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Femtosecond dynamics of photoinduced molecular detachment
from halogenated alkanes. Il. Asynchronous concerted elimination
of I, from CH ,l,
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The photoinduced molecular detachment dynamics of,ICHhave been investigated with
femtosecond time resolution. Upon multiphoton excitation of,lGHvith 312 nm femtosecond
pulses, weak fluorescence in the 260—290 nm region was observed in additiontitbeekcence

in the 290-345 nm region studied in the previous paper. The weak fluorescence has also been
interpreted as due to emission frog) Where } was produced from the photodissociation process
CH,l,—CH,+15. In order to investigate the detailed dynamics of this reaction, femtosecond
time-resolved data have been obtained by selective detection of tluerescence at 272 and 285

nm. From these transients, it has been found that the dissociation process takes place within the
temporal width(50 fs) of the laser pulse and that theghotofragments exhibit coherent vibrational
motion. The 272 nm transients also exhibit clear, fast decaying rotational anisotropy, quantitative
analysis of which reveals a distribution of rather high rotational levels,.off his permits us to
conclude that the,Idetachment is an asynchronous concerted process; while breaking of the two
C—I bonds and formation of the-H bond happen in a single kinetic step, one of the-Kbonds

breaks faster than the other. In addition, energy partitioning between thareH, photofragments

has also been explored based on the experimental observations. Since this study involves a
multiphoton transition, a theoretical formulation for the time dependent rotational anisotropy is
presented for the general case of multiphoton pump and multiphoton probe transitiod9980
American Institute of Physic§S0021-96008)02435-(

. INTRODUCTION less than 196-?* The 250-300 and the 450-500 nm fluo-
scence systems were found to be at least another order of
agnitude weaker than the 300—350 fluorescence, while the
80-240 nm fluorescence is the weakest ofall.

I, fluorescence resulting from two-photon excitation of
%H,1, at 248 nm as obtained by Fotales al2° revealed a
fcompletely different fluorescence intensity pattern, with the
I, F—X fluorescence being the strongest. The two-photon
absorption was thought to cause a two-electron excitation of

20 H
The past two decades have witnessed growing interest iﬁ';?lz' 'f}%'dle frortr; the rgolecular deftachment pathvx;ay, Fo-
the spectroscopy and photodissociation dynamics o iset al™ also observed extensive fragmentation of{;H

CH,l,, 125 the majority of which are concerned with disso- €2ding to the formation of CH and C fragments.
ciation of a single &1 bond from low-lying excited elec- Although the short time dynamics of th? photod|s§00|a-
tronic potential energy surfacdst®When excited with high  tion channel CH—CH,l+1 has been studied extensively
energy photofs), CH,l, molecules are knowr’~25to un- using 7vla2r|pus spectroscopic and time-resolved tech-
dergo molecular detachment, i.e., §4+CH,+13. This  niques,”“time-resolved study of the molecular detachment
produces a highly electronically excitegl holecule, which ~ Pathway CHl,;—CH,+1; had not been performed until our
fluoresces in a wide range of the spectrum. Whenlgtias ~ first observation of the coherent vibration in the nascent |
irradiated with a Kr resonance lan{emitting at 116.5 and fragment.’” Since then, a series of concerted efforts have
123.6 nm), Okabeet al?* observed weak fluorescence bandsPeen made to unravel the detailed dynamics of this molecular
in the 180-240 ¢ H—X), 250-300 (3 F—X) and 450~ detachment pathway:"~**#In paper I, we have presented
500 nm regions in addition to the dominaptD’ —A’ fluo-  Observations and analysis of the photoinduced molecular de-
rescence in the 290—345 nm region. The quantum yield fofachment dynamics of gem-dihaloalkanes. It was found that
the strongest,ID’'—A’ fluorescence was measured to pbemultiphoton excitation of all the molecules studied at 312 nm
gives rise to fluorescence bands assignable toDthe>A’
transition of the appropriate molecular halogen. Analysis of

This paper is the second in a series of articles designegf
to unravel the photodissociation dynamics of dihaloalkanes1
In the previous papéireferred to as paper | hencefortive
have analyzed the transition state dynamics of the molecul
detachment process leading to halogens irhestate. Here
we will investigate in detail the mechanism and dynamics o
the reaction leading to the higher excited states,ofvhich
fluoresce in the 260—-290 nm spectral region.
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setts Institute of Technology, Cambridge, MA 02139. the transients indicates that the dlssoc_latlon processes take
P Author to whom correspondence should be addressed. place on the order of the temporal duration of the laser pulse
0021-9606/98/109(11)/4428/15/$15.00 4428 © 1998 American Institute of Physics

Downloaded 10 Nov 2005 to 35.8.26.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 109, No. 11, 15 September 1998 Zhang, Marvet, and Dantus 4429

(~50 f9. For methylene iodide, CHi, vibrational coher-
ence of the 4 fragments was observed in the time-resolved
transients. These observations clearly suggest that the disso-
ciation reaction is a concerted process, i.e., it happens in a
single kinetic step. However, this in no way implies that the
breaking of two G-I bonds and the formation of an-

bond in the photodissociation reaction €H4-CH,+1, hap-

pen simultaneously. In fact, the timing of these elementary
events will be one of the major mechanistic questions to be
addressed in this study.

As mentioned in paper |, we were unable to extract ro-
tational anisotropy information from the time-resolved tran-
sients because of the dominant time zero feature presented in
the photodissociation channels yielding halogen molecules in
theD' state. In this paper, we report the femtosecond time-
resolved investigation of a different photodissociation chan-
nel of CHl,. The absence of the time zero feature in some
transients allows fast decaying rotational anisotropy to be

observed unequivocally. Although the experimental dataFIG. 1. Definitions of the polarization and transition dipole vectors and the

were obtained using a mUIt'phOton pump transition, the ex?;mgles among them. The space-fixed vectgrande, denote, respectively,

isting theoretical treatment of time dependent rotational anthe unit vectors along the pump and probe electric polarization directions.

isotropy is applicable to schemes involving only one-photonThe molecule-fixed vectora, and i, are the dipoles of the pump and the

pump and one-photon probe. Therefore, quantitative anaWSgobe transitions. Since the pump pulse defines the time zgris mean-
ingful only at time zero, i.e.x1(0). On theother hand, the probe dipole

of the rotational anisotropy obtained in this study requires; * )" depends on the pump-probe time detayRotational dynamics are

generalizing the existing formulation. We have developed gnanifested as the time dependence of the argléetween the two transi-

theoretical treatment of the rotational anisotropy that is aption dipolesit;(0) andz,(t). The quantitys denotes the angle between the
plicable to schemes involving multiphoton pump and multi- Pump polarization and the probe polarization, witk 0 indicating a paral-
photon probe transitions. This new formulation was subsel!€! Polarization configuration and=/2 indicating a perpendicular polar-

. L ization configuration. The remaining angles will be averaged out in the
quently used to extract the rot.atlonal dlstr|but|qn of thederivation of the time dependent rotational anisotropy.
photofragments from the experimentally determined rota-

tional anisotropy. The rotational distribution then allows the

detailed photodissociation mechanism to be inferred. pump and probe transition dipoles, respectively. The Otand

_Th|_s paper will be organized as follows. In Sec._ Il ain the parentheses @f;(0) and,(t) signify the respective
derivation of time dependent rotational anisotropy will bestances when the pump and probe pulses are switched on.
presented_ fqr the case of muItipho_tor_1 pump and muljciphotorp_:ach of them pump dipoles;i;(0), is assumed to be paral-
probe_. This is followed by a desc_rlptpn c_)f the experimentalig| tg each other, as is each of theprobe dipoles i,(t).
data in Sec. lIl. In Sec. IV, the implications of the results Thege are valid assumptions because molecules usually ro-
will be explored, with particular emphasis on the photodis-tate to a negligible degree within the duration of a femtosec-
sociation mechanism. ond pulse; therefore, the orientation of transition dipoles can

be considered essentially stationary within this period. Thus,
Il. THEORY multiphoton transitions with femtosecond pulses are much
less likely if some of the transition dipoles are perpendicular
to each other than if they are all parallel.

Time-dependent rotational anisotropy has been dis- Figure 1 shows these vectors as well as definitions of the
cussed by many authot$26-32However, all these formula- relevant angles among them. The angléetween the two
tions are only applicable to the situation of one-photon pumpspace-fixed polarization vectors of the pump and the probe
and one-photon probe. Since the pump-probe scheme ertasers is an experimentally controllable parameter; the con-
ployed in this study involves a multiphoton transition, it is dition §=0 signifies a parallel polarization configuration,
necessary to develop a formulation that is applicable to exwhile §= /2 represents a perpendicular polarization con-
periments involving multiphoton pump and multiphoton figuration. The angleb,(t) between the two molecule-fixed
probe transitions. Thus, the following treatment will assumevectors, i.e., the pump dipolg,(0) and the probe dipole
that a delta function-like pump pulse at time zero excites anu,(t), contains information about the rotational dynamics of
m-photon transition and a delta function-like probe pulse at anterest. The remaining angles will be averaged out in the
delayed timet excites ann-photon transition. Note that the course of the derivation.
following treatment is equally applicable to bound-bound,  Since we have assumed that tmepump transition di-
bound-free and free-bound transitions. poles are all parallel to each other, the probability for the

Let €; ande, be the unit electric polarization vectors for m-photon pump transition is expected to be proportional to
the pump and probe pulses, respectivedge Fig. 1L Let  |m4(0)-€,|/?™ under nonsaturated conditions. A similar ex-
1(0) and,(t) be unit vectors along the directions of the pression can be obtained for the probe transition probability.

A. Rotational anisotropy
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Thus, if none of the transitions is saturated, we can express =g,
the time dependent signal for an-photon pump anch- _ _ 3
photon probe as the following ensemble average: COS = C0S 01 COS ¢, +SIN 6 SiN ¢, COS )y .

R ~ o ~ ~ o Substituting(3) in (1), we obtaif*
() =A(t)(|1(0) - €)™ ma(t) - € )6,y 11

A(t)
=A(t)(cog™ ¢, cog" 02) 0,6 11 i |(t):<§2 J J J cos™ 6;(cos 6; cos ¢,
1 ar 2 A . 2 .
=A(t) a2 f sin 0,d 6, depy +5sin 6, sin ¢, cos x;)°" sin #,d#,d¢p,dx;
0 0 i
2m (—1)™2"n7l(2n)
m n =
X |, dxacos™ 6, cos 02>,' @ A S CmFn+ 2T (mn+372)

J

2 m-—n+1/2:

whereA(t) represents the isotropic contribution to the signal X (i $2CZ, (i |cot ¢2)); @
and therefore does not depend on rotational anisotfdpy. whereI'(x) and C(x) denote the gamma and the Gegen-
The subscripin | t) signifies the dependence of signal on bauer functions, respectively.Similarly, for perpendicular
the polarization configuration. It is this dependence that igolarization configurationg= /2 and thus we have from
typically sought in an anisotropy measurement. ),

The averages ifil) take into consideration the contribu-
tions from individual molecules and can be viewed essen- 5)
tially as a summatioffor rather averageover a collection of COS y=sin 0, COS ¢ .
ipdividual mol_ecules. Since the transi_tion dipojes(0) and Substituting(s) in (1), we get
uo(t=0) (at time zerg are molecule-fixed vectors, they are
determined completely if the molecular orientation is speci- | - A(t) f f f c0S™ 6,(cOS y COS b
fied. The molecular orientation can be characterized, for in- + 8 ! Y 2
stance, by the three angles, ¢,, x; defined in Fig. 1.
Here., _01 and ¢_1 define Athe orientati.on oﬁl(O)_whiIe X1 +5in y sin ¢, €OS x1)2" sin 0,d6,d¢,dy;
specifies rotation about,(0). Thetime evolution of the j
probe dipoleg,(t) is governed by the angular momentjym

COS 6,=C0S y COS ¢+ Sin y sin ¢, COS x1,

of the species being probed. The quaniitis conserved at At I'(m+1/2)I'(n+1/2)

least until collisions take place; this is a relatively long pe- 27l (m+n+3/2)

riod of time in a rarefied gas phase experiment like those in

this study. The average over the molecules can be replaced X (coS" ¢, F1(M+1,—n;—tarf b2));, (6

with the average ovefi;, ¢1, x1 andj so long as the popu- where ,F,(a,b;x) denotes the confluent hypergeometric

lation of the species being pumped with orientatin ¢1,  function® For the special case @fi=n=1, expression$4)
X1 and the population of the species being probed with anand (6) reduce to

gular momentunj are used as the weights for the average.
With the definition of vectors and angles in Fig. 1, the l,(t)= it) (2+c0S 2p,);

second equality ii1) is straightforward and needs no further 15 I

explanation. The third equality i) expressed the average At)

over 64, ¢4, x1 explicitly. As mentioned previously, these I, (t)= 30 (3—cos 2p,); .

angles specify the orientation of the species being pumped. If

there is no preferential orientation for the species beingrhus the above expressions give rise to the well-known for-

pumped initially, we should then take a uniformly weighted mulation for the rotational anisotrop§;>%-!

average over all possible orientations as in the third equality

@)

of expressior{l). We now evaluate the 3D integral th) and r(t)= M = i (1+3 cos 2p,); . (8)
leave the remaining average oveto later discussion. h+21.( 10
In order to expres$, in terms of the angles,, ¢, and  For anm-photon pump and one-photon probe, we have
x1, we will make use of the following trigonometric qm m
identities®3 - _
I,(t)=2A(t) ST 1 1+ >mT3 (1+3cos 2;59,}
COS 6,=CO0S y COS ¢, +Sin vy sin ¢, COS x4, m m
(2 1, (t)y=2A(t) 1- - (1+3cos 2752>} , (9
COS y=C€0S § c0oSs #;,+sin & sin #; cos ¢, 2m+1 22m+3 l
1 m
where the angleyis defined in Fig. 1. For simplicity, we will  r(t)= 3 5mT3 (1+3 cos 2p,); .

deal with two specific cases in the following, i.e., parallel
(6=0) and perpendicular&= 7/2) polarization configura- We derived the above expressions previotislyy simply
tions. For§=0, we have from(2), extending the Baskin and Zewail treatméhfThe present

Downloaded 10 Nov 2005 to 35.8.26.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 109, No. 11, 15 September 1998

Zhang, Marvet, and Dantus 4431

TABLE I. Anisotropy formulae for multiphoton pump and probe. Formulae for rotational anisotr@pyas well as signal intensities for parallé}) and
perpendicular I, ) polarization configurations are derived for specific casesrphoton pump ana-photon probe based on the procedure outlined in Sec.
Il A. The quantity ¢, denotes the angle between the pump transition dipg(®@) at time zero and the probe transition dip@lg(t) at an arbitrary time delay

t. The average over has not been carried out explicitly. Specific examples of such averages are given in Sec. |l A. The Agrhhiolthe |, and | |
expressions is a proportional constant that does not depend on the anisotropy. Notice the symmetrynbetvdrerAlso notice that when both pump and
probe are multiphoton transitions, thét) expressions become complicat@ge text In contrast, so long as either the pump or the probe is a one-photon

transition,r (t) can be expressed as a simple multiplication factor tifdes3 cos 2p,); .

n=1

n=2

n=3

At
IH=1—5 (2+cos 2y);

LA

IH—E (3+2cos 2p,);

A1)
I“:E (4+3 cos 2p,)

m=1 At) A(t) A(t)
|L=%<3—COS 2b,); Il=¥<2—cos 2h,); IL:E<5_3 COS 2hy);
1 1 1
r(t)=E(l+3cos 2y); r(t)=7<1+300321>2)j r(t)=6<1+3c0321>2)j
A(t) A(t) A(t)
IH=¥<3+2 COS 2h,); |u=m<18‘*‘16 COS 2p,+ COS 4p,); Iu=m<10+ 10 cos 2b,+ cos 4p,);
m=2 At) A(t) A(t)
|L:E<2—COS 2p,); IH:%Q?—ZO COS 2p,+ COS 4p,); |¢:m3<41—36 COS 2h,+ 3 COS 4p,);
1 (63+188 cos 2,+5 cos 4p,); (39+116 cos 2,+5 cos 4p,);
r(t)= 5 (1+3cos 2,); = : = :
7 2(153+4 cos 2p,+ 7 cos 4p,); 2(81+4 cos 2p,+7 cos 4b,);
A(t) A(t) A(t)
I“:E<4+3 COS 2h,); I“:m(lmlo COS 2h,+ COS 4p,); I“:mﬁ<200+225 COS 2b,+ 36 COS 4p,+ COS Gp,);
m=3 At) A(t) 5A(t)
Ii:1_26<5_3 COS 2py); |l=m3<41—36 COS 2b,+ 3 COS 4py); IL:FO%(_ZQMSOS COS 25, — 42 COS 4p,+COS Gp,);
_ (39+116 cos 2,+5 oS 4hy), (1730+ 5115 cos 2,+ 366 cos 49, + 21 COS @b,);

r(t)=%(l+3cos 2y); r(t)

"~ 2(81+4 cos 2p,+ 7 COS 4by);

r()= 2(3070+ 285 cos 25, +498 cos 4, + 3 cos @h,);

formulation allows us to deal with multiphoton probe also.
For a one-photon pump amdphoton probe, we have

n
n
I,(t)=2A(t) il 1+ onT3 (1+3 cos 2p,); |,
n n
I, (t)=2A(t) TR 1- 3 9n¥3 (1+3cos 2;52),},

1 n
r(t):§m<l+3 cos 2752>j- (10
By comparing(9) and (10), we realize that the two are es-
sentially the same. The only difference is that every occur
rence ofmin (9) is now replaced witm in (10). Thus if

either the pump or the probe transition is a one-photon pro

Gordon first proposed € In fact, no linear combination or
simple and meaningful nonlinear functiotat least the ones
that we have examingaf I, andl, can be isotropic if both
the pump and the probe are multiphoton transitions.

The symmetry betweem andn is also apparent in Table
| although it is not immediately obvious from the expressions
(4) and (6). This symmetry can be understood from exami-
nation of the integration in Eq1). The integrationor aver-
age over 0,, ¢, and y; in (1) can be transformed into an
integration(or averaggover 6,, ¢, andy, with the value of
the integration unchanged. This is because there is no differ-
ence between integration over all possible orientations with
0., ¢, and y, as integration variables and integration over
all possible orientations witl#,, ¢, and y, as integration

cess, a very simple expression can be obtained for the rot¥arnables.

tional anisotropy. The quantity(t) is found to be a constant
multiplied by (1+ 3 cosd,); in this case.

Further averaging over the angular momentuin the
above expressions can be carried out by following the pro-

However, when both pump and probe transitions aréedure given by Baskin and Zewdfl However, for com-

multiphoton processes, we can no longer obtain such
simple expression for the rotational anisotropy. Presented i
Table | are the expressions bf, I, andr(t) for the cases
whenm andn each varies from 1 to 3. Taking the expres-
sions forl, andl, from the table, we find that for the case of
multiphoton pump and multiphoton problg;+ 21, contains
expressions involving the angis, . Since¢, depends on the
angular momenturj of the species being probed, as we will
see in the ongoing discussiorig;+ 21, is no longer isotro-
pic. Therefore, the rotational anisotropy as defined8nis

pleteness, we will give an outline of the procedure with a
Rarticular emphasis on the case of multiphoton pump and
probe. The following derivation will be limited to the case of
a symmetric top. To fully specify with respect to a sym-
metric top, one needs to specify its magnitydthe angled
betweenj and the figure axis of the top and the angle of
rotation ¢y around the figure axis at time zero. With these
three quantities specified, the classical motion of the top can
be determined completely. As is well known, the top motion
is a composite of two different types of rotation: the nutation

not as meaningful a quantity for these cases as it was wheof the figure axis aboutat a ratew,=j/i, and the rotation
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of the top about its figure axis at a ratg=j cosé(1/, is explicitly carried out in the last step. The quantiRy de-
—1/4,), wherei, andi, denote, respectively, the moments notes the rotational distribution of the species probed.

of inertia of the molecule about its top axis and about any ~ Similarly, for the(l.L) case, without loss of generality,
axis perpendicular to i Thus the equations of motion for we can letu;(0)=2z(0) andu,(t)=x(t). Then we obtain

. 2 N N ~ ~
the unit vectors along the top axesy andz becomé COS o= f11(0) - fun(t) =2(0)-X(1)
X(t)=[cog g+ w;t)cOS w,t — CcOS 6 =—cod o+ w,t)sinwpt. (14
X sin( o+ w,t)sin wnt]5(+[cos( ot o, t) When this result is substituted into the rotational anisotropy
i i A expression in9), we find
X sin wpt+cos # sin( g+ w,t)coswut]Y
N 1 m
+sin 6 sin(yo+ w,t)Z, (118 Nut)=5 5= (1+300s 2,
y(t)=[ — sin( o+ w,t)cos w,t—cos 6 1
. =5 5= (—2+6 coS (Yot @ 1)SIN wnt); 4,4,
X COS ¢+ w,1)SiN wt]X+[ —Sin o+ e, t) 22m+3
. S 1 m
X sin w,t+cosé co +w,t)cosw,t]Y S
Wnp S(Alﬂo ot) wnt] =~ 15m+3 <1+3 cos 2Unt>j
+sin 6 coq Y+ w,t)Z, (11b
lﬁAo ' ) ) 1 om 3; P cos 2ot
z(t)=sin 6 sin w,tX—sin # cosw,tY+cos6Z, (110 =" Zomt3|1t3 3P ’ (19

wherez denotes the figure axis of the top akdY andZ are ~ Where the average ovep, is assumed to be uniformly
the unit vectors along the space-fixed axes of the coordinaté¢eighted. After such averaging, the only dependent factor
system. cog(yy+ w,t) becomes 1/2. Notice that the anisotropy(1%)
Knowing the time evolution of the unit vectors along the is exactly —1/2 times that in(13). Similarj averages can be
top axes, the time evolution of an arbitrary vector can becarried out for other more complicated cases.
predicted so long as its resolution in terms of the top unit ~ Before we leave this subsection, it is perhaps worthwhile
vectorsX, y andz is known. To illustrate this point, we will to mention the applicability of the above formulation. The
evaluate thg averages in Eq(9) for two simple cases, one above expressions should be valid if the signal is propor-
of which is of interest to the present study. First, the pumpiional to the total population transferred by the probe
and probe dipoles are parallel to each other and to the figur@ansition?z Detection schemes such as transient absorption,
axis at time zero. We will use subscrifill) to denote this fluorescence depletiofthis study or multiphoton ionization
case. Second, the pump and probe dipoles are perpendiculfpviously fall into this category. However, further complica-
to each other at time zero with one of them parallel to thetions arise if, for instance, the polarized fluorescence from
figure axis. We will use(l,L) to denote this latter case. For the terminal level of the pump/probe transition sequence is
both cases, the molecule being probed is assumed to be litrken as the signal. For this case, one must consider the
ear. Thusf= /2 becomes a very good approximation be-alignment created in the pump/probe steps instead of just the
cause in this case if the electronic and spin angular momenump step alone. A formulation for this case has been given
can be neglected, the total angular momenjusnessentially by Baskin and Zewaif for the one-photon pump and one-
the rotational angular momentum, which is perpendicular tahoton probe. Extension of this formulation to the cases of
the linear molecular axi¥ multiphoton pump and probe is currently under consider-
For the(l,Il) case, both the pump dipofe, and the probe ation.
dipole &, are parallel to the molecule-fixegtaxis (figure
axis). Thus u1(0)=2(0) and u,(t)=2(t). Using Eq.(11)
and taking into consideratiof= 7/2, this gives B. Three-body mechanics
12 As far as the photoinduced molecular detachment pro-

cesses in this study are concerned, the penta-atomic molecule
or ¢»=w,t. Therefore the rotational anisotropy in E®)  CH,l, can be treated as a triatomic with the Chhoiety

€0S o= 1(0) - f1o(t) =2(0)- Z(t) =cos wt,

reduces to being viewed as a pseudoatom. This subsection deals with
the kinematics of such a three-particle system using the laws

r ()= E_ (143 cos 2b,); of classical mechanics. The purpose is to see how bond

’ 22m+3 . breaking and formation affect the motion of the individual

1 m particles, knowledge of which allows an analysis of the an-

== (1+3cos Zont)j,glg,,0 gular momenta of the subsystems. This analysis will be use-

22m+3 ful to the discussion of the possible mechanisms in Sec.

1 m 1+32j P; cos 2v,t 13 IVD. In thg f_ollowing treatment, we will assume that_ the
2om+3 P, bonds are rigid and that there is no translation or rotation of

the system as a whole. Excess energy deposited to dissociate
Sincew,t depends ofbut not ond or ¢, only thej average a bond is assumed to be manifested as a force acting along
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the direction of the bondi.e., axial recoil. Therefore, it is Sy X1 X
sufficient to consider only the motion of the atoms on the 5 —= — ">

. . Uy1 Y17 Y2
triatomic plane.

To illustrate the general idea of the treatment, we will 23

consider a specific bonding arrangement, i.e., atom 1 is ini- 20 Tg; — (X2~ X3)(8vx2~ Svx3)
tially bonded to atom 2 and atom 2 to atorm{e3g., the CH
pseudoatom to the two | atoms of @B). Let m;, (X;,y;) +(Y2—Y3)(6vyo— dvy3) =0, (179

and (v, ,vyi) be the mass, current position and velocity of yhere Eqs(179—(170) are identical to those ifi6). Equa-
atom i, respectively. At an infinitesimal timest later,  tjon (176 reflects the restriction that bond breaking results in
changes of the atomic positions can be determined triviallyayja| recoil. Similar free propagation and bond breaking
using 6x,=v, t, etc. The changes in the atomic velocities, equations can also be obtained for other bonding arrange-
on the other hand, can be determined by the following set ofyents and bond formation and bond breaking processes.
simultaneous equations: With these equations, the motion of the atoms can be pre-
(163 dicted and mechanical quantities such as the angular momen
tum of the subsystemdragment$ can be obtained readily.

(17e

5PX: m150X1+ m250X2+ m351)X3: 0,

5Py=m150y1+ m25Uy2+ m35Uy3:0, (16b)
53,= ml(X15Uy1_Y150x1)+ mz(X25vy2_Y25vx2) lll. EXPERIMENTAL RESULTS

Since a detailed description of the experimental appara-
tus has been given in papet here we will give only a brief
account of the experimental setup and conditions. The ex-
periments employ two femtosecond laser beam&0 fs

+M3(X300y3—Y360y3) =0, (169

OT=My(Vx16V51+Vy100y1) +My(Vy20V 4o+ VY20V )

+M3(vyx30Ux3 T Vy30Vy3) =0, (16d  pulsewidth$ with one beam having its wavelength centered
5 around 312(pump and the other around 624 nfprobe.
L drg Pump and probe beams were collinearly overlapped and fo-

1512 2 2 _
20 g ~L0am0:) F (0y170y2) 7] OUF (X1 =) cused into a quartz sample cell using a lens of 200 mm focal

length. Fluorescence from the product molecules was fo-
X(80x1 = GU2) + (Y17 Y2) (80y1 = Guy2) =0, cused into a spectrometer for detection.
(169 CH,l, was introduced to a quartz cell and dissolved
dr gases removed by several freeze-pump-thaw cycles @ 10
1,923 Torr at liquid nitrogen temperature. Dehydrated sodium thio-
2 W_[(UX2_0X3)2+(vy2_0y3)2]&+(xz_x3) sulfate was also placed in the cell to scavenge iodine mol-
ecules to ensure only nascenf photofragments were
X(6vxe— 6vxa) + (Y2~ Y3)(Svy2— uys) =0, present. Experiments were conducted at room temperature.
(16f) Spectra were taken using the 312 nm laser only and the
) , wavelength scale was calibrated with a Hg lamp using the
where Eqs(16a—(16d are essentially the conservation 1aws y\n emission lines of Hg atoni&The resultant dispersed
of momentum, angular momentum and kinetic energy. Equag;orescence spectrum is presented in Fig. 2.
tions (168 and(16f) are imposed by the rigid bonds between o dynamics associated with the strong fluorescence
atoms 1 and 2 and between atoms 2 and 3, respectivelysares hetween 300 and 350 nm has been investigated in
These equations govern the free propagation of the t”atom'ﬁaper IX In this study, we will focus on the dynamics asso-
system. _ e _ ciated with the weak fluorescence features in the 260—290
We now consider the situation of a bond breaking event,,, region. As has been mentioned in papérthe strong
specifically breaking of the 1-2 bond with an excess energy),orescence only accounts for photodissociation channels
E. We will assume that the bond breaking event is instantayit, jess than 0.01 quantum yield. The quantum yield for the
neous, so there is no change in the position of each atomeay fluorescence can be estimated to be about one order of
before and after th.e. breaking. But the're will be abrl,thmagnitude less than the stronger one, or less than 0.001. The
changes in the velocities of the atoms, which can be obtainege_resolved experiments which we will present in the fol-
by solving the following simultaneous equations: lowing use only a fractioti~10 nm) of the weak spectrum in
the 260-290 nm region as signal. Additionally, since the

OPX=M10Usa + Mp00sz+ M3duya =0, (73 dynamic information is contained in the depletion of the
SPy=m; 801+ Myvy,+Madvy3=0, (17  weak fluorescence signal, extra effort and caution are neces-
sary to acquire meaningful time-resolved transients.
6d; =M1 (X100 1= Y100x1) + Ma(X260y2— Y260 7) To obtain time-resolved data, the probe pulse at 624 nm
was used to deplete the population in the fluorescent state
+My(X380y3~Y360x3) =0, (179 and transients were recorded as a function of fluorescence

signal versus time delay between the pump and probe pulses.
At each pump-probe time delay, the signal was collected for
+mM3(vy3vy3t+vy36vy3) =E, (179 10 laser shots; laser pulses with intensity more than one stan-

o6T= ml(UX150x1+ vylévyl) + m2(0X250X2+ Uy25vy2)
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FIG. 2. Fluorescence spectrum obtained from multiphoton excitation of
CHo,l, at 312 nm. The spectrum was acquired by dispersing the fluorescence
generated from excitation of the neat vapor of room temperaturg,CFhe
excitation source is a focused 200 mm) femtosecond laser bedm10
wJ/pulse with a central wavelength at 312 nm. The spectrum was calibrated
using known emission lines of a Hg lamp. I ; } I f
-0.5 0 0.5 1.0 1.5

Pump Probe Time Delay (ps)
dard deviation from the mean were discarded. Typical tran-

sients contain data from 200 different time delays and aré&!G. 3. Time-resolved transients for Glil The transients were obtained by

. i na.  atime-resolved femtosecond pump-probe scheme. The pump pulses have a
averages of 100 scans. Flgurda)aand 3b) show the time central wavelength at 312 and the probe pulses are centered at 624 nm. The

resoweq transients for Gip taken by CO_”eCting fluores- _ polarization of the pump beam is parallel to that of the probe beam. Both the

cence signal at 285 and 272 nm, respectively. The dynamigsimp and the probe pulses have temporal wiel0 fs. The figure shows

observed for 285 nm detection are very similar to thosdime-resolved data obtained by selective detection of the fluorescence signal
. = ’ L 1 at 285 nm[shown in panela)] and at 272 nnjshown in panelb)]. Both

found when detectmg th, _TA tr.alnsmon (See paper)l transients show signatures of vibrational coherence. However, the 285 nm

However, the 272 transient is strikingly different from the transient exhibits a large time zero spike.

285 nm transient; the former does not show the time zero

feature. As we will show, absence of the time zero spike in

the 272 nm transient allows rotational anisotropy to be mea- ) ) ]
sured. each other andl, the intensity when they are polarized per-

Both transients in Fig. 3 were obtained with the pumppend_icularly. T_his _separation of pure vibrationgl and pure
and probe polarization vectors aligned parallel to each othefotational contributions from the observed experimental data
Perpendicular transients, i.e., transients taken with the pum@/!oWs us to study them without interference from each
and probe polarization perpendicular to each other, were alggther. o o
obtained for CHI, at both 285 and 272 nm. Although there ~ Presented in Figs.(8 and §b) are the pure vibrational
is no discernible difference between the parallel and perperind pure rotational contributions derived from the 272 nm
dicular transients collected at 285 nm, significant differencdransients in Fig. 4. To obtain the experimentgt) and
exists between the parallel and perpendicular 272 nm trarlisouopic CUTVES shown in Fig. 5, the average fluorescence in-
sients, as depicted in Fig. 4. The data in Fig. 4 were collectet£NSity at negative time delaygrobe earlier than pumpvas
by setting the polarization of the punip12 nm pulses nor- subtracted from the parallel and perpend|cular transients, and
mal to the optical table; the polarization of the pralg@4  Proper normalization of these transients at long time delay to

nm) pulses was then aligned either parallel or perpendiculaf€ir respective asymptotic limits was performed. The ob-
to that of the pump. served data were not manipulated in any other way before

The time dependent rotational anisotropy is extracted@valuatingr (t).
from the data using the formuf§,
I —1
rt)= ———, (18 IV. DISCUSSIONS
I+21

. L . . A. Vibrational analysis
and the “isotropic signal,” which reflects the pure vibra- orat yst

tional contribution, can be isolated using the following for- The isotropic transient shown in Fig(e clearly exhib-
mula, its oscillative variation inligyyopic at positive time delays.
" 149 (19 This nearly sinusoidal varllatlorj can be mterpreted as the sig-
isotropic 1l T <L nature of the coherent vibrational motion imparted to the
In Egs.(18) and(19), | is the fluorescence intensity obtained nascent] fragments during the dissociation process. The ob-
when the pump and probe lasers are polarized parallel tserved vibrational coherence in theftagment implies that
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a. parallel

Isotropic Signal

b. perpendicular

Relative Fluorescence Intensity
r(t)

1 | | : | | Pump Probe Time Delay (ps)

FIG. 5. Separation of pure vibration and pure rotation contributions to the
signal. The thinner traces in both pan@sand(b) present, respectively, the
pure vibrational contribution as given by the isotropic signpai2l, and the
jpure rotational contribution as given by the time dependent rotational an-
isotropy r(t) [see Eq.(18)]. Both the isotropic signal and the rotational
danisotropy are derived from the original experimental data given in Fig. 4.
The thicker lines show least-squares fits to the pure vibrational and pure
rotational contributions.

Pump Probe Time Delay (ps)

FIG. 4. Time-resolved transients of Gilcollected at 272 nm. Pan&) of

the figure shows a transient obtained for a parallel polarization configuratiol
between the pump and probe beams while p&bekhows a transient for
perpendicular polarization configuration. The difference between the tw
transients clearly indicates rotational anisotropy in therbduct. The an-
isotropy decays within~500 fs of the pump excitation. Notice that for the
perpendicular polarization configuration, the depletion is greater near time
zero than that for the parallel polarization configuration.

fitted vibrational frequency should provide a lower bound to
the nominal vibrational frequency of the fluorescent state.
the I, elimination process is concerted, i.e--I bond forma-  This serves as a convenient criterion for eliminating as the
tion and the two G-I bond breakages happen in a single fluorescent state thosgsdtates that have vibrational frequen-
kinetic steph17-1° cies smaller than 98 crt.
To obtain quantitative information about the vibrational ~ There are several known emission systems, ¢iat fall
coherence, we have modeled the isotropic data in Fig. 5 into the 260—290 nm spectral region, notably tR@,

using the following damped sinusoidal expression: —Xoy % f0§—>Alu %8 foy—B"1,,% 0, —BO; ,*
_ —tir o0 G1,—A1,***and g0, —2431°%[1,*** transitions. Since
isouopic= A+ Be T cog vt + ), (20 the vibrational frequencies of both the (96.31) and the

where 7 denotes the effective coherence dephasing constanf; Og (96.98 cm?) states are smaller than the fitted vibra-
 the vibrational frequency and a phase factor. The quan- tional frequency of 98 cm, they are quite unlikely to be
tities A and B are constants dependent upon specific experiresponsible for the observed vibrational coherence based
mental conditions, such as detection efficiency. The expoupon the above criterion, although similar features observed
nential factor accounts for the effective dephasing of theby Okabeet al?* and Fotakiset al?® have been tentatively
vibrational coherence whereas the cosine factor describes tlassigned to theFOJ—>XOJ fluorescence of the nascent |
signature of the vibrational motion. Least-squares fit of thefragment. However, due to the sizable uncertai@yem 1)
experimental isotropic data in Fig(& using the functional in the present determination of the vibrational frequency, the
form of (20) gives rise to the following parameters=501  lower bound of 96 cm' does not permit us to eliminate the
+82fs, w=98+2cm * and ¢=51°+6°. The fitted result involvement of theF0, and thef’0; states unequivocally.
is shown in Fig. ) as a solid curve. The remaining three upper states have quite similar vi-
These fitted parameters, especially the vibrational frebrational frequencies, i.e., 104.14 fb(D;r 106.60 forG1,
quency, provide clues to the identity of the fragment beingand 105.70 cm® for g0y . Taking into consideration the
probed and the electronic identity of its fluorescent stateanharmonicity constants of 0.2113, 0.2134, and 0.4900'cm
First of all, since most ion-pair states gf have vibrational for thef, G andg states, respectively, we can estimate that a
frequencies on the order of 100 ch there seems little vibrational frequency of 98 citt corresponds to vibrational
doubt that the species being probed is théragment. Sec- levels 14, 19 and 7, respectively. Spectral analysis presented
ond, because anharmonicity tends to reduce the effective vin paper  indicated that the,If — B fluorescence is partially
brational frequency for higher-lying vibrational levels, the responsible for the stronger emission band in the 290-345
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nm region. Therefore, it is no surprise that certain spectrafjuring the first 500 fs after formation of the photodisso-
features in the 260—290 nm region are due to thé-+A  ciation product. The fast decay implies a high degree of ro-
fluorescence. Although we can not determine the exact idenational excitation in the,lfragment.
tity of the fluorescent state responsible for the vibrational A quantitative analysis of the rotational dephasing can
coherence, the above analysis strongly suggests that thebe performed on the pure rotational contribution presented in
state is responsible. Fig. 5(b). A formulation of time-dependent rotational anisot-
Since the 4+l interatomic distance in the ground state of ropy for the case of one-photon pump and one-photon probe
CHjl; is rather close to the bond lengths in theg andG  has been given by Baskin and Zewailor a (|I,l)) transition
states of the, moleculel®*****!significant vibrational ex- case. Extension of the formulation to ttieL) case yields
citation in the } fragment is not expected. However, because
the HCH angle in ground-state GH differs significantly r(t)=—i 1+ 2 Pj cos 2t
from the bond angle of Ckin the X andb states:®*?vibra- 20 2P '
tional excitation should be expected in the £photofrag-  \yhere the symbols are defined as in Sec. Il A. However,

ment if CH, is produced in theX or b state. This could = analysis of the pure rotational contribution shown in Fig.
represent a significant amount of energy, especially whesy) ysing this formulation failed to reproduce the experi-
one considers the high vibrational frequencies of,CH mental data in general and the observ¢@) value in par-

The vibrational coherence decays over a period of apricylar. One can see from Fig(t§ that ther (t) value at time
proximately 500 fs. Under the experimental conditions Ofzerg js close to-0.3, especially if one follows the trend of
this study, the mean collision time can be estimated {0 bene experimental trace. This is different from the expected
approximately 100 ns. Clearly, intermolecular collisions can,gjue of —0.2 for a situation where the pump and probe
not be responsible for the observed dephasing of vibrationglansition dipoles are perpendicular to each other. We find
coherence. The vibrational anharmonicity can also cause Vinat this is due to the multiphoton nature of the pump tran-
brational dephasing and loss of coherence. Although thigjtion. A three-photon pump transition would be expected to
may be largely responsible for the observed dephasing, groduce a greater degree of alignment than is expected for a
simulation with this as the only mechanism yields & verygne-photon transition because it produces a @dsistribu-
wide vibrational distribution and a less satisfactory fitting tiony in the nascent products rather than a (€3sdistribu-
result. This indicates that other dephasing mechanisms playyn. This narrower initial alignment causes the dephasing of
part. _ o . . rotational anisotropy to appear faster than it really is.

The fitted vibrational phase factog) in Eq. (20), is In order to model time-dependent rotational anisotropy
found to be nonzero. The uncertainty in determining thegyperiments in which the excitation is a multiphoton process,
value of this factor is significantly affected by the accuracy\ye have extended the existing treatniérfor one-photon
of experimental determination of time zero. We have mad‘?:)ump and one-photon probe in Sec. Il. A summary of the
use of the fact that when collecting fluorescence at 340 nm, gyodel with specific application to the case of a three-photon
large spike can be observed at time zesee paper). The  hump and one-photon probe follows. For this case, if all the
peak position of the spike can serve as a very good indicatiogymp transition dipoles are aligned parallel to each other and
of where the actual time zero is located. With this, the timeye probe dipole is perpendicular to the pump dipole at time

zero can be estimated to be within the resolution of the timgerq, e find from Eq(15) that the rotational anisotropy can
scan, which is less than 30 fs. This accounts for about 10%e expressed &

of the ~300 fs vibrational period. Thus the uncertainty of the
phase factor can be estimated to be abe86°, i.e.,~10% (1) = 1 143 2 Pj cos ot
of the phase of a full period, 360°. Thus even with this large 12 2 P;

error, the fitted phase fact@y=51°+36° for this molecular

detachment channel is quite different from that obtained fo%’v?.ere t??hwelgptmg fa(f[td?i (tjr?scrlbes theGrotatlpnaIf popiy—
theD’ dissociation pathway in paper |. An induction period, ation of the b fragment, in this case a Gaussian function

while bond rearrangement takes place, is a possible explang'—ven by
tion for the observed nonzero phase factor.

(21)

: (22

pP.= g~ U= ima/(AD" (23
b m

B. Rotational analysis andw,=4mB] denotes th¢-dependent nutational frequency

Examination of the data in Fig. 4 reveals that depletionof the fragment being probed. The quantByepresents the
immediately after time zero is more efficient when the pumprotational constant of the Fragment. It is obvious from Eq.
and probe pulses are polarized perpendicular to each othé22) thatr(0)= —1/3. The discrepancy between this value
than when they are parallel. This is a strong indication thatind the experimental vallsee Fig. )] may be attributed
the dipole of the probe transition is perpendicular to the dito finite signal to noise ratio. A least-squares fit of the ob-
pole of the pump transition at time zero. The implication of servedr(t) data using the above formulae is presented in
this observation to the symmetry of the excited states of th&ig. 5b) as the solid curve. As guided by the fitted curve, the
parent and the,lfragment will be explored in Sec. IV E. Itis trend of the experimental trace is seen to approach the ex-
also quite apparent from Fig. 4 that there is a considerablpected—1/3 value toward time zero. The fit gives rise to the
degree of anisotropy in the data, most of which vanishegollowing parameters: the center of the rotational distribution
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TABLE II. Energetics for several dissociation channels of,GHThe table Z(b),‘A
gives the minimum energies required to dissociate a ground-stage, CH 1
molecule to produce CHand |, fragments in several possible electronic
states. The available energies are calculated based on a three-photon transi-
tion at 312 nm. The relevant spectroscopic and thermochemical data are
taken from the literaturéRefs. 4, 38, 40, and 41

I, States CH states Energy requiredeV) Available energy(eV)

X 3B, 9.20 2.72
f(°[5e),9(05) @A 9.59 2.33
b 1B, 10.47 1.45
X 3B, 9.27 2.65
G(1,) atA 9.66 2.26
b 1B, 10.54 1.38

FIG. 6. A model of a CH, molecule. The figure shows the princig], Y
andZ) and rotational axe&, b andc) as well as their transformation under

of the I, fragment,j ,.,=354* 38, and the ¥ width of the the C,, symmetry. Notice that the center of mass is very close to the center
distribution, Aj=509+52. The interesting implications of ©f the two I atoms.
this fitting result will be explored in the following discus-

sions.
It is useful in the following discussions to understand

qualitatively how the rotational motion of the parent £H
molecule is partitioned into the GHand |, fragments. To
facilitate these discussions, Fig. 6 shows a model of the

As the vibrational analysis in Sec. IV A indicates, the CH,I, molecule in the center-of-mass frame. Notice that the
g or G state of } is likely to be responsible for the observed center of mass is essentially that of thefragment because
vibrational coherence after excitation of @hlat 312 nm.  the jodine atoms are considerably heavier than either carbon
Thus the following discussion will consider only dissociation or hydrogen. Upon dissociation, most of the rotational en-
pathways Ieading to formation of these states. Since prOdU("e-rgy of the parent CHl, about theZ-axis (b-axis), the sym-
tion of I, molecules in thd, g and G states from a thermal metry axis of CHI,, remains as rotational energy of thﬁ |
sample of CHI, requires minimum energies of 9.20, 9.20 fragment because the moment of inertia oisl significantly
and 9.27 eV, respectivefy;®“°*!at least three photons of |arger than that of Ch On the other hand, because the cen-
312 nm are needed in each case to supply the necessagt of mass in CHl, is extremely close to th¥-axis (a-axis),
energy. A four-photon excitation would provide 16 eV of j e, the line joining the two iodine atoms, rotational motion
energy, which is far above the ionization threshold of,;GH  of CH,I, about theX-axis will be manifested as translational
so we believe that a three-photon excitation is more likelymotion of the CH fragment. Similarly, rotational motion
Power dependence results also support this concldsion. apout theY-axis (c-axis) will be partitioned into } rotation
addition, the rotational anisotropy data are consistent with @nd CH, translation upon dissociation. Thus the rotational
three-photon pump excitation. The following analysis ismotion of the parent CH, essentially turns into translational
therefore made assuming that the excitation is a three-photafiotion of the CH fragment and rotational motion of the |
process. fragment.

If a 12 eV excitation produces In thef, g andG states, From fitting the observed rotational anisotropy data, we
only the three lowest electronic states of Llhie., 25(381) have determined the rotational distribution to be centered
(To=0.0eV), a(*A;) (T,=0.39eV) and b('B,) aroundj ,,.x=350. With the known rotational constant of the
(To=1.27 eV) ¥ can be produced by the photodissociationfluorescent state), the average rotational energy of the
process. Table Il lists possible combinations of theamd  product |, molecules can be estimated to be approximately
CH, states, each of which represents a distinct photodiss®.3 eV. From fitting the experimentally observed vibrational
ciation channel of CH,. For each channel, Table Il also coherence data, the fragment has been found to contain
gives the minimum energy required for the dissociation pro-only moderate vibrational excitation with an average vibra-
cess and the remaining energy available for internal and kitional quantum number of ~ 14 (for I, f statg. With the
netic energies of the photofragments. vibrational frequency on the order of 100 chwe can es-

As shown in paper 1,the multiphoton molecular detach- timate that the vibrational energy partitioned into thérag-
ment process of CH, is extremely fast. Examination of the ment is approximately 0.2 eV. This is smaller than the rota-
transients shown in Fig. 4 also indicates the promptness dfonal energy, a rather uncommon situation. The small
the dissociation process; the depletion is essentially instantaibrational energy in the,lfragment can be attributed to the
neous within the time resolution of 50 fs. In fact, the quan-fact that the +-I distance in CHI, is very similar to that of
titative analysis of the time zero spike for the 340 nm fluo-1, ion-pair states and therefore little vibrational excitation is
resce as presented in paper | predicted a dissociation time ekpected. Although we do not have a direct handle on how
47 fs, from which we can estimate the translational energy othe rotational and vibrational energies are partitioned into the
the photofragments to be on the order of 1.3 eV. CH, fragment, based on previous discussions, we expect that

C. Energy patrtitioning
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a. Stepwise have found that the time for, formation is extremely fast
‘ (<50 f9), this mechanism can clearly be ruled out.
' ‘ The remaining two mechanisms as shown in Fige) 7
, —* +M —> and 7c) are both concerted; namely, breaking of the two
p ‘ C—I bonds and formation of the-+ bond happen in a
single kinetic step. The difference between the synchronous
t=0 L
concerted mechanism in Fig(bj and the asynchronous con-
certed mechanism in Fig(@) is that the former preserves the
b. Synchronous Concerted C,, symmetry of the parent molecule GlH while the latter
does not. In the asynchronous concerted mechanism, one of
the G—I bonds breaks earlier, or faster to be more precise,
— @—WW than the other. As we will show in the following discussion,

N b=0 the observed high rotational excitation in théragment will
furnish sufficient evidence for us to distinguish between
these two mechanisms.

Due to the heavy masses of the iodine atoms Blaand
C rotational constants of the GH ground state are very
similar to theB rotational constant of,] with a value of

25> ‘ 30 | % approximately 0.02 cm'.X® This gives a rotational distribu-
! 2 % tion in a room temperature sample of @i peaking at]
t=0 7 my

t ~200 ns

¢. Asynchronous Concerted

t=0-50fs ~100. This is much smaller than the measured center of
rotational distribution for the,l dissociation productsj f,ay

FIG. 7. Possible photoinduced molecular detachment mechanisms for=350). In fact, there is a difference of about 25 angu-
CHal,. Three mechanisms are depicted. In the stepwise mechanism, one fr momentum between the parent £4hand the } fragment.
the two G—I bonds breaks to produce an iodine atom. The iodine atomsjt 5|| 250~ were to go into the rotation of the GHragment,
form an |, molecule following a three body collision. This is a nonconcerted . 2 . .
mechanism. Under the experimental conditions in this study, three bod)a S|mpIeBJ argument pl’edICtS that the amount of rotational
collisions are extremely rare. The synchronous concerted mechanism ifenergy would be on the order of 60 eV! This is clearly im-
volves the breaking of the two-CGl bonds and formation of an-H bond possible; in fact, as we have discussed previously, rotational
with the C,, symmetry preserved. In the asynchronous concerted mechamotion imparted to the Cﬁragment will be negligible upon

nism, although breaking of the-€l bonds and formation of the-H bond .
happen in a single kinetic step, they happen in a manner such thatehe C l2 detachment from Chi,. Instead, CH gains a large

bond breaks faster than the otherdetachment with this mechanism results amount. of translational eXCitatior.‘-
in breaking of theC,, symmetry. Notice that the “impact parameteb’is As is well known, conservation of angular momentum

finite in this case and that=0 for the synchronous concerted mechanism. demands that the angular momentum of the palgpt. be
2'2
equal to those of the fragmenﬂ:@H2 andle, plus a so-called

CH, will have relatively high translational and vibrational ©rPital angular momenturh, or
excitation but low rotational excitation. Jeny=Jdcn+ I+ L. (24)

The fragments, therefore, contain at least 1.8 eV of 2 22
translational and internal energies. With the assumption of &lere the orbital angular momentum is produced when the
three-photon excitation and of in one of its second tier two photofragments CHand b fly apart during the photo-
ion-pair statef, g or G, the formation of CH (B) can be dissociation process. Due to the large masses of the iodine
ruled out because there is not enough energy availsele atoms, the magnitude of the orbital angular momentum,
Table I). If this is the case, we are left with a limited number can be well approximated as that of the £iragment only,
of choices, i_.e., Clz(X)+I2(f,g,G) and _Cl—k(ﬁ) L~mMepvenb, (25)
+1,(f,9,G). Which of these channels is responsible for pho- 27z
todissociation of CH to yield I, fluorescence at 272 nm wheremc,, andvcy, denote, respectively, the mass and ve-

remains to be investigated. locity of the CH, fragment and the “impact parameteiy
_ o _ represents the shortest distance between the velocity vector
D. Photodissociation mechanism Ven, and the center of mass of GH [see Fig. 1c)]. Since

Figure 7 illustrates several possible Hetachment Jcw, is negligible, we find from(24) thatL ~250.
mechanisms for CHl,. In the stepwise mechanism as shown  The synchronous concerted mechanism shown in Fig.
in Fig. 7(a), one of the two &I bonds breaks to form an 7(b) conserves th&C,, symmetry of CHI,. According to
iodine atom, which then collides with another iodine atom inthis mechanism, CHflies away along the symmetry axis,

a three-body collision to form an, Imolecule. Since colli- which passes through the center of mass oflGHIhus the
sions are required to form, molecules by this mechanism, impact parameteb is zero, which indicates that there is no
the time to form } is expected to be longer than 100 ns underorbital angular momentum in this case. Clearly, it is incon-
our experimental conditions. Furthermore, no vibrational cosistent with the above assertion thashould be nonzero. On
herence would be expected in the nascemphiotofragments. the other hand, the symmetry breaking, asynchronous con-
Since we have observed vibrational coherence, iand we  certed mechanism shown in Fig(cY does yield a nonzero
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orbital angular momentum because in this dage). In fact,  gap, the lower the barrier. Since the HOMO-LUMO gap de-
the previously estimated 1.26 eV translational energy in conereases from £to I,, they concluded that the barrier de-
junction with the 256- orbital angular momentum allows us creases from C)f, to CX,l,. On the other hand, a higher
to estimate the impact parameteto be approximately 2.7 parrier predicts a higher rotational excitation in the frag-
A. Thus, the experimentally observed high rotational excitaments. Therefore, although we did not obtain direct informa-
tion of the |, fragments(at least those fluoresce at 272)0m o on the rotational distribution of photofragments from the
|nd|c_ates that the molecular detachment process happens Bther gem-dihaloalkanes studied in paper I, the study of Cain
cording to the asynchronous concerted mechanism. etal. allows us to predict that CjBr, and CHCl, etc.,

From a rudimentary molecular orbital perspective, Cain . . . N i
et al* thoroughly examined the minimum energy path forshould give higher rotational excitation in their halogen pho-
' tofragments.

the insertion reaction between carbene, @rd C}, to form ) ] o
CF,Cl,. Although the study was specifically on the forma- We have also investigated the possibility of several other
tion or dissociation pathways of ground-state,Ck, the photodissociation mechanisms. One of them is worthy of
lesson learned is quite general and should have great rdparticular attention. This mechanism requires one photon to
evance to the current investigation of the molecular detachdissociate one of the -Gl bonds and a second photon to
ment mechanism of Cji,. Cain et al. found that the least dissociate the other -Gl bond, while the third photon
energy pathway for CFand C} to approach each other is photoassociatédthe two iodine atoms thus produced. This
not the least motion pathway. In other words, the least enwill be called a three-step mechanism. The difference be-
ergy pathway is not the pathway that preservesdhesym-  tween this mechanism and the asynchronous concerted
metry. Instead, the GFprefers to attack the gfrom a po-  mechanism has to be emphasized. In the asynchronous con-
sition that is neither on theof,) plane bisecting the G+Cl erted mechanism, absorption of the three photons happens
bond nor on the GI-Cl bond axis C..); as Ch gradually  gjmitaneously and instantaneously. The bond breaking and
moves into thar, plane, the Gi-Cl bond gets Weakeqed but bond formation events then take place after absorption of the
the C—CI bonds get strengthened. This pathway is essen;

. ._three photons. Since the photodissociation processes happen
tially the reverse of the asynchronous concerted mechanism P P P PP

described above for the molecular detachment ofl&H he W,ith_in the time duration. o.f. Fhe pulse-, we can not directly
underlying reason for the preference of this symmetry breakglstmgwsh the two possibilities experimentally unless much
ing pathway has been explained by Cairal4in terms of shorter laser pulses are used. Therefore, we simulated the

the interaction of frontier orbitals and the ambiphilic naturedynamics according to the two mechanisms using the proce-

of the carbene. dure outlined in Sec. II B in order to distinguish between
Cain etal. also found that the barrier height for them.
CX,+Y,—CX,Y, (where Y denotes a halogen atpor the Figures 8a) and 8b) present the simulated results for

reverse process depends on the highest occupied molecullie two mechanisms. To obtain the simulation shown in Fig.
orbital (HOMO)-lowest unoccupied molecular orbital 8(a), we have assumed that the molecular detachment pro-
(LUMO) gap of the halogen molecule,¥* The lower the cess proceeds according to the following three steps:

CHolo(X)+h(312 nmM—CH,l(X)+1(2P45)+1.8 eV att=0
CH,l(X)+hv(312 nm—CHy(X)+1(°P1,)+0.3 eV att=32 fs (26)
1(2Pg) +1(2P1p) + hv(312 nmy—l,(f )+0.6 eV,

where the excess energies are obtained based on the dééas break the two €1 bonds and form excited | and
given by Baughcunet al* The first G—I bond is assumed to ground I, respectively. The results of this investigation and
break with an excess energy of 1.8 eV to produce an | atorthose obtained with the pathway shown(26) both predict

in the ground statéP,. The second G-I bond is assumed an I, angular momentum that is inconsistent with our experi-
to break at 32 fs latéf and with an excess energy of 0.3 eV. mental observationgvide infra). Thus for clarity, only the

In this step, the excited | aton?R,,,) is assumed to be pathway in(26) will be considered in the following discus-
formed. The third step involves the photoassocidfiafithe  sions.

two iodine atoms to form,lin the f excited state. The pos- The energetics shown in the following equation have
sibility of two ground | products has not been consideredoeen used for the simulation of the asynchronous concerted
because photoassociation in the third step to prodyde)l mechanism in Fig. ®),

is not energetically possible with a 312 nm photon.

We have also examined an alternative bond breaking and  CcH,| 2(;()4— 3hv(312 nn’)—>CH2(;()+ I(f )+2.7 eV.
formation sequence for the three-step mechanism. Here in- (27
stead of producing ground I in the first step and excited | in
the second step as shown (26), the first and second pho- Here the excess energy is taken from Table Il of this work.
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FIG. 8. Classical simulations of molecular detachment processes. In each snapshot, the two large spheres represent the two iodine atoms while the small
sphere represents the ghhoiety. The simulations were performed faj the three-step mechanism aftl the asynchronous concerted mechanism. The two

C—I bond breaking events are assumed to be separated by 32 fs in both mechanisms. In the asynchronous concerted mechanism, the excess energy i
estimated to be 2.7 eV for the first bond breakage and zero for the second-—Thernd is assumed to form immediately after the first bond breaking event.

On the other hand, for the three-step mechanism, the excess energy is estimated to be 1.8 eV for the first bond breaking event and 0.3 eV for the second. The
|—I bond is assumed to form immediately after the second bond breaking in this case.

!
S

The first G—I bond is assumed to break with an excess entum of the } fragment. This figure and Fig. 8 clearly show
ergy of 2.7 eV. At 32 fs later, the second—@ bond is that the asynchronous concerted mechanism predicts an |
assumed to break with no excess energy. angular momentum that is more in agreement with our ex-
Each snapshot in Figs(@ and 8b) depicts the spatial perimental observations.
arrangement of individual aton{she CH, moiety is treated
as a pseudoatorand their bonding configuration at a par- . . .
ticular instance. Here, notice that the time reference is choI-E' Identity of the dissociative state of CH I
sen to be the instance when the first bond breaks and it may Figures 4 and 5 clearly show that there is a high degree
not coincide with the experimental time zero, which is theof anisotropy as a result of the GH photodissociation pro-
instance when the pump transition takes place. cess. If each of the transition dipoles corresponding to the
Aside from facilitating visualization of the molecular de- three-photon pump transition had different orientations, one
tachment process, a more important purpose of this simulawvould not expect the anisotropy to be so clear. Thus, the
tion is to obtain a quantitative estimation of the orbital an-three transition dipoles are likely to be parallel to each other.
gular momentumL. This then allows one to compare the This is further supported by the consideration that the exci-
estimatedL with that obtained from analysis of the experi- tation source has femtosecond temporal duration, during
mental data. Since the thrdpseudg atoms in CHI, are  which the molecules would not rotate to any significant de-
assumed to be motionless before the first bond breaking igree. Therefore, the case where all transition dipoles are par-
this simulation, the triatomic system contains no total anguallel becomes the most favorable situation for absorption.
lar momentum and will continue not to do so because of Since CHI, absorbs one photon at 312 nm and reaches a
conservation of angular momentum. Thus the orbital angulaB, state, one expects resonance enhancement if the three-
momentumL is the same as the, langular momentum in photon process involves th®, state as the first transition. If
magnitude but is opposite in sign. Theangular momentum this is the case, the dissociative state reached is expected to
can be calculated readily using the procedure presented ilme aB; electronic state at about 12 eV above the ground
Sec. Il B. With a time lag of 32 fs between the two bond state. Although it has been argued that an orbital idth
breaking events, an hngular momentum of 8bis predicted symmetry has a node between the two iodine atoms, this
from the three-step mechanidisee Fig. 8)] and 24& [see  does not necessarily mean that the total wave fundiien
Fig. 8b)] from the asynchronous concerted mechanism. Figmany electron wave functigrmvith B; symmetry should also
ure 9 examines how the time lag affects the angular momerhave no electron density between the two iodine atoms and
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0 tion. If both the pump and probe are multiphoton transitions,
the anisotropy can no longer be expressed in such a simple
Three Step Mechanism manner. In fact, the conventional definition of the anisotropy
loses its meaning of reflecting pure rotational contribution.
Selective detection of fluorescence at 285 and 272 nm
from multiphoton excitation of CH, reveals a fas{<50 fs)
I, formation and characteristig Vibrational coherence, indi-
cating that the reaction mechanism is concerted. The 272 nm
transients also clearly demonstrate fast decaying rotational
anisotropy. Least-squares analysis of the anisotropy gives
rise to a distribution of rather high Fotational levels, with
the distribution center at arourja= 350. This high degree of
rotational excitation along with other experimental observa-
tions and interpretation allows us to construct the following
picture about how we think the photodissociation process of
CH,l, happens at an excitation energy of 12 eV.
A three-(312 nm photon transition excites G mol-

Angular Momentum of the I, Photofragment

3501 Asynchronous Concerted Mechanism ecules from the thermally populated ground electronic state
to a dissociative state; the transition may be of a charge-
-400 ‘ ‘ ‘ transfer type. One of the -Gl bonds breaks and a bond
0 10 20 30 40 50 forms between the two iodine atorhsee the asynchronous
Time of the Second C-I Bond Breakage (fs) concerted mechanism in Fig(cJ]; this generates an enor-

' mous amount of torque on the GEInd |, moieties to tear the
FIG. 9. Dependence of ngular momenta on the time lag between the two second C—l bond apart. Dissociation occurs within 50 fs of

bond breaking events. The two traces present the dependencies for the asyp- . ... o L
n = o P P ' if)e initial excitation. The remaining energy from the 12 eV

chronous concerted mechanism and the three-step mechanism, respectivety.”. . ; . Lo
The detailed conditions are as stated in Fig. 8. initially deposited in the Chkl, molecule is distributed be-
tween the photofragments in the following fashion. During
the dissociation, the CHfragment gains a tremendous
therefore cannot be responsible for the production 0f | amount of translational energy and a sizable degree of vibra-
Since aB, transition dipole in this molecule is aligned along tional excitation but little rotational or electronic excitation.
the I direction (see Fig.  and the pump and probe tran- On the other hand, the fragment is left in a highly excited
sition dipoles are perpendicular to each other at time zercglectronic state with a large amount of rotational excitation
the probe transition would be perpendicular to thednd in  but only moderate vibrational excitation and very little trans-
this case. However, it is also possible that there is a transitiomational energy.
with two-photon resonance enhancement from the ground Although the 272 nm fluorescence resulting from exci-
state, in which cas@; (parallel to theZ axis) andB; (per-  tation of CHyl, can in principle be attributed to emission
pendicular to the Chiplang symmetries would be allowed from several ion-pair states of, lanalysis of the vibrational
as well. coherence at this wavelength suggests that one of,they)
One might speculate that the multiphoton pump excitaG states is likely responsible for this fluorescence. The elec-
tion is a charge-transfer transition such that one of the iodingronic state of the CK fragment has been determined to
atoms gains electron density while the other loses it duringome extent for this particular dissociation channel by ener-
the transition. The electron density redistribution would havegetic considerations. Assuming three-photon excitation of
the effect of generating a Coulombic attraction between th€H,l,, and taking into consideration the high translational
two iodine atoms while at the same time weakening the twanergy imparted into the GHfragment and the relatively
C—I bonds. This is also supported both by the fact that thenigh rotational energy in the; lfragment, we have argued
halogen states that have been observed are all ion-pair, i.€qat the CH fragment is quite possibly in its groun&) or
Chal’ge-transfel’, states and that molecular dissociation proﬂ‘rst excited 6) electronic state. T|me_of-ﬂ|ght mass spec-
ucts are not observed until the excitation energy approachqgometry following photodissociation of Gi in the mo-
the ionization threshold of the molecule. lecular beam will allow us to analyze the final electronic

state of the CHfragments.
V. CONCLUSIONS

In order to extract information about the rotational dis-
tribution of photofragments from the experimentally deter-
mined rotational anisotropy, we have derived general formu- We would like to thank Dr. S. Baskin and Professors J.
lae for rotational anisotropy that are applicable toC. Polanyi, S. Stolte, A. Stolow, P. Corkum, and M. Ivanov
multiphoton pump and multiphoton probe transitions. Wefor helpful discussions. This work was partially supported by
have found that the anisotropy formulation is simple and cara Camille and Henry Dreyfus New Faculty Award. M.D. is a
be expressed as a constant multiplied(liy- 3 cos¢,); so  Beckman Young Investigator and a Packard Science and En-
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