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A nonstatistical behavior has been observed in the photodissociation of two acyl cyanide compounds, R-C(O)-
CN, where R= methyl andtert-butyl groups. The initial activation was achieved by femtosecond two-
photon excitation followed by ultrafast internal conversion. The excited-state dissociation dynamics was
followed in real time by monitoring the temporal evolution of CN (X) products. The observed product
appearance time constants are in picosecond time scales and are markedly similar for the two compounds
studied. Our analyses revealed that the excited-state dissociation rate does not decrease with molecular size
as much as statistical rate theory predicts, suggesting a nonergodic system in which the available vibrational
energy does not redistributed statistically among all modes before the bond breakage occurs.

The central assumptions in the RieRamspergerKasset and they observed the apparent non-RRKM behavior by using
Marcus (RRKM) theory are that the intramolecular vibrational collisional quenching as a clock. The recent experiments
energy redistribution (IVR) is much faster than the reaction and reported by Zewail's grodp12employed femtosecond activation
that the phase space density is uniform during the entire courseto define a nonrandom distribution in the reactant phase space
of the reactiort. * The satisfactory agreements generally found on a time scale much faster than the IVR and reactions. The
between the RRKM theory and many different types of activation was achieved via an ultrafast bond breaking induced
experiments have made it one of the most important models in py femtosecond laser excitation. They observed clear apparent

has been experimental evidence revealing that the basic as-gg kecal/mol above the reaction barri&r!

sumptions of RRKM theory are not always vafict? Bunker

and Has¥ had recognized that the deviation can occur because S ; e .
of a “bottleneck” in%he phase space (intrinsic non-RRKM) or non-R.RKM behav!or in the photodlssomatlon of acetyl cyanide
because of a time scale for reaction which prevents the statisticala”OI pivaloyl cyanide (see Figure 1). The two compounds are

redistribution of internal energy prior to the reactions (apparent different only in the size of their alkyl substituents. The initial
non-RRKM). To observe the initial apparent non-RRKM Preparation was achieved by femtosecond Fra@sindon

behavior, one has to be able to prepare a nonrandom initial optical pumping followed by an uItrafast internal conversion
distribution in the reactant phase space and monitor the reactionProcess. Both compounds were excited through a two-photon
at short times. The early experiments of Rabinovitch and co- fransition at~388 nm to the~6.4 eV energy region. A second
worker$7 used chemical activation to prepare reacting mol- delayed pulse, also at388 nm, then probed the temporal

ecules with nonrandom distribution among all internal modes, €volution of the free CN (X) fragments by monitoring the CN
X — B laser-induced fluorescence (LIF) signal. The laser pulses
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In this letter, we report on our recent observations of apparent
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) fitting are ty = 2.5 £ 0.2 ps andr, = 25 4+ 5 ps for acetyl

r(A) Acetyl Cyanide. o [ oqo00, cyanide andr, = 1.9 + 0.1 ps andr, = 23.0+ 0.5 ps for
T pivaloyl cyanide. The amplitude ratio of the two components

(AdA,) decreases from 4.% 0.5 for acetyl cyanide to 2.8

0.1 for pivaloyl cyanide, as manifested in the more pronounced

biexponential appearance of the pivaloyl cyanide transient. These

1,=2.5+0.2 psec

L 5 Fsiope = 1820, Ho”” \C§N timg-rgsolved da'ta provide. important implicgtions to the dis-
:M sociation dynamics occurring in acyl cyanides. Indeed, the
B : observed picosecond time scales immediately indicate that the
- e 859"0 o initial excitation to the near 6.4 eV energy region does not access
o Lo Pt Enrgy 10/l

| , , , l a repulsive surface directly and the dissociation proceeds via a
complex-mode mechanism.

One striking feature of our results is the essentially identical
T,=23+2 psec reaction times observed for both compounds. Since there is a
L large difference in the numbers of vibrational modes between
' these two compounds (18 for acetyl cyanide and 45 for pivaloyl
cyanide) and since the dissociation proceeds via a complex-

- Q
|

CN Fluorescence Intensity (arb. unit)

= R, .~ mode mechanism, statistical rate theory would predict that
i nd Sy pivaloyl cyanide dissociates much slower than acetyl cyanide
s does?* Although the nearly identical rise times could imply
pPreee that the reactions are nonstatistical, one has to be cautious here
. L L . — L because other decay channels can compete efficiently with the
0 20 40 60 80 100 dissociation and dominate the rise times. Detailed dissociation
Delay Time (picosecond) pathways need to be elucidated first. In the following discussion,
Figure 1. Transients observed by monitoring the CN-XB LIF signal we will first briefly review some previous results relevant to

as a function the pumpprobe delay time for the photodissociation of ~ the present work. We then describe a proposed mechanism to
acetyl cyanide (A) and pivaloyl cyanide (B) upon two-photon excitation show that even when other excited-state decay channels are

at~388 nm. The time constants were obtained by simultaneously fitting taken into account, the non-RRKM behavior still persists.

short-time (not shown) and long-time scale transients to biexponential . P
rise functions. The open circles are the experimental data points, and The absorption spectra of acetyl cyanide in the vapor phase

the solid lines are the best fits. The inset in (A) shows the pump laser Nave been reported previousfy’ The first absorption band
intensity dependence of the LIF signal with the data plotted on a log- iS weak and centers at310 nm. It has been attributed to the

log scale. The slope of1.8 of the best-fitted straight line indicates a  characteristic 8§ — 7*co transition of carbonyl compounds.
two-photon process. The spiking feature in the (B) transient is due partly Yoon et al'” have investigated this band in free jets in some
to the enhanced multiphoton absorption occurring at the zero delay qetail and have determined its origin at 27 511 énThe onset

time. The higher yield of CN (X) in the acetyl cyanide case allowed . e
us to use lower laser pulse energies, resulting in a much weaker initial of the next absorption band, which is also very weak, occurs at

spike that is invisible at the large time intervals used here. Note that in ~225 NM:°® This weak band is then followed ltgy a series of
both cases, the laser-intensity-dependence studies have indicated tha&trong absorption bands beginning 2200 nm:® The state

the subsequent rises are due to two-photon absorption of the pumpexcited near 6.4 eV (193 nm) has been tentatively assigned to
and that their shapes do not change upon further reduction in the pumpthe 1(no, 3s) Rydberg stat¥;18in analogy with the absorption
pulse energy by a factor of-23. of acetone in the similar energy region. Recently, Owrutsky

mode-locked femtosecond laser system operating at a repetitior"d Baronavski argued that the absorption at 193 nm is due to
rate of 1 kHz. The amplifier output was split and frequency (e Zcn = 7*co transition on the basis of their ab initio
doubled to produce the pump and probe pulses at 388 nm withcalculations using the time dependent density functional formal-
a cross-correlation of about 200 fs (fwhm). Neutral density filters 1SM-*° The energy of the corresponding state was calculated to
were used to adjust the pulse energies of both beamsste be 6.28 eV, consistent with the experimental value of 6.20 eV
20 J for the pump and-0.5—1.0 xJ for the probe. Typically, for the onset of the third absorption band. In the simple
the pulse energy of the pump was about-20 times greater ~ Molecular-orbital picture, this transition involves the promotion
than that of the probe, making the negative-time signal negligible Of an electron from the out-of-plameorbital on the CN moiety

in comparison with the positive-time signal. The two beams 10 thez* orbital localized on the CO moiety. The excitation is

were collinearly recombined via a beamsplitter and focused into thus essentially localized along the<@—C=N backbone. In
a gas flow cell through &= 50 cm lens. The transients were the following discussion, we denote the initial state excited near

obtained by monitoring the fluorescence signal as a function of the 6.4 eV energy region as,Since there are two other lower
the pump-probe delay time. singlet excited states that have been identiffed We took the
Figure 1 shows the observed temporal evolution of CN (X) observed onsets of the second and third ab:“?orpnon Haasls
products for both compounds. Since it is not energetically the zero points for thezSand S states, respectively. Owrutsky
possible for one 388 nm photon to eliminate CN from these and Baronavski also studied the photodissociation of acetyl
two compounds, the observed signal must be a result of two- cyanide at 193 nm using femtosecond mass-resolved multi-
or more photon excitation. We have performed careful laser Photon ionization spectroscopyThey observed a pulse width
intensity (see inset in Figure 1) and wavelength dependencelimited decay (200 fs) by monitoring the parent mass channel.
studies to ensure that the LIF signal arises from CN (X) I-_iowever, in view of our observations of plcqsecond product
fragments produced upon two-photon excitation of the two rises, the ultrafast parent decay should be interpreted as the
compounds at 388 nm. As shown in Figure 1, both transients initial-state decay and does not reflect the time needed for the
can be well characterized by biexponential rise functions. The excited molecules to fall apart.
rise time constants obtained from the nonlinear least-squares The photodissociation of acetyl cyanide has been studied by
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several groups, with special emphasis on the bond-selective Energy
chemistryl41518 Recently, Furlan et dP investigated the
photodissociation of a series of acyl cyanides, R-C(O)-CN,
where R= methyl, isopropyl, andert-butyl, at 193 nm (6.4

eV) using photofragment translation spectroscopy. They found
that the dominant decay processes are the primary dissociation
of the two nonequivalent-C—C bonds

CN(X)+R-CO(A)

RF)+OCCN(R) CN(A)+R-COR)

D2
R-C(O)-CN_’ R-CO+ CN (la) - IS‘S /\>CN(X)+R-CO()?)

R-C(O)-CN_’ R+ OCCN (23_) RZ)+OCCN(X) .

The bond dissociation energies of the taebonds in acetyl
cyanide (R= CHjs) have been predicted to lgy(C—CN) =
427 kJ/mol ando(C—CHz) = 359 kJ/mol on the bases of the ho R=-CH,
results of ab initio calculations and available thermochemical -C(CH,),
datal® The stronger &CN bond clearly suggests a partial
conjugation between the CO and CN moieties. If sufficient <« >
energy is partitioned into the internal degrees of freedom of 7 (&) Reaction Coordinates F(C--CN)
the primary photofragments, secondary dissociation can sub-Figure 2. Schematic diagram showing cuts through the potential energy
sequently occur surfaces of relevant states along the@N and R-C dissociation
coordinates for the two acyl cyanide compounds discussed here. The
R-CO— R+ CO (1b) energetics of the minima and asymptotes are drawn to scale according
to the best-known literature values for acetyl cyarifdé® The proposed
OCCN—CN+CO (2b) mechanism is also illustrated in the diagram using curved arrows. Note
) o that the solid arrows represent adiabatic processes occurring along the
Nevertheless, they found that the secondary dissociation (eq 2b)wo coordinates specifically indicated by the directions of the arrows,
is unimportant £5%) for all the compounds studied, suggesting whereas the dashed arrows represent processes that do not necessarily
that nearly all CN fragments arise from the primary CN occur along the two coordinates. The locations and directions of these
elimination (eq 1a}® Furthermore, no evidence of molecular dashed arrows shown in the diagram are somewhat arbitrary.
elimination channels has been observed. In the case of acetyl
cyanide, they concluded that the CN elimination reaction is the
dominant channel with a total branching of #510%, whereas
the CH; elimination channel occurs with a branching of only
15+ 10%15 Clearly, there is a strong preference for the primary
CN elimination reaction (eq 1a) over the ghlimination

reaction (eq 2a) in the photodissociation of acetyl cyanide . .
despite the stronger-C—CN bond. Interestingly, this preference 1S then followed by fast intersystem crossing (ISC) to the lowest

exists only in acetyl cyanide. The branching for the CN [riplet state . Once on the Tsurface, the system can exit
elimination decreases to 3® 10% for isobutyryl cyanide  adiabatically to either “CN(X)t R-CO(X)” (D2) or “R(X) +
(R = isopropyl) and 17 10% for pivaloyl cyanide (R= tert- OCCN (X)” (D3) over corresponding barrie?s.The CN(X)
butyl). On the basis of the product translational energy distribu- fragments produced in the€CN cleavage (D2) on the T
tions, they suggested that the formation of electronically excited surface give rise to the observed slower components. Overall,
CN and/or acetyl radicals might be responsible for the preferred the rise time for the faster component is determined by the sum
C—CN bond breaking in acetyl cyanide. of the rates of all 8decay channels, whereas the rise time for
We have proposed a mechanism, which will be detailed in a the slower component is governed by the rates of the-S;
forthcoming full account of this work? for the photodissociation  ISC and the two adiabatic dissociation steps on theuFface.
of acetyl cyanide (and other similar acyl cyanides) based on Since the dissociation on theg $urface at this high energy is
the available experimental results and theoretical COﬂSiderationSIiker to be on the subpicosecond time scales, we speculate that
of the acetyl cyanide excited states and their correlation with the § — T, ISC is the rate-determining step for the slower
the energetically accessible product states. The proposed mechcomponent. This mechanism is fully consistent with our
anism and the cuts through the potential energy surfaces ofphservations as well as with the results reported by Furlan et
relevant_state_s along th_e two dissociation coordinates areg| 15 who also concluded that a major portion of the-CN
schematically illustrated in Figure 2. The femtosecond two- pimary dissociation leads to electronically excited products in

photon excitation at 388 nm initially prepares a wave packet o hhotadissociation of acetyl cyanide. The loss of preference
on the 3 surface, followed by an ultrafast internal conversion for the CN elimination in pivaloyl cyanidé is simply due to

D et oros o Sares o o sy 15 Sawer adabatc dissociaion on e Sriace (s beiow)
and faster internal conversion tq.S

of a time delay of about 100 fs in the product rise, revealed in ; ; )
short-time scale transients (not shown) with smaller step &%zes,  On the basis of this proposed mechanism, we deterrfined
and the ultrafast parent decay observed by Owrutsky and the time constants (Bg;) for adiabatic dissociation on the S
Baronavski® in their time-resolved multiphoton ionization —surface to be 3.6 ps for acetyl cyanide and 16.8 ps for pivaloyl
experiments. Following the internal conversion, the system Cyanide using our time-resolved data and the branching reported
quickly moves on the Ssurface and dissociates adiabatically by Furlan et af® for the primary CN and alkyl elimination
(D1) to form “CN(X) + R-CO(A)” via a barrier? The adiabatic channels. These are the adiabatic dissociation time constants
dissociation channel (D1) on the Surface is responsible for  on the S surface if there were no other decay channels present.
producing the ground-state CN detected in the fast componentThus, the presence of the langet-butyl group does slow down

of the transients shown in Figure 1. Note that thes8rface
correlates adiabatically along the R-C dissociation coordinate
to products that are energetically inaccessible in our experiments.
While moving on the gsurface, some trajectories can leak to
the lower $ surface via nonadiabatic coupling (IC2) tg ®hich
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LR SRS RIS R I W expect the barrier heights for CN elimination to be similar for

' [—o— Pivaloyl Cyanide ] acetyl cyanide and pivaloyl cyanide.

10 b-|—0— Acetyl Cyanide g As shown in Figure 3, the calculated rate strongly depends
: ] on the barrier height and is slower for pivaloyl cyanide, as

107 ¢ ’ 3 expected. With a barrier height 64500 cnt? on the $ surface,

i ] the RRKM rate agrees with the experimental value for acetyl

1o g ‘ T cyanide. Nevertheless, with the same barrier height, the theory

i predicted that pivaloyl cyanide dissociates at a rate about 200

times slower than acetyl cyanide does, yet the experimental

results showed only a factor of 5 slower! The ratio of the RRKM

] rates of the two compounds (acetyl cyanide/pivaloyl cyanide)

N increases with the barrier height, reaching more than 3 orders

of magnitude aEy = 7000 cntl. On the other hand, the ratios

= become close to the experimental value for very low barriers

] (~1000 cn1?) with predicted time constants in the 2000 fs

3 time scales. As will be discussed below, the nature of the

] electronic transitions involved in the initial preparation implies

AT N N D S TN - an initial phase space distribution near the reaction exit, making

1000 2000 3000 4000 5000 6000 7000 the RRKM rates lower than the observed values. Consequently,

Barrier Height (cm™) the barrier height is more likely to be greater than 4500tm

Figure 3. RRKM time constants (Ksmcy) for the CN elimination The RRKM theory thus predicts _adecrease _in dissociation rates

reactions of acetyl cyanide and pivaloyl cyanide on theis@faces DY more than 2 orders of magnitude on going from methyl to

as a function of barrier heights in the range from 1000 to 7000tcm  tert-butyl substitution in these two acyl cyanides. Clearly, our

The rates were calculated with the procedures described in the text.experimental results reveal a strong deviation from the RRKM
Note that the time constants are plotted on a logarithm scale. predictions.

105

01E

RRKM Time Constant (sec)

10—12;_

108E

1014k

the adiabatic dissociation on the Surface by a factor of about The reason for this non-RRKM behavior is probably due to
5, which is still much less than expected on the basis of statistical th€ nonuniform initial phase space distribution and the slow

rate theory. IVR. Since the initial excitation reaches thg(3cn, 7* co) State
To elucidate the nonstatistical nature of the dissociation, we Nvolving mainly the CN and CO conjugated moieties, the
carried out RRKM calculations using the expressibn equilibrium geometries of Sand $ are expected to be quite
different along the &C—C=N backbone. Consequently, femto-
N (E — E,) second excitation to the FranekCondon region in $would
Kerim(E) = ——=— prepare an initial wave packet with its vibrational energy
ho(E) concentrated along the=€C—C=N backbone. The subsequent

ultrafast internal conversion ir100 fs would also deposit a

whereE is the available internal energy in, ¥, is the C-CN Hele ° ol
significant fraction of vibrational energy along theeG—C=N

dissociation barrier height on the Surface with zero-point . e
energy correction\* is the number of energetically accessible Packbone in & On the other hand, the GHC moiety in acetyl

states at the transition state, anit the density of the reactant ~ cyanide and the (Cijs—C moiety in pivaloyl cyanide are much
states. The vibrational frequencies of the lowest triplet stge (€SS perturbed during the initial optical excitation and the
obtained from ab initio calculations were used as an approxima_subsequ_ent_mternal conversion because of_ thglr similar local
tion for the S state frequencies needed in the RRKM calcula- geometries in the relevgnt states. Thus, the_lnltlal femtosecond
tions. The structures of the; Btate minimum and its €CN photophysical preparation produces a relatively “hot=C-
dissociation transition state were optimized at the unrestricted C=N backbone and a relatively “cold” alkyl group #100 fs.
B3LYP/6-31G(d) level of theory using the Gaussian94 pro- !t is plausible that the non-RRKM behavior observed here is
gran?3 for both compounds. The method of intrinsic reaction simply due to the |neff|C|_en_t couplln_g between the v!brat!onal
coordinate (IRC) was used to confirm that the calculated modes of these two moieties, making the flow of vibrational
transition states lead to CN eliminatidh.The harmonic ~ €nergy from the &C—C=N backbone to the alkyl groups
vibrational frequencies were then calculated at the same levelSlower than the reactions. In other words, the initial activation
of theory. The calculated vibrational frequencies of the acetyl Prepares a phase space distribution more concentrated in a region
cyanide T, state were found to be consistent with the experi- Closer to the reaction exit. The poor coupling between the
mental values reported for it @nd S statest”-18 The density initially more populated region and_the othe( regions restricts
of states g) and the number of statell) were then calculated VR to certain modes near the reaction coordinate and prevents
using the Beyer Swinehart direct state-counting algorithm for ~ the system from sampling the entire phase space in the reaction
harmonic oscillatorg® The available internal energ§)in the time scale of~2 ps.

S; state is about 7700 cr for acetyl cyanide and about 8300 The vibrational state density i, &t the available internal
cm~1 for pivaloyl cyanide?® The barrier heightHEg) on the $ energy is~4.46 x 10%cm™! for acetyl cyanide ane-3.11 x
surface is unknown, and it is difficult to obtain a reliable 10'%cm™! for pivaloyl cyanide, i.e., an increase by more than
prediction by electronic structure calculations. We therefore 5 orders of magnitude. Our results suggest that a great portion
calculated the RRKM rates for barrier heights within a reason- of this level-density increase arises from modes that are not
able range of 10087000 cnt?, as shown in Figure 3. It has  coupled to the initially excited modes and that the IVR rates
been reported that for a number of alkyl methyl ketones, do not change in proportion to the density of states. Similar
R-C(0O)-CH;, the barrier heights for the-cleavage of the Ck behaviors have been observed in studies of IVR dynamics using
group are independent of the nature of R and are nearly thefrequency-resolved techniqu&s?® For example, in studies
same for R= methyl andtert-butyl groups?” Accordingly, we of a series of compounds (G¥C—C=CH %32 where X=
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H, D, and F, the spectral line width measurements revealed
that the IVR rates for the singly excited acetyleniel@ stretch
(vew = 1) change only by a factor of 5 even though the

vibrational state densities span over 4 orders of magnitude for

these three compounds.

In conclusion, we have observed an apparent non-RRKM
behavior in the femtosecond photophysically activated dissocia-
tion of acetyl cyanide and pivaloyl cyanide. The method takes
the advantage of the ultrafast internal conversieri@0 fs)
occurring in a high-lying electronic state to define a vibrational
excitation temporally and spatially in a lower state. We proposed
that inefficient coupling between the initially more excited
O=C—C=N moiety and the alkyl-group prevent the system
from redistributing vibrational energy statistically through the
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(17) Yoon, M.-C.; Choi, Y. S.; Kim, S. KJ. Chem. Phys1999 110,
7185.

(18) Horwitz, R. J.; Francisco, J. S.; Guest, JJAPhys. Chem. A997,

101, 1231.

(19) Lee, I. R.; Chung, Y. C.; Chen, W. K.; Hong, X. P.; Cheng, P. Y.
J. Chem. Physmanuscript in preparation.

(20) The barrier is formed by an avoided crossing between the dominant
electronic configuration of Sat the Franck Condon regioni(a e, 77* co),
and thel(a'zcn, 0* c—cn) repulsive configuration. The latter interacts again
with the ¥(no, *co) configuration to form the adiabatic pathway leading
to “CN(X) + R-CO(A)” products.

(21) The barriers on thesTsurface arise from interactions between the
dominant electronic configuration of;Tat the Franck Condon region,
3(no, m*co), and the purely repulsive configuratiodés, 0*)c-cn and
3(o, 0®)ch,—c along the two dissociation coordinates. Strictly speaking,
they form conical intersections, and the crossings are avoided only when
the plane of symmetry is distorted. Our ab initio calculations at the UB3LYP/
6-31G(d) level of theory indeed showed that both transition states are

phase space before reaction occurs. The dynamical picturenonplanar.
revealed here can be related to the model described recently by (22) The amplitude ratio of the fast to slow components observed

Remacle and Levirié for the prompt dissociation of energy-
rich large molecules, since the energy is initially “localized”

in our experiments reflects the yield ratio between the D1 and D2
channels (D1/D2), which is~4.5/1 for acetyl cyanide and-2.0/1 for
pivaloyl cyanide. On the other hand, the results from Furlan€tsalggested

near the transition-state region. The present results also implythat (D1 + D2)/D3 ~ 85/15 and 17/83 for acetyl cyanide and pivaloyl

the possibility for bond-selective chemistry in large molecules
having poor coupling between different parts of molecules, even
if the reactions are in picosecond time scales!
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