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LETTERS TO THE EDITOR

The Letters to the Editor section is divided into four categories entitled Communications, Notes, Comments, and Errata.
Communications are limited to three and one half journal pages, and Notes, Comments, and Errata are limited to one and
three-fourths journal pages as described in the Announcement in the 1 July 1996 issue.

COMMUNICATIONS

Bimolecular reactions observed by femtosecond detachment
to aligned transition states: Inelastic and reactive dynamics

Dongping Zhong, P. Y. Cheng, and Ahmed H. Zewalil
Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91125

(Received 29 July 1996; accepted 23 August 2996

With fs radical detachment and kinetic energy-resolved time-of-flifBTOF) mass spectrometry, we are
able to study the transition state dynamics of the bimolecular reactiogl #GHinelastic and reactive
channels; the collision complex is coherently form@# p9 and is long lived(1.7 p3. We also report
studies of the dynamics of formation. Direct clocking of the CHl dissociation, hitherto unobserved, gives
150 fs for the C—I bond breakage time and 0.8 A for the repulsion length scaldé996 American Institute
of Physics[S0021-960806)03241-3

In this Communication, we report our first direct study of the complex(1.7 p9 at the collisional energy of 1.29
of the femtosecond dynamics of the inelastic and reactivécal/mol. By monitoring productl the reactive channel was
processes of the bimolecular reaction: found to be very fast, within 500 fs. This channel is the result

CHgl + | — CHgll *— CHal + 1(CHg+ 1) (1)  of the “four-center” bimolecular reaction process. We also

report here the dynamics of the unimolecular dissociation

a general class of halogen-atom reactions with alkyl halide$150 fg for CH3|*¢*>CH3+| and determine the terminal ve-
(RX) or hydrocarbongRH).1 =3 The reverse channel of radi- locity of its fragments. Molecular dynamia®iD) simula-
cal reactions with halogen molecules is exoergic and hations are discussed.
received considerable attentidtf. In our experiments, the The fs laser system and the molecular beam apparatus
entire system is prepared on the reactiy@und statepoten-  used have been described previodsiFhe pump pulsé277
tial energy surface by direct launching of the wave packet ohm) initiates the CHI dissociation and the probe pulses
the collision complex CI§|I:t at time zero. The concept is (around 304 nmdetect the free iodine aton2+1 REMP).
illustrated in Fig. 1A). The translationally hot | atom is For KETOF experiments, the pump polarization was fixed
formed in 150 fs by detaching the GHjroup in the direct parallel to the TOF-MS(z) axis and perpendicular to the
dissociation of the moiety Cifi [see below and Fig.(B)].  probe polarization. We performed the time-resolved experi-
The reaction of CH +I is observed from the van der Waals ments by gating the velocity range of interest, as we did in
(vdW) geometry of the dimer at the-H and G-+l internu-  other studies® The |, was detected in thB state by a %1
clear distances of the transition stafeS). The product I REMPI scheme; 304 nm pump and 277 nm probe. Calibra-
atom is then monitored with a series of probe pulses and btion of t=0 and system response function was maade
gating the different product velocities. As with other real- situ!' The molecular beam conditions were established by
time studies of bimolecular reactiofis;! the approach al- varying the time delay between the fs laser pulses and the
lows for direct clocking of the complex with a limited impact pulsed valve opening. A gas mixture expansion containing
parameter and relatively well-defined energy. methyl iodide vapof—25 °C,~40 Torr with He gas(~800

The potential energy surfad®ES has a late TS for ~ Torr) was made and, as shown in Fig. 2, the leading edge
CHsl+1 with a ~19 kcal/mol reaction barrier to form only contains the monomer mass peak and the one which is
CHs+1,.4® Depending on the translational energy of the Islightly behind includes the monomer awdly the dimer
atom, the complex may be trapped in the vdW potential welimass peak. We have studied the mass spectra for a variety of
in the transition state region, exchanges the energy betweercbncentrations and these studies will be detailed later.
and CHl, and finally decomposes into the GIH-1. Thus by
monitoring the | atom buildup, the temporal behavior will
reflect the nature of the transition state of the ;CHcom-
plex. Thisinelastic dynamical process is illustrated in Fig. The dissociation of methyl iodide from th%& band ab-
1(A) by the trajectory reflection. sorption (n— o™ transition has been extensively studied,

We observe two distinct collisional times for the inelas- both theoretically# and experimentally® Photofragment an-
tic dynamics of the CKII* complex: adelayedtime (~1.4  isotropy measurement§ picosecond real-time studiésand
ps and then arexponential-risgime (~1.7 p3s. The delayed Raman scattering of dissociating @HKinsey’s group***®
response elucidates the origin of the coherent process in theve shown that the dissociation time is less than 500 fs.
entrance channel and toward the transition state of the contHere, we are able to directly clock the fs dissociation dynam-
plex CH;ll* while the rise time gives the measured lifetime ics. The TOF mass spectrum andKETOF distribution are

UNIMOLECULAR DISSOCIATION
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e 3 (solid line) and the monomer/dimer conditigdotted ling. (right) The cor-
35;3 ! responding T KETOF distributions taken at a delay time ef600 ps.
Lower panel: The reference aniline-1 REMPI transien{O), in situ, de-

fines the zero-of-time. The actual experimental transfehtwas obtained
R (C-H3) by gating the highest velocitg-component(500<v,<380 m/$ under the

FIG. 1. Upper panel: A contour PES map for the full-collision, bimolecular monomer condition.

CHzl +1 reaction (schematit. An inelastic scattering trajectory is shown.

Lower panel: A contour map of the band PES describing the half-collision .
with a typical dissociation trajectory. fragments will freely separate at5.6 A. However, the re-

pulsion involves a potential length scdle(for an exponen-
tial), and knowing the velocity and, we obtained an effec-
shown in Fig. 2(monomey. By gating the CHI* mass peak tive L~0.8 A (from r=(L/v)In(4E/Vy),?® whereE is the
or the high-velocityz-component (508 v,<380 m/$ of I+ known available energy and; is the final value of the po-
KETOF distribution, while varying the pump—probe delay tential drop.
time, the dissociation dynamics was established. From the polarization dependence of the | atom KETOF
The |aboratory Speed of | atoms is measured te-B€0 distribution(with one average value @f), We also deduced
m/s from the clear splitting in the'| KETOF distribution. ~ the anisotropy paramete3~1.85, at 277 nm excitation,
This value corresponds to the spin—orbit excited statévhich isin good agreement with the values reported by Ber-
I(?P,,) dissociation channel and is in good agreement withsohn(1.81,"® Houston(1.8), Crim (1.9) and other®’ (3 was
those reported by othet3.The relatively smaller peaks at obtained from product angular distributions or from
550 m/s are the fPa,) dissociation channéf As shown in  KETOF). From B, Bersohn deduced a lifetime of 70 .
Fig. 2, the | atom transient is clearly delayed from0 by  Kinsey and other$:*° have studied the molecular dynamics
15020 fs1° The observed delay describes the coherent mosimulations of the reaction. The quantum wave-packet calcu-
tion of the prepared wave packet on the repulsinest) lations by Guo and Schatzgave a 75 fs dissociation time
potential surface and is the time needed to break the C-fpr a C—I separation of-5 A. The 150 fs dissociation time
bond. We have also measured the L£Hi parent transient reported here by direct clocking of the motion is longer than
and found it to decay within our cross correlation responsethe p-deduced values. Measurements of the anisotr@)y
in a time less than 50 fs. This is due to the fact that the wavé@re sensitive only to the initial forceshort distancéswhile
packet prepared on the steep repulsive wall escapes out Bfal-time measurements probe the nuclear separation when
the Franck—Condon region in a time much shorter than th&agments become free from the force field of each other
nuclear recoil time. This dephasing, responsible for the seldissociation timg The theoretical values require further re-
vere spectral broadening, has no direct information on th&nement of the PES.
direction or details of the motion.
From measurements of the separation tir_ne of | from ther 4 REE-CENTER BIMOLECULAR COLLISION
force field of CH, 150 fs, and the terminal velocity,
v~3700 m/s or 0.037 A/fs, the nature of the repulsive force By gating the slow-velocityz-component (6<v,=<250
can be described. If the motion is purely kinetic, the twom/s) of I” KETOF distribution(dimer), we obtained entirely

J. Chem. Phys., Vol. 105. No. 17, 1 November 1996



7866 Letters to the Editor

different results from those reported above. As shown in Fig.
3, when only the specie€CHsl), was present in the mass
spectrum(see Fig. 2, the transient shows a delayed, slow
rise behavior. The delay time is1.4 ps and the rise time is
~1.7 ps. This transient was repeated many times and is very
reproducible. The observed1.4 ps delay time is striking
and indicates that a coherent wave-packet motion well per-
sisted in the entrance channel during the inelastic collision
between CH and I.

For the minimum energy dimer geometry calculated by
Zeigler?! with reference to the crystal structufethe 1-I
separation is estimated t@8 A and the structure is about
115°L-shaped with the two | atoms in proximity. The mini-
mum energy structure of the complex is accordingly;CHI
(the 1-1 distance is>3 A); generally for these types of sys-
tems, one expects two minima as, e.g., in the case of Cl
+HCI and F--CH,l complexes®?* Hence, the initial fs
pulse, which detaches the GHyroup, suddenly turns the
vdW attractive CHI---ICH5 force into a repulsive interaction
on the ground state PES of GIHI. The entire complex of
CHj,ll * recoils away from the Chigroup. In the complex, the
velocity of the | atom relative to the GjHmolecule is small
with an upper limit of 400 m/s, which corresponds to a maxi-
mum of 1.29 kcal/mol of collision energy.

As depicted in Fig. (A), the | atom first decelerates and
then exchanges energy with QHand finally sticks to or :
separates from Ciidepending on the strength of the repul- 4 0 1t 2 3 4 5 6 7
sion and the initial translational energy. The latter, due to the Reaction Time (ps)
large amplitude bending motion, could become less than theig. 3. (a) Femtosecond 1 transient taken by gating the slow-velocity
maximum available value. We have carried out preliminaryz-component0O<v,<250 m/$, under the monomer condition. The transient
MD simulations. Considering the Iarge amplitude motion, awas best fitted by_two componerdashed lines c_onsistent with resu_lts in
linear geometry was involved for simplicity. The gl—F Fig. 2: a peak at time zero, from the f_ragm_en_tatlon 0f3Cl,-|an+d a shl_fted

. n (150 f9 step-function rise from the dissociation produ@) 1™ transient
vdW (CHgl---1) potential well was 1000 cit deep and the optained under the same conditions agAi except for the dimer condition.
equilibrium distance was 3.5 A. These MD simulations showThe dashed linegpeak+platead), similar to(A), are the contributions from

that the | atom takes-2 ps to separate from the C3‘Hnoiety the monomer di_ssociation_. The appa_rent rise signal_at Io_nger time_s, which is
. . absent in(A), gives the dimer transient. Thg transient is shown in the

with an 8 A || distance. .The Cemer"Of'maSS. of QIH _inset. The rise is prompt within 500 femtosecon@S) The transient re-

moves~5 A, and because it has opposite velocity directionsponse() of (CHgl),, after correction for the monomer iB), was best

from the | atom(repulsive force velocity in the complex the fitted by a delayed single exponential rise.

entire inelastic process slows down.

The 1.7 ps rise time of | atoms directly measures thenote that the lifetimes of excited-state complexeg® -N.)
lifetime of the CHylI* complex trapped in the potential well in vdw wells have been reported to be of similar magnitude
(low v trajectorie$. It manifests any resonance motion in the (2—5 p3.2°
CH3IIi complex during the energy redistribution. Molecular
beam scattering experiments by Gficand Ros3 have  £oUR-CENTER BIMOLECULAR REACTION
shown a predominantly backscattered{tom the reaction
CHs+1,—CHsl+I (at 2—3 kcal/mol collision energyindi- For the three-center reaction dynamics described above,
cating a rebound repulsive release with the lifetime of theat the translational energy of our experiments, the wave
complex being comparable to or less than the rotational pePacket cannot cross the barrier to GH, formation. By
riod. Our real-time results show the formation of a long-livedusing 304 nm as a pump, this reactive channel is soli
complex and indicate that the beam experiments were onl9pen even for two-photon excitation, where the C—I bond
sensitive to the short-lived, high-energy states of the combreakage is still on the fs time sc&leThis is because the
plex. Syage’s observed broéidecoil) angular distribution is  detached Chl takes up most of the available energy
consistent with a long-lived compléR.The formation of a (M Eayi/Mcyy) either for the IEPy,) or I(°Py), as men-
complex in the inelasti€—V process of H#l (from HI  tioned before. The reaction of GHrI(2Pz,)—l,+CH; is
dimerg has been shown recently by detecting the translaendothermic by 17.5 kcal/mol.[The channel of
tional energy distributions of H atond3.This is consistent CH,l+I(?P,,,), although it exceeds the endothermicity, is
with the above picturédCHsl+1) and suggests a similar fs shown to proceed through the inelastic collision By-V
study of the HI system in this laboratory. It is interesting totransfer to form CHI(v)+1(?P5,).?®] The fact that we do

(A) CH,l [slow-velocity gating |

J. Chem. Phys., Vol. 105. No. 17, 1 November 1996



Letters to the Editor 7867

observe the formation under the dimer condition, indicates °R. F. Varley and P. J. Dagdigian, J. Phys. Ch8@.9843(1995; W. R.
a “four-center” mechanism. As shown in the inset of Fig.  Simpsonet al, ibid. 100 7938(1996. _

3(B), the build up of } is very fast, in less than 500 fs. With gé%%%er, M. R.Levy, and R. Grice, Faraday Discuss. Chem. $5oc.
a 304 nm pump pulséwo photons, the |, molecule can be 55 A Loganet al, J. Chem. Phys4, 1804(1976.

formed in the electronically excitelfl state and detected by a °L. J. Kovalenko and S. R. Leone, J. Chem. Pt8.3656(1984.
dence of the pump shows a quadratic behavior. No attemp;R' Simset al, ibid. 97, 4127(1992.

. . S. I. lonovet al, J. Chem. Phys99, 6553(1993.
yet was made to examine the ground statéotmation, ob-  °r. p.van Zee and J. C. Stephenson, J. Chem. P1§%.6946(1995; C.

served in one-photoA-band promotior‘?.9 Dedonder-Lardeust al, ibid. 104, 2740(1996.
. . . 10 ;
The key for the formation of,lis the cooperative nuclear S%(/)*élvg’gght' M. F. Tuchler, and J. D. McDonald, Chem. Phys. L2726
motion of both C—I*bionds in the four-center reaction: 1p, y. Cheng, D. Zhong, and A. H. Zewail, J. Chem. Phy83 5153
CHz—1I:--1=CH3"—2CH;+ 1, 2 (1995; 105, 6216(1998.

. . o . 123, C. Polanyi, Acc. Chem. ReS, 161 (1972.
a Bodenstein-type reactiofl.Because the equilibrium dis- 13p. v. Cheng, D. Zhong, and A. H. Zewail, Chem. Phys. LB&7, 399

tance of } is 2.6 A and the separation of 1-1 in the dimer is 14(1995); J. Phys. Chemd9, 15733(1995.
already about 3 A, the,Imolecule is formed promptly. Such ~"See, e.g., A. D. Hammericét al, J. Chem. Physl101, 5623(1994; .

. . . . 31 Amatatsu, K. Morokuma, and S. Yabushitaid. 94, 4858(1991); H. Guo
I, formation has been studied in CW experiméhtSand  _1'c "c’ Schatabid. 93, 393 (1990; R. L. Sundberget al, . Phys.

with 10 ps resolutiori? The fs |, dynamics reported here can Chem.90, 5001(1986: S. K. Gray and M. S. Child, Mol. Phys1, 189
be rationalized using frontier orbitals. The initial fs one- (1984; S.-Y. Lee and E. J. Heller, J. Chem. Phy$, 3035(1982; M.

electron promotion makes the lowest unoccupied moleculay,Shapiro and R. Bersohibid. 73, 3810(1980.
5See, e.g., B. R. Johnsat al, J. Phys. Chem100Q 7743(1996; J. A.

orbit/highest occupied molecular orliitUMO/HOMO) in- Syage, Chem. Phy&07, 411(1998; H. Ohoyamaet al, J. Phys. Chem.
teraction effective to create an |- bond with the in-pha$e 100, 4729(1996; K. Q. Laoet al, J. Chem. Phy92, 823(1990; S. M.
orbital (n— o* excitation or s or p orbital (Rydberg excita- Pennet al, ibid. 89, 2909(1988; R. Ogorzalek Lot al, J. Phys. Chem.

tion) combination on the two | atoms. Donaldson and 92, 5(1988; D. Imer et al, ibid. 88, 3956 (1984); G. N. A. van Veen
9 e . et al, Chem. Phys87, 405(1984; M. D. Barry and P. A. Gorry, Mol.
co-worker$® proposed a modified exciton model. After the Phys.52, 461(1984; H. W. Hermann and S. R. Leone, J. Chem. PHgs.

excitation of a CHl moiety to theA continuum or to the 4766(1982; R. K. Sparkset al, ibid. 75, 3838(1981).

Rydberg state, a partial charge transfer occurs from one | en]tﬁ'\/' K. Dzvonik, S. Yang, and R. Bersohn, J. Chem. Pifif54408(1974.

to the other. This process results in some anion-type charac- JlgLSSK”ee L. R. Khundkar, and A. H. Zewail, J. Chem. PI83. 1996

ter with the C—I bond now EXpe'”er?mng a .repu!swe force. 18the dominant channel involves the?y,,), as evident from the strong
The consequence of the orbital interactions is to form the KETOF peaks for I£P,,,) relative to the weaker ones foPRy,). Even if

I-1 bond on the time scale of the C—I breakage which as some trajectories involve the?®,,) channel, the collision energy is only

: At e il 27 different from the 18P,,;) by 1.15 kcal/mol.
reported here is 150 féor Rydberg excitation is Slmllat,lz 19A very small portion of T signal att=0 from the CHI* fragmentation

consistent with the results in Fig. 3 foy production. The 4 was corrected. This is because the ionization potential ofl @9.54 eV
formation, which may be coherent, as shown in the case of and the absorption by GH* of three probe photons causes some frag-

molecular photodissociatiofiCH,l,),3* has also been ob-  mentation toT+CH;and CH +1.

20 H
. . S . 5 R. Bersohn and A. H. Zewail, Ber. Bunsenges. Phys. Chem.373
served in the photodissociation of the HI dinféf® and (1988: Q. Liu and A. H. Zewail, J. Phys. Cherg7, 2209 (1993.

again is a four-center reaction. Polanyi's gr%%pbserved 21p_G.Wang, Y. P. Zhang, C. J. Ruggles, and L. D. Ziegler, J. Chem. Phys.
the formation of CJ and By by photoinitiating reactions of 92, 2806(1990.

2HX (X=Cl and By on LiF surfaces. This surface aligned ..1- Kaweguchiet al, Bull. Chem. Soc. Jpré6, 53 (1973.
f tion of X is a four-center reaction. The chemistry in M. Dubernet and J. M. Hutson, J. Phys. Ché@, 5844(1994.
orma Y IN 240 ¢ Amoldet al, J. Phys. Cherd9, 1633(1995.

these aligned complexes and surfaces is novel and we plafy. zhanget al, J. Phys. Chemd9, 13680(1995.
further studies in this area. 2|, Krim et al, in Femtosecond Chemisirgdited by J. Manz and L.

; : ; ; Woste (VCH, Weinheim, 1994 p. 433.
In ponclusmn, the s_tud|es reported here prowde dlrec§7M. H. M. Jansseret al, Chem. Phys. Let214 281(1993; H. Guo and
resolution of the dynamics of the C—I bond breakétjme, A. H. Zewail, Can. J. Cheniz2, 947 (1994).

velocity, and anisotropy the inelastic process of GHtI 28C. Fotakis and R. J. Donovan, J. Chem. Soc. Faraday Tran4, 2099
and the reactive four-centes production. The results indi- 29(197& 5 y hys. Chéie, 19 (1992: J. Ch

; ; [ Y. B. Fan and D. J. Donaldson, J. Phys. .19 (1 ; J. Chem.
,Cate a repuIS|on Iength Scale, of 0.8(%1’ CH3I dI,SSOCIatlor) Phys.97, 189(1992; Y. B. Fan, K. L. Randall, and D. J. Donaldsahid.
in 150 fs_, a coherent inelastic procdds4 p9 W_lth a long- 98, 4700(1993.
lived collision complex(1.7 p9, and a cooperative, forma- 3°|\/| Bodenstein, Z. Phys. Chert3, 56 (1894.
tion in less than 500 fs. Extension of the fs detachment ap 'S. P. Sapers, V. Vaida, and R. Naaman, J. Chem. Ri$/$638(1988.

32J. A. Syage and J. Steadman, Chem. Phys. 166, 159 (1990.
proach should now cover negative iofis,adding to 33, Marvet and M. Dantus, Chem. Phys. L&56 57 (1996,

Neumark's CW experimerit$the fs resolution. 3M. A. Young, J. Phys. Chen@8, 7790(1994; J. Chem. PhysL02, 7925

; (1995.
This research was supported by the NSF and AFOSR. 35K. L. Randall and D. J. Donaldson, J. Phys. Ch@®.6763(1995.

36C.-C. Cho, J. C. Polanyi, and C. D. Stanners, J. Chem. P3ys598

1J. M. Farrar and Y. T. Lee, J. Chem. Phg8, 3639(1975. (1989.
2D. M. Golden and S. W. Benson, Chem. Ré8, 125 (1969; D. F. S7A. H. Zewail, Faraday Discuss. Chem. S&d, 207 (1991).

McMillen and D. M. Golden, Annu. Rev. Phys. Chef8, 493(1982; J. 38A. Weaver and D. M. Neumark, Faraday Discuss. Chem. Sd4¢.5

Berkowitz, G. B. Ellison, and D. Gutman, J. Phys. Ch&®).2744(1994). (1991).

J. Chem. Phys., Vol. 105. No. 17, 1 November 1996



