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A beam of rovibrational energy level selected and magnetic state polari3&)CDsl |[JKM= |1110was
photodissociated at 266 nm. State-selective detection of the photoproducts allowed determination of elements
of the transition dipole matrixor T matrix. We present here the methodology involved in the extraction of
the T matrix elements from such quantum state-to-quantum state experiments and furthermore compare the
results to cases where quantum and semiclassical descriptions are expected to be most accurate. A brief
description of the effects of nuclear-spin depolarization on the accurate determinatiom ahtitex elements

is also included. After depolarization is taken into account, the magnitudes ®f miegrix elements for the

R(AJ = 1) andQ(AJ = 0) product waves were 6.4 and 6.9, respectively. The relative phase between these
waves wast11°, which is due purely to the structure of the excited state potential surface. Thesgrix

values give @ = 1.94 for the photodissociation of GDat 266 nm.

Introduction consider the geometric §2+ 1) degeneracies of the initial

_ o ., reagent and final products states. Theorists can now directly

Over the past 15 years, photodissociative “half-collision” compare the amplitudes and phases of Thmatrix elements

reactions of small molecules have ascended to a position of yetermined in the body-fixed frame to those obtained from these
prominence in the study of molecular reaction dynamics. truly state-to-state experiments.
Pioneering experimental studies of these relatively simple  ere we will elaborate on the method that was used to
reactions have yielded a wealth of insight on the nature of jetermine theT matrix elements in ref 2 and in the process
molecglar motion .durlng the breakmg and, gon;equently, the jjiustrate the differences between the scattering at low rotational
formation of chemical bonds.The ultimate objective of these  q,antum numbers where quantum effects predominate and at
molecular photofragmentation studies is the complete description higher quantum numbersand/or when the initial parent states

of an elementary chemical reaction in terms of the theory of 5re highly averagedwhere semiclassical treatments become
quantum mechanical scattering. Such studies would provide qqre accurate.

the most detailed information that is obtainable from a chemical

reac;ion. However, these so-called “compl_ete” experiments Formalism

require energy level selected and magnetic stilestate) o .

polarized reagents (photon and parent molecules) and the For the sake of simplicity we will only treat the case of
determination of the energy level populations and khstate helicity conservation between the parent4Cand the fragment

polarization of the products. In other words, these “complete” CDs radical. This Seems reasonable in light of the fact that, to
experiments measure the detailed differential photofragmentation@ first approximatior;! the Cs symmetry axis is preserved during

cross-sections (DDPCS) and consequently the elements of the?xfitation between the ground potential energy surface (PES)
transition dipole off matrix. The first such experiments were X (A1) and the excited Qo) adiabatic surface, at least in the

recently reported by Pipest al. who measured th& matrix Franck-Condon region. It follows that if the fragments are
elements for the photodissociation MEstate polarized CP ejected parallel to the initial €1 bond direction, then parallel
to M-state polarized CPradicals and excited apy/5).2 excitation should lead to the conservation of the helicity quantum
) 3-10 i

Methyl iodide has become a particularly well-studied mol- numberK_. In any event, since both Q,Dand_ ch are
ecule both theoreticalty® and experimentalfy2° primarily Sym”.‘etg'c tops, the formal_|sm developed by Ba_llnt-Kurtl and
because of the apparent simplicity with which it can be Shap|.r6 and later _by Se'dem% f:an be readily used to
theoretically modeled. Moreover, since methyl iodide is a describe the scattering amplitudés;NKyM|JiKiM), for the

symmetric top with a large permanent dipole moment, it can photodissociation of state-selected 4D
be easily state selected using electrostatic hexapole fields. The,, . _
early work of Bernstein and co-workétsand later work of qﬁ(k’NKNMNU‘K M)

Stolte et al22 and Baughet al2® has shown that initial state DY (1) I(47) DR (k) DYy (K€,
selection of methyl iodide is indeed viable and that rotational IMRps

states with low quantum numbere.¢. J = 1, 2) can be 11255 —1/2[J 13 ) . km
produced with>98% purity. As a consequence a whole new (3/8) " JJ(1 + O) M p M =1

and phases of th& matrix elementsi.e. the probabilities and K s K‘)+ (_1)5(‘]_K is i)}t(E;JNKl EJK) (1)
coherences for producing reaction products, can now be
measured. Such measurements free theorists of the need tdiereep is the spherical component of the electric field vector
of the photolysis laser] = (2] + 1)¥2 J, K, andM are the
T This paper is dedicated to the memory of Richard B. Bernstein. quantum numbers for the total angular momentum of the
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  coupled molecule photon system, its projection along tkg

level of experimental detail opens up whereby the amplitudes {(J 1]
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molecular axis (body-fixed-axis), and its projection on the
laboratory Z-axis, respectivelys characterizes the spherical
components of the transition dipole moment vector figlel.
= 0 for a purely paraIIeI transition)DKM(k) are Wigner
rotation matrices, _Q< ) is a threet symbol, andN is the
rotational angular momentum of the photofragment {0Bss
electron spin. The term{E;JNK/EJK;) are theT matrix
elements and are equal to the integral of the redticetsition
dipole operatorand the scattered and initial state wavefunctions
over all body-fixed coordinates. Note thidt, = K; hereafter
(helicity conservation).

The products(k;NKiMn|JKiM;) f(K;NKiM'n|JiKiM;)* are the
angle-dependent density matrix elemegiigwn (K:NK;) for the
CDs fragment resulting from the photofragmentation of the;CD
parent in a singléJK;M;Cquantum state. When the magnetic
quantum numbersly andM'y are different, these off-diagonal
elements of the fragment density matsiwn (K:NK;) describe
the coherence between the €Bi-states. The diagonal ele-
ments,My = M'y, are thedetailed differential photofragmen-
tation cross-sectian (DDPCS),o(k;NKiMn|JKiM;), which do
not includeM-state coherence:

o(k;NKM|JKM,) = (47°wlc)|f|* = (3n2w/4c)

pp
(=M™ 3% 32D5 (k) (k) DY _y (K) Di“&* M,
J 1 J}\/J 1J
(k)e"ep’*(—'\/‘ p Mi)(—'\" p Mi) x
\]' 1 Ji J 1 Ji * .
(_Ki 0 Ki)(_Ki 0 Ki)t(E;JNKi|EiJiKi)t (E;INK|EJIK)

(2)

J. Phys. Chem. A, Vol. 101, No. 41, 1997601

determiningT matrix elements in this manner. If the angle
integrated product statistical tensors, herein referred t@l as
AED are determined, the description of these moments in terms
of the T matrix elements can be reduced to eq 4.

A= Z3n2wlcf]j'ji2(—1)'\'”+q THIIK)

t(E;INKEJK) t*(E.NK| EJK ')(‘}]<. i. (Ig)(—Ki 2 (Ig)
J 1J3}\J 13
(—Ki 0 Ki)(—Ki 0 Ki) (4)

Here the symbols are as defined abavandJ' are the possible
total angular momenta of the coupled photon molecule system
J, I =3 4 1), andT';(J'J;Ki) are the statistical tensors
describing the moments of the coupled photolysis-photon/parent-
molecule syster.

The T matrix element description is more detailed than the
anisotropy parameter ofs*parameter” description of a photo-
dissociation process because fhearameter is arrived at by
summing eq 2 over all initial and final produkt-states. This
is necessary in most molecular beam experiments that do not
incorporate initial quantum state selection, since even very cold
beams contain several rotational and magnetic quantum states.
These sums are usually buried in fyparameter, and significant
information about the photofragmentation dynamics is therefore
lost in this averaging processhus making determination of
the T matrix elements directly from measurements of the
B-parameter extremely difficult.

Experimental Section

Only a brief description of the experimental setup is given

It is more convenient in our case to describe the system in here; a more complete description can be found glsev@ﬁ@re.
terms of product state moments, or statistical tensors, since lasergas pulse of Chl seeded in Xe{5-10%) was skimmed and
based experimental detection techniques are in general directlychopped before entering an electrostatic hexapole state-selector.

sensitive to them.

AN = 5 (D" K RV

q)OM’NMN(k;NKiUiKi)

®3)

where oww, is the DDPCS averaged ovifi. These K are
statistical tensors of rankand componeng and are in effect
the irreducible components of the product £i&nsity matrix.

Aq of odd ranks describe the orientation of the produiéh the
laboratory frame, Whl|e°\q of even ranks describe the align-
ment. Experimental measurement of a sufficient number of final
product moments to allow simultaneous solution forThaatrix
elements (magnitudeand phases) is the crux of our method.
By insertion of eq 2 into eq 3, a new equation can be written

relating each product moment to the transition dipole elements
g P b gpolarization of the probe laser was controlled by/a plate.

d. Delayed 16-20 ns relative to the photolysis laser, the probe

and the moments representing the photolysis photon and th
initial parent stat@” The course at this point becomes divide

Either the experimentalist can determine all of the possible

product state moments as a function of recoil directipe. (

determine the state-specific angular distribution and deconvolute

any and all vector correlatior®8)or he/she can determine product
statistical tensors integrated over all angles.
former technique is notoriously difficult and has yet to be fully
realized in practice, while the latter technique requires initial
M-state polarization in order for the systenetibita sufficient
number of state moments to solve directly for fhematrix

However, the

The state-selected molecular beam exited the hexapole field
abou 3 m downstream from the source nozzle and entered a
uniform electric dipole field that adiabatically oriented the
permanent molecular dipoles in the laboratory frame and also
served to define the laboratoBraxis. Consequently the GD
angular momentum vectod) was aligned by the dipole field
along the laboratory-axis. The state-selected molecular beam
then entered the photodissociation/detection chaniber {0-°

Torr) where it was crossed at 90y collinear, counterpropa-
gating, linearly polarized photolysis and probe laser beams. The
photolysis laser (266.2 nm, 3 mJ/pulse) was the quadrupled
output of an Nd:YAG, and its polarization was kept parallel to
the Z-axis to maintain the cylindrical symmetry of the experi-
mental setup. The probe laser (3 mJ/pulse) was a dye laser
tuned to the rotational branches of the £11§ vibronic band of

the 3PA," < 2p?A," electronic transition333.8 nm). The

laser ionized the methyl photofragments via+{21) REMPI

and the resultant ions were collected by a Wiley-McLaren time-
of-flight (TOF) spectrometer oriented parallel to the positive

Z-axis in the laboratory frame. In some experiments the probe
laser was tuned to ionize the product iodine atom in its excited
spin—orbit state fPy) at ~343.3 nm

Results and Discussion

TheT matrix elements have been determined experimentally

elements. There are several well-known techniques for produc-for an initial CDsl state|JKiM;O= |11—1or |1—110, hereafter

ing initial state polarizationg.g.hexapole focusing and optical
pumping¥329-30 which could be used for the purpose of

referred to as thé¢lllstate, producing CPphotofragments
in states|NKiM[= |1110and|211[] using a linearly polarized
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is solely dependent on the angular distribution of photoproduct

] A) B) recoil velocity vectors. However, this is not true for TOF

- Signal 5X spectra of the iodine atom photoproduct since they represent a
i o sum overall methyl photofragment states (rotationahd

_ M ® vibrational) that correlate with the (detected) product iodine

atoms in the excited spirorbit state. These definitely differ

in recoil speeds and undoubtedly differ in angular distributions
(the extent to which they differ depends upon the degree of
rotational excitation of the methyl fragment). Because the iodine
TOF spectrum (Figure la,b) represents a sum over all methyl
photofragment states, we expect it to be dominated by sums
over many CI rotational angular momenta with > 2, and
Time of Flight (us) should in turn be adequately described by semiclassical treat-
ments as described by e¢532

O

Signal (Arb. Units)

FD T R T R W

Figure 1. (A) Experimental TOF spectrunx®) of non-state-selected
iodine (—O—) with simulated TOF spectrum~ using the semiclassical
expression of eq 5 withy(f)skm[? = 1. (B) Experimental TOF 1(6) = [1(6), i I[1 + BP,(cOsH)] (5)
spectrum state-selected iodine@—) with simulated TOF spectrum s
(—) using the semiclassical expression of eq 5 With0)sxm |2 = |-
(6)1112 (C) Experimental TOF spectrum state-selected methyl iodide This is due to the fact that quantum interference effects for any
(—O-) on Q-branch transition with simulated TOF spectrun) (ising given state-to-state angular distribution are expected to become
the semiclassical expression of eq 5 Wigh{0)skm|* = [1(6)111% (D) increasingly oscillatory for larger and larger final rotational
E?%?Sgﬁg;a'tr;ggﬂzﬂe% Lr’]msifﬁiﬁifeﬁ'e%eg s%??tﬁn%d&ﬁrfg) ?h”e angular momenta, therefore washing out any such effects from
semiclassical expression of eq 5 with(8) k|2 = [12(8):212 and with .thel TOF spectrum. The most obvious dlffererjce between the
simulated (- -) TOF spectrum usinJ=1) = 6.4,t(J = 2) = 6.9 and iodine and methyl TOF spectra are the relative peak shapes
a phase difference of 79 which merely reflect that the iodine atom is oriented opposite
to the direction of the methyl moiety in the state-selectedICD
photolysis laser with its electric vector held parallel to the beam. Note how well the iodine atom TOF's of Figure 1a,b
laboratoryZ-axis (thereby makingAM = 0 for the photolysis match the semiclassical simulation. This agreement between
excitation step§*3® The M-state polarization of the CD experimental TOF profiles and the semiclassical angular dis-
fragment,i.e. the IE\"fDmoments, were determined from angle tribution was also observed if the methyl radical was detected
integrated spectra as demonstrated in ref 2. For these experiOn @ Q-branch band headh its lowest vibrational levely’ =
ments no odd-ranked moments could be measured since théd)—where the overlap of several rotational transitions precludes
CDsl J vector was aligned and not oriented and only linearly €Xxcitation of a single rotational level, Figure 1c. Note that unlike
polarized photolysis and probe photons were used to producethe I-atom TOF profiles, the TOF profile of th¢ = 0 methyl
and detect the CPfragment. Due to the cylindrical symmetry ~ radicals correspond to a well-defined speed (the average
of the experimental setup, only components vetk 0 could rotational energy is only 70 cm)?* and is therefore much
be nonzero. From eq 3, this also means that only the diagonalsharper at the wings of the TOF profile. Since the Q-branch
elements of the fragment density matrix will be nonzero. These transition corresponds to methyl radicals in several rotational
limitations in the allowed ranks and components greatly simplify levels, up toN = 9, this agreement is not surprising. On the
the analysis of the experimental data. However, onceTthe other hand, the poor fit of eq 5 to the methyl TOF spectrum
matrix elements have been measured experimentally, it is when detection is via a P-branch transition which corresponds
relatively straightforward to go back to the theory to calculate 0 N =2 andKy = 1 and from ref 2M = 1, points to the
the expected moments and angular distributions for any caseinadequacy of the semiclassical description to an inherently
of interest at this photolysis wavelength. guantum mechanical system where the angular momentum
What is of further interest is the dependence of angular quantum numbers of both parent and products are sheall]
distributions on the methyl radical rotational angular momentum andN = 2. Since the CBradical was detected via a two-
quantum number\. In general full angular distributions are ~ photon resonance and the experimental geometry was cylindri-
not observable experimentally since most detection schemescally symmetric, these TOF spectra are sensitive to all possible
employ a specific numbaer of resonant photongi.e. (n + m) moments £, A, andAj) of the CD; radical and are in a sense
REMPI, etc} and are therefore intrinsically only sensitive to  complete experiments. The only observable not determined by
statistical tensors ranksup to 2 due to the spin of the photon,  these experiments is tlabsolutephase of th& matrix elements
Shoton = 1. However, it is straightforward to take into for excitation of CRI in energy level JK;) = |11) to CD; ("
consideration these effects, the observed angular distributions= 0) in rotational energy levelsl = 2 with Ky = 1.2
in the form of time-of flight (TOF) profiles (Figure 1), which It is clear that the accurate determination of thematrix
represent the projection of the three-dimensional photoproductelements using eq 4 requires knowledge of the initial parent
angular distribution on the laboratoRraxis. Figure 1 shows  M-state and the photolysis laser electric vector polarizations (or
both iodine (Figure 1a,b) and methyl (Figure 1c,d) TOF spectra, their corresponding statistical tensor moments). The direct
all originating from an initial CQI |1110state. Superimposed product of these moments gives the coupled parent/photon or
upon these experimental data are simulated TOF spectra utilizinginitial-state momenf, E(J'J;Ki) used in eq 47 Direct experi-

a semiclassical approximation (eq¢5yith a8 = 1.8 as has mental determination of the pareMi-state distributions, for a
been previously reported:3> hexapole focused molecule, has to our knowledge only been
In our case, the cylindrical symmetry of the experiment obtained for one system, N3® These measurements were
reduces the TOF profiles to only two-dimensional projections. performed using resonance enhanced multiphoton ionization
For the TOF spectra of methyl photoproducts in a singl® (REMPI) of NDs. However, due the predissociative nature of
level, the speed distribution is effectivelydafunction in the the CDil excited states, such direct measurements of the parent
center-of-mass frame, and therefore the shape of the spectrunCDsl polarization are not possible and one must resort to more
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of immediate interest is the sensitivity of the TOF spectra to

7 § 08 A) the strength of the orienting dipole field and that the effects of
4 06 depolarization on the methyl photofragment angular distributions
Eo4 and on the integrated moments can be readily accounted for.
] E The fits to the I-atom and Civ"" = 0) TOF spectra shown
4= 0 o0 2000 in Figure 2, using eq 5, all include the effect of depolarization
) ¢ due to the |-atom quadrupole coupling by summing eq 5 over
Voltage = 2000 V/em all initial parentM;-states weighted by the appropriate prob-

7 T . . . , . abilities as calculated for the initial state moments in the Figure

the T matrix elements as was done in ref 2, where the effect of

depolarization was not included. The previous values oflthe

, , ) . , . | matrix elements for the R-branch and P-branch wat@ds=

- 2)] = 1.32 and|t(J = 1)| = 0.5, respectively, with a relative

i o) phase of 120can now be updated with the more accurate values

which now include the effect of the GDdepolarization. The

- new values for the R-branch and P-branch waves,|t@ie=

Voltage = 50 V/em 2)] = 6.4 and|t(J = 1)| = 6.9, respectively, with a relative
phase of=79°. As was shown by Zar& this value includes

- the 90 phase shift due to the centrifugal contribution to the

effective excited state potential surface seen by the departing

8 7 2 inset3233 As noted above, for those cases where many CD

5 i rotational states are involved, the semiclassical treatment is
. B) satisfactory as is shown by the agreement between the experi-

2 mental and simulated TOF spectra (Figure 1). These samk CD

$ i Voltage = 400 V/em initial state moments can therefore be used in eq 4 to derive

=

=

20

)

A7 138 139 140 141 142 143 fragment. When this 90phase shift is removed, one obtains a
) ) phase shift between the R- and Q-branch waves &f Note
Time of Flight (us) that this is purely a molecular attribute introduced solely by

Figure 2. Simulated TOF spectra using the semiclassical expression the structure of the excited state potential energy surface at 266.2
of eq 5 with calculated initiaM-state depolarization at extraction ~Nm and is therefore a fundamental property of the molecule.
voltage equal to (A) 50, (B) 400, and (C) 2000 V. Inset: Plot of We must note, however, that to be truly useful the dependence
normalized alignment momentyAY(max) @) and A¥A(max) ©) of the these quantitie§ (matrix elements) on the frequency of
for the |11—10or |1—-110states vs orientation voltage. the photolysis photon should be determined as well. Finally,
o ) _using these numbers, /A= 1.94 can be calculated3® The
indirect methods. We use the photofragmentation method first only assumption necessary to obtain tfis that the parent
proposed by Gandrét al** and later used by Mastenbroek CDsl is energy-level selected to be in its ground vibrational
al.3¢ to show the effect of the orientation field strength on the g4t ¢ = 0) with |JK;) = |11). This number is clearly in
CDsl initial M-state polarization. o excellent agreement with the values from non-state-selected

The problem of primary interest is the depolarization of the experiment$435 We explain the deviation from the limiting
CDsl |JKiMiCstate by the nuclear sping. quadrupole coupling  yajye of 8 = 2.0 by the finite rotation time of the molecule
of the iodine atom) during its flight through the “weak” dipole  pefore the fragments become free of each otherwhen the

orienting field and ion extraction field. Atone extreme thedLD  pqtential energy between the fragments ceases to affect their
|[JKM[state completely transfers its polarization to nuclear spin |g|ative motiors?

polarization, causing thkl-states to mix substantially, thereby
changing the initial state moments of eq 4. This polarization
transfer only depends on the ratio of the linear Stark energy
(and therefore the instantaneous electric field strength) to the It was previously shown that photodissociation studies which
nuclear quadrupole coupling energy. Since the photodissocia-incorporate production of reagents in single rovibronic and
tion process occurs on the femtosecond time scale, it is magnetic states with state-selective detection of the photoprod-
insensitive to the dynamics of nuclear spin state polarization ucts allow the experimental determination of ttransition
which occurs on a much slower time scale. The depolarization dipole matrix In this paper we have described the method for
of the parent CEl J vector should then only affect the initial  extracting thes@ matrix elements from experimental data and
laboratoryM-state distribution and not the photodissociation used this information to compare the applicability of a quantum
process occurring in the molecular frame. The relevant questionand a semiclassical treatment of photodissociation processes.
is then the degree to which this depolarization changes the Although the semiclassical treatment well-represents the cases
M-states of the parent GDunder the experimental conditions, where several rotational states and/or states of high rotational
namely, the orienting dipole voltage200 V cnt!. Figure 2, angular momenta are involved, it does not adequately describe
shows a series of simulated methyl TOF spectra calculated usingthe results for single quantum states at low values of rotational
the semiclassical approximation of eq 5, each with a different angular momenta. This we believe points to the importance of
dipole orientation voltage per centimeter and thus a different interference effects in the “quantum” regime.

degree of depolarization. Inset in Figure 2 is a graph showing  Also discussed in this paper is the influence of depolarization
the magnitude of thed; and Aj initial molecular moments  of the initial parent] vector on the amount of information that
(normalized to their limiting values) as a function of the can be extracted from “state-to-state” photoreactions. Despite
orienting voltage. The procedure used to determine the degreesignificant interaction between the nuclear quadrupole moment
of depolarization due to iodine nuclear quadrupole coupling is of iodine and the angular momentum vector of the pareryl CD
straightforward and is expounded upon elsewRér&vhat is the effect upon the angular distribution and the product moments

Summary and Conclusion
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is readily accounted for. Here we have included the effect of (12) Gedanken, A.; Rowe, M. BChem. Phys. Lettl975 34, 39.

depolarization and reported the new more accurate values for (13) Hertz R. A; Syage, J. Al. Chem. Phys1994 100, 9265.
(14) Sparks, R. K.; Shobatake, K.; Carlson L. R.; Lee, YJTChem.

the T matrix elements for excitation of' = 0 CDsl in the Phys. 1981 75, 3838.

rotational energy leveliKi) = |11) to CDy(»"" = 0) in rotational (15) Van Veen, G. N. A;; Baller, T.; DeVries, A. Ehem. Phys1985
energy leveldN = 2 with Ky = 1 as well as the corresponding 97, 179.

S value. We believe that this is the first report offavalue (16) Person, M. D.; Kash P. W.; Butler, L.J. Chem. Physl991, 94,
derived from experimentally measured transition amplitudes for (ﬁ) Baughcum, S. L.; Leone, S. B. Chem. Phys198Q 72, 6531.
a chemical reaction. (18) Wang, P. G.; Ziegler, L. DJ. Phys. Chem1993 97, 3139.

(19) Butler, L. J.; Neumark, D. MJ. Phys. Chem1996 100, 12801.
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