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Excited-State Dynamics of (SQ), Clusters
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A study of the excited-state dynamics of (§@clusters following excitation by ultrafast laser pulses in the
range of 4.5 eV (coupledA,, 'B; states) and 9 eV (F band) is presented. The findings for the codpled

and!B; states are in good agreement with published computationalPworkhe properties of these coupled
states. A mechanism involving charge transfer to solvent is put forward as the source of the excited-state
dynamics that follow the excitation of the $® band within (S@Qm+1 clusters withm > 1. The proposed

CTTS mechanism is supported by calculations of the energetics of the process and the observed trends in the
excited-state lifetimes that correlate very well with the calculated energies.

1. Introduction consisting of an ultrafast laser system coupled to a refletion

Scientific interest in the much studied sulfur dioxide molecule tllmet- of-flight ma_ls_f] sp:ectromeﬂtéjéleqmpp«id Wf'th a pl:jlsel-vall(lvg
stems in large measure from its presence as a pollutant in our® .l.JS er source. 'heé laser Systereonsists of a mode-locke
atmosphere. Although some natural sources of B@exist, Ti:sapphire oscillator (Spectrg Physics Tsunami) that generates
the bulk of the S@in the atmosphere owes its origin to the an 82 MHz pulse tr.aln and is pumped b)’. a 1.0 W argon ion
combustion of sulfur-containing fossil fuelS’he ultimate fate laser (Spectra _Phys_|cs 2069)' PU|S¢ _amphﬁcatlon is carried out
of atmospheric S@is oxidation to sulfuric acid, which may by a regeneratlve Ti:sapphire amplifier pumped by the second
occur through more then one mechanism including gas-phaseh"j‘rmOnIC of a 10 Hz Nd:YAG laser (Spectra Physics GCR 150-

oxidation by OH or through solution-phase or heterogeneous th) to perd.lé(tf prIigg \;V'thEan e_nerg¥ of 3 TJéplrj]lse and a
processes when water and/or ice are present. emporal wi 0 S BXpenments reported here were

Numerous studies of SQan be found in the literature. A performed with the laser system tuned 7’95, ~810, and

few notable examples are presented here but the extensiveN825 nm to determine the influence of the wavelength on the

literature on the subject precludes the inclusion of a compre- excited-state dynamics. The fun_damental output is fr_e_quency
hensive list. Resonance enhanced multiphoton ionization experi-OIOUbIed by a BBO crystal and t_rlpled by frequency mixing of
ments of the S@ monome## and dimef have resolved the the fundamental and QOubIed light to produce the probe and
energies of numerous electronic excited states and the acPump pulse§, respectively. The exact wavelengths used are
companying vibrational levels. Computational investigations of presented .W'th the coorrespondmg data. Cluste_r s were generated
the SQ potential energy surfaée’ have elucidated details of by expansion of a 10./0 mixture C.)f 5@' Ar backing gas (total

SO, excited states including energies, coupling processes, andpressurevSOOGO Torr) into an oil diffusion pumped high vacuum
dissociation mechanisms. Experimental investigations from our chamber (10 TO”.) through a General_ Val% pulse nozzle
laboratory have employed the purmprobe dynamics tech- with a 0.254 mm diameter orifice. The ion signal generated by
nique®? to monitor the temporal evolution of electronic excited the probe pulse is detected by'a two-plate MQfetector. The
states in the SOmoleculé® and clusterS-12 on the ultrafast S|gqal from the MCP was acquired, averaged by a LeCrpy 7200
time scale. Cluster solvation was found to have substantial oscnlos_copé? and then transferre_d to a PC for analysis. The
influences on the Sgelectronic excited states under investiga- Delay line'® t_hat controlled the arrival time of the_probe pulse
tion. Therefore, detailed knowledge of molecular ;S{3 anpl thg OSC'HO.SCO%B are controlled by a PC using a program
insufficient for an understanding of atmospheric chemistry where written in LabView:> All of the data reported here were taken

interaction with and solvation by other molecules is undoubtedly ?r: pumprpfrobe dzeiaertlzmes I:an_glng f:jor?z t0'+t50 PS, Vlvgg ¢
involved in the reactions of interest. € range irom-z to ps having a data point every S

The objective of the SPstudies presented here is to gain "9 thetrﬁngetfrop:z t0+50 ha:‘vér(])gl a pOInr: etvery S?Okfs. Tto )
further understanding of the influence of solvation/clustering acquire the dala, e'ave.rag.e 0 aser shots was taxen at eac
on the electronic excited states of the,Sfblecule. Thus even pump-probe delay time; this process was repeated five times
if the specific states under study are not major ones involved and the resu:ths of the five ;c)jatsses:[rt]hough ”;t?‘ pu_mpb? ?ella3f' 100
in atmospheric processes, elucidating how the potential energyrange Weret enha(\j/elrag(:,. og'l?h' er, reSl:j Ing In a to aI 0 P
surface of SQ@ is altered by molecular interactions further averages at each delay ime. This procedure was employed 1o
contributes toward an understanding of solution-phase and reduce the affect any fluctuations in the laser power or the cluster
heterogeneous chemistry. source may have on the data.

2. Experimental Methods 3. Results

The experiments reported herein were performed using the 3.1. TOF Mass SpectraThe mass spectrum shown in Figure
well-established pumpprobe technigu&® on an instrument 1 is typical of the signal obtained at the overlap of the pump
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o |g [so|soy zero),c, is the intensity coefficient of the fast rise-slow decay,
C; is the intensity of the fast decay, aweglis the intensity of
the plateau function (eq 1c).
o) (080"
£ I'=a+cly(tzy) — I1(tzy)] + cflstzg)] + gl (0] (1a)
2
2 Thel(t,zn), function (eq 1b) was derived in ref 21 and published
é - ®0%  (s0ys0° in the general form used here in ref 22. In this functioris
= sp the laser pulse widthg, is the time constant, is the pump-
o2 (so) (80550 (so,)Aso' probe delay time, and ig an apljustable parameter added to
l Gl ) [ \ correct for any small variation in the assignment of the 0
- M step in the pumpprobe transient.
Flight Time
Figure 1. Typical TOF-MS of (SQ)n, clusters obtained at the temporal t =|1—erf i _t+c 2 t+c
overlap of the pump and probe laser pulses. (t7) = 21' T,

(1b)

The constant intensity plateau function (eq 1c) was derived by
taking the limit of eq 1b ag, goes to infinity to produce a

2 function that can account for the signal intensity in the
experimental data that does not evolve on the time scale of the
experiment.

(R e RUES [1 — erf{ - 1—‘5—0}] (1c)

Intensity (arbitrary)

The values of adjustable parameters in eqsdaere deter-
mined by nonlinear regression fitting of the function to the
experimental data using Oakdale engineering Dafdoftware.
0 10 2gela 30 40 50 3.3. Probe Power Dependence of the Transient Datdhe
Y (ps) ionization potential (IP) of S@is about 12.35 eV and the pump
Figure 2. Pump-probe transient of the (S§50" ion signal showing wavelengths used in these experiments lead to each pump photon
the compongnts of the temporal evolution. Pump: 265 nm, 0.06 mJ/ having 4.5-4.7 eV of energy. As a result, both one and two
pulse. Probe: 398 nm, 0.22 mJ/pulse. photons of the pump may be absorbed by the &®omophore
and probe pulses. A few trends in the cluster distribution can within the clusters, with three-photon absorption leading to
be observed. For clusters consistingrofmolecules, (S@m-1SO" ionization. lonization of S@following the absorption of one
is the dominant series in the cation mass spectra, which is theor two photons of the pump will require either three or one
result of an oxygen atom being lost from each cluster. The loss photon of the~3.1 eV probe, respectively. The energy diagram
of two and three oxygen atoms from clusters with= 2 and given in Figure 6 depicts the above-described process graphi-
3 is also evident. It should be noted that tim&z 80 andnvz cally and indicates the electronic excited states that are populated
144 species are labeled as being the result of three oxygen losseby the absorption of pump photons which will be discussed
but could also be due to the loss of an S and an O leading to below.
the formation of S@" and (SQ)SQO;™, respectively. However, To determine which of the two excited states populated by
the exact identity of the cluster products cannot be determinedthe pump produce each of the observed components, the probe
by the experimental methods employed here, although, aslaser power dependence of each component was determined.
discussed later, the dynamical observations provide someThis was done by employing fitting of eq 1 to the data obtained
information regarding the oxygen loss process. The monomer at four probe pulse powers. Then, the intensity coefficient of
signal also indicates the presence of an oxygen atom loss asach component of eq 1 was plotted as a function of the probe
the SO signal is larger in intensity than that of the SO power and the data in the plot was fit to a power function. The
(truncated in Figure 1). In addition;*Snd O are observed at  exponent of the power function is the number of photons needed
high laser pulse energies and at the temporal zero (as is theto produce the observed ion signal. Note that this procedure is
case in Figure 1). The nature of the oxygen loss channels andoften represented in the literature as d)lMs In(power) plot,
the formation of O is discussed later in terms of the laser power which produces a straight line; however, the two methods are
dependence of the ion signal. equivalent. A characteristic example of a power dependence
3.2. Fitting of Transient Data. A typical pump-probe plot is shown in Figure 3. The value of reaches its maximum
transient for the S@cluster system is shown in Figure 2 where at the second to lowest probe power used and remains constant
the points represent the experimental data and the solid linewhen the power is increased. It is believed that at the higher
represents the application of a fitting function to that data. probe laser powers, the ion signal remains at a constant
Careful analysis of the Sluster transients revealed that they maximum intensity because all of the excited-state population
consist of three components. The three components can ben the molecular beam that leads to thesignal component is
described as a fast growth followed by a slow decay (dashedbeing ionized. The relatively low probe laser power needed to
line), a fast decay (dotted line), and a constant intensity plateauproduce the maximum signal intensity indicates that the signal
(dot—dash line). The fitting functioh that was used contains a represented by; does not require the absorption of a large
term for each of the three components and is shown in egs 1a number of probe photons. As a result, thecomponent (the
c. In eq laa is the baseline signal intensity (subtracted from fast growth-slow decay component in Figure 2) must represent
the data shown in Figure 2 to bring the baseline of the data to the dynamics of the excited-state populated by the absorption
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i Figure 4. Pump-probe transients of then = 2 cluster series. Pump:
0.05 1 - 264 nm, 0.05 mJ/pulse. Probe: 398 nm 0.11 mJ/pulse.
0 T 88—

In addition to state assignment, the probe power study can
0 Probe | 0.1 (:ﬁJI I 03 be used to determine if the absorption of more probe photons

robe laser power (mJ/pulse) than are needed to ionize the clusters is leading to the formation

Figure 3. Probe power dependence of the three components of the of cluster fragments. The values in Table 1 indicate that the

transient data obtained from analysis of the {fSO" ion signal. oxygen loss process mentioned earlier frome= 2 clusters is
Pump: 265 nm. Probe: 398 nm. not the result of the absorption of extra photons by the one
TABLE 1: Probe Power Dependence of the lon Signal photon pumped state represented daybecause each of the
Transient Components Analyzed as Shown in Figure 3 cluster fragments in then = 2 series have the same value for

the photon order within error. It should be noted that the fit to
the power dependence of tigz 80 cluster was particularly
: poor and as a result the value of 1.9 for theghoton order is

. m= 1 series considered to be in agreement with the rest. The saturation of
0 21 17 thec; signal component discussed above prevents the identifica-

photon order

detected ion C C

St 17 15 . . -
SO saturated saturated tion of the oxygen Ios_s mechanism based on its power
SO" saturated saturated dependence. However, if probe photon absorption by the two-
m= 2 Series photon pumped state were responsible for the oxygen loss
S,0* saturated 1.9 channel, thec; component would become more prominent
S0, saturated 3.1 relative to thec, component in the clusters that have lost oxygen
(SO)SO* saturated 3.1 atoms and become depleted in the £BO cluster. But, the
(SG)." saturated 2.7 opposite trend is observed, as can be seen in Figure 4. For the
m= 3 Series m = 1 series, the Sg and SO signals show a saturation
(S50)2S0* saturated 36 behavior to their power dependence, indicating that little probe
m = 4 Series power is needed to ionize these species compared to the clusters.
(S0)sS0O* saturated 41 However, the $ and O require a large number of probe
m= 5 Series photons (the values in Table 1 for @nd O" may not be exact,
(SOy)4SO* saturated 3.9 but the finding that a large number of photons is needed is
apump: 265 nm. Probe: 398 nm. certainly correct). Therefore, these species are products of an

excited ion-state process, as has been determined in previous
of two pump photons, which produces an excitation less than investigations of the SOmass spectrurh!?
one probe photon in energy below the ionization potential of  3.4. Transient Data Time Constants.Pump—-probe tran-
SO,. Fitting of the c; probe power dependence to a power sients of the (S@m-1SO" cluster series (data points) that have
function leads to an exponent of about 3, indicating that this been fit to eq 1 are shown in Figure 5A. This set of data was
component of the ion signal is the result of ionization from the obtained using a 0.05 mJ/pulse, 264 nm pump and a 0.11 mJ/
one-photon pumped state. The intensity of the platgauloes pulse, 398 nm probe, which is considered to be a low probe
not have a clear probe power dependence, making the assignpower condition. Note that, with the exception of the'S@he
ment of its source difficult. Analysis of other clusters in the ¢, component (growth and slow decay) is the dominant signal
mass spectrum to determine the probe laser power dependencejnder the low probe power condition due to the need for only
shown in Table 1, produce comparable results, confirming the one photon to be absorbed for ionization (Figure 3) and that
assignment of the components represented;tandc,. the time scale of the long decay increases with increasing cluster
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TABLE 2: Average Values of the Three Time Constants
Obtained by Fitting of (SO,)m-1SO"™ Cluster Series Data Sets
Obtained with an ~265 nm Pump

time constants (ps)

detected iof predicted neutral 1 T2 T3
SO {(SOy)2} 0.7+0.3 13.3+3.0 0.6+0.3
(S0.)S0" (SO)SOt {(SOy)3} 1.2+ 0.2 32.8+89 09+04
et (S-S0 {(SOy)4} 1.3+ 0.3 48.1+16.2 1.1+05
(SO)sSO" {(SOy)s} 1.1+0.2 65.0+£235 1.1+0.3
(SD)4SO" {(SO)e} 1.5+0.7 64.6£49.0 1.1+0.5

TABLE 3: Average Values of the Three Time Constants
Obtained by Fitting of the m = 2 and 3 Cluster Series Data
Sets Obtained with an~265 nm Pump, Indicating the
Dependence ofr, on the Oxygen Loss Process

(S0,),50*

Intensity (Arbitrary)
Intensity (Arbitrary)

time constants (ps)

detected iof predicted neutral 1 T2 T3
m= 2 Series
S0 {(SOy)3} 0.84+0.1 15.4+57 0.7+0.2
S0, {(SOy)3) 1.2+ 0.6 21.6+6.2 0.9+0.4
(SO)SO" {(SO)3} 1.2+0.2 32889 09+04
e (SO)2t {(SO)3} 1.3+0.3 7374347 1.1+06
0 10 20 30 40 50 0 10 20 30 40 350 m= 3 Series
Delay (ps) Delay (ps) S04* {(SOy)a} 0.9+0.2 354+16.5 1.0+0.6
Figure 5. Pump-probe transients of the ($}a-1SO" cluster series. (S0,).SO" {(SOy)4} 1.3+03 48.1+16.2 1.1+£05
(A) Pump: 264 nm, 0.05 mJ/pulse. Probe: 398 nm 0.11 mJ/pulse. (B) (SO)s™ {(SOy)4} 32+4.3 76.2:68.6 2.4+19

Pump: 265 nm, 0.06 mJ/pulse. Probe: 398 nm, 0.22 mJ/pulse. ) )
TABLE 4: Average Values of r; Obtained from the Analysis
of Six Data Sets at Each of Three Pump Photon Energiés

rF 3
IP12.35eV # combined energy time constant
A One photon m pump (eV) VDE (eV) pump+ VDE (eV) 72 (PS)
Iy ?39? :\“})P"""’ 1 9.4 1.1 10.5 13.2 3.0
Three photon : 9.2 10.3 10.8t 4.3
398 nm probe e e 2 9.4 2.8 12.1 32.887
(93 eV) 9.2 11.9 17.3t6.2
4 9.0 11.8 101 2.1
3 9.4 3.2 12.6 48.%16.1
S 9.2 12.4 25.0+ 12.9
1B, -tAy | e 4  265mmpeny 9.0 12.2 13.6- 3.4
93 eV) 4 9.4 35 12.9 65.6- 23.5
One photon 9.2 12.7 31.9+ 15.3
265 nm pump 9.0 12.6 16.8+ 6.6
@.7¢V) 5 9.4 3.9 13.2 64.649.1

a2 Also included are the vertical detachment energies (VDE) of

e s (SOy)m™ clusters as determined in ref 25.

Figure 6. Energy level diagram depicting the generation of excited
state populations in Sy the absorption of one or two pump photons
and ionization by probe photons.

standard deviation of the six values used (indicated as error bars)
are shown in Table 2.

In addition to the (S@m-1SO* cluster series, the clusters
resulting from the oxygen loss by time= 2 and 3 series were
,/analyzed to investigate the source of the oxygen loss pro-
cess(es). Each of the species in the= 2 and 3 series exhibit
the same qualitative behavior as the (5Q;SO" series and
have similarr; andz; values. However, the value of the slow
decay time constant;;, decreases with the cluster mass, as

The ability to adjust the intensities of componeoisindc, indicated by the values reported in Table 3.
relative to each other enabled the determination of the time 3.5. Pump Wavelength Dependence of Time Constant,.
constants of the overlapping decay component represented bylo clarify the excited-state process responsiblezoand to
¢, andts, and the growth represented byandri, using the understand the influence that cluster size has on it, data were
following procedure. Six sets of data taken under conditions acquired at two pump wavelengthsZ70 nm and~275 nm)
similar to those for the data shown in Figure 5A were analyzed in addition to the~265 nm pump data presented thus far. The
using eq 1 with the value ot; fixed at 0.7 ps; all other probe power was set fairly low to make the dominant
parameters remained free to be adjusted in the optimizationcomponent. As a resultzz was not determined for pump
process. To determine the valuemf six sets of data similar ~ wavelengths other than 265 nm. It was found that decreasing
to that shown in Figure 5B were analyzed using eq 1, with  the pump energy decreased the value,dbr the cluster sizes
andr; fixed at their average values from the low probe power studied. The two-photon pump energies used and the average
data set. The average valueswf 72, and s along with the values ofr, for each cluster size are shown in Table 4 along

size. Figure 5B displays the pumprobe transients of the
(SO)m-1SO" cluster series taken under high probe power
conditions using a 0.06 mJ/pulse, 265 nm pump and a 0.22 mJ
pulse, 398 nm probe. The higher probe energy results in an
increase in the intensity of the, (three photon) component
relative to thec, component, which has reached its maximum
intensity at a lower probe power.
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with the vertical detachment energies of the {RO cluster
anions, the significance of which is discussed shortly.
4. Discussion

4.1. lonization Mechanism.As has been mentioned during
the presentation of the mass spectrum in Figure 1, it is evident

that some fragmentation or dissociation processes occur as a

result of ionizing the neutral cluster distribution with the probe
laser. Because the pumprobe experiment is performed on
the neutral clusters, but the cations are the detected species, i
is very important to identify the fragmentation and dissociation

processes so the identity of the neutral species studied can be

determined. It is known that SQundergoes an oxygen loss

process in the cation state. This process has been reported to

occur with energies in the range 6f3.5 eV above the cation
ground stat&?5-28 and is therefore likely considering that, due
to the high power density of the laser pulse, the absorption of
additional probe photons is always possible when ultrafast laser
pulses are used. This explains the loss of a single oxygen from
each cluster leading to the observation of §50;SO" as the
dominant cluster series. However, the source of additional
oxygen atom loss from the clusters is somewhat less clear. As
indicated in Table 1, the probe power dependencies for all of
the clusters in then = 2 cluster series are the same, indicating
that the loss of more than one oxygen atom is not due to the
absorption of additional probe photons, as is the case for S
Also, each of the clusters from thea = 2 andm = 3 series
have different values for the time constanf verifying that

the process leading to the loss of additional oxygen atoms mus
be related to a neutral excited-state process. The observation o
multiple oxygen losses from the clusters in both the ptmp
probe experiments and when direct ionization is employed

presents a puzzling problem. This observation is addressed

further in the discussion of F band dynamics.

Although the exact nature of the process that follows
ionization of the clusters is not known, some assumptions are
made to enable the discussion of the dynamics of the excited

state. It is assumed that each detected cation cluster of the form

(SO)m-1SO" has undergone an oxygen atom loss and the
evaporation of an S£molecule during the ionization event (this
process is independent of any oxygen loss or molecular
evaporation discussed as a possible mechanism in the neutr
state). As a result, each neutral cluster consistsn@olvent
molecules plus a chromophore molecule.

(SQ) i+ v —(SQ),, ;SO + SO, + O+ e

The data table columns labeled “detected ion, predicted neutral”
indicate the application of this assumption. As the data are
interpreted in the following sections, it will become evident that
although the assumption described here is not proven, it is self-
consistent with the findings and their interpretation.

Excitation of the S@ chromophore within the clusters by

t

al
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Figure 7. Graphical depiction of the excited-state population (light
gray arrows) movement into th#; and A, potential well minima
following pump photon absorption (gray arrow). Sabtential energy
surface adapted from ref 7.

by movement of the excited-state wave packet from g
state into the double wells that result from the crossing of the
1A, and!B; states. This process is reported to proceed rapidly
and be complete within 100 fs. The decay in the paipmpbe
transients represented by is believed to be the result of the
]above-described process. This assignment is based on the finding
of the power study presented in Figure 3 and Table 1, which
indicate thatc,, the signal intensity coefficient associated with
73, requires the absorption of three probe photons to ionize the
cluster. This is consistent with the energy needed to reach the
IP of SG from the A, and 1B; states. The~700 fs decay
observed in the pumpprobe experiment is likely to be a
measurement of the time needed for the excited-state molecule
to pass through the crossing between the intBalexcited state

into theA,- and!B;-state minima, as depicted in Figure 7. As
can be seen from calculated potential energy surfaé¢es this
energy region, the potential energy-well minima of both'he

:fmd 1B, states are not aligned well with the ground state. This
indicates that théA,- andB;-state minima may be outside of
the Franck-Condon region for the absorption of the probe laser
pulse. The poor FranekCondon overlap is particularly sig-
nificant due to the need for a three-photon absorption to ionize
the excited-state clusters. Therefore, ion signal is not observed
once the transition has occurred. The valuesoheasured here

is significantly greater than the 100 fs predicted,but this is

not entirely unexpected. It appears that the cluster environment
is slowing the transition process. It seems reasonable to propose
that, unlike the unperturbed conditions considered in the
computational study, an ensemble of excited-staterS@ecules
exist within the cluster population, each having a slightly

the pump laser pulse leads to the formation of two populations different environment. For example, one excited-state molecule
of excited-state clusters within the molecular beam sample pulse.may be on the surface of its cluster and another may be more
The coupled!A; and 'B; state&?° are populated by the highly solvated within the cluster. For the signal in the pump

absorption of one photon, and the absorption band of SO probe experiment to decay, all of the excited-state species must

identified as the F barfflis populated by the absorption of two
pump photons (see Figure 6).
4.2. Interpretation of Time Constant, z3. The coupledA,

pass through the crossing of thé, and 1B; states, which
requires that the molecules have the correct geometric param-
eters. This process is likely to be slowed by the excited-state

and’B; states are discussed first because the observed dynamicsnolecules within the ensemble having a variety of geometries
can be clearly explained on the basis of a detailed computationaldepending on each molecule’s unigue cluster environment. This
investigation of these coupled states. According to the findings argument is supported by the valuestgfeported in Table 2,

of ref 5, the initial vertical excitation of th¥#8; state is followed which show a slight increase in lifetime with increasing cluster
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size. A larger cluster would possess a larger number of possiblerepresented by; is not likely to be the result of a Franek
environments of the excited-state molecules, increasing the timeCondon related process.
needed for the crossing to occur. Another factor to consider is A third possible mechanism its that of a transition from the
that due to the pump wavelength of265 nm used in the  state initially populated by the two photon pump into a lower
experiments reported here, some excess energy is absorbedsnergy state with a better absorption cross section for the probe
putting the chromophore above the, and'B; crossing point,  then the initial state. The improvement in absorption cross
which is reported to occur with an excitation of around 300 section would account for the rise representediad similar
nm2%31 above the gl’OUI’ld state. Additionally, as the clusters process has been observed in the case of)S€xcited to the
become larger, the difference in energy between the ground statee-state surfacé' Two processes were observed in the E-state
and the'A; and!B; states may change due to solvation effects, work 1! a dissociation of a SOmolecule on the E-state surface
leading to an alteration of the excess energy and possibly toand an alternative relaxation pathway to a lower bound state.
the small increase in the measured valugLf Relaxation to a lower bound state produced transient data with
4.3. Interpretation of Time Constants, 71, 7o. Computa- a two component decay. Each component had a different probe
tionaP and spectroscopi€investigations of the F band region laser power dependence, indicating that the first component was
of the SQ potential energy surface indicate that this energy the result of the initial excited state and the second component
region has a high density of staiés with bound-state-like reflected movement to the lower-lying state. This type of
behavior** However, because further details of this high-energy behavior was not observed in the transient data presented here.
region of sulfur dioxide’s excited-state potential energy surface Both ther; andz, components have the same probe laser power
are not well-known, cluster size trends and calculations baseddependence, which is represented dy(See Figure 3). In
on standard enthalpies and energies from the literature are useeddition, the spectroscopic study of the F band reionlicated
to identify processes that may occur within the excited-state resolvable vibrational lines. If a fast transition or dissociation
cluster. These findings are employed to develop a plausible was occurring following excitation to the F band, vibrational
explanation for the observed dynamics. Arguments are presentedines would not be resolved.
that discount some possible explanations for the observed results 4.3.2. Proposed Charge Transfer to Sait MechanisnmiThe
followed by a discussion of charge transfer to solvent, which is final and most likely explanation for the observed dynamics
believed to be the operative mechanism leading to the observedhat follow the excitation of the S{F band of a chromophore
dynamics. within (SQ)m clusters involves the process of charge transfer
4.3.1. Proposed Mechanism@ne possible process is that to solvent (CTTS). According to observations from the literature
of caging, which requires the presence of a dissociative channelthat involve the study of CTTS in clustéfs® and in solutiof®*°
that is coupled to the F band. The energy region just above the(to reference a few of the many publications on the subject),
F band has been studied by REMPI spectroscoplye study the CTTS process proceeds by the following general mechanism.
revealed that dissociative pathways are likely to exist in this The chromophore is excited to a state somewhat above its
region of the S@ potential energy surface. However, the ionization potential, resulting in the formation of a dipole-bound
spectroscopic findings for the F baddo not indicate the electron. Some of the energy of excitation is transferred to the
presence of a dissociative pathway. When caging is the operativesolvent as the solvent is rearranging in response to the newly
mechanism, the transient data signal is often depleted near thormed excited-state species and electron. This process results
zero delay time because the chromophore molecule cannotin the localization of the electron from the delocalized dipole-
absorb the probe pulse shortly after the initial excitation due to bound state on the time scale ofL ps or les$*3¢ Further
the dissociation process. The signal then rises at later times whersolvation of the electron by the solvent leads to continued
the dissociation process is stopped by molecules of the clusterremoval of energy from the electron on the time scale of #0’s
that accommodate some of the energy of the dissociatingto 100's* of picoseconds, possibly leading to solvent separation
fragments, allowing them to recombine into a bound molecule of the electron and the chromoph#hen sufficient energy
that can be ionize# Two trends in the F band data disagree and solvent is available.
with an interpretation based on caging. First, the growth time  The proposed CTTS process is believed to manifest itself in
constantr; becomes somewhat slower with increasing cluster the (SQ)n, data shown in Figure 5 in the following way. The
size (Table 2). Caging generally becomes faster and moreinitial state generated by absorption of the pump laser pulse is
efficient in larger clusters. Second, the slow decay component diffuse and, therefore, has a poor absorption cross-section for
7, which would represent evaporation in a caging mechanism, the probe so no ion signal is generated near the zero. As the
should become faster with increasing excitation energy but the electron becomes localized through solvent interactions, the
opposite trend is observed here, as can be seen from theabsorption cross section improves and the signal intensity rises
wavelength dependence of presented in Table 4. (r1). As the electron transfers its energy to the solvent, a
A second possible mechanism is that the excited state relaxation process takes place that leads to the decrease in the
populated by the two photon pump is outside of the region where signal intensity £).
effective ionization by the probe laser can occur. In this  4.3.3. Interpretation of Time Constant,. According to the
mechanism, the initial excitation would be followed by a CTTS mechanism, the valuesafshown in Table 2 represent
movement into the FranekCondon region, resulting in in-  the time needed for the solvent molecules within the cluster to
creased signal intensity. However, upon excitation of the SO respond to the newly formed state. The observation that
molecule by the pump laser, the excited-state geometry is theincreases with increasing cluster size supports the CTTS
same as that of the ground state. The geometry of the ground-mechanism because more time is needed for the solvent to
state molecule is within the FranelCondon region, as evi-  respond as the number of molecules in the cluster increases. In
denced by its effective absorption of photons. As a result, one the case of photoinduced ion-pair formation in the HBrater
would expect the SPmolecule to be within the FranelCondon cluster system, which is a charge-transfer-like process, the
region for ionization by the probe laser immediately after solvent was found to respond to the newly formed ion pair on
absorption of the two pump photons and therefore the rise the time scale of 1 ps and the time increased with increasing
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TABLE 5: Energy Calculation of the Charge-Transfer molecular cluster to the CTTS cluster should be about 12.35
Process within an SQ Cluster? eV — 11.85 eV= 0.5 eV, which seems like a reasonable value.
SO+ (SO)m— SO + (SO +0.1° At this point it is again pertinent to comment on the
SG—=SQ" +e +12.3% assumption discussed earlier, which asserted that ap SO
(Ssoi)m+e — (SO)m n _ :VDE molecule evaporates from each cluster during the ionization
Q" + (SO)m —~ SO +(SO)m A ,
process. The correlation between the valuergfthe cluster
S0 (SO)m— SC;"*(SOIm- = size, and the pump energy is believed to be an indication of the
2The VDE values for the cluster sizes studied are shown in Table CTTS process. Therefore, the observed dependence of the value
4. " Reference 24¢ Reference 4¢ Reference 25. of 7, on the excitation energy for tha = 2 cluster (Table 4),
140 which is detected in the mass spectrum asS®, indicates
T ) that the neutral cluster that is detected asSO is undergoing
§g 130 Py D = CTTS. However, according to the energy calculation shown in
53 12,0 = . Table 5 and the VDE values tabulated in Table 4, it is not
28 1.0 y =0.0184x + 11.851 energetically possible, in the range of pump energies used, for
3 ‘ a® m=1 R*=0.6894 a cluster smaller than the (9f@ to undergo CTTS. This is
= 100 T ' T because at least two solvent molecules must be present in the
0.0 20.0 40.0 60.0 30.0 cluster, in addition to the chromophore molecule (making the

Measured Lifetime (ps) total cluster size three S@nolecules), for the excitation energy

Figure 8..Linear plotlof the correlation between the valuergfand + electron affinity (VDE) to approach the IP of the SO
the combined excitation energy and VDE. chromophore. Therefore, to account for the excitation energy

] dependence of, observed for the SE30" signal, it must be
cluster size, as seen hef#e®Also, the~1 ps value o agrees  assumed that an SQnolecule evaporated from the cluster
well with other observations of this step in the CTTS pro- following ionization along with the O atom loss, making ($©
cess?36 the neutral source of SSO'.

4.3.4. Energetics of the CTTS Mechani3ime CTTS process In light of the above discussion of CTTS energetics, the CTTS
requires the generation of a dipole-bound electron as the initial js not energetically feasible in te= 1 cluster; another process
excited state. In the anionic cluster studies from the liter&ffte,  must be occurring within this cluster to account for the observed
the dipole-bound electron was generated by pumping the dynamics. However, a clear source of the dynamics cannot be
chromophore with a photon of slightly more energy than the identified. It may be that the signal oh = 1 species is a
electron binding energy. However, in the experiments reported combination of signals from several neutral sources such as SO
here, the excitation energy (9:0.4 eV) is somewhat less than  molecules that did not form clusters in the source, 430
the IP of the chromophore (12.35 eV). As a result, a somewhat clusters, and fragmentation of other clusters that were not stable
different description of the CTTS process is presented here thanenough to be detected intact.
was presented in the studies discussed above. This difference 4 3 5 |nterpretation of Time Constams, As discussed above,
between the excitation energy and the IP of the chromophore the cluster size dependencergtorrelates well with the CTTS
is believed to be overcome by the electron affinity of the solvent mechanism proposed here. However, the exact nature of the
molecules of the cluster. The vertical detachment energies of re|axation process associated witfis difficult to identify with
(SO)m™ clusters have been measufé@nd it is assumed here  the experiment performed here, but some possibilities have been
that the electron affinity of the neutral cluster is approximately proposed in the CTTS literature, including the following
the same as this detachment energy of the anion. An energeticsnechanisms. Recombination of the electron with the chromo-
calculation of the CTTS process is shown in Table 5. It should phore molecule has been reported for a solution-phase experi-
be noted that the exact values of the binding energy betweenment, but recombination occurs on the time scale of hundreds
the SQ* and the (S@m~ clusters is not known, but it is  of picosecond®-38and is therefore not likely to be the source
expected to be substantially greater than the binding energy ofof the observed decay. Also, it is believed that recombination
the neutral species. As a result, the difference between the IPwould release so much energy that, in the case of a cluster,
of SO, and the cluster vertical detachment energy (VDE) is the extensive fragmentation would occur and metastable decay
upper limit of the energy needed for the CTTS process to peaks would be observed in the mass specfumhermionic
proceed. In other words, if the combination of the two-photon emission has also been proposed in the case of anion clusters
pump energy and the VDE of the cluster exceeds the IP of SO due to the fact that the chromophore has been excited beyond
CTTS can occur. To emphasize the strong correlation betweenits ionization potentiat® However, this argument does not apply
the combined energy and the excited-state lifetime, the valuesin the case of the neutral clusters being studied, as is explained
in Table 4 are presented as a plot of combined energy as ashortly. Another possible explanation would be evaporation of
function of the value of; in Figure 8. The best fit straight line  a single molecule due to the energy transfer from the electron
shows the strong correlation to all cluster sizes excepttke to the cluster. However, one would expect to see slow growth
1 points (not included in the fit). Thus, it appears that only the in the smaller clusters on the time scale of the decay of the
m = 1 species has insufficient energy to undergo CTTS under larger ones; however, this is not observed. In fact, the smaller
the excitation energy used. The meaning of the fit line is not clusters have a faster decay than the larger ones, eliminating
entirely clear. However, it seems reasonable to suspect that theghe possibility of an evaporation mechanism.
intercept value of the line should be the minimum energy for  The final and perhaps most likely explanation feris that
the CTTS process to occur which would be the IP of the SO as the energy of the electronic excitation is transferred to the
chromophore. Therefore, the difference between the interceptcluster, the energy of the remaining electronic excitation
and the IP is probably the combination of the energies that were subsequently decreases, resulting in an increase in the energy
not considered in the calculation such as the binding energy needed to promote an electron to above the ionization potential
just discussed. So, the change in the binding energy from theof the cluster. Once the energy needed exceeds the energy of
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one probe photon, the ionization efficiency is expected to drop clusters were found to have the same time constants. These
and the signal intensity decrease. This interpretation agrees withfindings indicate that in this instance, the loss of the oxygen
the observed results for two reasons. First, the absorption crossatom indeed occurred in the ion stateAs just discussed, the
section for the excited state that produecesandz, is poor, as CTTS mechanism may be involved in the formation of oxygen
evidenced by the data in Figure 5A, where it can be seen thatdeficient clusters observed in the mass spectrum. However, it
at the low end of the range of probe pulse energies used, theis difficult to explain the loss of three oxygen atoms from the
signal intensity produced from the one-photon probe of the F cluster with CTTS. Therefore, the identity and source of the
band excitation is of about the same intensity as the signal from m/z 80 andmvz 144 clusters remains uncertain.

the 1A, and !B, states, which requires the absorption of three

photons. Therefore, once the absorption of a second photon wa$- Conclusions

needed to produce the component, ionization would become  The excited-state dynamics of (9@ clusters following
unlikely. .Second, the interpretation agrees with the observed gxcitation by ultrafast laser pulses in the range of 4.5 eV
cluster size and wavelength effects on the value,of.arger (coupled'A, and 1B, states) and 9 eV (F band) have been
clusters have lower IP’s as indicated by the REMPI measure- investigated. The findings for the coupléd, and B, states
ment of SQ (12.348 eV) and (S§) (11.72 eV)! Thus, as the  are in good agreement with published computational work on
cluster gets larger, the electron would have to dissipate morethe properties of these coupled states. In addition, some possible
energy to get to~3 eV below the IP in a larger cluster, which  sources of the observed trends in the measured lifetimes
would take more time. Also, when a shorter wavelength was associated with these states have been proposed. A mechanism
used, the electron has more energy to dissipate, which will alsoinvolving charge transfer to solvent has been put forward as
take more time. the source of the excited-state dynamics that follow the
4.4. Proposed Sources of Oxygen Atom LosdVith the excitation of the S@ F band within (SQm+1 clusters with
above observations relating to CTTS in mind, this discussion m > 1. The CTTS mechanism has been supported by calcula-
now returns to the source of the oxygen loss that leads to thetions of the energetics of the process and the observed trends
observation of clusters with two or (depending on the identity in the excited-state lifetimes that correlate very well with the
of m/z 80 andmvz 144, as mentioned in the Results) possibly calculated energies.
three fewer oxygen atoms than the original neutral cluster. One  As future studies continue the investigation of systems similar
key observation that can be seen from the data presented irto those studied here, trends in the results will inevitably clarify
Table 3 is that the value af, is dependent on the number of many of the proposed mechanisms discussed. In terms of the
oxygen atoms lost, with, decreasing as the number of oxygen SO CTTS process, which is apparently mediated by the high
atoms lost increases. This leads one to suspect that a neutralelectron affinity of SQ@ clusters, studies using other high electron
state process is involved in their formation. The other key affinity solvents may aid in verifying the proposed mechanism.
observation is that the same cluster distribution is observed underThis verification is of particularly significant because, as far as
the conditions of a pumpprobe experiment where two laser can be determined from the literature, CTTS has not been
pulses are interacting with the cluster beam and under conditionsPreviously reported in a neutral cluster system. Therefore, the
of multiphoton ionization by 400 nm ligttfrom a single laser ~ Properties of this mechanism cannot be confirmed by compari-
pulse. This leads one to suspect that the oxygen loss occursSon to other neutral cluster systems until such experiments have
following the formation of the cationic cluster, which has been been performed.
observed for S@, as discussed earlier. However, if the oxygen ) ) )
loss process occurs entirely in the ion state, each of the cluster  Acknowledgment. Financial support by the Atmospheric
fragments must display the same dynamic behavior because theSmenceg and Expenmental Phy_S|caI Chemistry Divisions of the
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