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Femtosecond Chemically Activated Reactions: Concept of Nonstatistical Activation at High
Thermal Energies
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Femtosecond chemical activation of reactions at very high thermal energies, much above the bond energy, is
developed in this report. We address the concept of nonstatistical dynamics at such high energies. The
approach offers a new direction for probing the dynamics of reactions in their ground state with unique
activation, collision-free, and temporally and spatially defined.

Introduction higher than chemical binding energies and how can IVR be
. . . . probed directly? The statistical RRKM theory, which has been
Slngs the work in the 1920s by Lindemann and Hinshel- ,seq o interpret the rates of unimolecular reactions, is based
wood;“ the issues of how energy flows in molecules and the o, the assumption that all energetically accessible states of the
mfluepce on t.he outcome qf reactions have been cent(aI 10 reactant are equally probable, i.e., a much faster IVR rate than
chemical kinetics and dynamics. Ideally, with lasers, one wishes i, dissociation rat® At such high energies, both IVR and

to deposit a high energy in a complex molecule and observe gisqciation take place competitively, and the applicability of
the cleavage of a specific bond. However, in most cases, thisihe RRKM theory is questionablé.

ideal picture is not realized, and for energized polyatomic
molecules the energy, which was initially concentrated in a
specific vibrational motion, spreads out very rapidly into all

modes of the molecule. This energy randomization, the
phenomenon of intramolecular vibrational-energy redistribution
(IVR), makes none of the vibrational modes specific, and
therefore the reactions are said to be ergodic or statistical. In
principle, however, the outcome of the reaction could be
controlled if the breakage on a specific site or of a bond is
induced by ultrafast impulses before the energy randomization
is completeé The dynamics of IVR in reactions therefore play

With fs-resolved mass spectrometry, here we report on the
development of an approach for studying the selectivity and
nonstatistical behaviors of complex reactions, chemically acti-
vated at energies much above the bond energy. The concept
behind the approach is simple. A fs pulse is used to initiate
chemical activation by bond breakage after the energy is
temporally and spatially deposited in one moiety of the
molecule. The internally hot radicals in the ground electronic
state, formed in a very short time (fs), are then monitored with
a fs probe pulse in a mass spectrometer. This allows us to
a fundamental role in bond- or site-selective chemistry and in follow t_he reaction dynarr_ucs and I.VR on the grgund state of
the description of rates and mechanism the r{;\dlca_ls,.but at very high energies above their bor)d.t.anergy

: ) T for dissociation. Due to the ultrashort nature of the initial fs

In a series of classic papers, Rabinovitch and co-wofkers impulse, the internal energy of the nascent radical may at first

have addressed the relative importance of IVR in the chemical pg |ocalized in a restricted number of vibrational modes. With

activation, with the addition of hydrogen atoms, of hydrocarbon ime poth IVR and dissociation take place competitively and
molecules to form hot radicals. The effect of collisions on dynamics can be monitored in real time.

product yields was used to deduce the time scales of IVR-@®.1
ps). With IR laser multiphoton excitation, reaching energies
Egghig% a;?igﬁ?fﬁgoﬂ'oﬁeréoclgnc;{ lv:\)’;ﬁse tengn}gse; by examine the selective bond breakage via Norrish type-I reactions

. ’ Y, y see below). We also use isotopic labeling to test the extent of
spectroscopic methods have been advanced to address the natu

AL . : ¥R and the degree of spatial localization of energy. In
of !VR in different systems and at d!fferent energies (for structure, the analogy with the chemical activation approach of
reviews, see refs 6 and 7). Parmenter’s group introduced the

e h X RabinovitcH is evident, but with the fs initiation and resolution
use of the collisional clock to examine changes in the spectra,

. - - . we are able to localize the energy temporally (and spatially)
at the single vibronic I_evel, _and d_educed the time scales for and to probe the dynamics directly in real time, without using
IVR for the molecules in their excited statés.

. . ) collisional clocks.
With picosecond (ps) and femtosecond (fs) resolution, the

nature and rates of IVR have been directly studied for excited
molecules in molecular bearfisit was found that, depending
on the coupling between modes and their density of states, well- The systems studied here are the family of structures:
defined regions of IVR can be observed, characterizing what is acetone, CHCOCH;; diethyl ketone, CHCH,COCH,CH;z; and
known agestrictedanddissipative energy redistributiofl. The methyl ethyl ketone, CRCOCH,CHs (represented at the top
latter represents the onset of the statistical behavior. However,of Figure 1), and itso-D and 8-D isotopic analogues, GP
in these studies the energy range covered is small relative toCOCD,CHz; and CHCOCH,CDs. With the first fs pulse, this
chemical binding energies. A central question relevant here is class of molecules undergoes Norrish type-I reactions on the fs
the following: What is the nature of IVR at energies much time scale’? The two G-C bonds adjacent to the CO group
(see Figure 1) are broken instepwisemanner, with distinct
® Abstract published ilAdvance ACS Abstractdjay 15, 1996. time constants for the individual -©€C bond cleavage. For

Specifically, we consider systems of increasing carbon chain
length, to increase the number of vibrational modes, and

Systems Studied
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Figure 1. Reaction coordinates for the two channels indheleavage JL
of the class of molecules: ;RCO—R,, where R and R are either

methyl (CH or CDs) or ethyl (CHCH,, CH;CD,, CD;CH,) groups. 35 5 55 65 75 85
For the asymmetric molecule shown in the inset, methyl ethyl ketone,
the two channels are distinguishable. Similar coordinates can be drawn
for the symmetric molecules. The intermediate reactant well between Figure 2. TOF mass spectra of (a) GBH,COCH;, (b) CD;CH.-
primary and secondary-&C bond cleavages is about 80 kcal/mol above COCH;, and (c) CHCD,COCD;, taken att ~ 50 fs. Two different

the parent ground-state energy. The initial energy of 186 kcal/mol is intermediates, acetyl and propionyl radicals, are clearly present in the
indicated, and the shaded bar represents the estimated range of availablfEOF mass spectra.

energy for the secondary fragmentation. Transition states are labeled
as¥.

Mass (amu)

[ (a) Parent ' '
(a) Paren 0-D T =220£60fs

B-D T-t10td0fs A

H T=100+30fs

example, since the methyl ethyl ketone molecule has two
inequivalent G-C bonds, there are two reaction channels
which were both observed in our fs-resolved mass spectra (see
Figure 2):

CH,COCH,CH;* — CH,* + COCH,CH,™* (1) . . .

o.-D  T.=1500+300 fs

CH,COCH,CH;* — CH,CO™- + CH,CH,* (2
B-D T.=900£100fs |
In these primary reactions, or those of any of the parent
molecules considered, the nascent CQCH; (propionyl) and
CH3CO (acetyl) radicals are highly vibrationally excited, and
thus dissociate further to give final products:

H T>=900+100 fs

lon Signal (arb. units)

COCH,C H3T' — CO+ CH,CHj (3) | © F’r0piolnylecliiate 0D Tet1008200 15

CH,CO'™ — CO+ CH, (4) B-D T,=600£50 s

Because the primary €©C bond cleavage in egs 1 and 2 H Te=5504501s
occurs on the fs time scale (see Figure 3a, for example), the
radicals in eqs 3 and 4 atemporallyclocked on the fs time o
scale, and the nascent radicals have spesjifitialandenergetic apead

5
‘i an
characteristics? Time (ps)
Experimental and Results Figure 3. Femtosecond transients of (a) the parent, (b) the acetyl
) ) intermediate, and (c) the propionyl intermediate for the undeuterated
The experimental setup has been detailed elsewhelde (H), the - (a-D) and 8- (3-D) deuterated molecules (see Figures 1

molecular beam was formed by a nozzle expansion and wasand 2). The small long-lifetime component in some transients may have
skimmed in differentially pumped chambers. The fs laser pulses contributions from clusters as discussed in refs 12 and 17.

(A ~ 615 nm,At ~ 60 fs) were generated from a colliding pulse,

mode-locked (CPM) ring dye laser, pumped by art Aaser. The amplified pulses passed through four high-refractive-index
These pulses were amplified in a four-stage pulsed dye amplifier, prisms to be recompressed and divided into two parts. One
pumped by the second harmonic output of a Nd:YAG laser. part was frequency doubled and crossed the molecular beam
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(initiation pulse). The other part was passed through a retrore- 5 T 20
flector on the computer-controlled translation stage and com- | Statistical Acetyl

bined with the pump laser pulse to ionize the existing molecular ' RRKM oD

species at any selected delay time (probe). For tunirg ok /

use continuum generatidf. The ions were detected in the time- s+ Theory J25

of-flight (TOF) mass spectrometer according to their mass-to-
charge ratios. Transients were obtained by monitoring the
specific ion signal as a function of the delay time between the I
clocking and probe laser pulses. 3|
TOF mass spectra show the distribution of reactant, inter-
mediate, and product species existing at the chosen delay. These
are typified by the TOF mass spectra shown in Figure 2, s
recorded for excitation of methyl ethyl ketone and probing at 2
50 fs after the time zero. Transients were obtained for the parent
molecules and show single-exponential decay (time constant
7). The transients for the propionyl and acetyl radicals from
all parent molecules were fit by using a buildup-and-decay 1
function as the molecular response functid(t) = Alexp(—
t/ty) — exp(—t/t1)], giving time constants of buildupr{) and
decay ¢). The signals due to these intermediates grow with
time constants similar to those of their paremisy r, and decay — :
relatively slowly. Examples of transients and fits (for the methyl 0 20 4 0 & 00 120
ethyl ketone experiments) are shown in Figure 3. For the acetyl E (keal/mol)
radicals arising from acetone activation, = 500 + 100 fs; Figure 4. Theoretical RRKM rates and time constants as a function
for the propiony! radicals from diethyl ketons, = 750 100 of V|brat_|0nal energy for fragmentation of a_cetyl :_ind propionyl radlc_als
fs. For methy ethyl ketone, = 550+ 50 (900+ 100), 1100 and theira- andg-deuterated forms. A barrier height of 17 kcal/mol is

used for all species exceptD propionyl, for which 17.5 kcal/mol is
+ 200 (1500+ 300), and 600+ 50 (900 + 100) fs for used. The increase of 0.5 kcal/mol results from the change in zero-

unsubstituted,a-D, and -D substituted propionyl (acetyl)  point energy between the reactant and transition state, which is minor
radicals, respectively (see Figure 3). compared to the total available energy.

k(x10°¢")
Time (fs)

50

-1 500

Discussion than the experimental value of 500%s.This dramatic differ-
ence indicates that the vibrational energy of the acetyl is
prevented from reaching the<C stretch reaction coordinate
by a slow or restricted IVR. The initial fs impulse, via the-C
coordinate, mostly affects the motion of the central carbon atom
in the C-C—0O moiety. The vibrational frequency of the

The primary C-C bond cleavage occurs 100 fs and is
primarily due too* repulsion? Accordingly, we shall consider
here only the secondary-€C bond dissociation shown in eqgs
3 and 4, as our focus here is on the radical intermediates at
high energies. The internal energies of these radicals are~ ~_ 1 L .
determined by the energy partitioning in the primaryCbond C~C—0 bend" corresponds to 70 fs, indicating? periods

cleavage. The reaction barrier for the secondaryCCbond beforg dISS(')CIatIOI’].' . )
breakage i€, ~ 17 kcal/mol and is similar for the G&O To investigate this behavior further, we consider the acetyl

and CHCH,CO radicalg516 Therefore, the radicals in the and propionyl ra_dical_s formed from ttwmemqlecu_le,_ methyl
highly vibrationally excited state dissociate via the transition €thyl ketone. With primary cleavage energetics similar to those
state defined at the saddle point on the potential energy surface®f acetone, the internal energy of each intermediate is also
along the reaction coordinate (see Figure 1). Now, the questioneXPeCted to fal! in a similar range. Both radicals dlssoc.late on
is whether or not a complete energy randomization takes place@ time scale similar to that of acetyl from acetone, with the
prior to the dissociation of these vibrationally hot radicals. ~ decay of propionyl actually somewhat faster than that of acetyl
First, we consider the acetone reaction, whose stepwiseT0m methyl ethyl ketone. As before, the discrepancy with the
mechanism of dissociation has been established by this and thé?RKM rate indicates a nonstatistical decomposition of acetyl.
Castleman grouf?!” The available experimental data allow RRKM theory for the fragmentation of propioriylat energies
us to derive 65t 10 kcal/mol as the range of vibrational energy N the range 65t 10 kcal/mol also predicts rates faster than
content of the nascent acetyl radicals following excitation at those measured, but the discrepancy is less pronounced than
186 kcal/mol total energl® Given the short time scale of for acetyl (Flgure 4). If the energy partitioning in the primary
radical formation, this energy may initially reside in a restricted cleavage is different for methyl ethyl ketone than for acetone,
subset of the total vibrational phase space. However, if the IVR the comparison between theory and experiment becomes more
rate is much faster than the dissociation rate, then the subsequerflifficult.
reaction would be statistical. To assess the statistical or For this reason, we studied the effectsslectie isotopic
nonstatistical nature of the acetyl decomposition reaction, the labeling on the rates. The reaction of the propionyl radical was
experimentally determined rate constant can be compared tofound to slow down by a factor of2 by the deuterium

the rate constant calculated by the RRKM theoR(E) = substitution on thex-carbon (see Figure 3). F@rD substitu-
N¥(E — Eo)/hp(E), where N* is the number of states at the tion, the rate is almost identical with that of the undeuterated
transition state ang is the density of reactant states. molecule (a factor o~ 1). For the propionyl radical, the

The rate constant for the dissociation of the acetyl radical, RRKM theory predicts the isotopic rate ratku(kp) to be only
CH3COf- — CHs+ + CO, was obtained by using the RRKM  slightly above unity for both the-D and the3-D substitution
theory based on the vibrational frequencies obtained fabm  (1.18 and 1.21, respectively; see Figure 4). These theoretical
initio calculation?® As shown in Figure 4, foE = 65 4 10 predictions of similar rates independent of the position of D in
kcal/mol, 7, ranges from 26 to 56 fs, which 1810 times smaller the chain, keeping the same number of modes, are not consistent
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with the large difference observed experimentally between the Jet Spectroscopy and Molecular Dynamitgllas, J. M., Phillips, D., Eds.;

o-D andg-D isotopic substitution effect (see Figure 3).

The above discrepancy is a strong indicator of nonstatistical
behavior in the propionyl decomposition, as in the case of acetyl,

and suggests that modes involving the motionned atoms
are primarily involved in the dissociation dynamics, while the
modes involving the motion gf-D atoms have little involve-
ment due to a slow IVR. Note, however, that if the available
energy is restricted to modes of the-G—C(c) moiety only

Blackie Academic: London, 1995.

(10) Frost, W.Theory of Unimolecular Reactipicademic Press: New
York, 1973.

(11) Bunker, D. L.; Hase, W. LJ. Chem. Physl973 59, 4621. Hase,
W. L. J. Phys. Chenil986 90, 365. Marcus, R. A.; Hase, W. L.; Swamy,
K. N. J. Phys. Chem1984 88, 6717.

(12) Kim, S. K.; Pedersen, S.; Zewail, A. Bl. Chem. Phys1995 103
477. Kim, S. K.; Zewail, A. H.Chem. Phys. Lettl996 250 279.

(13) As mentioned in the text, the preparation here of the vibrationally
excited, ground-state radicals has an analogy with that of the chemical

but statistically distributed in that resticted phase space, one activation? Instead of the H-atom addition to form a hot radical, here, as

calculates a faster RRKM rate than that shown in Figure 4,
which is clearly at odds with the experimental results. The
values for the changes k{E) per hydrogen at our energies and
their relationship to those &{T) expressed in the Bigeleisen’s
equatior® will be treated elsewhere.

Conclusion

The approach presented in this contribution allows for the
synthesis of chemically activated, thermally hot molecules in
their ground states and with fs temporal clocking. Due to the
nature of the first impulsive chemical activation, the vibrational
excitation of the radical may be localized. Without the

shown in eq 1, the Cktadical is ejected from the parent to excite vibrational
modes of the propionyl radical, preferentially localized in the@-C(a)
moiety. In chemical activation, there is no temporal resolution, the range
of energies is wide and collisions are used to quench the reactions.

(14) Zewall, A. H.Femtochemistry: Ultrafast Dynamics of the Chemical
Bond World Scientific: Singapore, 1994, and references therein.

(15) North, S. W.; Blank, D. A.; Gezelter, J. D.; Longfellow, C. A,;
Lee, Y. T.J. Chem. Phys1995 102,4447.

(16) Hall, G. E.; Metzler, H. W.; Muckerman, J. T.; Preses, J. M.;
Weston, R. E., JrJ. Chem. Phys1995 102 6660.

(17) Buzza, S. A.; Snyder, E. M.; Castleman, Jr., A.JMChem. Phys
1996 104, 5040.

(18) The acetyl vibrational energy content following acetone fragmenta-
tion is obtained by extrapolating from measured product translational,
vibrational, and rotational energy distributions at 193 and 248 nm
excitationst>19.20The total available energieE4,) at those excitations are

fs-resolved mass spectrometry, we would not have been ableapout 64 and 31 kcal/mol, respectively (see Figure 1). At both excitation
to observe the primary process of activation and the subsequengnergies, the translational energy of the nascerg i§Hound to be~10

dynamics of the intermediates. The approach promises a ne
direction for studying unimolecular and also bimolectflar
reactions. By activating with ultrafast pulSeand at high

energies, the reactions may be controlled prior to the complete

energy randomization. The full account of this work will be
published in a series of papers.
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