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Wavelength-Dependent Photodissociation of [Fe(bpy)CH30H),]?" Clusters, n = 2—6,
Triggered by Excitation of the Metal-to-Ligand Charge-Transfer Transition
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This paper reports the first investigation of the energetics of charge transfer in a coordination complex containing
a divalenttransition-metal ion as a function of the extent of solvation and provides a detailed description of
the first instrument designed for spectroscopic characterization of gas-phase ions and clusters produced by
electrospray ionization. Metal-to-ligand charge transfer (MLCT) is probed by laser photofragmentation mass
spectrometry in clusters of the complex tris(2hByridyl)iron(ll), [Fe(bpy)]?t, with methanol prepared by
electrospray ionization. Excitation of the MLCT transition in [Fe(kj?/) triggers evaporation of methanol
solvent molecules from these clusters, permitting indirect detection of absorption. Measurement of ion beam
depletion and/or production of charged photofragments as a function of photon energy yields the red edge of
the MLCT band for [Fe(bpy)(CHzOH),]?>" clustersn = 2—6. Increasing the number of methanol molecules

in the clusters shifts the onset of the MLCT band to lower energies, reflecting preferential solvation of the
MLCT excited state of [Fe(bpylf* relative to its ground state. A measurable fraction of mass-selected
[Fe(bpy):(CH3OH)y]?* clusters also lose methanol molecules through metastable decomposition between
primary mass selection and secondary mass analysis. Application of the evaporative ensemble model with
RRK rate constants for metastable decomposition permits estimation of sequential methanol binding energies
and internal temperatures for [Fe(bpyCHsOH).]?" clusters prepared by electrospray ionization.

I. Introduction hydrocarbons. In 1986, Weisshaar and co-workegported
the first study of this type, an investigation of the reactivity of

The chemical reactivity and dynamics of ions in the con- T2+ \yith small alkanes. Subsequently, Freiser and co-

densed phase are strongly influenced by the surrounding SOIVen(/vorke@*ll examined the gas-phase reactivity oPTazr2*
environment. For example, comparison of reaction rates v2t V2t and NB* with several small hydrocarl:;ons ' A
obseryed In the gas phase .V.V'th. those observed_ under buIkcommon feature of the doubly charged transition-metal ions
conditions for simple nucleophilic displacement reactions reveals prepared by laser vaporization for reaction studies was the
the dramatic effect that surrounding solvent molecules can have

the d s of chemical tichsn th d doh relatively low second ionization potentiak 5.5 eV), which
on the dynamics of chemical reéactionsn the condensead phase, may be an inherent limitation of laser vaporization as a method
it is often difficult to distinguish the influence of individual

. ; f i ly ch ition- | ions. With th
solvent molecules in the primary solvent shélbm that of the of preparing doubly charged transition-metal ions th the

bulk solvent. However, recent studies of weakly bound, gas- exception of electrospray ionizatiddpther ionization/volatil-

e ) ization techniques commonly employed in analytical mass
phase clusters consisting of an ion and neutral molecules have q y pioy Ve

romoted clusters as simplified models for investigating the spectrometry have proven even less successful as general
P ; simp gating methods for generating multiply charged gas-phase transition-
interactions between ionic solutes and neutral solvent mol- :

5 . metal ions. Stace and co-workEr&* recently reported a
ecule$’ because clusters offer systematic control over both the

extent of solvation and the identity of the solvent. In this paper possible alternative to electrospray ionization for generating
. . ) . .~ clusters containing doubly charged transition-metal ions. They
we report the first study using gas-phase clusters to investigate

the influence of sequential solvation on the energetics of prepared Mg"-(solvent), clusters by_ pa_s_sing neutral sqlvent
photoinitiated charge transfer in a coordination complex con- .Cr:zztrefr;rt];%ughm'\ga\{a;grmagd tzleer::tlfgrl]z!rr:]g gé':tﬁgs V;h'grh ?r?g
taining a divalent transition-metal ion. A unigue technical aspect Itechnp e has not vet been d)émonstrateld ?or tr,ansygo\é n%etalls
of this work is the coupling of electrospray ionization (ESI) to 1qu ) y : . ' '. :
prepare clusters with laser photofragmentation mass spectrom- Eléctrospray ionization transfers transition-metal ions and
etry to probe the electronic structure of the cluster chromophore. fransition-metal ion complexes, which are already multiply-
Despite the importance of the2 oxidation state of transition ~ charged in solution, to the gas phase without reduction as shown
metal ions in solution chemistndoubly chargedransition- |n|t|all)18?%/0 Kebarle and co-worketS™*" and subsequently .by
metal ions and clusters containing these ions have been largelyPthers:> = Kebarle and co-workers found that ESI of solutions
ignored in gas-phase studiesMost of the work on dipositive containing divalent transition and alkaline earth metal ions
transition-metal ions in the gas phase has involved reactions ofProduced ML, clusters, where I was the metal ion and L
single metal ions produced by laser vaporization with small Was @ ligand such as water, dimethyl sulfoxide, dimethyl-
formamide, or pyrazine that was present in solution. They
*To whom correspondence should be addressed. E-mail: poseyla@ investigated ion-hydration equilibAby passing MJr'(HzO)". .
ctrvax.vanderbilt.edu. clusters generated by ESI through an interface cell containing
T Current address: Department of Chemistry, Florida Southern College, a controlled partial pressure of water vapor and then measuring
Lalg%i?%n'tzl_aggf'ggs];' Department of Chemistry, University of Florida, 1€ r€sulting distribution of clusters, which permitted determi-
Gainesville, FL 32611, ’ " nation of sequential free energies and enthalpies of hydration.
€ Abstract published ilAdvance ACS Abstractdanuary 1, 1997. As part of the same study, Kebarle and co-workeatso began
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to explore stabilization of the-2 charge in M*-L,, clusters by Argon on-Pumped

monitoring the competition between ligand dissociation and Torning
metal ion reduction in collisionally-activated clusters. This work Electrospray Accelerating and  Wien Quadrupole
. . . . lonization Source Steering Optics ~ Filter
provided the first glimpse of the tremendous potential of ESI
mass spectrometry as a tool for studying the detailed interactions —'“Nw Faraday Cup

between divalent transition-metal ions and individual solvent
molecules in the absence of the bulk solvent. It also opened
the possibility of studying these species spectroscopically.
Laser photofragmentation mass spectrometry has been applied
previously to measure the electronic and vibrational spectra of
clusters containing singly charged metal ions. For example,
Brucat and co-workers have obtained vibrationally resolved z Channeltron & Conversion Dynode
photofragmentation spectra for several systems consisting of arigure 1. Schematic diagram of the tandem mass spectrometer with
singly charged transition-metal ion clustered with a rare gas electrospray ionization source. Key components of the electrospray
atom?1-25 CO, molecule?5-28 or H,O moleculé&® when metal ionization source are labeled as follows: =\Nneedle, CN= conical
ion-based electronic transitions were excited. Duncan and co-N"0zzle, $ = skimmer 1, and $= skimmer 2.
workers have used cluster photofragmentation to collect vibronic
spectra of Md-rare gas?3! Mg+-H,0,3233 and Mg -CO;
clusters’* They also located a charge-transfer absorption band
for Ag™-benzene clustetsby monitoring the benzene cation
produced by photoinitiated transfer of an electron from the I o hw
benzene ligand to Ag Farrar and co-worket$3” have {[Fe' (bpy)l-(CHOH)} ™" —
collected the photofragmentation spectra of-84Hz)n clusters, {[F€" (bpy )(bpy),]*(CH,OH)}*" (2)
n = 1-4. New features appeared in the spectra of clusters
containing three or four Nkimolecules, which were attributed  triggers the evaporation of neutral methanol solvent molecules
to charge transfer from the Siion to the NH “solvent” to as the system relaxes,
form an ammoniated electron, analogous to that observed in
the gondensed phase. CIL;sqt% size-de)pen(?jent;nf(rared vit;rationaﬂ [Fe" (bpy )(bpy),]*(CH ;OH),} ** —
predissociation spectra o CH3;0H), and N&-(CH3OH), [ 2+
clusters measured by Lisy and co-workéré° have provided (n = m)CHOH + {[Fe (bpy)s]-(CHOH)} = (3)
evidence of completion of the primary solvent shell, which was
supported by molecular dynamics simulations.
These studies have shown that analysis of photofragmentatio

Horizontal Focusing Optics

Focusing and Decelerating Optics
& drupole lon Guide

Quadrupole Mass Filter

ligand-field state4* making this system a good choice for
indirect detection of absorption via photofragmentation. Excita-
tion of this MLCT transition in clusters

We have measured the wavelength-dependent photodissociation
nyield between 530 and 600 nm for mass-selected [Fegbpy)
ST : (CH30OH)q?* clustersh = 2—6. The resulting photodissocia-
spectra can provide mfo_rmgtlon on the structure O.f gas-phasetion action spectra reflect the onset of the MLCT absorption
clugters, ground-state binding energies be.twe.en ions and 3Shand as a function of cluster size. We have also used metastable
sociated neutral atoms or molecules, and shifts in the absorpt'ondecomposition data to estimate sequential binding energies and

bands. In some instances, the appearance of new absorpt'orﬂ”lternal temperatures in the context of the evaporative ensemble

features attributed to the presence of the surrounding solvent | o
environment have even been obser¥ed:*! Laser photofrag- model for [Fe(bpy)(CHsOH)*" clusters prepared by ESI.

menta_tion_mas; spectrometry_has become_the detection mgthoq. Experimental Section
of choice in ionic cluster studies because it offers a sensitive,
although indirect measure of absorption by gas-phase ions whose A. Overview. Experiments are performed using the laser-
low concentrations preclude direct measurement of the attenu-interfaced tandem mass spectrometer illustrated in Figure 1.
ation of light passing through a sample. It should be noted, Briefly, clusters of the transition-metal ion complex [Fe(ki#/)
however, that the following assumptions are inherent in using With methanol are prepared by electrospray ionization. The
laser photofragmentation action spectra as measures of cluste¥Vien filter in the first stage of the tandem mass spectrometer
absorption: the photon absorbed has sufficient energy to induceselects a SpecifiC cluster size from the distribution generated
photodissociation, sufficient time is allowed for photodissocia- by ESI. The mass-selected parent ion beam is then deflected
tion to occur, and radiative decay pathways do not compete 90° by an electrostatic turning quadrupole, refocused, and
appreciably with the photodissociation process. merged with the oytput from a tunable, continuous wave (CW)
In this paper, we report one of the first applications of ES| dye laser. The ion and laser beams copropagate through
to prepare clusters containing divalent transition-metal ions for €lectrostatic decelerating optics, a radio-frequency (rf) quadru-
subsequent study via laser photofragmentation spectrodgopy. Pole ion guide, and a quadrupole mass filter. The quadrupole
The target transition-metal ion complex, tris(2tRoyridyl)- mass filter in the second stage of the tandem mass spectrometer

iron(l1), [Fe(bpy}]2* (bpy = bipyridyl), exhibits a strong metal- ~ resolves the parent ion beam from charged photoproducts before
to-ligand charge-transfer (MLCT) transition in solution. This detection with a conversion dynode and a Channeltron electron

absorption band has a maximum at 19 160-&in methanol ~ Multiplier. o o
(e = 8740 Mt cm~1).43 The MLCT transition B. Electrospray lonization. The electrospray ionization
source (Vestec Corp. Model E200) is described in detail
I o W _ o elsewheré® Key components of the ESI source are shown in
[Fe'(bpy)]= — [Fe™ (bpy )(bpy)] 1) Figure 1. Since ESI is not typically used to generate clusters,
the discussion of the ESI source will focus on the experimental
is formally classified as ayg — s* transition. In contrast with conditions employed to produce clusters. Clusters of composi-
the analogous ruthenium complex [Ru(bg¥), [Fe(bpy}]2™ tion [Fe(bpy}:(CHsOH) 2" are produced by ESI of a dilute
exhibits no luminescence from excited MLCT states due to very solution of Fe(bpy(ClOs), (GFS Chemicals) in methanol
efficient nonradiative decay paths provided by triplet and quintet (Fisher, Certified A.C.S. grade). A mechanical syringe pump



Photodissociation of [Fe(bpy)CHzOH),]2+

(Harvard Apparatus Classic Microliter syringe pump) delivers
solution through a fused silica capillary to the electrospray
needle (0.125 mm i.d., 90tip bevel). Optimum ion signal
intensity and stability are obtained with a x510~ M solution

of Fe(bpy}(ClO,), in methanol, delivered to the needle tip at a
rate of 1.4uL min~%. The electrospray needle (N in Figure 1)
is biased at 2.82.6 kV with respect to a conical nozzle (CN)
having a 0.6 mm aperture located-2 mm from the needle
tip. The electrospray current, typically 0:20.25 uA, is
monitored at the conical nozzle.

Clusters of the ionic analyte with the electrospray solvent
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magnetic field strength 3000 G). All ions exiting the ESI source
are accelerated through the same potential (typically 160 V),
resulting in different velocities for cluster ions having different
mass-to-charge ratiosn(2. The Wien filteP%51 uses perpen-
dicular electric and magnetic fields to separate ions with
different velocities. The electric field is tuned so that only those
cluster ions with velocities corresponding to a spediiizpass
through the Wien filter undeflected and subsequently through
a 2.5 mm aperture located 44 cm from the Wien filter exit.
The ion beam emerging from the Wien filter can either be
monitored by measuring the current from a Faraday cup or

naturally form in ESI. Electrospray ionization sources designed deflected 90 and merged with a CW laser beam by an

for analytical applications typically use either H&df or
countercurrent flow of dry nitrogéfA*’to desolvate the analyte
ions. The Vestec source heats the first differential pumping

electrostatic turning quadrupcté>® When the electric and
magnetic fields of the Wien filter are turned off to allow all
ions to pass through undeflected, ion currents measured at the

stage located between the conical nozzle (CN) and first skimmer Faraday cup range from 0.03 to 0.05 nA. Following deflection
(Sy) to desolvate analyte ions. The desolvation chamber of the by the turning quadrupole, the ion current measured ranges from

ion source is maintained at 3& to minimize desolvation of
the transition-metal ion complex, while preventing the methanol
from freezing in the conical nozzle aperture.

C. Vacuum System for Electrospray lonization Source
and Tandem Mass Spectrometer.lons formed at atmospheric

0.01 to 0.02 nA. A line focus aperture Iéhfocuses ions

exiting the turning quadrupole in the horizontal plane to correct
for the astigmatism of the turning quadrupole, while allowing
ions deflected by the Wien filter to continue to disperse in the
vertical plane. lons not deflected by the Wien filter are then

pressure in the electrospray ionization chamber first pass throughfocused and decelerated by a cylindrical lens stack before
the conical nozzle and then through two skimmers before entering a quadrupole ion guide (80.0 cm long, 0.95 cm diameter

entering the mass spectrometer. The skimmersa(@ $ in

rods) powered by a commercial rf oscillator (Extrel QCRF1,

Figure 1) have 0.8 and 1.0 mm diameter apertures, respectively.100 W, 1.2 MHz). The parabolic effective potential established
The nozzle and the skimmers define the two stages of differential in the quadrupole ion guide confines the ion beam radially to
pumping required to reach a suitable pressure for carrying out maximize overlap between the ions and the laser b&am.

mass spectrometry. A mechanical pump (Fisher Maxima D30A,

760 L mim1) maintains a pressure of-3 Torr in the first stage
of differential pumping in the ESI source located between the

E. Laser System. lons in the mass-selected beam are
excited as they traverse the decelerating optics and the ion guide
by either a single line from a CW argon ion laser (Coherent

conical nozzle and first skimmer. The pressure in the second Innova 420, 20 W multiline output) or the tunable output from
differential pumping stage located between the two skimmers an argon ion-pumped ring dye laser (Coherent 899-01 Ti:dye).
is held at 150 mTorr by a second mechanical pump (Fisher Selection of a single line from the multiline output of the argon

Maxima D16A, 400 L min?).

lons travel through the first two stages of differential pumping
in the ESI source under the influence of continuum flow and
an applied electric field. Knudsen numbiadicate continuum
flow through the nozzle and the first skimmer. Consequently,
some rotational cooling is anticipated, although vibrational
cooling remains inefficient. By the time the ions pass through
the second skimmer £§ the background pressure is reduced
to the point where flow is intermediate between the continuum
and molecular regimes. lons do not acquire significant kinetic

ion laser is accomplished using extracavity prisms and &6slit.
The tunable ring dye laser operates at wavelengths ranging from
530 to 600 nm using pyrromethene 556, rhodamine 110, and
rhodamine 6G dyes (Exciton). A Burleigh Wavemeter Jr.
monitors the output wavelength of the dye laser.

The laser beam is chopped at 210 Hz (Stanford Research
Systems SR540 optical chopper), allowing for acquisition of
both laser-on and laser-off ion signals. The [Fe(bf{®Hs-
OH),]2" clusters spend from 11@s forn = 2 to 130us forn
= 6 in the laser interaction region, ensuring that each ion

energy from the applied electric fields until they exit from the experiences only one laser-on or laser-off cycle. The laser beam
source through the second skimmer because the gas density ipasses through a Galilean telescope consisting-62@0 mm
sufficiently high that ions collide with background gas before focal length (fl) lens and a 100 mm fl lens. Slight detuning of
they are fully accelerated by the electric field. Retardation the telescope from the beam collimation geometry results in a
analysis of the ion beam verifies that its kinetic energy is measured focal length of 1.5 m. The laser beam has an average
determined by the potential difference with respect to the seconddiameter over the laser/ion beam interaction region of 0.75 mm.
skimmer4#® The focal point is located inside the quadrupole mass filter.
The vacuum chamber for the tandem mass spectrometer A half-wave plate located before a Glan laser polarizer
consists of three differentially-pumped stages, each of which is permits adjustment of the power of the argon ion or dye laser
evacuated by an oil diffusion pump. When the ESI source is beam while maintaining fixed linear polarization. Depletion
operating, the first stage containing the acceleration lenses,of the parent ion beam and production of photoproduct ions

deflectors, and Wien filter is maintained at&5107® Torr by
an Edwards 250 Diffstak (2000 Y. The second stage, which

show a linear dependence over the range of powers used.
Typical laser powers of 108400 mW (23-91 W cn1?)

houses an electrostatic turning quadrupole, and the third stagemonitored at the exit of the mass spectrometer (Ophir 10A

which contains the quadrupole ion guide and quadrupole massthermopile detector, DGX display) result in 3:85% depletion
filter, are each evacuated by an Edwards 160 Diffstaks (700 L of [Fe(bpy)-(CHsOH)]2" clusters at 530 nm, where the

s™1) to reach operating pressures ofx1107% and 3x 1078
Torr, respectively.

D. Primary Mass Selection. Upon exiting the ESI source,

strongest cluster absorption is observed with dye laser excitation.
By using laser fluences which keep the percent depletion of
the mass-selected parent beam below 15%, saturation of the

cluster ions are focused and accelerated by an electrostatic lenstrong MLCT transition in the [Fe(bpyf™ complex € = 8740

stack into a Wien filter (Colutron Research, Model 600B,

M~1cmt atAmax= 522 nm in methanol solutiofdis avoided,
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Figure 2. Mass spectrum generated by electrospray ionization of 1.5
x 107* M Fe(bpy)}(ClOy), in methanol. The unsolvated [Fe(bglf)

ion appears as an intense peakvdz = 262.2 and is followed by a
progression of peaks corresponding to [Fe(bigHsOH).]2" clusters.

A second progression designated by asterisks, which is attributed to
the mixed solvent clusters [Fe(bpy(ICHsOH).(H20)]%", grows in for

n= 6.

Figure 3. Mass spectrum resolved by the quadrupole mass filter
following primary mass selection of [Fe(bpy)CHsOH)s]?" clusters
with the Wien filter. Metastable decomposition of mass-selected
[Fe(bpy}:(CHsOH)s)%" clusters as they travel from the Wien filter to
the quadrupole mass filter produces the smaller clusters observed.

fragmentation. Therefore, cluster formation is optimized by
keeping the electric field strengths low and operating at the
lowest possible desolvation chamber temperature as discussed
above. The most intense peak in the mass spectrumzat

262.2 corresponds to the unsolvated [Fe(Bjgy)ion. The two
peaks anticipated for the [Fe(bglp" complex, arising from

the two most abundant isotopes of iréfe (5.82%) and®Fe
(91.18%)37 are not resolved in the mass spectrum shown in
Figure 2. Due to the low signal intensity inherent in this

. S . . %xperiment, the resolution of the quadrupole mass filter has been
Channeltron particle multiplier (Galileo Electro-Optics Model sacrificed to improve ion throughput. The unsolvated ion peak

4870). Current from the detector passes through three stagesr foll db | int . fIE He
of amplification (Stanford Research Systems SR440 quad SH‘)’]E’XV glustgrailor?sp?ela?kserr(lsf lp_r%g)]ressmn of [Fe(BrtdHs
N, - .

preamplifier, 5< amplification/stage). Single ion pulses are Beyond the [Fe(bpy)(CH:OH)sJ2* peak in Figure 2, a

subsequently scored by a two-channel gated photon counter. . ond series of peaks grows in. These peaks, which are

(Stanford Research Systems SR400) synchronized with the Iase'blenoted by asterisks, are assigned as [Fegb(@hzOH)n-

beam chopper. With this gated detection scheme, data are(HZO)]2+ cI)l/Jsters. Lis’y and co-\%/orkeﬁssotfseréved z:n in)tnrac-

collected during the middle 50% of each cycle and stored in luster reaction in Cs(CHsOH), clusters, which results in
n ]

fsipare_ltt_e cga?n(ils dfoi Itase&c])n anclnltlas%r-(t)ﬁ ‘Eyc'ese'mz yplcal 10N elimination of dimethyl ether, (C);O, from the cluster and
intensities detected at (ne Lhanneilron detector af lons retention of HO. We ruled out this intracluster reaction as a

s for thle [Fe(}b'p:)ya]? ionHa(glg (1; +2) IX 10%ions s for the route for formation of [Fe(bpy)(CHsOH)y-H,01?+ clusters,
mass-selected [Fe(bpy)CHOH)*" clusters. when ESI of Fe(bpy[ClO,), dissolved in CHOD vyielded no

G. Data Acquisition and Instrument Control. Data ot n
: ; Fe(bpy)}:(CHs0D),-D20]%* or [Fe(bpy}:(CHsOD),*HDO
acquisition and instrument control are managed by a Macintosh E:Ius(teprg (Dry?ng t)F,e ﬁngthano{ soﬁyﬂﬁ <(51|so3 hao)lnno im}oact on

lici through GPIB and serial interfaces. The quadrupole mass the intensity of water-containing cluster peaks. We found,

filter is swept by a D/A output from a Stanford Research h : ;
. owever, that purging the region between the electrospray needle
Systems SR245 computer interface module. Mass spectra, purging 9 bray

A T . . and nozzle with dry nitrogen reduces the intensity of the water-
ShOW'!‘g t_he distribution Of. lons produceq by ESl are obtal_ned containing peaks, suggesting that water from the air surrounding
t_)y switching off_the electric and magnetic _f|elds of the Wien the electrospray needle is incorporated in the [Fe@®py)
filter and scanning the quadrupole mass flltgr. Laser-on and (CHsOH),J2" clusters following ESI. Furthermore, purging the
laser-off spectra are r_ecorded by the Macintosh lici as the ESI region with nitrogen bubbled through methanol enhances
quad_rupole mass f||_ter is swept through a mass range encom-,q intensity of [Fe(bpy)(CH3OH)y]?" clusters and diminishes
passing the parent ion and all photofragment ions. the relative intensity of clusters which have incorporated water.

Experiments investigating the “pickup” of solvent molecules
in the ESI source are reported in a separate p&per.

and absorption by photoproducts triggering subsequent photo-
fragmentation is negligible.
F. Detection of Charged Photoproducts and Attenuation

of Parent lon Beam. Photofragment and parent cluster ions
are resolved by a quadrupole mass filter (Extrel EXM-340
system, 1.59 cm diameter, 22 cm long rods, 200 W, 1.2 MHz,
m/zrange 1450 amu) after exiting the ion guide. The ions
are then detected using a conversion dynode and an ion-countin

Ill. Results and Discussion

A. Electrospray lonization Mass Spectrometry. The mass A specific cluster can be selected for further study from the
spectrum in Figure 2 shows a typical distribution of cluster ions distribution of clusters produced by ESI on the basis ofritg
produced by electrospray ionization of Fe(byf§Os). in using the Wien filter. Figure 3 shows a mass spectrum obtained

methanol. The ionic species produced by ESI depend stronglywith the Wien filter tuned to deflect all ions except [Fe(bpy)
upon the temperature in the desolvation chamber and the electridCHzOH)3]?" clusters fn/z = 310.3). The [Fe(bpy)(CHs-
field strength in the two high-pressure zones of the ESI source. OH),]2" cluster ions in this spectrum arise from metastable
High temperatures promote desolvation, and high electric field decomposition of [Fe(bpyXCHzOH)3]2" cluster ions following
strengths increase the kinetic energy of ion collisions with the mass selection by the Wien filter in the approximately 144
background gas in the source leading to desolvation and/ortransit time from the Wien filter to the quadrupole mass filter.
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Figure 4. Laser-on-laser-off difference mass spectrum resulting from Figure 5. Photoproduct mass spectra observed for [Fe@(SHs-
excitation of [Fe(bpyy (CH3OH)g]?" clusters at 530.0 nm (2.340 eV).  OH)¢]?" clusters displayed as a function of photon energy. The
The product channels observed correspond to loss of from three to sixintensities of the photoproduct mass spectra were normalized so that
methanol molecules following excitation. the sum of the integrated areas of the photoproduct peaks is the same
in each spectrum. The photoproduct distributions shift to smaller clusters
The absence of clusters in this spectrum having largevalues with increasing photon energy.
than the cluster ion selected indicates that the Wien filter
resolution is sufficient to resolve neighboring clusters, support- ecules, the only photoproduct ion observed is formation of
ing our contention that the ions at lowen/z arise from [Fe(bpy}]?*, which corresponds to loss of all solvent molecules.
metastable decay rather than poor resolution of the Wien filter. When the unsolvated [Fe(bp}3* ion is excited, no evidence
Given the pressure in the vacuum chamber between the exit ofof photofragmentation, such as the loss of a bipyridyl ligand,
the Wien filter and the entrance to the quadrupo|e mass fi|ter, is detected. Therefore, we conclude that there is insufficient
a simple hard-sphere collision model predicts that fewer than €nergy to dissociate the [Fe(bgyh' ion on the time scale of
2% of the ions experience collisions with background gas the experiment at photon energies of 2.71 eV and below.
molecules. The intensity of the [Fe(bpy(CH30H),]2* cluster Absorption by photoproduct ions and subsequent photofrag-
ion signal is approximately an order of magnitude greater than mentation is a common complication in determining photo-
expected for dissociation of the cluster ions resulting from Product ion distributions, particularly with strongly absorbing
collisions with background gas, ruling out collision-induced chromophores. However, the photoproduct ion distributions are
dissociation (CID) as a major contributor to formation of independent of laser fluence below 91 W cirindicating that
[Fe(bpy)-(CHsOH),]2*. The contribution to the measured absorption by the [Fe(bpyJCH3OH)x]?* photoproduct ions and
photoproduct ion signal from photodissociation of these meta- subsequent photofragmentation is negligible.
stable decay products will be discussed subsequently. Photofragment ion distributions can be characterized by the
B. Photofragment lon Distributions. Previously, we have  average number of solvent molecules lost (or average product
investigated wavelength-dependent photofragmentation of cluster size) and width. Figure 5 shows the shift in the
[Ru(bpy)*(CHsOH) ]2 and [Fe(bpy) (CH3OH),2" clusters photoproduct distribution to smaller cluster sizes as the photon
using single-line excitation from an argon ion la&efThis work energy increases for [Fe(bpy(ICH3OH)e]?". The traces in this
demonstrated that the MLCT transition observed in the solution figure are normalized with respect to total area under the
absorption spectra of these complexes is also present in the gasphotoproduct peaks to facilitate comparison because the total
phase clusters produced by ESI, providing evidence that the photoproduct ion yield changes with photon energy (section
same chromophore is found in both phases. In this study, welll.D). As the photon energy increases, the photofragment ion
explore the onset of the lowest energy MLCT transition of distribution becomes “clipped” because excitation of the MLCT
[Fe(bpy)]?* as the solvent environment surrounding the coor- transition supplies sufficient energy to evaporate more than the
dination complex is assembled one solvent molecule at a time. Six methanol molecules present in the cluster. “Clipping” of
We begin our discussion of laser photofragmentation data by the photoproduct distribution is especially evident in the trace
examining the photoproduct distributions generated by excitation corresponding to excitation with a photon energy of 2.71 eV
of the MLCT transition as a function of cluster size and photon shown in Figure 5.
energy. For clusters having fewer than six methanol molecules,
A typical difference mass spectrum obtained by subtracting truncation of the photoproduct distribution and the associated
a “laser-off” mass spectrum from a “laser-on” mass spectrum decrease in the width of the photoproduct distribution with
is shown in Figure 4 for the mass-selected [Fe(bif¢)Hs- increasing photon energy begins at even lower photon energies.
OH)g]?" ion excited at 530.0 nm. In this mass spectrum, Photon energies as low as 2.5 eV remove all of the solvent
positive-going peaks correspond to the production of photo- molecules from [Fe(bpy)(CH3;OH)s]2". The average number
fragment ions, while the negative-going peaks represent deple-of solvent molecules lost by [Fe(bpylCH3OH)s]?t increases
tion of parent ions. The four photofragments observed cor- between photon energies of 2.29 and 2.54 eV, where it reaches
respond to loss of from 3 to 6 solvent molecules following the maximum possible value of five methanol molecules lost.
absorption of a photon by the parent cluster ion. Similar “Clipping” of the photoproduct ion distributions makes
distributions of photofragments corresponding to loss of from [Fe(bpy}:(CHsOH)g]2" the smallest cluster for which an
3 to 5 and from 3 to 4 methanol molecules are observed for estimate of the average methanol binding energy can be made
[Fe(bpy):(CH3OH)s]>T and [Fe(bpyy(CH3OH)4)%", respec- based on the photon energy dependence of the average number
tively. For clusters containing three or fewer methanol mol- of methanol molecules lost.
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The photon energy dependence of the average number of C. Average Internal Energies, Temperatures, and Se-
neutrals lost from a photoexcited cluster can be used to find anquential Binding Energies of [Fe(bpy}:(CH30H),]2" Clus-
upper limit for the average binding energy of neutrals in the ters. Inthe development of electrospray ionization for analytical
cluster®é1 Unfortunately, determination of the average number applications, no effort has been made to characterize the internal
of neutrals lost by [Fe(bpy)(CHzOH)g]?* following photo- energies and temperatures of the resulting gas-phase ions,
excitation is limited to a narrow range of energies (2:2%41 whereas knowledge of the internal temperature becomes an
eV) by the onset energy of MLCT absorption on the low-energy important consideration when ESI is used to prepare molecular
side and truncation of the photoproduct distributions on the high- jons and clusters for spectroscopic investigation. In fact, the
energy side. Truncated photoproduct distributions overestimateoptimized experimental conditions for these two applications
the average neutral binding energy. The values for the averageof ESI, which have opposing objectives, directly influence the
number of neutrals evaporated, which are determined from theinternal temperature of the ions produced. Clusters formed by
integrated areas of the photofragment peaks, range from 4.07analyte ions with the electrospray carrier solvent complicate the
+ 0.27 at 2.25 eV to 4.56 0.16 at 2.41 eV. If one assumes resulting mass spectra and are typically suppressed in analytical
that they intercept of the average number of neutrals lost plotted appjications through heating or collisional activation, which
as a function of photon energy is 0, i.e., no neutrals are lost promote ion desolvation by raising the internal energy of the
when. photops of zero energy are absorbed, a s]ope of 1'.83(1)clusters. In spectroscopic applications, reducing the tempera-
eV~1is obtained from the experimental data. This slope yields yres of the gas-phase ions can decrease congestion in structured
—0.545:+ 0.034 eV as the upper limit on the average binding apsorption and photofragmentation spectra. Conditions con-
energy of the first six methanol molecules to the [Fe(By)  sistent with minimizing the internal energy of ions generated
complex.  For comparison, the bulk heat of vaporization for 1y, s also favor cluster formation. As described in section
methanol is 0.388 eV at 298 K. . 11.B, holding both the temperature of the ESI source housing
_Sequential enthalpies of hydration for doubly charged transi- 5, the kinetic energy of electrosprayed ions as low as possible
tion-metal ions obtained from gas-phase equilibrium measure-;, 1o high-pressure regions of the source optimizes cluster
ments of electrosprayed iof®ffer benchmarks for comparison formation.
of the average binding energy determined from photodissociation Metastable decomposition of [Fe(bpyiCHsOH)J2* clusters

of [Fe(bpy}:(CH3OH)g]?". Kebarle and co-worketsreported bet initial lecti 4 final detect]
sequential binding free energieAG°,-1,n, for the gas-phase etween iniial mass selection and ninal detection

hydrati ilibri
ydration equilibria e ED

[Fe(bpy):(CHy,OH),|

M%"-(H,0),_, + H,0= M*"+(H,0 4
(O s (H:Oh @ [Fe(bpy):(CH,OH), ,]*" + CH,OH (5)

established following electrospray ionization, wheresvMn e
or Co and 9< n < 12. The values oAG°,-1, Which ranged . 2+ Ko-1Enoy
from —0.31 to—0.37 eV, yielded binding enthalpies 6f0.61 [Fe(bpy)(CHOH),]
to —0.67 eV. At first glance, it may seem inappropriate to [Fe(bpy)g-(CH3OH)n,2]2+ + CH,OH (6)
compare the average solvent binding energy for a cluster :
containing a coordination complex as the ionic core, [Fe®py)
(CH3OH)g]?*, with those for clusters consisting of a transition-  allows determination of sequential methanol binding energies
metal ion with solvent. However, if one assumes octahedral and average internal energies using the evaporative ensemble
coordination of water molecules around the metal ion, the model for unimolecular dissociation of clusters proposed by
binding enthalpies reported by Kebarle and co-workers cor- Klots 6364 Conservation of energy dictates for an [Fe(RgHs-

respond to solvent in the second shethther than solvent  OH)J2* cluster undergoing metastable decomposition that
coordinated directly to the metal ion. In [Fe(bpyCH:OH)e]2™

clusters, methanol molecules are located beyond the primary E, ,=E —V, —e¢, 7)
coordination shell occupied by the bipyridyl ligands. The
average binding energy 6f0.545 eV for each of the first six
methanol molecules associated with [Fe(kpy) represents an
upper limit because it is based on the assumption that all of the
energy deposited in the cluster by excitation of the MLCT

transition is used to break bonds, ignoring kinetic energy tastable | The int | tent of the di ati
releas€ and internal excitation of the photofragments. Interac- metastable loss. The internal energy content ot the dissocialing
species governs unimolecular dissociation rate constants, result-

tions between second shell solvent and the ionic core are>" ™’ : . Lo
expected to be ion dipole in nature. The weaker binding of ing in kn(En) > kn-1(En-1). The key assumptions in application

second shell methanol molecules in [Fe(bg§gH:OH)o2" of the evaporative ensemble model are that cluster evaporation
clusters relative to second shell water molecules #i4H.0), occurs by sequential loss of neutral monomers and that clusters
clusters 6 > 6) is consistent with the solvent dipole momets, have experienced at least one evaporation event before observa-

1.854 D for water vs 1.70 D for methanol. The bulkier bipyridyl 10N

whereE, is the initial internal energy of the clustd,_; is the
internal energy of the cluster following metastable loss of one
methanol moleculey, is the binding energy of theth methanol
in the cluster, and, is the kinetic energy release accompanying

ligands in [Fe(bpyy(CH3:OH)g)2" clusters should also increase In this e_xperiment, cluster ions e_x?t the ESI source at the
the distance between the metal ion, which serves as the chargéecond skimmer and enter the “collision-free” environs of the
center, and the second shell solvent relative to thatah(#,0), mass spectrometer. lons typically takex8.0~° s to reach the

clusters, reducing the strength of the ion-dipole interaction. Wien filter, which provides primary mass selection. Loss of
Furthermore, the bulk enthalpies of vaporization for water and one or two neutral methanol molecules (Figure 3) occurs during
methanol at 25°C (0.456 vs 0.388 eV indicate stronger  the ~1.5 x 107* s transit time of [Fe(bpy)(CHsOH)y]?"
interactions between the solvent molecules themselves in bulkclustersn = 2—6, from the Wien filter to the quadrupole mass
water than in bulk methanol, which should be reflected in cluster analyzer. The normalized intensities of metastable decay
binding energies beyond the first shell surrounding an ion. peaks35—7 D,_; and Dy, defined by
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I(n—1) . and conservation of energy (eq 7) dictates tBat; can be
n—i = )+ S 1(n— i) , 1=1,2 8) expressed as a function &f.
z We begin our efforts to determine sequential binding energies,

average internal energies, and temperatures for [Fe{(By):-
OH),)%" clustersn = 2—6, with estimation of the rate constants
n required to evaluate the energy distribution functions and predict
R = an; 9) mete_lstable deca_y fractions using RRK theory. As mentioned
= ! previously, Bfehignac and co-workeisused RRK rate con-
stants for dissociation of N& clusters in their implementation
which are plotted as a function of cluster size in Figure 6a. The of the evaporative ensemble model. Lisy and co-workeéfs
definition for metastable decay fractions is based on the premisealso utilized an RRK-based approach to successfully model the
that loss is sequential; in other words, loss of two neutrals arisesevaporative decay process and calculate temperatures for
from clusters that have previously lost one neutral. The Cs'+(CHsOH), and Na+(CHzOH), clusters. Uncertainty re-
metastable decay fraction corresponding to loss of one solventgarding the intermolecular vibrational frequencies within the
molecule,R,-1, ranges from 10.4% for tha = 2 cluster to clusters prompted Lisy and co-workers to use the RRK model
nearly 18.8% for the = 6 cluster. The decay fraction for loss  rather than the more rigorous RRKM approach. Levifgesed
of two methanolsR,_», increases with cluster size, which is both RRK and RRKM models to predict the internal energies
consistent with sequential loss, but remains below 1.3%. The of Arp* clusters and observed no significant differences in the
observed increases in the metastable decay fractions with clusteresults provided by the two methods.
size are characteristic of the evaporative ensemble. As discussed From classical RRK theorythe unimolecular dissociation
below, it is likely that the observed decay fractions have rate constant for [Fe(bpyCHsOH),J%t is given by
contributions from collision-induced dissociatf8iin addition
to metastable decomposition. E,— V,\L0-1
Two different approachei;66:6%71 based on the evaporative k() =Al—¢
ensemble model, have been followed to obtain sequential
binding energies from metastable decay fractions for cluster ions ) ) ) )
generated by multiphoton ionization of neutral clusters. The WhereA is the frequency prefactor in$ E, is the internal

are used to determine the metastable decay fractions

(13)

n

statistical approadh®e uses either RiceRamspergerKassel energy of the clustek_/n is the binding energy of theth neutral
(RRK) theory or Rice-RamspergerKasset-Marcus (RRKM) me_thanol molt_ecule in the c!uster, angn) is the number of
theory to calculate microcanonical rate constag), which active or effective oscillators in the cluster. Calculation of RRK

depend on binding energies. The rate constants then allowate constants for [Fe(bpyJCH;OH),|*" requires specification
prediction of metastable decay fractions. Binding energies are Of Several variables. In previous RRK modeling of evap(iratlve
adjusted until agreement between the calculated and observedlissociation from clusters consisting of a metal ion'(@GsNa")

decay fractions is reached. A thermodynamic apprSacHits and methanol molecules, Lisy azndii:o-worléér‘@ set the
metastable decay fractions to functions of the heat capacity and€duency prefactorA, at 4 x 102 s™%. They found that
the Gspann parameter while varying the binding energy. changing the prefactor by a factor of 4 had only a 10% effect

We follow the statistical approach to estimate sequential ©" the calculated internal energis Since the clusters in this
solvent binding energies, average cluster internal energies, ancftUdy have the same solvent and internal energies are not
cluster temperatures from metastable decomposition of Particularly sensitive to the prefactor, the same valueAfas
[Fe(bpy)(CH3;OH)J2t clusters. Bfehignac and co-workef® used in calculations for [Fe(bpyJCH:OH).]** clusters.
first used this approach to determine binding energies farNa ~ Selection of an appropriate value ":(gl) to evaluate the RRK
clusters using RRK theory to finki(E,). Subsequently, rate constant for [Fe(bpy)CH3OH)\|*" clusters presents a
Ernstberger et 4 applied this method to analyze metastable challenge because the active oscillators can include not only
decomposition of benzene cation clusters using RRKM rate intermolecular cluster modes but also low-frequency vibrational

constants. From theory for the evaporative ensemble, theModes of the [Fe(bpy)*" complex. As a starting point for
metastable decay fraction is given by assigning a reasonable valuelt(n), we estimate the number

of modes in [Fe(bpy)(CHsOH),]2" clusters having frequencies

pr (E_.1) dE below 250 cmt. At 300 K, 30% of the population for a 250
_Jo " nm i1l P (10) cm~1 vibrational mode is found in excited energy levels.
- pr (E.t) dE Determination of the number of cluster modes is straightforward;
o Mt Fn it is simply the difference between the number of vibrational

modes in a [Fe(bpy)(CHzOH)y]2" cluster and the sum of the
vibrational modes in the isolated [Fe(bgly) complex andh
k. CH30H molecules, which is & The difficulty arises in
— +1 _ _ - determining the number of low-frequency vibrational modes for
Pn(Ent) ko kn[eXP( kit) — expChkat)] - (11) the [Fe(bpy}]2" complex because a complete normal mode
analysis for the tris(2,2ipyridyl)iron(ll) complex is not
is the energy distribution function for the cluster [Fe(bpy) available. We estimate that 13 vibrational modes of the tris-
(CH3OH)]?" at the time of mass selection, (2,2-bipyridyl)iron(ll) complex lie below 250 cm! based on
a partial normal-coordinate analysis of the analogous tris(2,2
Po1(En_1.t) = P(Et)[1 — exp(—k,ty)] (12) bipyridyl)ruthenium(ll) complex374a full normal-coordinate
analysis of infrared and Raman spectra of the free bipyridyl
is the energy distribution function for the metastable decay ligand/> and assignments of far-infrared speéiraf [Fe-
product at the time of mass analysig,is the time from ion (opy)]?2t. Twelve of these modes are ligand-based, and one is
production to mass selection,is the time from mass selection  assigned as a NFe—N bend?® The selection of 250 cmt as
to mass analysis and detection of metastable decay productsthe upper limit for low-frequency modes in our calculations of

where
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TABLE 1: Sequential Solvent Binding Energies, Average 0.200
Internal Energies, and Temperatures of a) }
[Fe(bpy)s:(CH30H),]?* Clusters Determined from <
Measurement of Metastable Decomposition © 0.150 i
150
solvent binding average internal cluster g (]
n energy,Vn, eV energy En, eV temp, K L:_g
2 0.516 0.691 321 2 o400 k U |
3 0.513 0.851 319 § ' oi=1
4 0.462 0.885 277 p ai=2
5 0.438 0.966 261 Fe
6 0.405 1.00 239 ‘%‘ 0.050 |
3

cluster temperatures permits internal modes of methanol to be
neglected. Lisy and co-workéfsitook a similar approach in 0.000 4 L A sy 4
RRK calculations for C&(CHzOH), and Na +(CHzOH), clus-

ters, which yielded temperatures of 24151 K. The resulting

value for the number of low-frequency modes in [Fe(lpy) 0550 b
(CH3OH), ]2 clusters is ~ )
) ° J
L(n) =6n+ 13 (14) > 0500 F
P
o
The impact of changing the value bofn) on sequential binding @ o
energies and cluster temperatures will be discussed below % ~ 0450 |
because this expression fb(n) may incorrectly estimate the 5 *
number of effective oscillators for the RRK model. Further- &
more, while counting the number of vibrational modes having § o400 ¢ o
frequencies below a cutoff value provides a physical context 3 k) o
for estimatingL(n), the physical significance of this value for @ AHyap
L(n) is probably limited. It should also be noted that the RRK 0.350 - . L L - .
model assumes that thé.(n) oscillators have the same 0 1 2 3 4 5 6 7

frequency, which is a reasonable assumption when only
intermolecular cluster modes are considered but an over-
simplification of the situation in [Fe(bpyCHsOH),]2* clusters. Figure 6. (a) Decay fractions for metastable decomposition of

Iterative evaluation of eq 10 using RRK rate constants (eq [Fe(bpy}(CH:OH)\** clusters by sequential loss of methanol solvent
13) until agreement is reached between the calculated angmolecules. (b) Sequential binding energies of methanol molecules in
observedn — 1 metastable decay fractions yields ratios of L c(PPYk(CHOH)*" clusters determined using the evaporative

) - ) . ensemble model as described in the text.
sequential binding energie¥,+1/Vh. In order to estimate the
absolute values 0¥, reported in Table 1 and shown in Figure me (E._t) dE
6b, we set the sequential binding energyrios 7 equal to the _ Jo 2=l (16)
bulk heat of vaporization of methanol, 0.388 &¥.In - ®
P S PA(E,ty) dE,

[Fe(bpy):(CH3OH),)2" clusters, the coordinated bipyridyl
ligands occupy the shell immediately surrounding the iron for the metastable decay fraction corresponding to loss of two
g1ethanol molecules from [Fe(bpy(CHsOH)y]?" clusters de-

cation. Methanol solvent molecules occupy the next shell;

therefore, it is not unreasonable to assume that as this shell near: . . -
veloped from the evaporative ensemble model permits prediction

of the intensity of then — 2 metastable decay signal relative to

completiori” sequential binding energies will decrease and
then — 1 metastable decay signal. In eq 16,

Cluster Size, n

approach the bulk heat of vaporizati#h® In calculations for
Cs'+(CH3OH), clusters, Lisy and co-worketsused the bulk
value as the binding energy of methanol solvent molecules P, (E, ,t) =

beyond the first solvation shell. Using the bulk heat of = "2" "2

vaporization for the sequential binding energy of the seventh P (E.t)|1+ Kn-1[exp(—kit)] — kilexp(—k,_it)] a7)
methanol in [Fe(bpy)(CH3:OH),]%" clusters may underestimate mnrl K, — ko1

its value, which would make the sequential binding energies

reported forn = 2—6 lower limits. If the binding energy of  represents the energy distribution function for the— 2

the seventh methanolz, is raised to 0.420 eV, the sequential metastable decay produét, andk,—; are RRK rate constants
binding energies fon < 7 increase by 0.0310.042 eV. The calculated using the binding energie, determined from
photodissociation measurements discussed earlier provide armetastable loss of one methanol molecule, arzbrresponds
upper limit of 0.545+ 0.034 eV on the average methanol to the time elapsed between ion production and mass selection,
binding energy for the first six methanol molecules to [Fe- whilet;is the time elapsed between mass selection and detection
(bpy)]?*, which neglected the energy carried away by the of metastable decay products. Conservation of energy requires

separating photofragments as translational en&rgy, thatE,— is a function ofE,. Comparison of the predictions of
the evaporative ensemble model with experimentally-determined
en=2(E, — V/[L(n) — 1] (15) metastable decay fractions for loss of two methanol molecules,

Rn—2, reveals that the measured values are significantly larger.
When kinetic energy release is considered, the photodissociationMeasured values dR,-» range from 0.3% fon = 3 to 1.2%
data are consistent with the results from analysis of the for n = 6 as shown in Figure 6a. The evaporative ensemble
metastable decay fractions wheh was set at 0.388 eV. model predicts decay fractions for loss of two solvent molecules
The expressidit approximately 4 orders of magnitude lower. The measBred
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values are consistent with significant contributions from colli- ionization. It is evident from these calculations that clusters
sion-induced dissociatiéffollowing primary mass selection.  produced by electrospray ionization are similar in temperature
As mentioned in section Ill.A, we estimate that less than 2% to the Cg-(CH3OH), clusters characterized by Lisy and co-
of the mass-selected ions collide with background gas as theyworkers? which were formed using a thermionic emission ion
travel from the mass-selecting Wien filter to the mass-analyzing source. Temperatures for the 'CG&H;0H), clusters were
quadrupole mass filter. Therefore, collision-induced dissociation reported to range from 372.4 K for tme= 3 clusters to 214.4
of the n — 1 clusters produced by metastable decay could K for clusters withn = 2538 Clusters formed in pulsed
account for a significant fraction of tire— 2 clusters observed.  expansion cluster ion sources are considerably cooler. Lineberg-
After sequential binding energies are established, the averageer and co-worker§ reported temperatures of 260 K for

internal energy of the evaporative ensemble, [,7(COy), clusters,n = 0—22, formed in a pulsed expansion
_ " source. Levingé? calculated temperatures of 569 K for Ar,*
E,= fo E.P.(E.t) dE, (18) clusters,n = 20—60, also formed in a pulsed expansion ion

source. Both Cs(CH;OH), and [Fe(bpyy:(CHsOH),]%" clus-
can be calculated. Table 1 contains the calculated averageter temperatures decrease with increasing cluster size. The effect
internal energies. While the distribution of energies in an of this trend on the observed onsets in the gas-phase absorption

evaporative ensemble is not Boltzmann, a “temperat(re;an spectra will be discussed subsequently.
be determined for purposes of discussion by distributing the  D. Wavelength-Dependent Photofragmentation Spectros-
average internal energy between the active mé#es, copy of [Fe(bpyk:(CH3OH)n]2". Excitation of the MLCT
. transition in [Fe(bpyg (CHsOH).]2" clusters triggers evaporation
T, = E/ksL(n) (19) of several or all of the methanol solvent molecules bound to

the coordination complex, providing a convenient method for
detecting MLCT absorption. The percentage of the mass-
selected [Fe(bpy)(CHsOH),|2" clustersh = 2—6, dissociated

by laser excitation was measured as a function of photon energy
to indirectly probe the impact of sequential solvation on the
MLCT absorption band. Laser-etlaser-off difference mass
spectra (Figure 4) offer two ways to quantify photodepletion
of the mass-selected parent cluster ion. Integration of the

(CHsOH).J2* to the value ofL(n). The estimate of 6+ 13 negative-going peaks in laser difference mass spectra dir(_actly
for L(n) is based on the number of intermolecular cluster modes measures qlepletlon of the parent on beam. U_nfortunately, direct
of [Fe(bpy)+(CHsOH),]>* and internal modes of [Fe(bpg* _determmatlon of parent cluster ion depletlon, Whlc_h often
and methanol having vibrational frequencies below 250%cm involves measurement of small changes in a strong signal, can
If vibrational modes with energies up to 300 Thare be limited by ion source fluctuations. Summation of the
consideredL(n) becomes @ + 13 with addition of the OH integrated areas of the charged photoproducts provides greater
twisting mode ¢g") at 270 cntt for each methanol. The sensitivity because the background signal in the region of the
calculated sequential binding energies increase by 129 ( mass spectrum where these ions appear is negligible with the

6) to 59% = 2), and temperatures increase by 15%=(6) laser blocked. When the measured depletion of the mass-
to 64% 1 = 2) relative to the values calculated fofn) = 6n selected cluster ion beam exceeds 10%, the two methods yield

+13. Comparison of the sequential binding energies calculated equivalent results. Below 10%, direct detection of depletion is
for L(n) = 7n + 13 with wavelength-dependent photodissocia- less reliable than detection of photoproduct ions in determining

tion data shows that these calculated binding energies arelN® Percentage of the mass-selected cluster ion beam that
unreasonably high. When excited with a 2.18 eV photon, photodissociates. Normalization of the parent depletion signal
[Fe(bpy)(CHsOH)g]?* clusters lose four methanol molecules  ©F photoproduct signal from difference mass spectra with respect
on average. Summation of the binding energies determined with© the parent ion intensity in the associated mass spectrum
L(n) = 7n + 13 corresponding to loss of four methanol collected with the Iase.r blocked gives the pgrcentage depletllon
molecules exceeds the photon energy even before kinetic energy’ the mass-selected ion beam accompanying laser excitation.
release is considered. Reductionlgh) to 6n + 9 yields a Figure 7a,b displays percent photodepletion data normalized
sequential binding energy for= 2 that is below the bulk heat to 1 W laser power as a function of excitation energy for
of vaporization of methanol and smaller than the values [Fe(bpyk:(CHsOH)q]?* clusters,n = 2—6. This wavelength
calculated fom = 3—6. The temperature determined for= range, 536-600 nm, overlaps with the onset region of the
2 is also smaller than those determinedrier 3—5, which are ~ MLCT absorption band of [Fe(bpyff* in methanol solution at
roughly equal. The trends in both sequential binding energies room temperature. For clarity, Figure 7a,b presents data
and temperatures calculated tqn) = 6n + 9 are inconsistent  obtained with dye laser excitation for clusters containing even

where kg is Boltzmann’s constant. The “temperatures” of
[Fe(bpy):(CH3OH).]2" clusters (Table 1) range from 321 K
for n =2 to 239 K forn = 6. If the value ofV; used in the
calculations is raised to 0.420 eV, the cluster temperatures
calculated increase by-9%.

The uncertainty in counting the number of low-frequency
active modes].(n), prompts us to examine the sensitivity of
the binding energies and temperatures reported for [Fe{bpy)

with observations in other ionic cluster systetfi&®6” Thus, (n=2, 4, 6) and oddr(= 3, 5) numbers of methanol molecules
we conclude that the estimate ofi & 13 for the number of separately. The percent photodepletion data increase with
effective oscillatorsl.(n), in [Fe(bpy}:(CHsOH)y]?" is reason- increasing photon energies over the range studied for the five

able in the context of the RRK model. Although the assignment different clustersi{ = 2—6), and the onset of these photofrag-
of 6n + 13 as the number of active oscillators was initially mentation action spectra appears in the same spectral region as
guided by physical considerations and is supported by the the rising red edge of the MLCT band of the [Fe(bg3)
inconsistency of sequential binding energies obtained using complex in methanol solution. At photon energies between 1.75
larger and smaller values df(n) with experimental data, x 10* and 1.89x 10* cm™3, the fraction of the mass-selected
ascribing physical significance to this number is probably not ion beam depleted, normalized with respect to laser power,
warranted. increases as a function of cluster size when constant overlap
These results represent the first effort to characterize the between the ion and laser beams is maintained. A maximum
internal temperatures of clusters produced by electrosprayin the photodissociation signal is not reached because wave-
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Figure 8. Fitted percent depletion curves for [Fe(bp{EHsOH) 2"

1.60 165 170 175 180 18 190 clustersn = 2—6, shown with the room temperature (2%) absorption

Photon Enerav (104 em! spectrum of Fe(bprCIQ4)2 in methan_ol for comparis_on. The onsets
oto ergy (10 ) of the photofragmentation spectra shift to the red with the addition of
Figure 7. Percent depletion of [Fe(bpyJCH30H),]?" clusters normal- each solvent molecule.

ized D 1 W laser power plotted as a function of wavelength forn(a)

= 2, 4, and 6 and (b = 3 and 5. The percent depletion dak, : oo :
determined as a function of photon enerfy were fit to the trailing The guantum yield for emission from [Fe(bg}y in the

edge of a Gaussian functidd = A exp[—(E — Emay?/(209)], where condensed phase is sufficiently small that no evidence of
the parameters, Enay ando represent the amplitude, maximum, and ~ radiative relaxation has been detectbahich is consistent with
width, respectively, of the Gaussian function. For reference, the efficient conversion of electronic excitation to internal excitation.

parameters of the fitted Gaussian curves are as follaws: 2, A = Photon energies of 2.672.34 eV are more than sufficient to
58.8% Ena: = 2.018x 107 cm 1, 0 = 1.03x 10°cm 5 n =3, A= cause loss of loosely bound solvent molecules on the time scale
50.1% Emax = 2.013x 10t cm, 0 = 1.21x 1Ccm s n = 4, A= of our experiment. The RRK rate constants for loss of the first
54.3%,Emax = 1.998 x 10 cm !, 0 =1.11x 108 cm; n=5A= th | | | dd 10° s? Fe(bovk(CH
57.4%,Enex = 1.982x 10'cmL, 0= 1.06x 10 cm i n=6,A= Methanol molecule excee s * for [Fe(bpy)(CHs-
54.5%,Emayx = 1.970x 104 cmL, o = 1.11 x 10° cmL. OH),J¢* cluster sizesn = 2—6 (section Ill.C). These rate

constants also decrease with increasing cluster size, which would

lengths bluer than 530 nm are not available from the dye laser "€Sult in a reduction rather than an increase in the intensity of
with multiline argon ion laser pumping. Although extracavity the percent depletion signal with increasing cluster_ size. Asa
separation of the output from the multiline argon ion laser consequence, we rule out cluster §|ze-dependent kinetics as the
provides access to selected bluer wavelengths, spatial moderigin of the obsgrved differences in the wavelength-dependent
differences between the dye laser beam and the argon ion beanPhotofragmentation spectra.
following extracavity separation prevent meaningful comparison ~ The relationship between absorption and cluster photo-
of percent photodepletion data collected using these two differentdissociation can be examined quantitatively by comparing the
excitation sources. In the absence of data which definitively measured depletion of the parent ion beam with that predicted
locate the maxima in the percent depletion signals and establishusing the molar absorptivity of [Fe(bp}j*" in methanol solution
the amplitude and width of the peak, several possible explana-(Figure 8). Assuming a photofragmentation quantum yield of
tions exist for the differences observed in the wavelength- unity and complete overlap of the laser with the ion beam, we
dependent photofragmentation spectra for clusters havingpredict 70% depletion of the mass-selected cluster at a laser
different numbers of methanol molecules associated with the fluence of 68 W cm? (0.3 W, 0.75 mm beam diameter) using
[Fe(bpy)]?+ complex. The onsets of the photofragmentation the solution molar absorptivity at 530 nm. The observed 15%
action spectra may shift to the red with increasing cluster size. depletion of [Fe(bpy(CHsOH)g]?* clusters at 530 nm is lower
Alternatively, the position of these spectra may remain fixed than the predicted depletion, but within half an order of
in energy while the amplitude of the percent depletion signals magnitude. One possible explanation for the lower measured
increases with cluster size as a result of kinetic effects or changesiepletion is less than complete overlap of the ion beam with
in absorption cross sections. the laser beam. Furthermore, the photofragmentation action
The appearance of wavelength-dependent photofragmentatiorspectra in Figure 7a,b appear to either shift to the red or increase
of [Fe(bpy)-(CHsOH),]2" clusters in the same spectral region in amplitude with increasing solvation. Based on this trend,
as the condensed phase MLCT absorption band of [Fe{8py) ~ the molar absorptivity of [Fe(bpyF* in solution will over-
strongly suggests that excitation of the same MLCT transition estimate the absorption of all clusters at this wavelength. Further
triggers evaporation of methanol molecules from the clusters. discussion of the relationship between the solution absorption
In cluster studies, questions inevitably arise regarding how spectrum and cluster photofragmentation action spectra is found
accurately photofragmentation action spectra reflect absorptionbelow.
spectra, i.e., how efficiently electronic excitation of a chromo-  Limitations in the laser system used in this study prevent
phore is converted to vibrational excitation of low-frequency location of the maxima in the wavelength-dependent photo-
intermolecular cluster modes leading to evaporation of neutrals. dissociation spectra of [Fe(bpy}CHsOH),]?" to allow direct
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comparison of the solution and gas-phase cluster spectra.of the fitted curves in Figure 7a,b is to summarize the
However, in previous work? we estimated the shift in the  experimental data. Figure 8 displays the portions of the fitted
maximum of the MLCT band for [Fe(bpyCH3zOH)g]2" curves that overlap with the photofragmentation data collected
clusters relative to that for [Fe(bp§j™ in solution using the for [Fe(bpyy:(CH3OH)y]?" clusters,n = 2—6, and the room
ratios of photodepletion for [Fe(bpyJCH:OH)g)2* to that for temperature absorption spectrum of [Fe(p)in methanol.
[Ru(bpy)k*(CHsOH)g]?" at four wavelengths between 458 and The solution spectrum and fitted curve for [Fe(bpy)
514 nm. Comparison of the cluster photodestruction ratios with (CHzOH)e]2* were normalized with respect to peak maxima for
solution molar absorptivity ratios yields a shift to the blue of purposes of comparison.

approximately 540 cmt in going from solution to the partially Figure 8 shows that the onsets in the MLCT transition shift
solvated [Fe(bpy)(CHsOH)e]?* clusters. This value is based to the red as methanol solvent molecules are added sequentially
on the assumption that the shape of the gas-phase absorptioito the microsolvent environment surrounding the [Fe(BIgY)
band is the same as that observed in the condensed phase antbmplex, which is consistent with preferential solvation of the
that the shifts of the [Ru(bpy]f™ and [Fe(bpyj]?* spectra are excited electronic state relative to the ground state. With six
approximately the same; as a consequence, the shift of 540 cm methanol molecules, the red edge of the cluster percent depletion
should be considered a rough estimate. spectrum remains significantly shifted from the bulk absorption

Wavelength-dependent photofragmentation data for [Fe- SPectrum. At 530 nm, the spectral shift in the cluster environ-
(bpy)s:(CHsOH)e]2* were fit to a Gaussian curve with its Ment reduces absorption by [Fe(bglyy in then = 6 cluster
maximum shifted by+-540 cnm ! with respect to the maximum by a factor of 2 relative to solution. The observed shift in the
of the solution absorption spectrum to permit comparison with @bsorption onset does not simply reflect temperature variations
the solution spectrum. Data points in the photofragmentation between clusters of different sizes. _As d|s<_:ussed earllgr, the
action spectra for [Fe(bpy(CHsOH)]2* clusters,n = 2—5, cluster_ temperatures decrease with increasing cluster size. If
were then fit to Gaussian curves while varying one or two the_shn‘t in the onset of the MLCT transition is due splely to_
parameters (maximum, width, and amplitude) and holding the varlatlpns in the Femperature of the.gas-phase clusters, increasing
remaining parameter(s) fixed at the values obtained for solvation will shift the MLCT transition to the blue rather than
[Fe(bpy)-(CHsOH)g]2". The data for clusters with = 2—5 o the red.
were also fit to Gaussian functions having the same area as the Finally, we have reported the metastable decomposition of
Gaussian for the = 6 data. The poorest fits were obtained [Fe(bpy}:(CHsOH)J?* clusters to form [Fe(bpyXCHsOH)n-1]2"
when the amplitude or both the amplitude and peak maximum between initial mass selection and final mass analysis (section
were allowed to vary, as determined from the surm?ofajues |||C) Photofragmentation of tha — 1 clusters observed in
for [Fe(bpy)-(CHsOH),J2" clustersn = 2—5. The fits when the laser difference mass spectra (Figure 4) contributes to the

the area, width, or amplitude were fixed yielded the low@st  intensity of the observed photofragment peaks. Thel peak
values and essentially indistinguishable fits. generally accounts for 220% of the total ion signal observed

with the laser off. In cases where percent depletion could be
reliably determined from both parent cluster depletion and
photoproduct ion signal, the estimated contribution fromrthe

— 1 cluster ion fell within the experimental error between the

wo methods. At a given excitation energy on the rising edge

. : of the cluster MLCT band, the percent depletion of [Fe-
we fa}vor a rgd shift of thg onset of the M.LCT gbsorptlon'band (bpy)s-(CHsOH),_1]2* and resulting contribution to the photo-
with increasing cluster size as a more likely interpretation of

the data shown in Figure 7a,b for several reasons. In bulk product ion signal are smaller than those of the mass-selected

. i : . . [Fe(bpyk(CH3OH),)2" cluster. Consequently, no correction
solution the maximum of the MLCT absorption band shifts with was made to the percent depletion data for the contribution of

e e et FE(0pY5 (CHO)  protodisocitio o he potoproduc
9 g€ INiyn signal. The net effect of no correction for the presence of

chromophore. We anticipate that adding one methanol m°|ecwemetastable decay products may be a slight red shift of the

to [Fe(bpy}:(CH3OH)y]2t clusters will have an even smaller : : L
effect on absorption by the [Fe(bgj)* chromophore than reported MLCT bands with respect to their actual positions.

changing the solvent in the condensed phase. Preliminary results )
in an investigation of the effect of sequential solvation on the 'V Conclusions
related iron(ll)-polypyridine complex bis(2,22"-terpyridyl)- We have reported the first effort to utilize electrospray
ron(ll) indicate that while widths and maxima of MLCT  jonization to produce divalent gas-phase coordination complexes
absorpﬂon_features detected using photofragmentation Changf{/vith attached solvent molecules to probe the influence of
as a function of solvent number and type, the area of the gqent-solute interactions on the energetics of photoinitiated
observed MLCT band is roughly conservédFinally, poorest  charge transfer. Electrospray ionization produces gas-phase
agreement between experimental data and fitted Gaussian|ysters containing transition-metal ions in the oxidation state
functions is obtained when the amplitude was permitted to vary j, concentrations which are sufficient for subsequent spectro-
while holding the position and width fixed. There is also no scopic analysis. Observation of the onset of photo-
evidence for radiative dec&yof the excited state prepared by initiated MLCT in [Fe(bpy}-(CHsOH),J2* shows that transition-
excitation of the MLCT transition in [Fe(bpy]f* that would metal complexes isolated in these gas-phase clusters are
influence the photodissociation yield. Previously, we ruled out analogous to the species present in solution and may serve as
kinetic effects as an explanation for the observed cluster size yseful models for investigating iersolvent interactions in the
dependence of the percent depletion spectra. bulk solution. In addition, metastable decomposition of clusters
Figure 7a,b shows the experimental data and the fitted curvesfollowing primary mass selection permits determination of
corresponding to a fixed area. Comparable fits were obtained sequential binding energies and characterization of the internal
by fixing the Gaussian width or amplitude. The primary purpose temperatures of clusters generated by ESI.

We cannot totally eliminate a change in the amplitude of a
spectral feature whose maximum and width remain fixed while
the extent of solvation of the [Fe(bp§j*" complex is varied as
a possible explanation for the observed differences in the percen
depletion spectra of [Fe(bpy]CH3OH) 2" clusters. However,
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