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Hot and Cold Clusters: Photodissociation of St(CH30D), through Vibrationally Excited
Intermediates
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This study presents photodissociation branching ratio data for clusters formed by solvatiorahSE Hs-

OD molecules. The primary photoproducts in clusters with one to four solvent molecules are evaporative
ligand loss, C-O bond cleavage to form SrODand O-D bond cleavage, forming STOGH Careful analysis

of the mass spectra of products and unphotolyzed parent ions as a function of laser fluence shows that clusters
that lose a single solvent molecule may absorb additional photons, undergoing subsequent solvent evaporation
and chemical reaction. Cluster ions formed by loss of one or more solvent molecules are vibrationally excited,
and their subsequent photolysis products reveal strong enhancement of reactive channels involving D-atom
loss and G-O bond cleavage relative to cold clusters produced directly by supersonic expansion. In addition

to determining branching ratios for the products of vibrationally excited clusters, the study reveals that these
hot clusters also have dissociation spectra that are strongly red-shifted relative to their cold counterparts.

Introduction Tyndall and Jackson showed that both one- and two-photon

M trometrv and obtical T f size-select dproces.ses occur in the photodissociation of Mo(&OWhile
ass spectrometry and optical Spectroscopy of size-selecte investigating Ca(H20),, Sanekata et al. found that above an
cluster ions are important methods for understanding solvation

. energetic threshold, a single-photon process creates the CaOH
: . r t t below that threshold, a two-photon pr i
solvent molecule contributes to the establishment of the proper?egﬂﬁgazzbgirglea? beh:vior SstO:I,so obs(,)efve?join ?hg(:ﬁlsgs S
ties of bulk solutiond.The issue of solvation in open-shell ions (H,0) system§°~23ln related work, France et & investigated

. . . . n . y -
S?fhh as thgb?_lrallpe earlyh etlﬁ melntst IS partlcularly frlﬁh bfcapsethe photolysis of Mg(CHzOH), for n = 1—6. In the singly
orthe possibiiity of coupling the electronic energy oTne atomic 46 cluster, both MgOHand Mg', the expected products
ion core with reactive processes involving solvent degrees of

freedom?-4 B the excitation enerai f electronic stat of single-photon absorption, are formed, but the authors also
bgseg oﬁ thees(t:f:)unsel a?lt?wgdav;ler?ceetrgaﬁzit?or?sei% t?]e ZIIi:IiﬁZ reported small amounts of MgGand CH”. Energetic consid-
. gl S . . erations indicate that these latter channels require at least two

earth ions exceed their electrostatic binding energies with polar

lvents such as 40, CHOH, and CHNH;, th lin 350 nm photons.
son? zstucdi as : 'ti nb ,Iaav fz' czfie goﬂg v%isthin In a recent publication from our laboratot§we reported
;? eall Ot SSOC?I 0 byctﬁ agecl) speciiic bo fS | tphotolysis frequency-dependent photodissociation spectra for

€ solven _?f’ Well as by (he simpler process of solven Sr*(CH;OD),, with n = 1 to 4. The data showed that
evaporatior?. 1 Those processes can occur both on excited-

tat f nd on the around-stat rface following intern Idissociation in these species occurs through excited electronic
state surtaces and on the ground-state surtace 1o7lowing INteMalg a5 hased on thg and4d orbitals of Sr. Product formation
conversion. The local electronic environment of the metal ion

alence electron provides detailed Spectroscobic information occurs by simple solvent evaporation and also by two distinct
v . provi : Sp pic 1 10N -hemical reactions. In the first reactive process,-aCbond
about excited state and ground-state processes.

E . h | itiol duct f . h | in the solvent is cleaved to eject a @Hagment, resulting in
xperiments that resolve multiple product formation channels . ;sters of the form SrODCH;0D)m, andm, the number of

are especially valuable in distinguishing between ground-state g, ot molecules, is at least one fewer in number than in the
and excneq-state pathways in solv_ated metal 1on cluster parent. In the second reactive dissociation channel, & O
photochemistry. Often, thermochemical data provide clear bond is cleaved, ejecting a deuterium atom and producing

explanations for why one product channel is favored over . sters of the form SFOCH (CH30D)s, with similar restric-

another. Experiments in high-presstiré® and high-tempera- 5,6 4nm, the solvent number. The reaction channels and their
ture!>16 mass spectrometry in conjunction with theoretical endoergicities are summarized here:

binding energy calculatiohs2° are indispensable in estimating
reaction threshold energies. However, the observation of reaction
channels that are inconsistent with the absorption of single
photons is a frequent occurrence but one that is often ignored
in quantitative interpretation of experimental data.

Sequential photon absorption effects have been discussed —>SrOCI-g++ D AH = 22 kcal mor? ©)
explicitly in a number of systems related to the present study.

Srf(CH,OD)— Sr" + CH,0D AH = 23 kcal mol* (1)
— SrOD" + CH, AH = 10 kcal mol* (2)

* Author to whom correspondence should be addressed. Following the. notation introduced in our pfe"'ous papewe
t Present address: Stanford Research Systems, 1282 Reamwood Ave[€fer to reaction 1 as thel channel, reaction 2 as theMe

Sunnyvale, CA 94089. channel, and reaction 3 as théD channel. The nature of the
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electronic states leading to fragmentation by loss of a single
solvent molecule was discussed in terms of the branching ratios Sr'(CH,0D),
for photolysis of the singly solvated species &HsOD).

In this paper, we report branching ratio data for dissociation
of Sr’(CH;OD)y,, n = 2—4. The primary photochemical channels
1-3, which we will refer to as first-generation products, are
observed both as indicated above, and also in combination with
the evaporation of additional solvent molecules. We illustrate
that these combination channels result from sequential photon
absorption, in which daughter ions formed by solvent evapora-
tion from the parent ion absorb additional photons, creating Flight time
higher generations of fragments by evaporation and reaction,
channels £3.

The notation we employ for these combination processes is
a generalization of that developed for the primary processes:
the channels are denoted byL + mL), —(Me + mL), and
—(D + mL), where the coefficient m indicates the number of
additional solvent molecules lost by the parent ion. The
photoproducts denoted by this notation depend explicitly on the 1 2 34 5 67
identity of the parent ion. Treatment of the experimental data
in terms of sequential absorption results in significant simpli- Figure 1. Upper panel: Mass spectrum of fragments and unphotolyzed
fication of the analysis, allowing us to focus on the first- S'(CH:OD): parent ions at 588 nm (17007 c#. The parent ion is

. . . . denoted P; the first-generation fragments are label®J —Me, and
generation products of channels 3, irrespective of cluster size. “L; and the second-generation fragments are label@-+ L), — (Me

The analysis also allows us to recover the dissociation spectra |y and—2L. Lower panel: The time windows for signal integration
of clusters with significant amounts of vibrational excitation. (1) - (7) correspond to the analysis of egs@tin the text.

These spectra, as well as the modifications to branching ratios

that accompany vibrational excitation in the precursor parent sjx fragments labeled according to our convention are also

ion, provide additional insights into the dissociation processes. shown. An analysis of such mass spectra in which the intensities
are interpreted in terms of primary one-photon and sequential

Experimental Section multiple-photon absorption is described in the next section of

r]ihe paper.

A =588 nm (L+D)

-(L+Me)

Intensity

-2L

The experimental apparatus for these experiments has bee
described in detail previoushf.Methanol vapor seeded in He
carrier gas at 1.5 atm is adiabatically expanded through a puIseaReSUltS
valve into a laser vaporization ion source, where strontium metal  The experimental data are in the form of product mass spectra
is ablated and ionized by focused second harmonic radiation of size-selected clusters taken as a function of the photolysis
from a N&*":YAG laser. The seeded vapor passes through the wavelength and exemplified by the data of Figure 1. The total
Srt plasma, creating a distribution of cluster sizes!(8Hs- dissociation signal at a given photolysis wavelength is obtained
OD),, which are collisionally cooled as they travel in a by integration of the intensities of first-generation fragments
supersonic expansion down a channel into the source chamberand combination channels. As described in the following Data
The internal temperatures of these clusters are a few teng%f K. Analysis section, for the computation of product branching
Following mass selection by a WileyMcLaren-type time-of- ratios, we treat all combination channels arising from cold
flight mass spectrometer, the clusters are photolyzed by radiationclusters as secondary (or tertiary) detection of the first-generation
that crosses the cluster beam at the spatial focus. This radiatiorligand loss channel. This treatment reduces the number of unique
is provided by a narrow bandwidth-0.2 cnt?) singly resonant channels to three, i.e—D, —Me, and—L, for any cluster size.
optical parametric oscillator, OPO, pumped by the third In the top panel of Figure 2, the total dissociation signal for
harmonic of an injection-seeded NdYAG laser running at Srt(CHs0D) clusters produced by supersonic expansion is
10 Hz. The OPO signal wave tuning range is from 440 to 690 plotted as a function of photolysis frequency in units of ém
nm and the idler wave tunes from 730 to 1830 nm. Frequency the lower panel shows the fraction of the first-generation
doubling the signal wave produces radiation from 220 to 345 dissociation signal associated with each of the three primary
nm, while the range from 366 to 450 nm is accessed by doubling photochemical channels. As described in previous work from
idler frequencies. Photodissociation laser power was kept at aour laboratory?® Figure 2 shows that in the extreme red end of
constant value of 1 mJ/pulse; for a laser spot size of 0.5 cm the dissociation spectrum, deuterium atom loss is the primary
diameter, the fluence corresponds to 1.2 mJ%nhhe distribu- decay channel, dominating methyl loss and solvent evaporation
tions of photodissociation products and unphotolyzed reactantby nearly an order of magnitude. As the photolysis wavelength
ions are separated using a reflectron-type mass spectrometerdecreases, the methyl loss channel increases in importance,
A set of off-axis microchannel plates detects and amplifies the dominating the branching ratio in the two highest energy

signal. dissociation bands.
The upper panel of Figure 1 shows a mass spectrum of Figure 3 plots the total dissociation signal and the branching
products and unphotolyzed reactant ions for(SHs;OD), at fractions for first-generation fragments for thet@H;OD),

588 nm, illustrating the formation of the first-generation products clusters produced by supersonic expansion,‘iceld” dimers.

—L, —Me, and—D. The reflectron is operated in the “hard Figures 4 and 5 present similar results for &H;OD); and
reflection” mode in this scan, and thus the parent and fragment Srt(CHsOD),, the cold trimer and tetramer, respectively. The
intensities are interleaved. The peak labeled “P” correspondsupper panels of each figure show the total dissociation spectra
to the intensity of residual (undissociaté8$r-(CH;OD),, and for the parent ion, and the lower panels of each figure give first-
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Figure 2. Upper panel: SrCHsOD) cold monomer total photodis-
sociation signal for formation of all product channels. Arbitrary intensity
scale. Lower panel: branching fractions for the first-generation
fragments—D, —Me, and—L.
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Figure 3. Upper panel: Si{CHsOD), cold dimer total photodisso-
ciation signal for formation of all product channels. Arbitrary intensity
scale. Lower panel: branching fractions for the first-generation
fragments—D, —Me, and—L.

generation product yields corresponding to chanaéls —Me,
and —L relative to the appropriate parent ion. Both the cold

trimer and tetramer demonstrate only decay by deuterium atom

Lee and Farrar
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Figure 4. Upper panel: SrCH;OD); cold trimer total photodisso-
ciation signal for formation of all product channels. Arbitrary intensity
scale. Lower panel: branching fractions for the first-generation
fragments—D and —L.
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Figure 5. Upper panel: SKCH;OD), cold tetramer total photodis-
sociation signal for formation of all product channels. Arbitrary intensity
scale. Lower panel: branching fractions for the first-generation
fragments—D and —L.

Data Analysis
In the dimer and larger clusters, the “combination” channels,

loss and solvent evaporation, with the latter channel dominating i, which the primary processes (%) (3) are accompanied by
in both clusters. Decay by methyl loss is absent in both clusters. solvent loss, become accessible. To estimate the enthalpy change

At low photolysis wavelengths, theL channel increases with

for the—(D + L) combination channel, we simply sum thé.

increasing photon energy for both clusters, but the trimer decaysand —D enthalpies to yield 45 kcal/mol, which we will use as

exclusively through the-L channel at the blue end of the
spectrum, while the-D channel regains signal strength in this
spectral range for the tetramer.

an upper limit to the enthalpy change. The same estimation
method yields a reasonable upper bound for the enthalpy change
of the —(L + Me) channel in St(CH30D), as 33 kcal/mol.
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Figure 7. Measured fluence dependence for formation of indicated
fragment ions from SKCHs;OH), at a photolysis wavelength of 563
nm. The solid curves are fits to the sequential decay analysis of egs
6—8 in the text, with cross sectiong = 2 x 1077 cn?, 02 = 2 x

10716 cn.

Figure 6. Measured fluence dependence of parent ion depletion and
daughter ion growth for photolysis of SCH;OH) at 564 nm. The
photolysis cross section is 4 10716 cnm?.

The successive metaligand bond strengths decrease with
increasing cluster size, as both calculatforand experi-
ment12:27.28qn the similar St(H,0), system have shown. The  demonstrates that the depletion of the parent ion intensity and
threshold wavelengths for production of a given fragment the corresponding exponential growth of fragment intensities
obtained from the data of Figures-3 show a very similartrend ~ Sr and SrOH at a photolysis wavelength of 564 nm. The
in the photolysis energies required to produce ligand loss andfluence measurements were conducted with undeuterated sol-
deuterium loss in SCH3;OD),-4. Significantly, however, the  vent; consequently, mass resolution was insufficient to detect
—Me channel is only observed as a first-generation one-photonthe SrOCH* channel produced via hydrogen atom loss. The
product in the monomer and dimer, indicating that the barrier identical fluence dependences for SrOfdrmation via the-Me
to this channel is not lowered by the addition of a third or fourth channel and Srvia the —L channel indicate that both are
solvent molecule. The experimental mass spectra show that theformed by single-photon processes. Significantly, the StOH
number of observed photochemical products increases quicklydoes not show evidence of additional photon absorption.
with cluster size, owing to multiple combination channels. Figure 7 shows a similar measurement that focuses on the
Although the ligand binding energies decrease with increasing production of fragment ions produced from the dimer,(SHz-
cluster size, some of the photodissociation channels in the dimerOH),, at 563 nm. Two products are observed: thé&(SHsz-
are not directly accessible with a single photon. Although the OH) fragment formed via the-L channel has a fluence
importance of internal excitation in cluster ions formed in an dependence consistent with single-photon absorption. The
evaporative ensemble in the ground electronic state has beersrOH" product is consistent with formation via two photons.
discussed in the literatuféwe have already noted that parent Since the monomer photochemistry shows that SrQiself
ion clusters produced by supersonic expansion with our currentdoes not absorb photons, the scheme for producing Sr@iist
instrument do not have high levels of internal excitation. Clearly, be the two-photon sequential process as follows:
energetics alone are insufficient to explain the appearance of
some of the combination channels in the larger clusters. These Sr*(CHg‘OH)2 +hy— Sr*(CHSOH)* + CH,OH (4)
observations will be discussed in terms of sequential absorption
below. SF"(CHZOH)* + hv — SrOH" + CH, (5)

The ligand loss channel in every parent clustei{SHzOD);,
with n > 1 produces the - 1 cluster, which may absorb a  The kinetic scheme for sequential two-photon absorption is
second photon to create another set of products chemicallyanalogous to the decay scheme for successive first-order

identical to those formed by direct photodissociation of reactions! For sequential photon absorption via the symbolic
Srt(CH30D),—1. In addition, the cluster packet trajectories are

01 02 . "
unaffected by photolysi®, and thus satisfy the spatial overlap procgssﬁ—* B — C, the solutions for .the number densities of
requirement between parent and daughter. As the cluster travel$Pecies A, B, and C at the conclusion of a photon pulse of
only about 0.4 mm during the 10 ns photolysis pulse, it will fluence® are given as follows:
not escape the 5 mm diameter spot size before the pulse ends,

_ —01P
thus satisfying the criterion for temporal overlap. We must Na(t) = Na(0)e ™ (6)
therefore consider the possibility that the products of ligand loss
can themselves absorb additional photons. This possibility _ ! —nd _ L —opd
requires us to view the three product channels displayed in the Ne() oy — olNA(O)[e € ] (7)
monomer as displayed again by successively larger parent ions,
rather than considering each of the combination products as a Nc(t) = NA(0) — NA(t) — Ng(t) (8)

distinct reaction.

Measurements of product branching ratios as a function of The solid curves shown in Figure 7 are fits of the experimental
laser fluence provide quantitative justification for a sequential data to this scheme. The sequential scheme shows that the
photon absorption mechanism. For the monomer, Figure 6 limiting slope at zero fluence for the first-generation one-photon
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Figure 8. Measured fluence dependence for formation of indicated +hv
fragment ions from Si(CH;OH); at a photolysis wavelength of 564 \
nm. The solid curves are fits to the sequential decay analysis of eqs
6—8 in the text, with cross sectiong = 3 x 1077 cn?, 02 = 7 x D Me
1077 cn?.
L
o . ) SrOD(CH ,0D),,.
fragment is finite and nonzero, while the corresponding slope SrOCH,(CH,0D), e
for the second-generation fragments formed by two-photon N
absorption, i.e SrOH", is zero. Within the experimental error Sr(CH,0D),;
of th_e fluence data, these observations are confirmed in the datarigure 9. Schematic depiction of the proposed sequential absorption
of Figure 7. mechanism, illustrating that higher-order generations are accessed only

Figure 8 shows fluence data for the two ligand loss channels through St—(CHsOD)n species.
in the trimer, denotee-L and—2L, forming products Si(CHsz-
OH)* and Sr(CH3OH)**, respectively. As expected, loss of a
single ligand shows a fluence dependence consistent with single : . "
plhc?tonlgabsorptix anl(Jj loss ofptwo ligands slhows V: ﬂuéngce charge requires that the sum of the fragment intensities and the

dependence properly described by sequential absorption of tworﬁs'dllJal parﬁnt lon intensity Shoﬁld equal ;hﬁ initial charge Inl
photons. Model calculations are shown by the solid curves. Leealg ?(;Srtecrﬁarfr:g%gximeretatscir:rgt;eeo?rfr?aﬁn;hea;nﬁsdsiczpt)eegtra
ph-g?;;lsl:sngerén; za(zl;reSngi I?g'?g:ri;zatgm;n%ﬁ (_j;ﬁ(t)gn ?n Figure 1, the sunk, X, over fragments_and residual parent
absorption, and does not undérgo additional photon absorption lon represents the total charge in the ion packet. The total

" - ‘dissociation signal is the ratio of all the fragment intensities (
The SrOCH* species, formed by loss of a hydrogen (or

deuterium) atom bound to the oxygen, is chemically similar to = 176) to the total charge in the packet.

integer index from 1 to 7, with fragments corresponding to
channels £6, residual parent to channel 7. Conservation of

SrOD", in that the SO bond is largely covalent, and would 6 7
likewise not be expected to absorb an additional visible photon. total photodissociation signat { $ X }{$ X} (9)
We expect that clusters formed by single-photon dissociation nZl nZl

through the—D and—Me pathways, SrOCk(CHsOD),—; and

SrOD" (CH30D),-1, respectively, will not absorb additional The normalized signal for any dissociation charjngkE= 1—6,
photons and participate in additional photodissociation. How- is given as

ever, the electrostatically bound'$€H;OD),-1 product is free

to absorb another photon and dissociate via one of the three . !

pathways available in the first absorption, creating another group channej signal={X}/{ ) X} (10)

of products. These observations lead us to suggest that the =

sequential _absorptlon scheme shown in Figure 9, in which apg required by energy conservation, it is appropriate to view
cluster of sizen absorbs a photon and decays along one of three he combination channels in Figure 1, denotedH8t, —(L +
reaction pathways, creating the analogous products observecﬁ,I ’ ‘

i th | q 1 ligands. | e in th e), and—(L + D), as arising from absorption of a second
in the monomer, solvated by— 1 ligands, is operative in the photon by the monomer. We may therefore treat the first-
Srt(CH30D), systems.

generation cluster denoted byL as the residual parent of the

The consequences of the sequential absorption mechanisn,mpination channels. Making that assumption, the total pho-
can be examined by a more detailed analysis of the experimentakgissociation signal arising from monomers produced by single-

data. Specifically, by employing an analysis like that proposed photon dissociation of cold dimers is given by the following
in Figure 9, we expect to extract photodissociation spectra and equation:

product branching ratios for S{CH;OD)y, ions prepared by

one- and two-photon absorption of cold precursor parent clustertotal dissociation signal, monomer from dinver
ions. We first consider the experimental data fot(®HsOD), 3 4

as shown in the lower panel of Figure 1, in which signals {an}/{ X} (11)
integrated over appropriate time windows are labeled with an n= =
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The signals from the individual second-generation fragment
channels are normalized to the total charge of the residual parent.
Thus, the ligand loss peak is treated as the residual parent ion
for the subsequent photon absorption event, and the integral
over this time window plus the integral over each of the
combination channel daughter windows is treated as the total
ion flux for the intermediate absorption event. We use the same
technique in the larger clusters to higher order.

This mechanism corresponds to sequential absorption of
single photons by different species,.j.guccessive generations
of fragment ions. The mechanism is qualitatively different from
one proposed by Fuke and co-workers in which the same parent 100 | | | | |
ion is hypothesized to absorb two photons sequentidfly?
These workers proposed a sequential absorption mechanism to
account for formation of MgOH (H,0), products at photolysis
energies below their estimated thermodynamic thresholds. Such
a mechanism is likely in the case of Nkgentered transitions,
but not those based on*Sibecause the electronic states of the
former are ordereés, 2P, 2D with respect to energy, their energy
spacings are comparable, and adjacent levels are coupled by
dipole-allowed transitions. If the sequential absorption mech-
anism for parents and higher generations of fragment ions
proposed here is valid, we expect to recover features in the
absorption spectrum of the intermediate that are similar to the 0
structures observed when the same cluster size is interrogated 12 14 16 18 20 22
directly. However, the internal energy distributions of clusters 1
produced by dissociation are expected to be significantly Wavenumbers (cm™" x 1000)
different from those of cold clusters. We expect the differences Figure 10. Upper panel: SK{CHsOD)* hot monomer total photodis-
in internal state distributions to reveal themselves in significant sociation signal for formation of all product channels. Arbitrary intensity
spectral shifts and in modifications to the product channel scale. The signal at each photolysis wavelength arises from the first-

atrib ; ; generation fragments coming from*$€H;OD)* produced by single-
dIStTIbUtlons asa functlor_l of ph0t0|¥3|§ fre_quency. photon dissociation of S(CHsOD),. Lower panel: branching fractions
Figure 10 shows the intensity distribution of the second- for the —D, —Me, and—L channels relative to the residual parent

generation fragments from §CH;OD), normalized by treating  Srf(CH;OD)* arising from single-photon absorption in the dimer.

the —L daughter ion, i.e Sr"(CH;OD)*, as the residual parent.

In essence, Figure 10 plots the one-photon photofragment signal  gjqre 12 presents the results of sequential analysis to the
for monomer ions produced by single-photon dissociation of fragments of St(CHsOD);* formed by the—L channel in the

cold dimer ions. As described in the Discussion _sectic_)n,_ We trimer, and Figure 13 presents comparable data for-tbe
expect the nascent monomers created by photodissociation t0_pje and—L channels from trimer ions denoted*§EHs-

be internally excited, and thus we attribute the spectrum to OD)s*, formed by single-photon loss of a solvent molecule in

1 H “ $1} 1 = * ) R .
vibrationally “hot” monomer ions. The notation §CH;OD)* the tetramer. The total dissociation spectra themselves are broad
indicates that the parent ion yielding the spectrum is itself 5,4 featureless. The “hot” dimer, ‘§EHsOD),*, shows
produced t_)y photo_IyS|s. The bottom panel of Figure 10 plots significant enhancement of reaction over evaporation relative
the branching fractions of theD, —Me, and—L products of  {5'jts cold counterpart. In both hot and cold trimer, thé
these hot monomers. The distributions are markedly different channel is dominant: in the cold trimer, thévie channel does

from those of the “cold” monomer, with a significant enhance- ot appear, but the hot trimer always shows a significant

Srt(CH30D)"

Total dissociation signal

%yield

ment of reaction channels over solvent evaporation. component of €O bond cleavage, reachingl0% of the total
Figure 11 presents the results of the sequential absorptiondissociation signal at the highest photolysis frequencies.
analysis to the fragmentation products of &HsOD) produced We note an important implication of this data treatment.
by sequential loss of two ligands from cold *8CH;OD)3 First, the total dissociation curves presented in the Results
clusters. The branching ratios for the third-generation fragments section are completely unaffected by this analysis. For simplic-
—D, —Me, and—L relative to the monomer, i.e—(D + 2L), ity, one can think of the sequential absorption channels as being

—(Me + 2L), and—3L relative to the cold trimer, are plotted = merely secondary (or tertiary) detection of the initial absorption
in the bottom panel of this figure. The total dissociation spectrum event. This idea of secondary detection can be used to our
for this species, denoted §CH;OD)**, is significantly red- advantage by allowing us to consider fewer product channels.
shifted and broadened relative to"8H;0D) and St (CHs- The first intermediate in any cluster dissociation is the single
OD)*. The maximum intensity in this spectrum occurs nearly ligand loss channel. Each subsequent absorption event can be
5000 cn1? to the red of the lowest frequency feature in the treated as secondary detection of this channel, just as any
Srt(CH;OD)* spectrum. The enhancement of reaction channels channel can be treated as detection of the initial absorption event
over evaporation, which first evidenced itself in the"&Hs- to the appropriate order. With all combination channels treated
OD)* spectrum, is even more apparent in the (®H;OD)** as secondary detection of the ligand loss channel, there are only
spectrum. Of particular note is the fact that the favoring of the three channels to consider in each clusteD, —Me, and—L.

—D channel over the-Me channel is especially pronounced in  This is a very powerful data reduction; we deal with three
the spectral region below 16000 ci where cold St(CHs- channels for each cluster size instead of as many as seven in
OD) and “hot” Sr*(CH3zOD)* have little dissociation signal. some clusters. Finally, the most intriguing aspect of this
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Figure 11. Upper panel: Sr{CH;OD)** “superhot” monomer total
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the first-generation fragments coming from*@H;OD)** produced
by sequential two-photon dissociation off8H;OD)s. Lower panel:
branching fractions for the-D, —Me, and—L channels relative to the
residual parent S(CH;OD)** arising from two-photon absorption in
the trimer.
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Figure 12. Upper panel: S{CHsOD);* hot dimer total photodisso-
ciation signal for formation of all product channels. Arbitrary intensity
scale. The signal at each photolysis wavelength arises from first-
generation fragments from §CH;OD),* produced from one-photon
dissociation of Stf(CH;OD)s. Lower panel: branching fractions for
the—D, —Me, and—L channels relative to the residual parent(®&Hs-
OD),* arising from single-photon absorption in the trimer.

treatment is the possibility of gleaning spectroscopic and
dynamical insight into the vibrationally excited intermediates

and comparing these data to their vibrationally cold counterparts.

generation fragments from §CH;0D)s* produced from one-photon
dissociation of St(CHsOD)4. Lower panel: branching fractions for
the—D, —Me, and—L channels relative to the residual parent (®&Hs-
OD)s* arising from single-photon absorption in the tetramer.

Discussion

To understand the implications of the sequential photon
analysis on the total photodissociation signal and the size-
dependence of the product branching ratios, we use results for
the simplest dissociation system, cold"@HsOD) produced
by supersonic expansion, as a baseline. Those results, shown
in Figure 2, indicate that ©D bond cleavage dominates the
dissociation in the lowest frequency range of the spectrum,
where the excited states are primarily based on excitation of
atomic ion4dr-state:20 As states based on Sbpr orbitals
are excited at higher frequencies;-O bond cleavage becomes
the dominant reaction channel. The data suggest that electronic
states based on the 'S#dr orbitals allow efficient internal
conversion to regions of the ground-state surface that facilitate
the deuterium atom migration, while the*Sspr orbitals have
appropriate overlap with the-80 ¢* antibonding orbital.

The “bond stretching attraction” model described by Héttel
provides the basis for understanding the dissociation dynamics
in alkaline earth ion complexes, particularly the transfer of
reactant electronic energy into product vibrational excitation.
This model assumes that an intramolecular bond in the solvent
lengthens in the excited electronic state of the cluster, creating
a potential energy curve crossing between the ground and
excited states. As the molecule samples the excited-state surface,
the crossing seam is eventually encountered and the molecule
returns to the ground electronic state. This internal conversion
(IC) results in electronic to vibrational energy transfer and
subsequent decay on the ground-state surface. Although ab initio
calculations to probe important regions of the potential surfaces
for the Sr-based reactions have not been carried out to our
knowledge, Kleiber and co-workers have performed experi-
mental and theoretical studies on relateddgstems that probe
the nature of the key interactiof%.36 Their work shows clearly
that conical intersections between excited states and the ground
state facilitate dissociation and resultant internal excitation of
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the fragments. Those studies lend strong support to the ap-channels. While both channels are enhanced relative to the
plicability of the bond-stretching attraction model to alkaline branching ratios observed in the cold monomer -tfechannel
earth-solvent clusters. is much more strongly affected. That difference is particularly
According to the expectations of the “bond stretching striking in Figure 11, where the dissociation cross section in
attraction” model, the products of the photodissociation event the spectral range below 15000 thmust arise from highly
are vibrationally hot. If these hot products undergo the absorp- vibrationally excited monomers. In that spectral region,-tiz
tion of an additional photon, it is plausible to assume that yet channel becomes increasing important as the photolysis fre-
more internal energy will be deposited in the products from quency decreases, requiring higher levels of reactant internal
the second dissociation event. On that basis, we would expectexcitation. Although the dynamical origins of this enhancement
the dissociation spectrum of the “hot” monomer! &HsOD)*, are not understood at present and will require theoretical
to reflect that internal excitation, and the spectrum of(SHz- explication, it is sensible to attribute the enhancement-600
OD),**, referred to as “superhot” monomer, to reflect an even bond cleavage with enhanced D-atom migration associated with
higher level of internal excitation. A comparison of the O-D vibrational excitation.

dissociation spectra of monomer cluster ions prepared with three  pissociation of vibrationally excited dimers (Figure 12) also
very different internal energy distributions would be expected resuylts in dramatic changes in the branching ratios relative to
to reveal the effects of those differences. It is especially the cold dimer. There is obvious competition between the ligand
interesting to consider the spectra of @HsOD), Sr"(CHs- loss channel and the intracluster reaction channels. Both
OD)*, and Sr(CH;OD)**, in Figures 2, 10, and 11, respec- intracluster reaction channels increase roughly monotonically
tively. Note in particular the structure that is recovered from \yith increasing photolysis energy. However, the ligand loss
the hot and superhot internally excited monomer data taken from channel, which increases along with the intracluster reaction
the dimer and trimer precursors, respectively. #be and5pr channels up to~16000 cnt?, steadily drops after that point.
band$ shown in the cold monomer spectrum (Figure 2) are At jow photolysis energies, the barriers for th® and —Me
clearly still visible in Figure 10, the “hot” monomer spectrum  channels cause all three decay products to exhibit the same
extracted from the dimer data. The spectrum is broadened, withpenayior. However, the production of the more stable hydroxide
significant red-shifting expected for hot bands, particularly in (from —Me) and methoxide (from-D) outweighs formation

the “superhot” monomer, as predicted by the model. Even more o the |ess stable ligand loss product when barriers become less

striking is the fact that we can still recover structure in the itical to reaction as the photolysis energy increases.
superhot monomer data extracted from the trimer. As shown in In the spectra of the cold trimer and tetramer, we observe

Figure 11, theSpr bands are again clearly visible at 20 000 trends similar to those discussed in the smaller clusters. Figures

and 21 500 cn, and it is the-Me channel in all three spectra 4 and 5 show that the relatively mineiD channel increases in
that carries the structure. The electronic structure correlation . y

. - - . . . importance in the lowest energy portion of the cold spectra,
provides very telling confirmation of the sequential mechanism. again probably corresponding to enhanced IC to the ground

electronic state via low-lyingl orbitals. Both in the hot dimer
and hot trimer, the ligand loss channel strongly dominates the
The trends in the data show that methyl elimination is not branching ratio at low photolysis energy. With increasing
facilitated by solvation, unlike the-D and —L channels. This photolysis energy, the-D channel increases at the expense of
observation is consistent with ab initio calculations on@Hs;- the —L channel. However, that effect is much more dramatic
OH) that show both the-H and —L reactions are less inthe dimer (Figure 12). The-D and—L channels in the hot
endothermic in larger clustefdn analogy with crossed beam  trimer spectrum (Figure 13) are of comparable intensity at the
work on Ba* with methano?? in which the hydroxyl hydrogen ~ high energy end of the spectrum, bul dominates with
atom loss channel is observed as the exclusive product, despitelecreasing photolysis energy. This trend can be explained by
the lower exergicity for €O cleavage, we expect theD the decreased ligand binding energies with increasing cluster
channel to proceed by facile D-atom migration. Thd/e size. Qualitatively, the behaviors of the hot dimer and trimer
channel must be concerted, proceeding through a three-membespectra are similar, but in the trimer case, the effective
transition state in which the C atom $g* hybridized and the endothermicity to ligand loss has been decreased, making the
C—0 bond is nearly broken. Solvation may stabilize the SfOD channel dominant over a broader photolysis energy range. Note
product, but the potential energy barrier for such a reaction will that the—Me channel is only weakly accessed in the hot trimer

Branching Ratios and Potential Energy Surface Features

remain substantial. While the endothermicity to both tHe spectrum (Figure 13) however, and that th&e channel is
and —L channels is lowered by solvation, theMe channel not exhibited in the cold spectra of either the trimer (Figure 4)
becomes relatively unfavorable with increasing cluster size and or tetramer (Figure 5). The sequential mechanism helps explain
is no longer exhibited once = 3. this interesting selectivity. Note that while theMe channel is

A consideration of the role of cluster vibrational excitation not observed in the trimer and tetramer, both clusters display
provides additional support for the picture discussed in the loss of —(L + Me). In terms of sequential absorption, this
preceding paragraph. Reactant vibrational excitation is often channel corresponds to methyl loss from a hot dimer and trimer,
effective in surmounting potential energy barriers to reacfiofi, respectively. Likewise, the tetramer displayg2L + Me),
principally under conditions where the excitation induces corresponding to methyl loss from a hot dimer. Thus, a cluster
molecular motion along critical reaction coordinates. As indi- must be of dimer size or smaller to eliminate a methyl fragment
cated in Figures 2, 10, and 11, an increase in cluster internalunless the cluster is already vibrationally excited. This behavior
excitation preferentially enhances the cross sections for-ihe is consistent with our observations on the related"{0Hs-
and —Me reactions that require cleavage of covalent bonds in OD) system, in which the-Me channel shuts off for clusters

the solvent. Figures 10 and 11 show that thB channel is larger than the dime¥: As shown earlier, the energy required
significantly enhanced in all ranges, surpassing thkle to access the-L or —D channels drops with increasing cluster
channel. The difference in enhancement-dd and —Me is size. Once the cluster size reaches three, the endothermicity of

consistent with the difference in barrier height between the these channels is so low relative to the more constavie
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barrier that they are overwhelmingly favored. It is only when
the cluster size is reduced or the cluster becomes vibrationally

Lee and Farrar
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—L, —D, and —Me channels become more comparable and

elimination of the methyl radical occurs.

Conclusions
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