solution composition for
DMSO mole fractions below 0.1 than the dielectric properties

the CT chromophore varies. The presence of isomeric forms of the bulk solvent mixture in studies involving metal-to-metal

of [Fe(terpy}:(methanol)]?* in the mass-selected ion beam is
expected to result in broadening of the MLCT spectrum or even

CT in mixed-valence Rl—Ru" dimers and MLCT in Rl
complexes having ammine ligands. The strong dependence of

the appearance of distinguishable bands for the two isomers.E,, on DMSO concentration when present as a very minor

Clearly, further investigation of the [Fe(terp}y™ CT chro-
mophore isolated in different size methanol clusters and in
clusters of other hydrogen-bonding solvents could provide
valuable insight on this issue.

The shift of the IMLCT; < A; absorption bands in
[Fe(terpy}-(solvent)]2*" clusters i = 1, 4) to the blue of their
bulk solution counterparts is consistent with preferential sol-
vation of the polar excited state relative to the nonpolar ground
state of [Fe(terpy]?™ by polar solvents. In [Fe(terpy)
(solvent)]?* clusters, the shift irEqp relative to the value in
bulk solution ranges from-601 cnt? for acetone te-764 cnt?t
for pyridazine. The maximum of this MLCT band in [Fe(tergy)
(acetonitrile)]?™ and [Fe(terpy)(methanolj]?" clusters shifts
nearly to or just beyond the upper limit of the data collection
window dictated by our laser system. Limited data on the high-
energy side of the apparent maximum for [Fe(tegpy)
(acetonitrile)]?" clusters introduce uncertainty in fitting of the

component was ascribed to preferential solvation of the CT
chromophore resulting from hydrogen bond formation between
the ammine ligands and the Lewis base DMSO. Hupp and co-
workers”38 concluded from these optical CT studies in mixed
solvents that the bulk of the solvent reorganization energy arises
from interactions of first-shell solvent molecules with the CT
chromophore. This is consistent with our recent direct measure-
ments of the solvent reorganization associated with MLCT in
[Fe(terpy)(DMSO)]2" as a function of cluster size, where we
find that the first solvent shell contributes over 50% of the bulk
solvent reorganization energy.

Clearly, molecular-level solvenisolute interactions are an-
ticipated to dominate CT behavior in small gas-phase clusters;
however, deviations from the predictions of a dielectric con-
tinuum model can be used to explore these interactions within
a reference frame common to the extensive body of CT work
in the condensed phase. The dielectric continuum model most
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TABLE 1: Metal-to-Ligand Charge-Transfer Band Maxima in [Fe(terpy) »*(solvent),]>" Clusters
band max, cm*

solvent Dog? n=1 n=4 n— oob
acetone 1.8463 18 7G# 15 18 674+ 24 (1.8104+ 0.002)x 10¢
acetonitrile 1.8070 18 814 17 18 704+ 28 (1.813+ 0.002)x 10¢
dimethyl sulfoxide 2.1815 18628 12 18 631+ 40 (1.7934+ 0.002)x 10*
N,N-dimethylformamide 2.0463 18 65# 13 18 594+ 23 (1.800+ 0.002)x 10*
methanol 1.7657 >1.88x 10t¢ (1.83-1.84) x 10%¢ (1.814+ 0.002)x 10*
pyridazine 2.3226 18 684 25 18 517+ 20 (1.792+ 0.002)x 10*

aValues at 20°C.*° P Measured in solution at 2TC. ¢ There is insufficient data on the high-energy side of this feature to define a maximum.
4 Since the spectral data collected for this cluster do not exhibit a single, clearly defined maximum, no attempt was made to fit these data to a
log-normal line shape function. The range of values reported corresponds to the low energy band and is estimated directly from the photodepletion
action spectrum.

commonly applied to photoinitiated CT involving coordination 1.0 T
complexes was developed by Marégus® and HusF*35to treat [Fe(terpy),»(Solvent) n]2+
intervalence (metal-to-metal) CT. In the Maretidush model, I s
the donor and acceptor sites for electron transfer are treated as 188 -
nonoverlapping spheres separated by a fixed distance with the - % ? v
implication that charge separation between the donor and r % s
acceptor sites creates polar ground and excited states.
The Marcus-Hush model is clearly inappropriate for the A
[Fe(terpy}]?t complex, where the ground state has no dipole r v
moment and the metal-based donor and ligand-based acceptor 184 1
orbitals for CT overlap. The long-range interactions between
ground state [Fe(terpy]f* and the polar organic solvents used
in this study are iorrdipole in nature. Excitation of the ¢~ . 50
a* MLCT transition creates a polar excited state, resulting in /,g—j’{'
dipole—dipole interactions between the solute and solvent in r 8 7 1
addition to the essentially unchanged +atipole interactions 180 4 2/,,/"?’ o 7
experienced by the ground state. Meyer and co-wofkers [ &% ; Eiy;‘:;f;fgu"oxi de
applied Kirkwood's equatiott for the mutual electrostatic r 3 N,N-Dimethylformamide ]
energy of an ion in a polar medium to derive the following 178 I 4. Acetone 7
expression for the solvent reorganization energy associated with g- QZ‘;L‘;’:::'E ]
MLCT in the [Ru(bpy}]?" and [Os(bpyj]?" complexes, which ‘ 1

i AN B I B S I
also have a nonpolar ground state and polar MLCT excited state: 176
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Figure 3. Metal-to-ligand charge-transfer band maxima of [Fe(terpy)
(solvent)]?* clusters (1=1,4) determineq from photodepletio_n_action

wherefiesis the excited-state dipole moment of the coordination spectra and [Fe(terpjjPFe). in bulk solution measured by Uwisible

complexbis its effective radius, anBopis the optical dielectric ~ SPectrophotometry plotted as a function oftDo)/(2Dop + 1), where

constant of the solvent medium. Combining egs 1 and 4 yields Dopis the optical dielectric constant of the solvent.

by gas-phase [Fe(terp¥j". Electrospray ionization produces
(5) too few gas-phase [Fe(terp}3" ions for direct absorption

measurements, and the photon energies that promote MLCT

fail to dissociate one of the tridentate terpyridyl ligands from
for the energy of the optical transition. the complex to permit indirect detection using laser photofrag-

Figure 3 shows the maxima of the MLCT band for [Fe- mentation mass spectrometry. The valueBgffor [Fe(terpy):

(terpy)]?* in solution and in gas-phase clusters containing one (solvent)]?" clusters range from 18 628 12 cnt! for DMSO
or four solvent molecules plotted as a function of{1D)/ to 18 816+ 17 cn1* for acetonitrile, while the values &, in
(2Dop + 1). Alinear least-squares fit of the solution dafRe=t DMSO and acetonitrile solutions are (1.7930.002) x 10*
0.990) yields a slope of 3.68% 10° cm™1, which is equal to cm!and (1.813+ 0.002) x 10* cm™2, respectively. In both
le£/b3, and ay-intercept of 1.876x 10* cm™1, which corre- cases, the energy of the MLCT transition shifts to lower energy
sponds tAAE, + Ej,. The effective radius of the [Fe(terp{3" with the addition of solvent. The higher valuesky, for [Fe-
complex is estimated to fall between 5.0 and 6.0 A, putting the (terpy)-(acetonitrile)]?* and [Fe(terpy)2* in acetonitrile solu-

- 2
Eop= AE, + Ein+%

1- D,

2D, + 1

excited-state dipole moment in the range 9:92.6 D16 Meyer tion relative to their DMSO counterparts indicate a weaker
and co-worker¥ reported values of 14.& 6.1 and 13.3t 6.6 interaction of acetonitrile with the CT excited-state dipole
D for [Ru(bpy)]?" and [Os(bpyj]?*, respectively, based on a moment. Hence, we conclude from the valueEgfdetermined
similar analysis. for [Fe(terpy)-(solvent)]?" clusters thaE,, determined for [Fe-

They-intercept implies a value fdEqp, corresponding to the  (terpy)-(acetonitrile}]?* is closest to the energy of the MLCT
isolated [Fe(terpy]?" complex, which we can compare with  transition in the gas-phase [Fe(terg§yj complex. The value
the values of, obtained for [Fe(terpy)(solvent)]?" clusters of 1.876x 10* cm~ for AE, + Ej, obtained from thg-intercept
in the absence of a direct or indirect determination of absorption of the plot of solution values foEqp VS (1 — Dop)/(2Dgp + 1)
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provides a conservative lower limit for the MLCT transition a solvent dependence that correlates with the behavior predicted
energy in the gas-phase complex, which is within 50 tif by a dielectric continuum model. The solvent molecules should
the value ofE, for [Fe(terpy}-(acetonitrile)]?*. occupy the first solvent shell at such a small cluster size, and
Examination of the cluster values fBg, plotted as a function ~ specific molecular interactions should dominate “solvation” of
of (1 — Dop)/(2Dgp + 1) reveals significant scatter in the data the CT chromophore, especially in this system where solvent
for the n = 1 clusters, which is anticipated because the bulk molecules can sit in the interligand pockets of [Fe(terfy)]
optical dielectric constant is not expected to apply to a situation Clearly, further study involving other charge-transfer systems
involving a single solvent molecule. On the other hand,rthe is warranted. It would be particularly interesting to examine
= 4 data for the solvents acetone, acetonitrile, DMF, and coordination complexes whose MLCT or intervalence CT

pyridazine fall on a straight line with a slope of 3.08410° transition energies in solution deviate®® from the predictions
cm~1 andy-intercept of 1.924< 10* cm~! (R = 0.996 for linear of a dielectric continuum model owing to specific interactions
least-squares fit), while the DMSO data for= 4 fall 75 cnt?! between solvent and the CT chromophore. The technique of

above the line. NotablyE,, shows little size dependence in  coupling electrospray ionization with laser photofragmentation
clusters containing 45 DMSO molecules® In addition, the mass spectrometry as demonstrated here is sufficiently general
shift from then = 4 cluster to the bulk limit falls between5.7 that it should be possible to extend this work on the solvent
x 10?2 and—6.0 x 10? cm™1 for the four solvents that show a dependence of photoinitiated charge transfer to other ionic
linear correlation with (1~ Dop)/(2Dop + 1), While the shift coordination complexes.

from n = 4 to the bulk limit for DMSO is—7.0 x 1? cm™ %

The corresponding slope arngintercept determined for bulk Acknowledgment. Support for this work from NSF (CHE-
solution, considering only acetone, acetonitrile, DMF, and 9616606) and Research Corporation (Cottrell Scholar Award)
pyridazine, are 3.514« 10® cm™! and 1.874x 10* cm™4, is gratefully acknowledged. B.T.T. and L.A.P. thank Angela
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those obtained using solution data &, in all six solvents. of this work.
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