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Ultrafast Dynamics of the SGQ(H20), Cluster System
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An investigation of the excited-state dynamics of ,@0Q0), (n = 1-5) clusters following excitation by
ultrafast laser pulses to 4.7 eV (coupfesh and'B; states) and 9.3 eV (F band) is presented. The findings

for the coupledtA, and!B; states are in good agreement with published computational’vemidk indicate

the division of the initial excited-state population into the double well produced by the coupled states. A
photoinduced ion-pair formation process is proposed as a likely source of the observed dynamic behavior
following the 9.3 eV excitation. Energetics calculations are also presented that support the ion-pair mechanism.
A lack of cluster size dependence in the measured time constants indicate surface solvatiorrath&O

than a cluster structure with the $@olecule fully encompassed by water molecules.

1. Introduction Experiments involving resonance enhanced multiphoton ioniza-
tion (REMPI) studies of the SOmonome?® and dime? have
identified the energies of numerous electronic excited states and
the accompanying vibrational levels. Computational investiga-
tions of the SQ potential energy surfaé¢e® have elucidated
details of SQ@ excited states including energies, coupling
processes, and dissociation mechanisms. Experimental inves-
tigations from our laboratory have employed the putppobe
dynamics techniqu€!! to monitor the temporal evolution of
electronic excited states in the S@olecule!? SO, clus-
ters13144land (SQ)m(H2.0)*2 clusters. Cluster solvation was
found to have substantial influences on the,S&ectronic
excited states under investigation. Therefore, detailed knowledge

Interest in the chemistry of SOis wide ranging, from
industrial uses to processes of atmospheric significance. The
chemistry associated with the tropospheric oxidation of ®0
sulfuric acid is significant due to the atmospheric implications
of the oxidation process, namely, sulfuric acid’s role as a major
constituent of acid rain and its involvement in atmospheric
nucleation processes. This is especially pertinent considering
that the source of SQis primarily anthropogenic, being
produced by the combustion of sulfur-containing fossil fdels.
On a basic level, the oxidation of $@& thought to proceed by
the following steps by either a dry gas-phase mechafism:

. of molecular SQ@ is insufficient for an understanding of
SOL9) + OH(Q) SO,(0) atmospheric chemistry where interaction with and solvation by
S0y(g) + H,0() — — — H,S0,(g) other molecules is undoubtedly involved in the reactions of

interest. Although the specific experimental studies addressed
in the present study are not of large significance in the
atmosphere, information on the ensuing dynamics is of con-
. siderable value in assessing the fate of hydrated species,
SO,(g) + H,0() — H,S0,(aq) especially the role of solvation and possibly caging processes.
_ The results presented here are part of our group’s ongoing series
H,50,(aq) + (H;0; or O;)(aq)— H,0()) + H,50,(aq) of experiments devoted to elucidating the photochemistry of

. neat SQ and SQ complexes. Further details relating to this
On a related note, it has been suggested thatr8&y react study can be found in ref 41.

following adsorption on an ice surface to form$0:.34 This
reaction is of interest for two reasons. First, the process leads
to the acidification of the ice surface, altering the ice surface

or an agueous-phase mechanism.

2. Experimental Methods

chemistry. Second, the now apparently solvatéti80;™ ions The experiments reported herein were performed using the
are more strongly bound to the ice surface, decreasing thewell-established pumpprobe techniqu€:1 on an instrument
likelihood of desorption when compared to adsorbed.SBe composed of an ultrafast laser system coupled to a refléétron

process is likely to influence transport because ice particles aretime-of-flight mass spectrometéequipped with a pulse-valve
expected to be involved in the movement of molecules from cluster source. The laser syst€ntonsists of a mode-locked
near the earth’s surface to the upper troposphdigng these Ti:sapphire oscillator (Spectra Physics Tsunami) that generates
two processes together, it seems likely that the ice surface couldan 82 MHz pulse train and is pumped by a 10 W argon ion
take the place of liquid water in the aqueous-phase formation laser (Spectra Physics 2060). Pulse amplification is carried out
of H,SOq in addition to the acidification and transport processes by a regenerative Ti:sapphire amplifier pumped by the second
discussed. harmonic of a 10 Hz Nd:YAG laser (Spectra Physics GCR-150

Many studies of S@can be found in the literature. A few 10). For the data reported here, the laser was tuned7@5
notable examples are presented here, but the extensive literaturam, which results in the third harmonic pump and second
on the subject precludes the inclusion of a comprehensive list. harmonic probe having wavelengths-e265 nm and~398 nm,
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Figure 1. Typical time-of-flight mass spectrum obtained by ionization

of the SQ—H,O cluster distribution at the temporal overlap of the pump  Figure 2. Pump-probe transient of the (),H* ion signal showing

and probe laser pulses @ is represented by W in the mass spectrum. the components of the temporal evolution. Pump: 265 nm, 0.06 mJ/
pulse. Probe: 398 nm, 0.23 mJ/pulse.

respectively. The exact values of the wavelengths and laser pulseof the fast decay, and is the intensity of the plateau function
powers used are presented along with the specific data. SO (gq 1¢).

clusters are generated using a General Valve pulse fiéxide

the expansion of a 10% mixture of $@as diluted in Ar to a I =a+cfl,(tr,) — 1y(tzy)] + cfl5(tza)] + [l (0] (1a)
total pressure of about 3000 Torr. Water vapor was introduced

through the pick-up souréto produce mixed clusters by the  The functionl(t,zn) (eq 1b) was derived in ref 24 and published
replacement of SPmolecules within neat SOclusters with in the general form used here in ref 25. In this functionis
H,O molecules. The ion signal generated by the probe pulsethe laser pulse widthg, is the time constant,is the pump-
was detected by a two plate M&Rletector. The signal from  probe delay time, and is an adjustable parameter added to
the MCP was acquired and averaged by a LeCroy 7200 correct for any small variation in the assignment of the 0
oscilloscop@! and then transferred to a PC for analysis. The step in the pumpprobe transient.

Delay line®? that controls the arrival time of the probe pulse )

and the oscilloscope is controlled by a PC using a program l(tz,) = [1 — erf{i — H_—C}] eXF{ (l) _t C}
written in LabView?23 All of the data reported here were taken 2t, o 2, Tn
at pump-probe delay times ranging from2 ps to either-20 (1b)

ps or+50 ps, with the range from-2 ps to+2 ps having a ) ) ) .

data point every 100 fs and the range fré ps to+50 having Th(_e constaljt |_ntenS|ty plateau funct|on_ (e_q_lc) was derived by
a point every 500 fs. To acquire the data, the average of 20 t@king the limit of eq 1b as, goes to infinity to produce a
laser shots was taken at each purppobe delay time: this functlt_)n that can account for the signal intensity in the
process was repeated 5 times and the resulting spectra fromexper!mental data that does not evolve on the time scale of the
these 5 repetitions were averaged together, whereby a total ofeXperiment.

100 laser shots were recorded at each delay time. This procedure

was employed to reduce the effect any fluctuations in the laser 1n(t,70) lim 7—co Ip(t) - [1 B erf{— I_‘i(;_C}] (1)
power or the cluster source may have on the data.

The values of adjustable parameters in eqs-Ila were
determined by nonlinear regression fitting of the fitting function
to the experimental data using Oakdale Engineering DafaFit

A SO,(H,0), cluster mass spectrum typical of that obtained Software. ,
at the overlap of the pump and probe laser pulses is shown in _ 1YPical pump-probe transients for the protonated water
Figure 1. Note the presence of the ($50" and protonated clusters are shown in Figure 3. The transients consist of the
water cluster distributions. Protonated water clusters are the ion-S3M€ components indicated in Figure 2. The time constants

state product of SgH,0),, as is substantiated and discussed obtained for the (HO),H" cluster series_a_re presented in Table
in the text ' 1. These values are the average of fitting results from seven

. . experiments and the error shown is the standard deviation of
A typical pump-probe transient for the (S{{H>0), cluster those seven values.

system is shown in Figure 2 where the points represent the Tpe 7, and 73 components of the (#0)H* cluster series
experimental data and the solid line represents the applicationyransients could not be individually resolved due to the overlap
of a fitting function to that data. Careful analysis of the §50  of the two components. The overlap is evident in Figure 2 where
(H20)n cluster transients reveals that they consist of three ther, growth (dashed line) crosses thedecay (dotted line) at
components. The three components can be described as a faghout 1 ps. As a result, the method that follows was devised to
growth followed by a slow decay (dashed line), a fast decay enable the determination of the three time constants. All of the

3. Results

(dotted line), and a constant intensity plateau {dtdsh line).  transients were fit using eq 1a with the valuerefixed at 0.7
The fitting functionl that was used contains a term for each of ps, enabling the determination of an average valug ahdz,

the three components and is given in egs-&aln eq la:ais for the seven experiments. Next, the same data were re-fit with
the baseline signal intensity (subtracted from the data shown inz; andz; fixed at the average values to obtain Although this
Figure 2 to bring the baseline of the data to zem)js the method is likely to result in some bias of toward 0.7 ps, all

intensity coefficient of the fast rise-slow decayjs the intensity other attempts to determing were unsuccessful. However, as
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TABLE 2: Calculation of the lon —Molecule Reactions that
Are Expected to Lead to the Observed lon-State Products of
SO,(H,0), Clusters?

lon-State Proton Transfer

(SOH"

SGT*H0 — SO + H0 +A
H,O — H 0" + e~ +12.60
SO+ e — SO —12.3%

- . H,O* — OH + H* +6.15

| s, BOH SO, + H' — SOH* ~6.97

5 e SQH* + OH— SQ;H*+OH —A

21 SO;*+H,0 — SOH*-OH =-053eV

< Dimer lon-State PT

z SO +(H20), —~ SO + (H20)2 +B

& (H20), — 2H,0 +0.12

Sp H,0 — H,O* + e +12.60

= SO +e — SO, ~12.35
H,O* — OH + H* +6.185
H.0 + H* — H,OH* ~7.16'
H,OH* + SO, + OH — H,0H*S0-OH —B'
SO,*(H;0), — H,0H*+SO»OH =—0.64eV

2The values ofA andA" and likewise ofB andB' are expected to
be similar. The significance of these unknown values is disussed in
the text.P Reference 275 Reference 28! Reference 2% Reference 30.
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Figure 3. Pump-probe transients of the @g@)H" cluster series.
Pump: 265 nm, 0.06 mJ/pulse. Probe: 398 nm 0.23 mJ/pulse.

as part of the cluster. However, 1fA is more than 0.53 eV
greater than—A', the proton transfer to SOwould not be
energetically favored. This does not appear to be the case
because the SBI" is observed in the mass spectrum whenever
mixed clusters of S@and water are formed. As shown in the
second calculation of Table 2, once two water molecules are
present in the cluster, the formation of a protonated water
molecule is favored because water has a 0.19 eV greater proton
affinity then SQ. As with the mixed dimer, the energy from
the ion—molecule reaction is sufficient to evaporate the weakly
bound species, namely, 3@nd OH. As the water cluster

TABLE 1: Average Values of the Three Time Constants
Obtained by Fitting Seven Sets of (HO),H™* Cluster Series
Data Obtained with an ~265 nm Pump

time constants (ps)

detected iorf predicted neutral T T2 73
SOH* { SO(H,0)} 15+16 125+49 0.9+0.2

H20)HT { SO(H0 0.7+05 11.9+39 0.7+0.2 . .

EHzongj{ Soﬁ(ﬁzo)i} 09404 120+37 07+01 becomes larger, the proton affinity of the water portion of the
(H20)sH* { SOx(H20)4} 1.0+£0.3 142436 0.6+0.3 cluster will continue to increase; therefore the proton will reside
(H20)sH* { SOy(H20)s} 1.2+04 147+56 0.8+0.6 with the water portion of the cluster at larger cluster sizes. As

. a result of this energy analysis, it is believed that thet$Qis

can be seen frqm the vqlues and error bars in Table 1, many ofthe jon-state product of the mixed dimer and the@h_1H*
the _va!ues obtained deviate from 0.7 ps, Iea_dln_g to the standardc|ysters are the ion-state products of 8H0), with n > 1.
deviation of~+0.2 ps for thers values. This indicates that Further evidence that the protonated water clusters are the
during the optimization of the fitting functionz was able to ion-state products of neutral $@ontaining clusters is found
gdjust to values S|gn|f|cantly_ different than 0._7 ps, pa_rtu_:ularly in the observation that the excited-state dynamics ofF§O
in the case oflth_e SBI" species where 0.7 ps is just withinthe 54 the (HO),_1H* cluster series (Figure 3) closely resemble
standard deviation of the average value. each other, indicating that these dynamics involve the excited-
state S@chromophore. Therefore, the protonated water clusters
must be a product of a neutral cluster containing arnp, SO

4.1. lonization Mechanism. The first point that must be  molecule. An additional piece of evidence related to the
explored is the identity of the neutral clusters that lead to the observed dynamics is that under the wavelength conditions used,
detected ionic products. This is particularly important in the the HO" signal (not shown) gives rise to a Gaussian-shaped
case of clusters containing water, where proton transfer is facile. temporal response, having a width that is approximately the
The second topic of discussion is the mechanism, which temporal width of the laser used. Thus, the long excited-state
accounts for the observed dynamic behavior. lifetimes observed for (bD),H™ are again not likely to be due

The ion-state products of the mixed §B,0), clusters can to excited-state processes of the water molecules.
be understood through an analysis of the energetics of the 4.2. Assignment of Transient ComponentsThe observed
ionization process to determine if ieimolecule reactions and/  excited-state temporal evolution following excitation of the,SO
or evaporation are energetically likely to occur. On the basis of chromophore within the clusters by the pump laser pulse is
this energy analysis, a reasonable estimate of the neutral clustefound to lead to the formation of two populations of excited-
size and composition that leads to the observed ion signal canstate clusters within the molecular beam sample pulse. An
be made. Two energy calculations of cluster signals observedenergy diagram is given in Figure 4, which depicts the
in the mass spectrum and their expected neutral source are giverbsorption of one or two pump photons by the;8romophore
in Table 2. The first calculation indicates the proposed processand subsequent absorption of three or one probe photons to
for the formation of SGH™. It can be seen that the difference facilitate ionization. The absorption of one pump photon leads
between the proton affinities of OH and SOvercomes the  to the excitation of the coupleth, and!B; states;3! and the
smaller difference between the IP’s of 8&hd HO. The energy absorption band of SQdentified as the F Barfdis populated
released in the proton-transfer process is probably sufficient to by the absorption of two pump photons. As confirmed in the
allow the evaporation of the OH fragment which is not detected accompanying paper on neat S€usters by a detailed probe

4. Discussion
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A TABLE 3: Energy Calculations of Proposed Neutral
IP12.35eV @ Excited-State lon-Pair Formation Reactions
a One photon SOy (H20) — SO, + H,0 +A |
y 398 nm probe H,O— H* + OH~ +16.92
sl i B1eV) SO, + H* — SOH* ~6.97
ree photon ’ OH~ + SQH* — OH -SOH* -B
398 nm probe RGP F Band :
93 eV) SOy (H20) — SQH*-OH~ =9.95eV
1 SO (Hz0)2 = SO; + (Hz0) +Ay [
(H20), —~ 2H,0 +0.12
H,O— H* + OH- +16.92
1B, - 1A, Two photon H* + H,0 — (H,0)H* -7.16
1 T S A 265 nm pump SO, + (H20)H — SO(H,0)H*+ -1.09
(9.3 eV) OH~ + SO)(H,0)H* — OH~*SO,(H,O)H* —By
One photon
265 nm pump SO+ (H20), — SOy(H,0)H*-OH~ =8.83eV
(4.7 eV) SOy (H20)2 — SO, + (H,0), +Au il
(H20). — 2H,0 +0.12
= 5 H,O — H™ + OH~ +16.92
SO, Ground State H* + H,0 — (H;0)H* —716
Figure 4. Energy level diagram depicting the generation of excited- ~ SO+ OH™ — SO»OH~ - —2.68
Dby : (H20)H* + SO,0H" — (H,0)H*+-SO,0H —By
state populations in Sy the absorption of one or two pump photons
and ionization by probe photons. SO, (H20), — SO,0H+(H0)H*" =7.20eV

laser power dependence studv« represents the dvnamics of aEnergy calculations of proposed neutral excited-state ion-pair
P P ¥ F€p y formation reactions. The binding energy valdgegndBy are not known.

the coupledtA; and'B; states and the, andr time constants b Reference 35 Reference 29¢ Reference 362 Reference 37.Ref-
represent the dynamic behavior that follows the excitation of erence 30.
the SQ F band. Unfortunately, attempts to obtain state
assignment directly from the S(,0), data presented here A, and!B; states, which requires that the molecules have the
were unsuccessful. However, some qualitative evidence of thecorrect geometric parameters. This process is likely to be slowed
state assignment can be seen in Figure 3, leaving little doubtby the excited-state molecules within the ensemble having a
that the state assignments presented above are correct. Theariety of geometries depending on each molecule’s unique
“spike” near zero delay time in the pumjprobe transients is  cluster environment. Another factor to consider is that due to
the 73 portion of the data. This spike becomes less prominent the pump wavelength 0f265 nm used in the experiments
relative to the longer time component that is representeti by reported here, some excess energy is absorbed, putting the
andr; as the cluster size increases. It has been clearly observecchromophore above théA,, 1B; crossing point, which is
in our laboratory that the absorption cross section of a cluster reported to occur with an excitation of around 30Ch#Aabove
decreases as the cluster becomes larger. Three photons of ththe ground state.
probe laser are required to ionize a cluster that has been excited 4.4. Interpretation of Time Constant, z;. The interpretation
by the pump to the coupleth, and!B; states. However, only  of the SQ F band dynamics (time constantsandz,) in the
one probe photon is needed to ionize the cluster from the F water-containing clusters is complex. Some information regard-
band. Therefore, as the cluster becomes large (the absorptioring the states in the F band region of the,Sftential energy
cross section decreases), the signal from the couiflecind surface has been found by computatidraaid spectroscopit
1B, states (three-photon probe) becomes smaller relative to theinvestigations, which have indicated that this region has a high
signal from the F band (one-photon probe) due to the decreasingdensity of staté’s* with bound state-like behavidf.However,
likelihood of the cluster absorbing three probe photons. because the properties of this high-energy region of sulfur
4.3. Interpretation of Time Constant, r3. The observed dioxide’s excited-state potential energy surface are not well-
dynamics of the coupledA, and 1B, states are discussed in  known, the proposed dynamics mechanism presented here are
the accompanying publicatiéhand can be clearly accounted based on the observations made in the current experiments.
for on the basis of a detailed computational investigdtioi Charge transfer to solvent (CTTS) has been propBsasl a
these coupled states. It has been deternfitieat the initial mechanism for the dynamics that follow F band excitation in
vertical excitation of théB; state is followed by movement of  the neat S@ cluster system but this cannot be the operative
the excited-state wave packet from # state into the double ~ mechanism for water-containing clusters because the electron
wells that result from the crossing of th&, and1B; states. As affinity of water clusters is in the range of 0.2 vhich is
can be eluded from calculated potential energy surfaesf insufficient to induce the CTTS process. Therefore, the pos-
this energy region, the potential energy well minima of both sibility of an excited-state ion-pair formation process is explored.
the 1A, and1B; states are likely to be outside of the Franck  Three energy calculations are shown in Table 3 for possible
Condon region for the absorption of the probe laser pulse. ion-pair formation reactions in SQH.0), clusters. Reactions |
Therefore, ion signal from these states is not observed once theand Il show the formation of SBI™ and (SQ)(H,0)H" within
transition has occurred due to ineffective absorption of the probe the cluster of S@and one or two water molecules, respectively.
laser. Reaction Il shows the formation of H3Owithin an SQ(H,0),
On the basis of the above interpretation, thé00 fs decay cluster. The binding energiés andBy are not known. However,
observed for; s likely to be a measurement of the time needed one would expect thBy values to be larger than,Alue to the
for the excited-state molecule to pass through the crossingstrength of ionic bonding. Therefore, the calculated values
between the initialB; excited state into théA, and!B; state shown are expected to be the upper limit of the energy needed
minima. Although, this process is reported to proceed rapidly for the processes to take place. Despite the unknown binding
and be complete within 100 fsthe discrepancy between the energy, the energy needed for either of the clusters containing
experimental and computational time constants can be explainedtwo water molecules to undergo the ion-pair formation reaction
For the signal in the pumpprobe experiment to decay, all of is below the 9 eV pump energy used, making either reaction
the excited-state species must pass through the crossing of theossible irrespective of the actual value of the binding energy.
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The energy obtained for reaction | is greater than the pump low abundance of water. The studies presented here indicate
energy and would only be spontaneouBjifs more then 1 eV that SQ molecules would be more likely to become weakly
greater tharA,. Therefore, reaction | cannot be proposed with adsorbed rather than solvated in a low-water environment.

as much confidence. In light of the energetics of the reactions, ) ] )
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