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Spectroscopy and Photochemical Dynamics of the GB Radical
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The CRS radical has been investigated using the LIF and fluorescence depletion techniques. The vibrational
structure of the first excited AA; state has been assigned. The photodissociation process at energies above
the origin of the Astate has been characterized by fluorescence temporal decay and fluorescence depletion
spectroscopy. Above the photodissociation threshold, the ratio of the rates for the competing processes of
emission and dissociation varies strongly with both energy and vibrational mode.

I. Introduction vibrational structure of this electronic transition and show that
certain of these levels undergo selective predissociation or
fragmentation. We use temporal profiles of the fluorescing
vibrational states and the lifetime broadening in the FDS spectra
of rapidly dissociating vibrational states to obtain information
about the photochemistry of GF.

Methoxy, CHO,1"1%and its F- and S-substituted derivatives,
CH3SM CR0O,271% and CRS, form a remarkably fascinating
family of free radicals from a number of perspectives. Several
members are known, or speculated, to be key intermediates in
chemical reactions relevant to combustoi® and atmospheric
pollution14.29-30 |In recent years there has been a dramatic
increase in spectroscopic and kinetic studies of the perfluoro-
alkoxy radicals motivated by the search for alternative com-  The CRS radicals were produced by ArF excimer laser
pounds to the chlorofluorocarbons (CFC'’s) that deplete the (~600mJ/cr per pulse) photolysis of (GB), (PCR) entrained
atmospheric ozone. Since the perfluoroalkoxy radicals are in a He expansion with a reservoir pressure of 7 atm and with
thought to be intermediates in the atmospheric degradation ofthe partial pressure of (GB), being provided by its vapor
some alternatives to the CFCs, unambiguously analyzed spectrgressure at-60 °C. A General Valve with a nominal 0.7 mm
and information concerning their photochemical precesses arediameter opening was pulsed for the expansion. In these
valuable for the monitoring of the radicals in reactions of experiments, two different configurations of the experimental
environmental importance and for understanding their chemistry. apparatus were utilized. The first configuration has been
In particular the precise determination of the threshold for their described previousht!-'and has been routinely used to record
photochemical decomposition may be key information for the laser excitation and dispersed fluorescence spectra. The spec-
determination of the atmospheric fate of these radicals. From troscopic laser was a Lumonics Hyperdye dye (HD 300) laser
a theoretical perspective, the ground states of these radicals argumped by a Lambda Physik (EMG103MSG) excimer laser.
all 2E with C3, symmetry and hence subject to the competitive To record the excitation spectra, the dye laser was scanned,

Il. Experimental Section

effects of JahrTeller distortion and spirorbit coupling?* under computer control, and the resulting molecular fluorescence
Even for the simplest and best studied radical,;OHthese  was collected perpendicular to the dye laser beam by a
interactions are not yet completely understé6d. photomultiplier tube (EMI9659QB). The relative calibration

As the spectroscopy of these species has gradually progressedyf the features in this study was performed using a Burleigh
their photochemistry has attracted ever increasing interest. Thewavemeter (model WA45000). Temporal measurements of the
ground-state surfaces of the hydrides are kndvwm contain fluorescence decay were obtained in this configuration by time
another minimum corresponding to the isomeric species- CH resolving the photomultiplier output with a LeCroy 2262
XH, where X= 0 or S. The first excited &A; state is expected  transient digitizer (80 MHz). For this experiment all imaging
to undergo photofragmentation with at least three channels optics were removed to make sure that a negligible number of
identified®? for methoxy: CH+ O, CH, +OH, and CHO+H, molecules exited the viewing region before radiating.
with all the products being in their ground electronic states.  The FDS experiments required a more complex experimental
Analogous photofragmentation channels are expected for thearrangement previously described elsewkfeaad illustrated in
remainder of the family. In a previous wofkwe applied the Figure 1. The basis of the FDS experiment rests on the
fluorescence depletion spectroscopy (FDS) technique to thefollowing principles. The jet is crossed about 20 mm down-
methoxy radical and observed its mode and frequency selectivestream from the nozzle with the “probe” laser (PL). The PL is
photofragmentation. fixed at the frequency of a transition originating from the

Recently we reported preliminary data on the spectroscopy vibrationless level of the Xtate and terminating on a strongly
and photochemistry of the GE radicaP* In this paper we fluorescing level of the Astate; e.g., for these experimemts
report a more detailed picture of the spectroscopy of tf@A = 3. A second “depletion” laser (DL) was sent through the
= X 2E electronic transition and the mode and frequency expansion, counterpropagating along the probe laser. The
selective photochemical decomposition of the heaviest memberfrequency of the DL is scanned as the total laser induced
of the methoxy family, CES, using both the laser-induced fluorescence from the Atate is monitored by a gated intensified
fluorescence (LIF) and FDS techniques. We assign the CCD camera (Princeton Instruments model ICCD-1024MLDG-
E). Since the DL, with a near-saturating pulse energy-64 3
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1997. mJ/pulse focusedta 2 mmspot, is fired approximately 50 ns
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Figure 2. Schematic representation of the atomic motions in the a

Figure 1. Schematic diagram showing the details of the arrangement and e symmetry vibrational modes in {55

of the probe and depletion beams and the free jet expansion. The

spatially resolved image of the laser-induced fluorescence from the jet fixed in the ab f nance for the DL
is imaged on the CCD, with output as indicated. The signal is IXed on resonance, in the absence of a resonance for the ’

subsequently processed as described in the text. the output is as shown in Figure 1.

We define the observed sign8lto be given by
before the PL, when it is on resonance with a transition |
originating from the vibrationless level of the ground state it S=1 1)
will significantly deplete the population of that level prior to I,
its being probed by the PL. If the upper level of the DL
transition does not fluoresce appreciably (as is the case forwherel; andl; are the integrated areas of the peaks in the insert
photofragmenting levels), this DL-pumped transition will result Of Figure 1. When the scanned DL frequency is in resonance
in a decrease in ground-state population, and one will observewith a nonfluorescing excited state, the peak labeled 1,
a negative-going signal (see below for the details of the signal corresponding to the image from PL beam 1, is significantly
monitored). Should the transition excited by the DL have a reduced due to depletion of ground-state radicals by the DL,
strongly fluorescing” Astate terminal level, the DL and PL  while the image labeled 2 remains unchanged; hehdeops
excited fluorescence will combine to produce a net increase below unity. On the other hand, a DL resonance with a
in detected fluorescence with an observed positive-going fluorescing state causéto increase above unity.
signal. Upper state levels with competitive radiative and
nonradiative pathways can appear as either positive- or negativeJ!l- Vibrational Assignments of the A ?A; State

going signals, depending upon the relative rates of the two  The CES radical, like the other members of the methoxy
processes. radical family, has six normal vibrational modes, three totally
In any laser double-resonance experiment a key difficulty is symmetric a vibrations, and three doubly degenerate e sym-
to distinguish between changes in the intensity of the fluores- metry vibrations. Figure 2 displays the atomic displacements
cence from the PL caused respectively by the DL and random for vibrational modes of C§S based upon ab initio calculatihs
fluctuations from other sources, e.g., shot-to-shot variations in for the A state using a ROHF/6-31G* basis set. Although one
radical production, PL intensity, etc. To cancel the latter effects, can qualitatively describe these modes as the symmetrie C
we split the PL into two equal beams, each of 0.5 mJ/pulse stretch ¢), the Ck umbrella motion ¢;), and the C-S stretch
energy, focused te-1 mm diameter spots in spatially separate (v3), one can see by the atomic displacements shown in Figure
but equivalent regions of the expansion. The fluorescence from 2 that all three of the asymmetry modes involve a significant
each of the two lasers is imaged on the two-dimensional array change in the €S bond length. Since our previous rotational
of pixels of the intensified CCD as shown in Figure 1. The analysis® of the origin band of CES shows a significant change
CCD is allowed to accumulate signal for a period of time in the length of the €S bond between the And X states, it
necessary to achieve a good signal-to-noise (typically 50 laseris no surprise that the LIF spectrum shows strong progressions
shots are needed). The signal-to-noise was improved by thein each of these three modes. The three degenerate e modes
ability to have the intensifier on only during the period of radical can be described as the asymmetrieFCstretch ¢4), the C-F
fluorescence. After the accumulation time the charge on the scissors bendv§), and the CEk rock (ve), although again
pixels is downloaded. The process of downloading the data significant mixing is indicated by the atomic displacements
from the CCD is performed row by row (not pixel by pixel) in  shown in Figure 2. Transitions from the vibrationless level of
the hardware supplied with the CCD camera. This has the the X 2E ground state to the three e modes in th&\A excited
advantage of allowing the total charge on a row of pixels to be state are normally forbidden, but the Jafireller interaction
accumulated quickly in hardware prior to the slower transfer in the ground state mixes some e vibrational character into the
process thereby minimizing the number of data points that needvibrationless level and transitions to some e modes in the
to be transferred to the computer. By performing this ac- electronic state may become allowed. In fact, the transitions
cumulation, the data is reduced to a one-dimensional array asto the fundamentals ofs and v are observed as well as
shown in the insert of Figure 1. This array is then downloaded combinations and overtones of these modes with theades
to a computer that will later integrate the intensity under each and each other.
of the two peaks. The DL is overlapped with one of the matched The assignment of the excited electronic state vibrational
spots of the PL and firedt50 ns prior to the PL. With the PL  frequencies from the LIF spectrum is not as straightforward as
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Figure 3. Portion of the LIF spectrum of the BA—X 2E electronic transition of GfS. In addition to “cold” transitions in Gf2S, other features
that are indicated include the €S isotopomer and He complexes with §SRindicated by a star).

one might expect. Complications arise from several factors. this experiment the frequencies of the bands were chosen to be
The existence of observed transitions to the fundamentals ofthe center of the band. The frequencies in Table 1 represent
five of the six normal modes, combined with the presence of a the energy relative to the vibrationless level of thé state,
large number of combinations and overtones with observable which was determined from the rotationally resolved spectfum
oscillator strength, results in a multitude of vibronic transitions to be 26 393.16 crm above the common origin of the two spin

to the Astate. In addition, all five of the observed modes have orbit components of the ground state. The actual position of
a fundamental frequency of less than about 1000cniErgo the lowest frequency transition in the observed, rotationally
within the first few thousand crm above the excited-state origin,  resolved spectrum was 26 473.16 ¢mwhich is 80 cm* (half

the density of vibrational states is rather large and transitions of the ground-state spin splitting) higher than the true origin of
to nearly all these levels are allowed, making assignments the ground state since all the observed transitions arise from
difficult for many of the transitions. the lower2E;,; component.

A further complication results from the presence of lines from A, Totally Symmetric Modes. As mentioned above, the
various species. Besides the transitions from the most abundantotational analysi¥ of CF;S indicates that there is a significant
%28 isotopomer, thé*S isotopomer, with a natural abundance |engthening of the €S bond in the excited state relative to
of about 5%, yields observable lines for some of the stronger that in the ground state. The lengthening of this bond should
transitions. Additional observed lines arise from hot vibrational give rise to progressions of vibrational modes that involve a
bands as well as from GE-He complexes that are present. At change in the €S bond which for CES includes all three of
low backing pressure, there are a large number of hot bandsthe totally symmetric, amodes (based on ab initio calcula-
present in the spectrum. At higher backing pressures these Notions®). Indeed overtones of all three of thesymmetric modes
bands decrease in intensity butSfHe cluster features grow  are opserved in the spectrum, precluding the assignment of a
in. Most of these transitions can be sorted out by varying the single strong progression to overtones of the Cstretching
expansion conditions and observing the relative changes in themgge. Assignments of the fundamentals of individual modes
spectra, but with so many observed transitions, it is often herefore rely heavily on a combination of ab initio calculat®ns
challenging, especially at higher energies. and on the rotationally resolved spec#aThe unique rotational

Figure 3 shows a trace of the first 700 chnof the LIF contours predicted for various bands, along with reasonable
spectrum for CES, illustrating some of the complications equency predictions based upon the calculations, make the

mentioned above. In this figure the fundamentals of three of ,qgjgnment of the members of these progressions fairly straight-
the modes s, vs, and ve) and several combinations and ¢,\\=0q

overtones are visible. This spectrum was taken under conditions The | tf totall tric band ob dinth
that minimize hot bands but enhance cluster formation, and € lowest frequency totally symmetric band observed in the
LIF spectrum is at 305 crmt. The justification for assigning

several lines from clusters are visible in the spectrum. Onecan ;. . ; .
P this feature as amy@and can be found in the high-resolution

see in this spectrum that the fundamentalsvofand v¢ are . . . ; .
sufficiently close in frequency, as is the frequencyvefwith rotat|onally resolved _analy3|s of this baffdywhich e_stabllshes
two quanta of either of the former, so that a grouping of una_mblggously that it must be a totally symmetric level. We
transitions occurs adding congestion to certain regions of the @Sign this band as the fundamental of the nomineSGtretch,
v3, based largely upon the good agreement of this value with

spectrum. e . . . .
The positions of the experimentally observed, cold bands of the ab initio calculation as shown in Table 2. Consistent with

CF:S with their vibronic assignment (see below) are summarized the €S stretch assignment, a long progression of overtones
in Table 1. Hot bands and inert gas containing complexes, T this band can be readily observed in the spectrum with
where identifiable, have been omitted from the table. Table 1 members up togseen in the LIF spectrum and an additional
includes the frequencies for bands observed by both the LIF four-members observed using the FDS technique.

and the FDS technique and are marked L and D respectively in  The Ck umbrella mode ;) has been assigned to a strong
the table. Since the rotational structure was not resolved in LIF feature at 736 cmt. The high-resolution data again
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TABLE 1: Vibrational Frequencies and Assignments for TABLE 2: Frequencies (cnt?) of the Vibrational Modes of
the A State of the CRS Radical the A State of the CRS Radical
relative _ _ relative _ _ mode G(1) W WXL we (calcdy
frequency techniqué assignmentfrequency techniqué assignment " 9890 998(2) 3.64(4) 1025
0 L o 2062 D 236" V2 736.0 740(2) 0.50(4) 747
ggg I[ §(343) 22%6371 'E 3 s 308.5 314.0(5) 2.40(4) " 5?240
310 L 3 2092 LD 23 o PR o1
549 L g 2137 LD 236 2820  277(2) ~0.9(5) 306
561 L & 2148 D 13251 ve
589 L 3e! 2159 D 13%6° aThe errors correspond to 1 standard deviation obtained from the
604 L F(3s) 2167 D 2325161 least-squares fit (See section IIl.)The following nondiagonal
615 L & 2180 D 1l3§6; anharmonic parameters (cf) were obtained from the fitweXei» =
;gg t 51161 g%g‘l‘ B igﬁ 3.4(7.),.6!)3)(313 = —0.7(2), weXe2z = ._0'4(2); Insuﬁicient number of
845 L & 5210 L » ltjransmons were observed for this mode to determineand weXe.
856 L 351 2215 D Calculated valué’
ggg :: 3;2? 254218 B gg;ﬁl indicates that this is a transition to a totally symmetric vibration,
897 L F(ES) 2953 L 261 and it is in very good agreement with the ab initio value as
914 L 3 2272 L 12151 shown in Table 2. The fundamental of the third totally
990 L L 2282 L B3 symmetric mode 1) band has been assigned to the strong
igig t §21(34S) 22?,3}1 LL,D iglglsl fea_ture at 990_cml. Hig_h_-resolution data was again used to
1048 L A3t 2331 L 23152 verify that this is a transition to an anode, and the frequency
1130 L 3516t 2340 D 12132 is in good agreement with the calculated value.
1148 L 362 2345 D 3 B. Non-totally Symmetric Modes. Transitions to the A
ﬂgg I[ ggz gg% B 23261 state non-totally symmetric, e modes from the vibrationless level
1192 L F6l 2393 D 233 of the ground state are normally symmetry forbidden in the A
1211 LD 3 2455 L 12 2A1—X 2E electronic transition but, as mentioned earlier, can
1271 L A 2457 D 15 be allowed due to the JahiTeller distortion of the ground state.
ggg I[ ggz gig; IE) 11356 In CH30, for example, all three of the degenerate modes (for
1300 L 131 2514 D 43561 v4 only combinations are observed) are sterin CRS we
1329 L 2316t 2525 D 236 see activity in two of the three e modes.
1354 L 2z 2559 L F3'6t The fundamental of the lowest frequency e modg has
}ﬁ% I[ %36 gggg '5 232 been assigned to the band at 282-¢émEven at the moderate
1457 D 351 2619 D 1213261 resolution of this experiment, it is apparent that this mode has
1466 D 362 2642 D 1133 a considerably different rotational profile than that observed for
1474 L 2 2649 D 2367 the totally symmetric bands. The rotationally resolved high-
ﬂgg B §6 gg?g B 23361 resolution dat# verifies that this is in fact a transition from a
1538 L 15t 2689 D 234 vibronic e level of the Xstate to a vibronie level of the excited
1550 L 162 2701 L »2L A state. Ab initio calculations place thg fundamental band
iggcl) I[ igigi g%g B at 306 cn! (Table 2), in good agreement with the measured
1595 L 23151 2740 D value. .
1599 L 43162 2752 D 13462 The second lowest frequency e moae) has been assigned
1606 L 132 2757 D 12231 to a weak feature at 549 cth The symmetry of this vibration
1634 LD 2% 2771 D 136! has been verified by the rotationally resolved spectfiand
iggi E %21 %gg B g; the frequency is in good agreement with the ab initio calculations
1741 D 363 2832 D (see Table 2).
1747 D 35t 2867 D 23261 C. Combinations and Overtones. Many combinations and
1756 L 226i 2885 D . overtones have been observed and assigned in the LIF and FDS
ggg E §3 gggg B 52161 spectra. Overtones of are observed by LIF and FDS up to
1813 L 1516t 2916 D 38. The overtones ob, and vs are both observed to three
1834 L re® 2922 D 12'3%" quanta. Also observed are the first three members of the
iggg I|: ﬁgg 332‘1‘ B i progression of the e vibrational mode. In addition to the
1866 L A3l5161 2043 L B overtones, there are many combination bands, the most extensive
1872 L 2962 D of which involve a progression i3 combined with one
1883 LD 136t 2980 D 23 quantum of the other modes. The combination of the LIF and
iggg E igigi 281(15 :5 F213t FDS techniques make it possible to map the transitions to the
1905 LD 133 3045 D fluorescing bright states as well as to the dark photofragmenting
1927 D 43361 3051 D 12232 ones. Usually most of these long progressions have the first
1949 D 23 3062 D 137 couple of members observed in LIF, while FDS is required to
%ggg 'I: ﬁzlel gg;g B - observe the higher frequency members. The combined data
2035 L 1131 from LIF and FDS shows that for these long progressions the

nonradiative decay of the higher members does not contribute

o c ! "4~ to any noticeable perturbations in their frequencies. In other
is indicated in the assignment column. We were unable to determine if ds th t of vibrati | t b dt
these features were from hot or cold barfiall frequencies in cm™. words the same Set of vibrational parameters can be used o
The estimated error in the measurement of the relative frequency is 1describe the positions of both bright and dark members of
cm2. ¢ Labels indicate the technique by which transitions to the levels Progressions. Frequencies and assignments for all the observed
were detected, L for LIF and D for FDS. transitions are summarized in Table 1.

a A few features could not be readily assigned, and for these no value
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D. Anharmonic Oscillator Model. The combined LIFand ~ TABLE 3: Measured Lifetimes for the A State of the CRS
FDS spectra reveal a rich vibrational structure involving five Radical

normal modes and their combinations. The three totally assignment lifetine assignment lifetinfe
symmetric modes were observed in combinations le[h each o 274 (14)us 3 2.3(5) ps
other and in overtones up to three quanta.cdndv; and eight 3t 2.88 (14)us 232 100 (5) ns
quanta ofvs. The standard anharmonic model Hamiltonian 3? 2.95 (15)us 2 429 (21) ns
(complete through second-order perturbation theory in the 2; 2.62 (13)us 21371’ 4.5 (16) ps
absence of Fermi resonances) was used to fit the experimental il g-g‘; 83;‘2 %63 2218 (%635”5
data for the three symmetric modes. i3t 2.67 (13)us 1102 130 (6) ns
1 1 3* 38 (15) ns 13 5.5(32) ps
E(wy, v, vg) = Ty + we(vy + 1) + wofv, +71,) + 113t 2.71 (14)us 23° 2.9 (5) ps
2132 333 (16) ns i3 2.23)ps
1 1,42 1,42
WelVs T 1) = WXeai(Vy T )" — wXep v, + )" — 22 2.18 (11)us 237 1.9 (4) ps
1742 1 1 1136t 2.68 (13)us 1213t 2.7 (5) ps
WXeadVz T 15)" — WXer vy T (v, T ) — wXeadvy T 1132 821 (Ell))ﬁs 3 1.3(§ (25543
1 1 1 1 191 127
1) (Vg + 71,) — 0 Xexd vy + 1) (vg + 1) (2 12 2.53 (13)us I3 2.6 (5) ps
D7)~ 0Xepdvy T st ) (2) 12 2.49 (12)us 238 0.9 (2) ps
112131 607 (15) ns

where the above symbols have their standard significance. This
model was sufficient to fit, within 2 experimental standard  ®Those lifetime with values greater than 1 ns were measured by
deviations, the positions of all observed bands, correspondingﬂuoresc‘?nc‘? temporal decay. All other lifetimes were determined by
. ] .~ broadening in the FDS spectra.
to the excitations of no more than two different modes. This
analysis involved the 10 parameters of eq 2 to fit about 40
experimental points. The model failed to predict as accurately
the positions of a few bands assigned as combinations involving
all three totally symmetric modes. Those bands were excluded
from the final fit, as their fitting would have required the
introduction of a large number of additional interaction param- 07
eters, for which there was insufficient experimental data for a 3
determination. As it has been mentioned above, both bright -1 3
and dark states were used in fitting. There was no evidence 4
that positions of the levels corresponding to dark states exhibit 23 \
any deviations beyond the experimental error from the anhar-
monic model fit. The best least-squares fit parameters including
the three harmonic frequencieg and six anharmonic constants
weXe are summarized in the Table 2 as well as value&(df) ® origin \
(the energy of the first excited level of a given mode above the —A— 3" %
origin) for all five observed modes. In addition, values are given —o— 2" \
in Table 2 for wes and wexes from a separate fit to the —a— " \ 7
conventional single-mode-anharmonic model, as well as a value -6 - \\
of G(1) for vs.

CF,S Relative Lifetime vs Vibrational Energy
Fundamentals and Overtones
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A. Data Analysis. With the assignments of the vibronic Energy (cm™)
bands relatively completely accomplished, we can now turn to rigure 4. Log of the fluorescence quantum yield/to) for funda-
the fate of the radicals placed in the various vibronic levels of mentals and overtones of the symmetric modes plotted vs their energy
the Astate. The decay of the vibrational levels with low energy above the vibrationless level of thestate. The sharp contrast between
content £1200 cnTl) appears unique. They simply emit a the behavior ofvs and the rest of the symmetric modes is easily
photon with a radiative lifetime of just less tham8. However ggsceerc\j/etﬂé-r\?eertlif:ztll?gzit(i)g?gcfj i&eéepg?r:tge;ﬁrmlgiﬂg :(;)n‘;]"gcg?]‘ée 3
for levels .Of higher energy _Contenkﬂ.ZOO le.)’ it appears and 3 for convenience, with the horizontal position located at the level's
that there is also a nonradiative decay path available with widely gnergy.
differing radiative/nonradiative branching ratios depending upon
the particular level excited. We presume that this nonradiative below 1000 cm* are quite similar to this value. The values of
decay is accomplished via photofragmentation of the radical. all thez,’s measured by LIF are given in Table 3, and the log
Theory?” indicates that this fragmentation occurs along theSC of the ratios are plotted in Figures 4 and 5. (Lifetime
bond. measurements were not made on all the observed levels in the

To provide a quantitative measure of the probabilities for LIF spectrum since the signal was too weak to obtain good
radiative decay and photofragmentation we turn to measure-values for many of the features when the fluorescence pickup
ments of the individual levels’ lifetimes. For the levels observed optics were removed as described in section Il.) The error in
by LIF the lifetime measurement is via straightforward monitor- the lifetime values is estimated as 5% of the value of the lifetime.
ing of the temporal evolution of the fluorescence, with a For those levels observed solely in FDS, measuring the
subsequent fitting of the exponential decay to yield the natural lifetime of the state is somewhat more complicated. In principle,
lifetime, 7,, of the vibrational level. The fraction of molecules for those lines for which lifetime broadening is observed, a
that radiate (quantum yield) is found by the ratiorgfro where lifetime determination is possible; for those absent such
10 is the radiative lifetime of the Astate. We approximate broadening, it is not. A couple of important points, however,
as the measured lifetime, 2.94, of the vibrationless level.  must be made about the observed widths. With the resolution
This approximation seems valid as this of all measured levels  of the current experiment individual rotational lines are not
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CF,S Relative Lifetime vs Vibrational Energy T = (4nco,) "t (5)

Combinations involving the C-S Stretch (v,)
whereo is expressed in cmt andc is the speed of light.

If one makes an assumption that all rotational lines in the
0 vibronic band decay with the same rate, the resultant line shape
of the vibrational feature is the convolution of the homogeneous
. (Lorentzian) line profile and the inhomogeneous (Gaussian)
- distribution, which results in the well-known Voigt contdr
that is explicitly expressed in terms of Gaussiap and
- 21 L Lorentziano, widths as follows
3 —e— origin PR w0 x4
N W) =A [l ©)
—o— 3m+21 \\ \d [}q \QZ i n w (UO_
—m— 3"+’ \4 v V2o, V20
= v 32 \ \\\ k 5 \\\ ~ ¢ ¢
— 3m+2§ N w \a wherey is a dimensionless dummy integration variable &gd
6 —e— 3™ 2 A5 is the normalization constant.
The first step of the analysis is to determine a value of the
7 ‘ S \ \ l ! Gaussian line width parametey for a lifetime-unbroadened
0 500 1000 1500 2000 2500 3000 3500 distribution of rotational lines. Fortunately in the observed
Energy (cm™) spectra there is a bandg‘][anbserved in both the LIF and FDS

Figure 5. Fluorescence quantum yield for numerous combination bands spectra. By fitting 7 independent traces éfaﬁ*ld 3 (which

vs relative energy above the origin of thesfate. The number of quanta  has the same width) to the Gaussian contour, eq 3, an average
in vz is indicated for the level with the lowest quantum yield that is ygJye of 0y = 0.61(13) cm! was determined and used as
observed by LIF. The vertical positioning of the nonfilled symbolsis 1o width of an “unbroadened” FDS feature. Additional
accomplished in the manner described in the caption of Figure 4. transitions to symmetric levels of the gate seen in both LIE

H 3 2
resolved. Instead we observe a rotational contour for each band.and in FDS, e.g., éBO and %30’ as well as a number of bands

The rotational contours for all of the bands of symmetry seen only in LIF, were fit as Gaussians and found to be in good

vibronic levels are fairly uniform. The transitions to e symmetry z?]greemtlentlwnp this line W'dlfh pararr;eter. As the fma(lj St?p .Of
vibronic levels are not nearly so regular and uniform, but in the analysis the contour of every feature seen in depletion
general are much broader than the correspondingnas and Wai fitted to tl;e _\/0|gt funct|c_>n', eq 6, with the fixed value of
even at the resolution of this experiment show some partially % = 0.61 cm* with the remaining parametes, wo, andAy
resolved rotational structure. As a result the widths for the varied. .

transitions to e symmetry modes could not be fit to any generic For the case when the band of interest was overlapped by

line shape function without a large error in the parameter values, cr;tgﬁr ?/%?dtsfutgstig\rgirzg zgigg’g ﬁﬁaesssm\l,séigra?gr fltr;\lcl,ttihcgls
and in addition within the error there is, with only a few y voig : 1orp

exceptions, no observable lifetime broadening in these features.gil:rr]%?i:zi’n:el:rlyegﬂ S:lf;zdsﬁaggsogﬁgen zlfnt]vls/lcz)itc?r(ljl angrtfg”as
Thus in our analysis only the bands involving symmetric levels piep Perp y P y

were used in the lifetime determinations from line broadening ?hverzlapf"ngtpﬁilfsr'n ;Lheh“fri“meﬁ, rep?irrt]ed Wlir(ljt;:ablf 3, \t/v?re
in the FDS experiments. en calculated from the homogeneous line paranagte

In fitting the contour of the lifetime broadenegdlaands, it is using eq 5. Allfits were performed using the Peakiit progam

important to recognize that the experimentally measured contourWhICh enables simultanous fitting of multiple features using

is a convolution of the unresolved rotational contour and the Gaussian, Lorentzian, or Voigt f“r.‘“ons- ,
h . . . All the experimental traces of a given band were fit separately
omogeneous broadening of each rotational line due to nonra-

diative decay. The LIF-observed features, whose temporal yielding unique values of, for every experimental trace. The
decay can be’ measured and for which it i’s known that the number of values of. so obtained varied from two to seven
lifetime broadening is negligible within our resolution, are well depending upon the transition. The error in the reported values

fit by a Gaussian distribution with parametelg wo, ando for o was estimated according to the following procedures.
y P o g Two sources were considered: the variatiorvinfrom trace

(0—wq?202 to trace and the propagation of the errordg The former
fyw) = Age ™ =07 ©) would be easily estimated from the standard deviation of the
individual measurements af.. To estimate the latter error,
whereawy is the band centef; its normalization constant, and ~ €ach experimental trace was refit with= 0.48 and 0.74 crt,

204(In 4)12 s the fwhm of the band. respectively, 1 standard deviation below and above the best fit
The lifetime broadening of individual rotational lines gives Value ofgg. The standard deviation of these fits was combined
rise to a Lorentzian line shape with the standard deviation of the trials via the standard formula
of the square root of the sum of the squares. This approach
A likely gives a modest overestimate of the true error, since the
fll@)=——F—+ 4) variation in the observed, values is not completely indepen-
1+ (w @ ) dent of the determined value of;.
o B. Discussion. We begin our discussion of the observed

photofragmentation trends with a description of the most
where 25, is equal to the fwhm of the line and is related to the prominent»§ progression. Although the overtones wf are
lifetime, 7, by the formulg8-3° only observed up togusing LIF, the FDS spectrum demon-
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strates that the Frank Condon overlap and hence the oscillatorV. Conclusions
strength of transitions up tog:-]s considerable. This long
progression is consistent with the significant lengthening of the
C—S bond, by over 0.121 A upon excitation to thestate, as

The vibrational structure of the ZA—X 2E electronic
transition of the CES radical is for the first time reported and
- . analyzed in detail. Because transitions are observed to the
determined from the rotationally resolved spectRénThe loss fundamentals of five (of the possible six) modes, which are of

of intensity in the LIF spectrum beginning af B therefore |, frequency €1000 cnt?), as well as their combinations and

attributed to a coupling to the dissociative continuum similar overtones, the spectrum of €% is very rich. However a

to that reported for the methoxy radicél. detailed vibrational analysis, relying in part upon the rotational
As can be seen from Table 3, by increasing the excitation in contour fingerprints, has led to reliable assignments for the vast

v3 from one to eight quanta, the lifetime is reduced by 6 orders majority of all the observed bands. These assignments in turn

of magnitude. In Figures 4 and 5 these data, as well as that foryield values for the vibrational frequencies, anharmonicies, etc.

other progressions, is displayed by plotting the log of the of the observed modes.

quantum vyield, i.e., log of the relative lifetimes/o, vs the This relatively complete understanding of the spectroscopy

vibrational energy (above the #tate vibrationless level), where  of CF;S allows us to use the various vibrational levels, whose

1o is the lifetime of the vibrationless level of theskate. These  wave functions sample different portions of thestate potential

figures show clearly the behavior of the quantum yield vs
excitation energy for different vibrations.

Figure 4 shows the behavior of the quantum yield for the
totally symmetric fundamentals and their overtones. It clearly

energy surface, to investigate in considerable detail the photo-
chemistry of CES. We have observed very strong mode
selectivity in these dynamics. While total vibrational energy
content is not unimportant, the most striking feature of our

observations is the specific need to place energy directly into
the v3 mode, which closely corresponds to the reaction
coordinate for G-S bond breaking. At roughly constant total

illustrates how important is the distribution of the vibrational
energy as well as its total value. For thge mode we see a
distinct threshold behaviory3at 914 cnt! shows no indication
of a nonradiative photofragmentation process, while fiey at energy content, selectivity factors of up to nearly” ke
1211 cnt?, it appears thatz98% of the radicals decay by Observed, depending upon the specific amount of excitation in
dissociation rather than photon emission. As one continues to¥s- This result is consistent with very little communication
increase the number of quantaiig, the photofragmentation between the normal modes, even at energies considerably greater
process becomes ever more dominant, with less than one in ¢han 1000 cm* above the threshold for dissociation.
million molecules escaping fragmentation wit2000 cnr? of It is also consistent with the dissociation process being
energy present ims. dominated by a process producing Lk S as products,

The behavior of the other two symmetric modesand s, although the prgsept expfarlment cannot conflrm the nature of
is in sharp contrast to that @. One can note from Figure 4 the products. Similarly since the present experiment was not

that putting nearly 3000 cri of energy intov: barely reduces performed in a rotationally resolved manner, no evidence is

the quantum yield (to approximately 50%), while considerably avallable with r(;espectt u?r?rtK.dependenlce of thidtlsscic?tlonl.l
less energy intarz effectively eliminates €107%) emission. owever, we do note that in our analogous but rotationally

Much the same story is evident fog. At energies greater than resolved experimefiton CHO noJ or K dependence was seen

those wherers has a<1% quantum yield, the second overtone for the (limited range of) experimentally observed levels.

of v, decays almost exclusively by fluoresence, and even the | 1€ Present results are consistent with but, in some ways,
third overtone has significant radiative decay. even more striking than the ones we recently reported for the

As sh in Fi opa i dominately the €S stretch CH30 radical. We therefore speculate that striking mode
_AS Shown In FIgure 2ys 1S predominately the streten. selectivity may be the rule rather than the exception for many
Sinceitis expegtgd that the nonradiative decay involves break'ngmoderate-sized radicals (and other species) for energies only
the CfS pond, I |s.reaso.nable to expect t!ngWouId be most moderately above threshold as long as the rate for dissociation

effective in promoting this decay mechanism. However, what

. h ising is how ineffect “* is not excessively high compared to radiative decay. (This latter
Is rather surprising Is how Ineflective even excess energy Is, cqngition should largely be satisfied for any system in which

when stored in the other symmetric modes. It appears that anp 4 breaking occurs because of diabatic curve crossiagling
energy criteria alone is insufficient to explain the onset of 5 «gmallish” avoided crossingsand which therefore would
photofragementation. Rather it appears that dual criteria must;, he one-dimension diatomic limit, be described as predisso-

be satisfied, sufficient energy and sufficient geometric extension ciative.) In the future, we plan to investigate other systems of
along the reaction coordinate, which appears to coincide closely s pature to try to develop a better overall understanding of
with the C-S bond stretch. In future work we will explore  photochemical selectivity in the process of bond breaking.
whether it is possible to quantify this relationship.

Figure 5 further illuminates our picture of the mode selectivity Acknowledgment. The authors gratefully acknowledge the
of the bond-breaking process in thestate of CES. It shows  support of the National Science Foundation via Grant No.
the differing behaviors of the various combination levels. While 9320909.
it again demonstrates that increasing total energy enhances
fragmentation, how that energy is distributed among vibrational References and Notes
motions appears an even more significant determinant for bond
breaking. Several combination levels with total vibrational
energy content above 2000 chshow little or no evidence for
fragmentation. Only when the additional requirement of two,
or more generally three, quantaiafexcitation is fulfilled does
C—S bond rupture become the dominant decay mechanism.
Even in these combination levels extreme mode selectivity is ;g
the rule, with levels at approximately the same energy exhibiting
up to 1@ variation in propensity for dissociation.
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