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Femtosecond dynamics of photoinduced molecular detachment
from halogenated alkanes. I. Transition state dynamics and product
channel coherence

Una Marvet, Qingguo Zhang,? Emily J. Brown, and Marcos Dantus”
Department of Chemistry and Center for Fundamental Materials Research, Michigan State University,
East Lansing, Michigan 48824-1322

(Received 30 January 1998; accepted 12 June)1998

The direct observation of the photoinduced molecular detachment of halogdrsXhalogenated
alkanes RCHXis presented. Three-photon excitation at 312 nm produces molecular halogens and
a carbene; the halogen products are formed predominantly i thetate. Femtosecond pump—
probe spectroscopy of the reaction reveals a fastJ0 fs) dissociation with no evidence of
intramolecular vibrational redistribution. This is consistent with a prompt dissociation without
intermediates. The experimental results demonstrate vibrational coherence in the halogen product,
which requires that the reaction proceed by a concerted mechanishi99® American Institute of
Physics[S0021-960808)02335-§

I. INTRODUCTION halogen bonds break is different. Again, the interhalogen
) o ) . bond forms before the halogens are completely dissociated

Under high energy excitation, several simple polyatomicy,, the carbene. In this paper, the femtosecond transition
molecules have been known to dissociate to yield moleculaétate dynamics and vibrational coherence in the halogen

ﬂhgtgiaHgmeggs’R ?'9" gEDCBHZ”L%l (’3\1333'\#H+T2' product will be studied in detail. In the companion article
2 2+CO (Ref. J an C—Cl,+CO (Ref. 2. In- (referred to as paper Il hencefortlthe rotational anisotropy

stead of breaking a single bond as in the majority of phOtO'of the halogen product will be used to identify the mecha-

dissociation processes studied to date, this photoinduced MO of one dissociation pathway leading to the formation of
lecular detachment or molecular photodetachment processg

involves breakage and formation of more than one bond.”

givfr?kg;zalgfgaﬂz\?’e r;lc;(s)t bneoetﬁblx (f]v]\?: t(oRﬁfr.] d?e’z)r a:?_no_ CHyl, have received a great deal of attention over the past
22 ' : 9 two decade&’1%?* Most of these studies are concerned

lecular detachment processes. As this study demonstratesith the photodissociation dvnamics of low-Ilving excited
many other gem-dihaloalkanes, e.g., B8, CH,Cl, and w P ! 1t y ! W-lying excl

n-C,4Hgl,, also photodissociate to yield dihalogen moleculeselec'[ronIC St"’_‘teg)’_ Wh'Ch _d|ssouate to produce C;I—and_l
fragments with | in either its grountP,, state or its spin-

as photofragments. ? o5 . .
orbit excited“P,,, state. However, upon high energy excita-

This paper is the first of a series in which the time- ChL has b c q lecular d h
resolved dynamics of photoinduced molecular detachmerfio™: Hl, has been known to undergo molecular detach-

processes will be examined. The reaction of interest to thignent to yield } in highly excited electronic states, i.e.,

study is the molecular detachment of om RCHXy, CH,l,—CH,+1,. Following the first observation of this
pathway by Style and co-workets, Black¥ and Okabe

RCHX;+hv—RCH+X; et al.” conducted thorough spectroscopic investigations of
(where X=Cl, Br or ). Possible mechanisms for this reac- the photodissociation process. Black showed that ftg2
tion are shown schematically in Fig. 1. If@ the two M fluorescepcg intensity r.eachesllts maximum value within
carbon—halogen bonds break sequentially apdoxms later 10 ns of excitation, which is considerably less than &)
by a collisional process. This is a stepwise mechanism; thEhe mean collision time under their experimental conditidns.
molecular halogen is a secondary product. The pathway Nis suggests thap formation is a primary event. Although
shown in Fig. 1b) is concerted, i.e., it proceeds in a single the quantum yield measurements foi8#2 nm fluorescence
kinetic step. Breaking of the two carbon—halogen bonds igletermined by Black ¢;=0.002, excitation at 121.6 nfh
initiated at the same time and proceeds at the same rate. Afiffer from those of Okabeet al. (¢¢=0.006, excitation at
interhalogen bond forms before the carbon—halogen bondk23.6 nm,” they both indicate that the molecular detachment
are completely broken. In the asynchronous concerte@rocess represents only a minor relaxation pathway for the
mechanisni{c) the reaction also proceeds in a single kineticphotoexcitation. From analysis of the dispersed fluorescence
step. In this case, however, the rate at which the two carbonspectra, Okabet al. also found moderately high vibrational

excitation ¢’ up to 35 in the nascent,lfragment.
dCurrent address: George R. Harrison Spectroscopy Laboratory, Massachu- The short time dynamics of Gt} has been studied re-

setts Institute of Technology, Cambridge, MA 02139. cently by many groups using both femtosecond time-
B Author to whom correspondence should be addressed. resolved techniqué$?® and resonance Raman spectroscopic

The spectroscopy and photodissociation dynamics of
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(a) Stepwise (non-concerted) CH,Br, and CHCI, will be presented in Sec. Ill. In Sec. IV,
detailed analysis of the fluorescence spectra, the transition
hiv J J ‘ state dynamics and the photofragment dynamics will be pre-
t — +M —- sented. The experimental data form the basis for a discussion
; ) ’ of the molecular detachment mechanism of this reaction.

=1 t=1- 5% 1= [0 ns
Il. EXPERIMENT

(b) Synchrosons enceried The laser system used for these experiments is a home

fam ‘ built colliding pulse mode-locked dye las€ZPM), pumped
— C — by an Ar* laser. The output from the CPM is centered at 624
‘ U nm and is amplified using a four-stage dye amplifier pumped

by a 30 Hz Nd-YAG laser. A double-pass prism pair recom-

(=0 t=10-50f o
presses the pulses after amplification to produce 50 fs pulses

(¢) Asynchronous concerted with an average energy of 0.5 mJ per pulse. The pulses were
: characterized using a frequency-resolved optical gating
Ay 9 (FROG method.
—- — ~ = .
‘ ump and probe pulses were prepared using a Mach-
\"'f"" Zehnder interferometer. A 0.1 mm KDP second harmonic
- t=0-301% = 50 generation(SHG) crystal in the fixed arm was used to pro-

duce the 312 nm pump pulses. The two beams were col-
FIG. 1. Schematic of possible mechanisms for the photoinduced moleculdinearly recombined using a dichroic beam splitter and fo-
detachment of Xfrom gem—dihaloalkanes. The time scales given for thesec;sed into the sample cell. Laser induced fluorescénié®

mechanisms are based on our time-resolved measurements. Three proce: . .
are depicted(a) Stepwise(nonconcertedmechanism; one halogen—carbon We?s detected perpendICUIar to the laser path using a 0.27m

bond breaks some time before the other. Halogen products are formed latdflonochromator and a photomultiplier tu@MT). The sig-
by collisional associatiorM represents a third body in the collision process, nal was collected by a boxcar integrator and stored in a com-

which is required for formation of a diatomic. No coherence is expectedputer for analysis. Spectra were Wavelength calibrated using
from this pathway(b) In the synchronous concerted mechanism, breaking

of the two carbon—halogen bonds is initiated at the same time and procee&gercury lamp _emISSIOH.

at the same rate. An interhalogen bond forms before the carbon—halogen All experiments were performed on neat vapor
bonds are completely broken. This pathway has a symmetric transition staie~0.1—10 Torj of the relevant alkyl halide in a static quartz
and preserves th€,, symmetry of the parent. This mechanism would be ell (ice baths were used when necesSaTyle purity of the
expected to produce molecular halogen products with a small rotationa? .

angular momentum and a significant degree of vibrational excitatinn samples was checked by nuclear magnetic resodma)
the asynchronous concerted mechanism the reaction proceeds in a sin@éd gas chromatograpi%C). Dehydrated sodium thiosul-

kinetic step, as described above. In this case, however, the rate at which tfgte was used as a scavenger to prevent the accumulation of
two carbon—halogen bonds break is different. Again, the interhalogen bo”?nolecular halogens The 312 n@ump pulse initiates the

forms before the halogens are completely dissociated from the carbene. This . . L .
o el eaction by multiphoton excitation of the sample vapor; dis-

mechanism produces halogen molecules with a large rotational angular md$ v ]
mentum. sociation products are detected by fluorescence. To obtain
time-resolved data, the probe pulse at 624 nm was used to

18 ) deplete the population of halogen molecules in the fluores-
m.easuremenfs's.. qugver, all thgse studies are conce'rnedCent state. Sweeping the time delay between the pump and
with the photodissociation dynamics for breaking of a single, oo pyises thus yields a transient that reflects the temporal
C-l bo_nd. It was found ch%t the dissociation process t_‘"‘keévolution of the reaction. At each pump—probe time delay,
place in less tha}n_l_z_oll% and that the I-C-I symmetric e signal is collected for 10 laser shots; pulses with energy
stretching mode is initially activated, which leads to breaking,,ore than one standard deviation from the mean are dis-
of one of the two C-I bonds by coupling to the I-C-I anti- ;5 4eq. Typical transients contain data from 200 different

; ; -18
symmetric stretching mode: _ _ time delays and are averages of 100 scans.
A series of efforts has been made in our group to inves-

tigate the molecular photodetachment dynamics of,IgH
and its derivative$?>=28 The existence of coherent vibra-
tional motion in the J photofragment has been observed.  The dispersed fluorescence spectra resulting from multi-
This is an indication that the molecular photodetachmenphoton excitation of CH,, CH,Br, and CHCI, at 312 nm
process is concerted, i.e., the breaking of the two C-l bondare presented in Fig. 2. The fluorescence intensity has not
and the formation of the I-I bond occur in a single kinetic been corrected for detection efficiency of the spectrometer.
step. Most of the spectral features can be assigned to fluorescence
This study and paperdirepresent a continuation of our from nascent halogen molecules resulting from photodisso-
effort to elucidate detailed photodissociation dynamics ofciation of the parent. One of the most striking observations is
gem-dihaloalkanes using femtosecond pump—probe teclihat in all cases the principal fluorescent product is a halogen
nigues. The experimental setup will be described in Sec. Il omolecule in theD' state, which is an ion-pair state, i.e., it
this paper. Dispersed fluorescence spectra and time-resolvedrrelates toX ™ + X ~.29734In the case of CH,, this is con-
transients following multiphoton excitation of GH, sistent with frequency-resolved studies of photodissociation

lll. RESULTS
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FIG. 2. Fluorescence spectra resulting from the multiphoton dissociation of Wavelength (nm)

gem—dihaloalkanes. All spectra were obtained by gas-phase excitation at

312 nm in a static cell(@ From CHyl,. The dominant fluorescence is FIG. 3. Dispersed fluorescence spectra fromhiestate of }. (a) Fit to the
between 300 and 350 nm and can be assigned tg hé-+ A’ transition. A 1, D’ —A’ spectrum produced from the dissociation of HThe top panel
small amount of laser scatter is detected at 312(shadefl The region  shows the fit using onlYp’ — A’ fluorescence; in the lower panel, fluores-
marked(i) indicates fluorescence produced by other ion-pair states tfis ~ cence due to thé— B transition was also taken into accousee text (b)
region will be investigated in detail in pap@r). (b) From CHBr,, showing Fit to a collisionally relaxedBoltzmann distribution of vibrational levels of
the D'—A’ fluorescence of Br (c) From CHCl,; again, a characteristic theD' state. The data were obtained from a cell containjneapor and Ar
D’'—A’ fluorescence is observed, this time due tg. Gh this case the gas at 100 Torr.

signal is weak. The increased signal from 280 toward 310 nm is due to laser

scatter.

at high energie$-" The |, D' — A’ fluorescence is well char- expect to see fluorescence in the 300-350 nm region of the
acterized and is commonly observed wheislexcited in the  spectrum, assignable to thie—B transition. Figure @)
presence of buffer gasé:*! Under these circumstances the shows the fit to the spectrum of thefluorescence produced
D' state is populated by collisional relaxation from otherin this region by photodissociation of GH. The fit shown
ion-pair states; this process is very efficient. However, thén the top panel in Fig. @ was obtained by assuming that
pressure in the reaction cell 181 Torr, which precludes the all the fluorescence in this region was produced by the |
possibility of forming L(D') by collisional relaxation, since (D’'—A’) transition; the second panel shows the same data
the time between collisions at this pressuzel30 ns, is fit with ~30% (optimized for fih of f—B fluorescence. Al-
much longer than the fluorescence lifetime of other ion-paithough there are still deviations from the fit, the second panel
states(~10 n9.% In addition, a collisional formation process shows a better correspondence to the data than in the first
would produce a rise time on the order of 100 ns. The obpanel, particularly in the region between 322 and 337 nm.
served signal had a very rapid rise time and was collecte®Remaining differences may be due to errors in the assumed
with a boxcar integrator having a 50 ns gate. Thestate of  vibrational distribution in thé state; we will investigate this
halogens is optically inaccessible from the ground state; obfurther. The fits were both obtained by using a least-squares
servation of this transition therefore indicates that g#ub-  routine and by assuming a Gaussian distribution of vibra-
rescence is originating from a nascent dissociation producttional levels in theD ' state; the observed fits correspond to a
It can be seen from the GH spectrum that there are central vibrational level ,5,=9.
also fluorescence bands between 250 and 290 nm; the TheD’—A’ fluorescence that would be observed from
f(3H3g)—>A(3H1u) (Ref. 39, F(*Xg,) = X(*2g,) (Ref. 36,  collisionally relaxed J(D') molecules was also simulated;
f’(liog)—>B(3H5u) (Ref. 37, g(Og’)—>3H(OJ) (Ref. 39 Fig. 3(b) shows a comparison of the simulation with the
andG(1g)—A(3Il,,) (Ref. 36 transitions of } fluoresce in  dispersed fluorescence obtained from a sample af .00
this region. The integrated intensity of the fluorescence in th&orr of Ar at ambient temperature. This is expected to pro-
250-290 nm region relative to the 290—350 nm region isduce a Boltzmann population of vibrational states in Eife
approximately 10%. A detailed analysis of the signalelectronic state of,l Figure 3b) shows that the match be-
observed in this region is presented in papér II. tween the simulated spectrum and the experimental data is
If the f(3l'[39) state of ) were populated, we would also quite good. It is clear from Figs(8 and 3b) that the (D")
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FIG. 5. Excitation schemes fop bnd CHl, showing how observed time-
FIG. 4. Time-resolved data of (refer also to Fig. b (a) From iodine vapor ~ dependent fluorescence is generate®. refers to the ionization potential of
(neaj, showing no signal at negative times and vibrational coherence charthe molecule.(a) From |, vapor(neaj. The 624 nm(pump pulse excites,l
acteristic of }(B) at positive times. A 624 nrfpump pulse excites,lto the to the B state. Subsequently, a 312 nm pulse promotes the exgiteabl
B state; subsequent absorption of a 312 nm pulse causes transitionHo theecules to theE andf states; fluorescence from tlie-B transition is de-
andf states; signal i$—B fluorescence at 340 nntb) From the dissocia- tected at 340 nm. The vibrational oscillations observed in Fig) dre
tion of CH,l,. Multiphoton absorption of 312 nm photons causes photoin- produced by Franck—Condon transitions from the wave packet oscillating
duced molecular detachment gfih the D’ state. At positive times, fluo-  on theB state potential energy surfad®) From CHl, vapor. Initially, the
rescence at 340 nm from tH&’' — A’ transition is depleted by the 624 nm molecule undergoes multiphoton absorption of the 312 (pomp pulse.
(probe pulse. Observation of vibrational modulation in the depletion signal This causes it to dissociate, producingntheD’ state. Absorption of a 624
indicates that a coherent wave packet is generated ibth&tate of ), see nm (probe pulse by the iodine depletes the population of fé state.
Fig. 5(b). Note that for the J transient, positive time corresponds to the 624 Depletion efficiency tracks the progress of the reaction and is monitored by
nm pulse arriving at the cell first; for the GH sample, positive time is  detecting theD’— A’ fluorescence at 340 nm. Note that the probe transition
when the 312 nm pulse arrives first. may not be as represented; there are a number of optically accessible disso-
ciative |, states 2 eV below thB’ state.

population resulting from the photodissociation of {tan  sively studied and produces vibrational oscillations charac-
not be represented by a Boltzmann distribution. teristic of theB state of §.%8

To further confirm that the observed fluorescence signal By contrast, examine the transient produced from the
does not originate from background in the cell, time- CH,l, cell, shown in Fig. 4b). The pump pulse at 312 nm
resolved data of the fluorescence signal at 340 nm were cotauses the parent molecule to dissociate, produgiiry the
lected for two cells, each containing @klor I,. Figure 4a) D’ state, which is fluorescent. At positive timé312 nm
shows the results from the tell. When } absorbs a photon pulse arriving first, the 624 nm(probe pulse depletes the
of energy 2 eMprovided by the 624 nm pulget is excited  population of theD’ state, causing a drop in signal intensity,
to the B state as shown in Fig.(8. Absorption of an addi- see Figs. &) and %b). Unlike the case of the iodine sample,
tional 4 eV from the 312 nm pulse causes excitation to théhowever, the signal does not become zero when the 312 nm
ion-pair state€€ andf, which are fluorescent. The transient pulse arrives first; it is simply at a lower level. At negative
obtained by detecting the 340 nm fluorescence from théimes, the probe pulse is unable to deplete EHestate, so
f— B transition is shown in Fig. @). Because ground-state the signal is at a higher level than at positive times. Several
I, does not absorb at 4 eV, no fluorescence signal is observeather differences are also apparent; the signal from thd £LH
from the iodine cell when the 312 nm pulse arrives firstsample shows no modulation for negative time delays, but
(negative timg As the pulses become overlapped in timeperiodic modulations in the depleted fluorescence can be
(time zerg, the ion-pair states are populated and the fluoresseen at positive time. It is clear from the comparisons above
cent signal begins to appear. At positive tini@24 nm pulse that the } fluorescence signal being produced from the,lGH
arriving first, modulation in the fluorescence intensity cansample is a result of photoinduced molecular detachment of
be seen as the pump—probe time delay is scanned. This islamolecules and not background iodine in the cell.
Franck—Condon effect caused by oscillation of the wave  Since the threshold for production of from the photo-
packet prepared by the 624 nm pulse on the potential energissociation of CHl, is 9.4 eV®and the energy of a 312 nm
surface of theB state. This phenomenon has been extenphoton is 4 eV, multiphoton absorption is required to pro-
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FIG. 6. Power dependence data for the photodetachmery(Bf ) from

CH,l,. Data are plotted as fluorescence intensity at 340 versus intensity of
the 312 nm laser pulse. The least-squares fit displayed was obtained with a
dependence of the fluorescence intensity on 312 nm laser power of 3.4.
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duce the observed fluorescence signal. Reliable power de- Time Delay (f5)

pendence measurements for high order nonlinear processe. 7. Time-resolved data from the multiphoton dissociation of alkyl ha-
of this type are inherently difficult because of the necessityides at 312 followed by probing at 624 nm and detection of Be-A’
for a wide dynamic detection range and because these typ&ansition.(@ From the dissociation of Cjth, by detection of J(D’) at 340
. nm. The inset shows the positive time data multiplied by a factor of ten,

of processes can eaS|Iy become saturated. We have takgﬂang with a least-squares fit obtained using a bimodal Gaussian distribution
care in measuring the power dependence to ensure that tBevibrational levels(see text The observed fit was obtained using two
laser pulse does not saturate either the molecular transition ordes, the first centered at=19 and having a FWHM of 7. The second
the instrumental response even when it is at its most intensgontribution is from a mode with an oscillation frequency of 104 ¢m
Power dependence data were collected by deliberately dé@vmg aFWHM approximately equivalent to one vibrational level indte

i i X 4 State. (b) Time-resolved data of the molecular detachment of Bom
feating the synchronization between the oscillator and amplicp,gr, show depletion at positive times, and a strong time zero feature. The
fier of the femtosecond laser; this produces a train of pulsegansient was obtained by detecting the Br —A’ fluorescence at 287 nm.
with a wide range of random intensities. Several hundredc) The transient of ChCl, was obtained by detection at 254 nm. This
points were then recorded by simultaneously detecting th act|qn yielded much lower signals, t_h'erefpre th_e noise level is higher, but

. ) epletion by the 624 nm pulse at positive times is clear.

fluorescence signal from the product cell using the PMT an
the laser intensity using a fast photodiode, taking care not to
saturate either detector. Figure 6 shows the data plotted as Figure 7 also clearly shows vibrational coherence in the
fluorescence intensity at 340 nm versus intensity of the 312, fragment after photodissociation of Gkl This is an in-
nm laser pulse. A least-squares fit of the data shows a neartlication that the process responsible for formation of the
cubic power dependence, indicating that the pump excitatiohalogen molecules is concerted, since in-phase vibrations
is a three-photon process. could not result unless the molecules are formed within a

Figure 7 shows time-resolved data obtained from the disshort time of each other and on the same region of the prod-
sociation of CHI,, CH,Br, and CHCl,. Each transient was uct potential energy surfacPES. The fundamental fre-
obtained by multiphoton excitation at 312 nm, followed by quency of By in the D’ state is 150.86 citt,*? which cor-
depletion probing at 624 nm from tli®' state of the relevant responds to a vibrational period of 221 fs. While vibrational
diatomic halogen product. The polarization vectors of pumpcoherence in the Brfragment has not to date been resolved,
and probe pulses were aligned parallel to each other. Fludurther efforts to do so are underway. The fundamental fre-
rescence was detected at the wavelength corresponding to thaency of C} in the D' state is 252.43 cit,3* which cor-
maximum intensity of the appropriate’ —A’ transition. responds to a vibrational period of 132 fs. Since observation
Figure 7 shows that in each case, the fluorescence is depletetl vibrational modulation depends upon the convolution of
at positive timegprobe pulse following pump, to the right of the molecular dynamics with the pulses, a 60 fs pulsewidth
time zerg. The intense features at time zefpump and does not allow us to observe vibrational coherence in the ClI
probe pulses overlapped in tignare due to a cooperative fragment. The low signal to noise ratio in both the spectral
multiphoton effect which enhances the fluorescence signaind dynamic data from the GBI, sample is due to rather
In this region, the molecules absorb 312 and 624 nm photonseak fluorescence from the nascenj £agment.
simultaneously. This leads to an enhancement in the fluores- Figure 8 shows transients obtained from the,GHell
cence signal if it opens up another reaction pathway for thevhen pump and probe lasers were polarized parallel and per-
production of %(D"). pendicular to each other. There is not sufficient anisotropy in
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volvement of Rydberg state excitation in thephotodetach-
ment process. Since molecular Rydberg states have very long
lifetimes, particularly at high excitation energig¢gom ~100

fs for low N to ~us for high N), the time-resolved data
presented in this work also indicate that Rydberg states are
not involved in the molecular detachment process.

In our experiments we observed no evidence of molecu-
lar iodine products in any of the lower valence states. How-
ever, b has a dissociation energy of 1.54 in its ground state,
0.54 in itsB state and~0.3 eV in itsA andA’ states’ so
molecular product in any of these states would dissociate
rapidly under the experimental conditions because the avail-
able energy is very high. An ion-pair state, which correlates

to X*+X~, would be a good candidate for a dissociation
product because these states are strongly bound and have
long range attractive forces. For halogens there are 18 of
these, corresponding to tR®, D and!S terms of the X
ion.
First tier ion-pair states have equilibrium energies within
Time Delay (fs) 0.16 eV of each othéf The two other ion-pair families are
found approximately 0.9 and 1.5 eV highérThree-photon
FIG. 8. Time-resolved data of the GH dissociation obtained with parallel ~excitation at 312 nm is equivalent to 12 eV, which translates
and perpendicular configurations. Parallel and perpendi_cular refer to thﬁ]to an excess energy of3 eV above the observed barrier to
polarization vectors of the pump and probe pulses relative to each other. . .
Note the difference in intensity of the time zero feature between the paralIe_'lrnOIeCl_‘Ilar photo_de_tachment _at 9.4 eV. This brings all the
and perpendicular polarization configurations. The anisotropy data are aniOn-pair states within energetic reach. The observed data for
biguous; no reliable conclusions about the rotational population of the prodCH2|2 photodissociation indicate that onIy a small percent-
ucts can be drawn from analysis of these data. age (10%, not corrected for fluorescence yield or detection
efficiency of fluorescence occurs at wavelengths between

the data to obtain reliable information about the rotationa?0 @nd 290 nm. These wavelengths correspond to the sec-

. : . . o
dephasing time of the molecules. The fact that time zer@nd tier of ion-pair states, which correlate with &Po)

1 36 P ’
enhancement is greater when the 624 nm pulse is polarize X("S)-™ The observed predominance of th’ state

parallel to the 312 nm pulse further confirms that this featurstrongly suggests that electronic excitation directly correlates
is due to a cooperative process. to this state. However, it is also possible that high-energy

excitation of the parent molecule yields a halogen molecule

= Parallel

——  Perpendicular

Fluorescence Intensity (Arbitrary Units)

oo by b b

-1000 0 1000 2000 3000

IV. DISCUSSION in another ion-pair state while it |s_st|ll close to the carpene
fragment, and that under these circumstances relaxation to
A. Spectroscopy the D’ state occurs. For example, the dissociation process

The excited state of Cj#, which is being accessed by itself may act as a half-collision. It is known that single
the excitation is unknown. The first excited state has an abeollisions of most } ion-pair states with buffer gases are
sorption near 32 000 cr, which corresponds to a single highly efficient in causing nonradiative transitions to hé
photon at 312 nm. This state h&s symmetry'®>~2for a state*® it is possible that the half-collision represented by the

three-photon process, resonant enhancement via this sti§sociation may be efficient enough to produce a similar
would also reach 8 dissociative state. However, a state of €ffect. o o

this symmetry has a node between the iodine atoms, which  The fits to the 3 spectrum shown in Fig. (8 indicate
precludes the formation of an interhalogen bond. Two-hat the population of th®" state is non-Boltzmann, i.e.,
photon resonant enhancement at 312 nm allows access to tA@nstatistical. This would be expected in a molecule which
B, andA, excited states; there are no symmetry restrictiond'@d been excited using a femtosecond pulse, which produces

on forming a bond between the iodine atoms via transitiong Wave packet on the excited potential energy surface. The
having either symmetry. fact that the coherence in the parent molecule is preserved in

In an effort to elucidate the nature of the parent electhe dissociation fragment, however, indicates that the reac-
tronic state that correlates to dihalogen products, OkablOn iS completed very rapidly, before thermalization can oc-
et al. compared the absorption spectrum of LHin the — Cur- ThIS is consistent W|t_h the observed reaction time and
vacuum ultraviolet region with the fluorescence excitationthe vibrational coherence in the product channel.
spectrum in the same regiaqB42 nm detection’ The ab-
sorption and fluorescence excitation spectra both showe
broad continua, which were ascribed to Co ¢* transi-
tions. Although features assignable to Rydberg transitions Figures 7 and 8 both show that there is a large enhance-
appeared in the absorption spectrum, their absence from theent at time zero in the 340 nm fluorescence signal from the
fluorescence excitation spectrum seems to exclude the iphotoinduced detachment of halogen molecules from gem—

g. Transition state dynamics
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probe FIG. 9. Possible excitation schemes to produce time
—_ zero fluorescence enhancement. The threshold indicated
is the observed excitation threshold for production of
12 = CH, and L(D'). The upper line on the figure corre-
3 x pump 4 1 (i ¢ T —— sponds to 12 eV, the excitation energy corresponding to
L I probe | a three-photon pump transitiota) One-photon excita-
F 727724 /227222278 S22/, 722 %"lecl':h;; tion with the 312 nm(pump pulse requires three pho-
L e (i) e = o resho tons of 624 nm(probe light to reach the threshold for
: T A production of KD’). An additional photon of the
probe probe produces an excitation of 12 eV. Single-photon
6 - it Yl absorption at 312 nm is equivalent to an excitation of 4
_ eV, which is sufficient to reach thA(*B;) state of
4 () ==t S ahy Gl CH,l, [marked(i) in the figurd. (b) An initial absorp-
T tion of two pump photons corresponds to an excitation
of 8 eV, requiring one photon of 624 nm light to reach
the threshold and two to be equivalent to an excitation
0 of 12 eV. The pump-excited state, marké, is un-
known. (c) A three-photon pump corresponds to an ini-
(@) (b) (c) tial excitation of 12 eV. This is the pathway of the most
interest to us because the dynamics observed between
the pump and probe pulses corresponds to the transition
state of the photoinduced molecular detachment reac-
tion. The statdiii) is the dissociative state under inves-
tigation.

10

Potential Energy (eV)
=]

zr- pump pump pump

dihaloalkanes. This is of interest both because it can be usesbrption of one 312 nm photon, it requires three photons of
to yield information about the electronic structure of the par-624 nm light to reach 10 eV, above the observed threshold
ent molecule and because it affords a measure of the lifetimfr production of } in the D’ state’ four (plus the initial one
of the transition state for the reaction. Analysis of this canphoton at 312 niprovides the same energy as three photons
help to elucidate the nature of the reaction mechanism. Wef 312 nm light. This is shown as scher®. In either case,
need to consider possible causes of the observed enhandbe state being probed is 4 eV above the ground state; ob-
ment. served molecular dynamics would give the statistical lifetime
Figure 9 shows a schematic of the possible excitatiorof this state. On the other hand, Figbpshows the situation
schemes that can lead to enhancement of the fluoresceniféghe pump-excited state is reached by two pump photons.
signal at time zero. The decay time of the time zero fluoresThere are again two possibilities; a one-photon probe transi-
cent enhancement is directly related to the lifetime of thetion will exceed the threshold for production of (D'); a
initial excited state of the parent molecule accessed by theawvo-photon probe transition accesses the same state that is
pump transitionwhich we will call the pump-excited stgte  reached by three photons at 312 nm. If this were the excita-
The molecular dynamics is manifested as an asymmetry ition scheme, the lifetime of the state 8 eV above the ground
the time zero peak; the decay tinfen the positive side of state would be reflected in the molecular dynamics. The third
time zerg is slower than the rise time. This allows us to scheme is shown in Fig.(®. In this case, three photons of
determine an upper limit for the lifetime of the pump-excitedultraviolet (UV) are absorbed, thus reaching the state of
state. It should be noted that the pump—probe data at tim€H,l, that we wish to examine. The lifetime of this state is
zero measure the statistical lifetime of the pump-excitecprobed by excitation by the 624 nm pulse to a higher energy
state, not the time taken to reach a particular region of thatate.
potential energy surface. These data thus contain no direct We have observed a significant enhancement to the fluo-
information about the exit channel dynamics, but can be usetescence at time zero even for quite low intensities of 624
to measure an upper limit for the dissociation time of thenm pulses. This implies that the scheme shown in Fig).i8
molecules. probably not a likely alternative, since it requires at least
The transition state of the photoinduced molecular dethree 2 eV photons to be absorbed as the probe. Sck@me
tachment reaction under investigation is the state of the pawould allow the lifetime of the transition state to be deter-
ent molecule accessed by a three-photon pump transition; anined; scheméb) would yield molecular dynamic informa-
excitation scheme for this process is shown in Figr).9 tion characteristic of the lifetime of another electronic state
However, other excitation processes are also possible at tinthan the one of interest. We cannot determine at this time
zero. In order to have the observed effect, the process ravhich is more likely. However, it should be noted that be-
sponsible for the fluorescence enhancement must be of theause we are measuring an upper limit for the dissociation
general type shown, i.e., one or more 312 (pump pho- time, the process that produces the depletion signal cannot be
tons causes a transition to an excited electronic state. Subsagewer than the dissociation time measured using the transi-
quent absorption of 624 nfprobe photons produces G,  tion state dynamics.
in a sufficiently high energy state to produce £+X, (D). In order to analyze the transition state dynamics of the
There are a number of possibilities for this excitationreaction, a kinetic model was constructed for the behavior of
scheme; the most plausible are shown in Fig. 9 for the exthe fluorescence signal as a function of delay time between
ample of CHI,. If the initial excitation is provided by ab- the pump and probe pulses. Figure 10 illustrates the model.
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Total signal FIG. 11. Time-resolved data of the molecular photodetachmeny fobin
CH,l, andn-C,Hgl,. The data are plotted as points; the fit is shown as a line
in each case. The difference in dissociation time between the two molecules
t can be accounted for completely by the difference in mass of the alkyl
0 fragment. The relatively poor fit to the,Bgl, dynamics at positive times is

due to the presence of a vibrational oscillation at early times.
FIG. 10. Kinetic model for the dissociation of GH The model assumes
that the signal is comprised of two contributiorig Depletion signal. This
is produced by the molecular detachment process. Excitation gf,@¥th
three photons of 312 nm light produces an excited molecule, which disso- . ) L
ciates into CHand L(D’). Depletion of theD" fluorescence with a 624 nm  the temporal width of the pulses, this function is convoluted

pulse probes the dynamics of formation ofD’). (b) Time zero signal. ~ with a Gaussian; the resulting curve is shown in Figal0
When the pump and probe pulses coincide, it is possible foi {6l absorb To model the intense time zero feature, a similar ap-

probe photons prior to dissociation, which produces a highly excited parent roach was used. In this case. there is no sianal at negative
molecule. This increases the amountf— A’ fluorescence observed be- P ’ ’ g g

cause it opens another pathway for production,6BI). In this case, the times. At time zero a cooperativeultiphoton effect occurs
statistical lifetimer of the pump-excited state determines for how long after and signal levels reach their maximum value. As the time
the ir_]itial excitation the molecule can z_ibsorb the probe_. The overall signa! i§e|ay between pump and probe pulses increases, the mol-
ZVé‘;’gg?:nst%”;;’;LT;Zetmopi?:;Cﬁg&?ns’ each of which is convoluted withy, ., . begin to dissociate and the multiphoton signal en-
hancement is no longer possible. Thus the time zero feature
can be represented as a half exponential function as shown in
The observed transient can be modeled as the sum of twieig. 10b). Again, this is convoluted with a Gaussian to ac-
contributions. The molecular detachment sigt@lwill ex-  count for the temporal pulsewidth. The overall signal should
hibit a step at time zero due to depletion by the 624 nnthen behave as a sum of contributions from the depletion and
pulse. The time zero fluorescent enhancenlentan be rep- time zero features as shown in Fig.(&0 For simplicity,
resented as a Gaussian-type peak decaying exponentially \&riations in the signal caused by rotational and vibrational
positive time. motion of the nascent products were not included. The model
Figure 1Qa) illustrates the depletion signal. Three pho- does not take into account the possibility of contributions
tons of 312 nm light are absorbed by @hi the molecule from other states, but should provide a reliable upper limit on
dissociates to producg in theD' electronic state. Detection the dissociation time for a given pulsewidth. The details of
of fluorescence from thB’ — A’ transition at 340 nm allows the mathematical formulation used are included in the Ap-
reaction dynamics to be probed by monitoring the amount opendix.
D’ state population depleted by absorption of a second fem- Transients obtained near time zero from methylene diio-
tosecond pulse at 624 nm. When the probe pulse arrivedide and butylene diiodide are shown in Fig. 11. Both were
before the 312 nm pulsgegative timg, it does not affect taken with the polarization vectors of pump and probe lasers
the intensity of the fluorescence. Since it is the nascent prodaligned parallel to each other. The data were fit using a non-
uct that is being probed, depletion starts to become possiblaear least-squares procedure and the model described
once the pulses are overlapped in time; at this point, th@bove. The dissociation time of;8,CHI, was found to be
signal level begins to drop. The amount of depletion possibler <87+5fs, indicating that molecular detachment is
increases steadily as the molecules dissociate; this continupsompt. Fitting of the CH, time zero transient using the
until no more §(D’) can be formed. The molecular signal same method produced a dissociation timef 47+ 3 fs. If
response as a function of pump—probe time delay would thewe assume that the difference in dissociation time of the two
be a step function with an exponential decay. To account fomolecules is caused only by the difference in reduced mass
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TABLE I. Vibrational frequencies of CH, normal modes in the ground state. Presented are the calclimted
phase and experimentally measured solution and liquid phase values. The vibrational frequencies were ob-
tained at the Hartree—FodiHF) level by optimizing the geometry of the molecule and then conducting a
frequency analysis usingaussian 94 (Ref. 42. The LANL2DZ effective core potential basis set was used for

the iodine atoms and the 6-31®asis set for the hydrogen and carbon atoms. The calculated frequencies of the
normal modes were scaled by 0.8929 and the zero-point energy by QR&85 43 and 44°

Experimental

Calculated  Liquid CH,l,  Liquid CH,l, Cyclohexane

Peak Type Gas phase (Raman® (Infrared® solution (Raman®

N I-C-1 bend 117 121 134

vy |-C-l symmetric stretch 454 486 486 493

vg  |-C-l asymmetric stretch 552 567 573 581

v;  CH,rock 716 714 717 714

vs  Torsion 1056 1028 1028

vg  Cl,rock 1148 1104 1106

123 H-C-H bend 1374 1350 1351 1369

v,  H-C—Hsymmetric stretch 2958 2968 2967 2968

vg H-C—Hasymmetric stretch 3043 3049 3049 3049

2|l values given in cmit,

bThis work; calculated usingaussian 94 as stated in text.
‘See Reference 45.

YReference 18.

u, we can use the following relationship to predict the ex-C. Vibrational analysis

pected difference in dissociation time: The transient shown in Fig. 7 was produced from the

TV, //VLBL”2 dissociation of CHI, when pump and probe lasers were po-
MMeIZI

(1) larized parallel to each other. The modulation in signal in-
tensity at positive times is indicative of vibrational coherence

This expression applies if the fragments have the sam® the L product, which requires that the molecular detach-

amount of kinetic energy in both cases, the right-hand sid&"€nt process be concerted. It was not possible to perform

yields a ratio of 0.538. The observed ratio obtained from th&-ourier transform analysis of the data because the vibrational

fit Tyer/ ey, =0.54. Thus the near factor of two difference M0dulation dephases quickly and does not seem to (seer

in dissi)ciatizon time can be completely accounted for by th Fig. 8. An alternative method had to be found, therefore.
pletely Y Nhe simplest method for analysis of a rapidly dephasing os-

mass difference, i.e., there appears to be no IVR occurring. . : . : : :
. . L ) , illatory signal of this type is a damped sinusoidal function
during dissociation even for a system like gem—diiodobutane

in which there is a moderately large density of states. of the form,
~ To estimate the amount of avaﬂable energy thatis parti- 5, ga-t/7 cofwt+ ), 3
tioned into center-of-mass translational motion of the frag-

each molecule. For the purposes of the model, we will asig the dephasing timey the vibrational frequency and the
sumer to be the time taken for the fragments to move aphase. The data shown in Fig. 7 were fit using this model and
distancel apart, at which point dissociation will be consid- were found to have an oscillation frequency of 92.27¢m

ered to be complete. The amplitude of the C—I stretciv1s  corresponding to a vibrational period of 362 fs. The dephas-
A (see Table ), so it is reasonable to assume that thejng time was~1 ps.

carbon—iodine bonds can be considered broken once the Time-resolved dynamics collected at 285 and 272 nm
fragments have moved more tha A farther apart than the haye also been shown to exhibit vibrational coher&nife
equilibrium distance. A simple impulsive model can then bethjs is indeed due to population in thetate(vide supra, the
employed to dete_rmlne the translational e.nﬁgyf the. frqg- f(3na'g)_>B(3H0u) fluorescence would be expected to con-
ments by assuming that they reach terminal velocity instanipyte to the coherences observed in the 340 nm region. The

TBul,

taneously, observed dephasing would then be due in part to this addi-
L)\2 tional contribution to the time-resolved signal. To test this
E=%M<;) , (2)  supposition, the vibrational dynamics shown in Figa)7

were fit using a bimodal-type model. The displayed fit was
where u is the reduced mass of the carbene gnohbdieties, obtained by assuming a bimodal Gaussian distribution of vi-
assuming they form a pseudodiatonfessentially the mass brational levels. One mode is centeredvat=19 in theD'’
of the alkyl fragment Using a length parameter df state with a full width at half maximurfFWHM) of 7. This
=2.0 A and a dissociation timeof 47 fs, the kinetic energy corresponds to a vibrational spacing of 96.6 ¢mwhich
of CH,l, upon dissociation is estimated to be 1.26 eV. reflects an oscillation period of 345 fs and is close to the
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FIG. 12. Time-resolved data obtained near time zero for the high-energy!G. 13. Normal mode analysis of the ground state of,lGHplotted as a
dissociation of CH, and CDBJ,. The dissociation time is identical for the function of I-I and CH-I distance. Only thd-C~I bending ;) and
two compounds, indicating that vibrational modes in the alkyl fragment arel—C—I symmetric stretch ¥s) contribute to the I-I vibration. The other
not involved in the dissociation mechanigsee text normal modes have limited or no motion between the iodine atoms.

result from the damped sinusoidal model discussed aboveus vibrational modes of the parent molecule to the molecu-
The second mode has an oscillation frequency of 104’cm lar detachment process, a frequency analysis of the ground-
and a FWHM equivalent to a singl®’ vibrational level. state equilibrium geometry of Gty was performed using
This mode appears to be contributing approximately 15% ofsAussIAN 942 (for technical details see Table | captjdfi**

the time-dependent signal at 340 nm, which is consistent Table | compares the normal mode frequencies of the
with the intensity of thef — B fluorescence expected in this calculated gas phase values to the experimental ftgaidd
region. solution phase value$.Despite the fact that the calculated

Least-squares fitting to the dispersed fluorescence speand experimental values are determined for different phases,
trum in the 290-350 nm region yielded a distribution cen-it can be seen that the calculated frequencies are close to the
tered atv’'=9 of the D’ state; see Figs. (8 and 3b). experimentally observed oneg®.1%-9% deviation The
Clearly, there is a discrepancy between this result and thirger errors occur for those modes involving mostly iodine
value obtained from fitting the dynamic data. The reason foatom motion. This observation is not unexpected becabse
this is not clear but may be due in part to the presence oihitio calculations on molecules containing many-electron at-
fluorescence at 340 nm originating from the>B transition.  oms like iodine are inherently less precise.

It is clear from comparison with the fit to the spectrum To calculate the extent of motion along the reaction co-
of I, in Ar (Fig. 3 that the vibrational population is not ordinate for each normal mode the displacements of each
thermal; both the spectrum and the vibrational oscillationsatom in each normal mode were added to the equilibrium
from the CHl, sample can be fit by a Gaussian distributiongeometry configuration and single point HF calculations
of populations in the vibrational levels of thi2’ state. were conducted on these modified geometries. The energy

Femtosecond studies of the reaction dynamics of Rydfrom each single point calculation was added to the scaled
berg states of methyl iodide showed a substantial differenceero-point energy and the resulting energy was divided by
in reaction time for the photodissociation of @Hand the scaled frequency for the normal mode. The result is the
CD;l.*! The explanation proposed for this observation wasnumber of quanta in that normal mode corresponding to the
that vibrational modes in the alkyl fragment are involved inatom positions calculated from the displacements. Then the
the predissociation process, thus making the isotope effectormal mode displacements were scaled to find the atom
for the dissociation substantial. Figure 12 shows the femtopositions that would correspond to one quantum of energy in
second transients near time zero for £LHand CD,; itis  each normal mode. Finally, these modified atom positions
apparent from the data that there is no detectable differender each normal mode were mapped to the motion of the
in dissociation time between the two molecules. This ismolecule along two coordinates: the distance between the
strong evidence that vibrational modes in the alkyl fragmentwo iodine atoms(l...I) and the distance between the £H
are not involved in the dissociation mechanism. fragment and the,lfragment (HC...l,) (measured from the

In order to investigate the possible contribution of vari- carbon atom to the midpoint of the iodine atoms
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Figure 13 shows the results of the normal mode analysisyhich the charges are mostly concentrated on the iodine at-
plotted as a function of I-I and CHI, distance. For each oms; there is little redistribution of charge on the carbon
mode the amplitude of the motion corresponds to one quaratom? This is consistent with a charge-transfer mechanism
tum of excitation in that mode. It is apparent that only theof the type proposed, even though the concerted elimination
I-C—I bendingv, and I-C—Isymmetric stretchv; contrib-  of interest in this work proceeds from a highly excited elec-
ute to the I-I interatomic distance. The other normal moderonic state.
has limited or no motion between the iodine atoms. The I—

C-1 bending contributes significantly to thez_(El_..Iz coordi- /v CONCLUSIONS

nate. Because, is the lowest energy mode, it is expected to

be significantly populated at room temperature; at 294 K Photoinduced molecular detachment processes have
approximately 10% of the molecules have four quanta in thi®een investigated by femtosecond pump—probe spectroscopy
mode. The effects of vibrational excitation in the parent onfor methylene iodide and some related haloalkanes. It was

the molecular detachment process are currently under invegound_ that .mu!tiphoton excitation of these molecul'es.at 312
tigation. nm gives rise in every case to halogen molecules in ion-pair

states, predominantly thé®' state. Femtosecond time-
resolved experiments performed on these dihaloalkanes
D. Mechanism show that the molecular detachment processes are extremely

Photodi o di £ alkvl iodid 304 fast (<50 fs). Due to the large enhancement in the 340 nm
otodissociation studies of alkyl iodides at MM €X+uorescence at time zero feature, it was not possible to un-

C|tat|qn er;\tilr;?y reveale(;j fthat tfgo/pz?mtlom?]gqu g\éa"ab%;nhmbiguously observe rotational anisotropy in the data.
ergy into Increased from o for methyl lodide to 0 Time-resolved data for the dissociation of methylene io-

in n-butyl |9d|de, an energy d|fferenge qf 1 év™ This dide revealed the presence of vibrational coherence in the
cont_rasts dlref:tly W'th. our results, which indicate no appar'halogen product. Analysis of the vibrational frequency of the
e.r.1t Increase in IVR in th? alkyl fragment_on going from signal confirmed the electronic state assignment ofDhe
diiodomethane to gem—dnpdobutgng. A dlrec;t recoil W'thstate. The fit to the phase of the oscillations indicates that the
C,, symmetry allows relatively efficient coupling between two iodine atoms are at a turning point of their vibration at

translational motion of thez-carbo_n and internal vibrational time zero. The observation of vibrational coherence indicates
modes of the_alkyl fragmeﬁf:ln this case, we V_VOUId eXPect that the photodissociation is concerted, i.e., procedsesr

tQ. see an increase in IVR on d|sspugtlon of gem—(c) in Fig. 1 are the most likely mechanisms for this reaction.

diiodobutane as compared to methylene iodide. Based on ﬂ}\ﬁechanism(a) can be ruled out as a source of the observed

dissociation time evidence, it therefore appears that the mq- dynamics because if this were the pathway it would not
lecular detachment of halogen molecules from dihaloalkane ave been possible to observe vibrational motion by the

procee_ds by a differgnt pqthyvay. A Ekel frontier mglegu— pump—probe method described.
lar orbital study of dissociation at lower energies indicated

that the “least-motion” path(in which C,, symmetry is re-

tained is a high-energy pathway and that when the carben&CKNOWLEDGMENTS
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charge separation in the halogen fragnférkhis is consis-

tent with the fact that only ion-pair states of halogen mol- PPENDIX

ecules have been observed on the photodetachment of halo-

gens from dihaloalkanes. In this case, an ylide-type In order to simulate the transition state dynamics of
intermediate would be stabilized by the charge distributiorthe molecular detachment reaction, the signal is treated as
of the carbene fragment. Iso-diiodomethang;-8-1-1 has a sum of two contributions so thatgd(t) =lgepletioft)
been observed in gas matrices at low enerffiés;calcula-  + lmezerdt), as shown in Fig. 10.

tions of this system, it was found that less than 2 eV of  To model the depletion dynamics, we will use a function
excitation energy is required to produce this species. This isf the form shown in Fig. 1@&). This can be represented
less energy than is needed to form £L#l.%3 However, the mathematically byz(t)[e Y"—1], where 5(t) is a step
bonding between the iodine atoms in this species is signififunction andr represents the decay time of the transition
cantly weaker than in,lor I,, which may explain why state, which we will assume decays as an exponential. This
CH,+2I is the more common reaction pathway. The iodinefunction will be convoluted with a Gaussian to simulate the
atoms in this molecule are described as a contact ion pair iaffects of the temporal width of the pulse,
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