Determination of reaction geometries
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Using polarized light the reaction geometry of selected species can be controlled even in bulk
experiments. One reactant A is generated in a photodissociation process and its spatial distribution
is completely described by the anisotropy paramgtérhe other molecular reactant B is excited in

a specific rovibrational state. Its spatial distribution is given by dheand branch-dependent
alignment parametetkgz). Equations have been developed that allow a relatively easy conversion
of experimental results to the angle of attagkiThe unnormalized probability of an attack of A on

B under an angle is given by the simple expressi¢t(y)«[1+ :BAZP,(cosy)P,(coss)] where

éis the angle between the vectors of the dissociating and the exciting laser beam. As an example,
we have studied the reaction ofiACN—HA+CN with A=H,Cl. The experimental results prove

a preferred linear reaction geometry, i.e, an end-on attack of atom A on the terminating hydrogen
atom of the HCN reactant. However, the cone of acceptance is higher forthdQ@N reaction than

for the H-HCN one. © 1997 American Institute of Physids$S0021-960627)01947-§

I. INTRODUCTION tion geometry is of cylindrical symmetry, indicated by the

: . . .absence of ap dependence. Th@ parameter ranges from
In general, chemical reactions are influenced by steric o .
. ; ) }2 for a pure cosd distribution to —1 for a pure sifd

effects. In organic chemistry special groups are used to pro-.~ .~ =~ " . . SN
; distribution; 3= 0 describes a complete isotropic direction of

tect the molecule from an unwanted spatial attack of a reacr-ecOiI Usually precursor molecules can be found that fra
tant. In order to control the reaction geometry of small sys- ' yp 9

tems different techniques have been used, like the electri(%[?en.t hear the extreme valugs A guaranteeing a distinct
field orientation® and the brute force methdd,also known 'Stq_alglggr?:;:]?e;ec"’t‘;ﬁné Cvill? ttzeplraez;rrzr;%y excitation of
Sfe?:r?g(tjagﬁg|Zfor?gltf:;f(ig?égiﬂﬁ;ﬁ;ﬁiﬂﬁi;@gﬂt a rovibrational state'of the e!gctroqic ground state. In.gen-
spprosch geomety wil e the reacion rates. I %, 1 COTESPONIG ransiton ol omentof & e
work polarized light is used to induce anisotropic re"’wtant%herefore, the linearly polarized laser beam selects moleculés

distributions of the species A and B in the lab frame. Weaccordin to a cdsd distribution, whered is measured from
want to develop a quantitative description of extracting the 9 '

average attack angles from experimental observations, thg EJ.vector of thegxciting laser beam. Thus, the initial
when linearly polarized light is used to align the reactantsCYlindrical symmetry is broken. o
Although only two specific reactions of the HCN molecule ~ Zare and co-workefsshowed that the spatial distribution
are experimentally analyzed as an example, such experilf an excited molecule using polarized light;, depends on
ments, in general, allow a detailed insight into the stereodythe branch of excitation. Th@-dependent spatial distribu-

namics of the bimolecular reaction under investigation. tion,
A schematic representation of the alignment of reactants 1
is shown in Fig. 1. pal6.8)= 71— [1+APP,(cos 6)], (1b)

One reactant, A, is generated in the photodissociation of

a precursor molecule, X—A. The direction of the recoil ve-js described by the alignment parametdf’ (cf. Fig. 2
locity v is determined by the anisotropy paramegeiThe ¢

dependence with respect to tBe vector of thedissociating J-1
ST . =——, P branch,
laser light is given by the simple expression AQD 2J+1 5
1 ° ] J+2 @
pu(D.)= 7~ [ 1+ BPy(cos )], (1a 231 R branch.

whereP,(cos9)=(3 cog 9—1)/2 is Legendre’s polynomial The highest alignment can be achieved for the lowest
of order 2. Under these experimental conditions the dissociaR-branch excitatiori[R(O):Agz)=2]. On the other hand, the
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= Il. THEORY
E;
Excitation The spatial distribution of the reactant A, i.e., theand
a) §=90° ¢ dependence with respect t;, is given by the simple
expressior(1a). In the following it is useful to describe this
iA distribution by spherical harmoniés:
T/ (9.,9) . Yo(ﬁ)+BY(ﬁ) )
n" Pv P \/E 0 P \/g 20 P ’
= B where thez axis (9=0) is in the direction of the field
Ey J . L >
_ ot strength of the dissociation lasét, .
Photolysis xeraten The spatial distribution of the excited reactant B,
p3(0,¢), depends on the state and branch that is used for
b) §=0° / excitation. If we assume no special rotational vibrational in-
s teraction then the rotational contribution fdP-branch
(J—J—1) andR-branch §—J+1) excitation is given b¥
(8, J Yool 6, J ! = Y6,
Ey 3 E, (4a)
Photolysis

NP (VA +1 2

(4b)
FIG. 1. Pictorial view of controlling the reaction geometry by the use of . . T .
polarized light. where we describe again the distributions by spherical har-

monics. Here, the axis (#=0) is the direction ofg;.
In order to obtain the probability that the atom A hits the
molecule B under the angle (Fig. 1) one has to sum up all

N . angular variables @;Q')=(6,¢,9,¢), which lead to the
lowestP transition,P(1), leads to no alignment of the reac- angle y between the two directions:

tant because the upper excited stateJisO, which has

spherical symmetry. It is very important to remember that p :f f 0 9 do’ do. 5
this spatial distribution of reactant B is measuredebiith e [Lpa0.9)p(D.0)], ©

respect toE;), while the recoil direction of reactant A IS Taking into account this constraint, the above integral is a

characterized by, which is measured with respect . three fold one and its calculation is given in the Appendix.
The motivation of the present paper is a “conjunction” of The result is

these two distributions that will allow a quantitative descrip-

tion of the reaction geometry. PP(y,8)= J Sén Y
1 pJ-1 P P é
+ 5 55771 Pa(cosy)Pa(cosd)|,
2’0_ T T T T T T L] ¥ T ]
18- ] (6a)
8 1 :
s 16 —o— P-branch ] (J+1)siny
< | R = 7 7
5 141 —e— Rbranch ] P™(v.9) 6
1,2 ]
g 104 o 8 X 1+é I*2 P,(cosy)P,(cos 6)
B el O\ ] 52J+1 20 VT2 '
: ~
&) 0,6 .\0~o—.‘0—0~o—o—.-—.m._;:;:;:;:a:gi (Gb)
< 04 /D,u—u~ﬂ‘°’°—”"':"°_n_°_ b o is the angle between the two laser polarization directions
0.2+ /ﬂ/ 1 E; and E,. The J dependence oP(y,5) in the square
0,0——6—01 R A brackets is the rotational alignment described by the branch-
J dependent quantith{?). Thus, the(unnormalizedl probabil-

ity of P(y,0) is given by

FIG. 2. J dependence of the rotational alignment paramaft for the P 5
andR branches. P(y,8)<[1+3BAT P(cos y)Py(cos §)]. (7)
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R(0)

P(y,8)

T~ 5=0°

FIG. 4. Plot of P(y,6) for the case that the spatial recoil direction is de-

FIG. 3. Unnormalized plot oP(y,5) describing the probability that an scribed bys=—1.
atom A, which is generated in a photodissociation process characterized by
B=2, attacks a molecule at angle where the moleculg is prepared by a

R(0) or R(8) transition.é is the angle between the twB vectors of the
photolysis and of the exciting laser beam. The important experimental situ- . . - .
ation of 5=0° and §=90° is shown in a polar plot. these two experimental situationg,|IE; (6=0°) and

E,LE; (6=90°). An attack of the approaching atom A on
one end of the B—C molecule, i.¢=0, is preferred fors
It should be mentioned that Simpsenal® derived an ex- =0° (E,lIEy), in comparison to a perpendicular alignment
pression of similar form under the assumption of cylindricalof the two E vectors, i.e.5=90°. In contrast, a side-on re-
symmetry that is justified for their experiments on steric ef-action geometry, i.e.y=90°, is preferred for §=90°
fects in the reaction of Cl with CHand CHD,. (E,LE,).
In order to gain insight into the intensity differences that Qualitatively this situation is independent of which
might occur when the reaction proceeds under differenbranch,P or R, and which rotatiofwith the exception of
angles of attacly, it is useful to compare Eq7) for the case  P(1) excitatio] is used to study the reaction dynamics.

of 6=0° andR(0) excitation, However, the differences in the reactivity for different polar-
P(7,0°)ROcx[1+28P,(cos )], ®) Lizslrglt()gi;cgemes are reduced in comparisofiR¢6) excita-

with the well-known equation for photodissociation pro- Figu.re 4 shows(y, 8) for B=—1 (perpendicular tran-

cessesEq. (1)]. sition), as is quite often observed in dissociation processes

Equation(8) is almost equivalent to Eqla), with the  that may serve as sources for the A atom. In this case a linear
exception that the anisotropy fact@iis reduced to 40%. The approach of atom A on one end of the BC molecule (
reduction in signal differences when going from dissociation— o) is preferred ford=90° (évl EJ)’ while a side-on ap-
to reactive processes is not very surprising because averagi@goach is preferred fos=0°.
reduces the initial spatial alignment of the reactants. Due to intensity variation under different polarization

A two-dimensional plot ofP(y,5) for R(0) andR(8)  schemes we can distinguish between a preferred linear or a
excitation is shown in Fig. 3. Thg parameter ig=2,i.e.a  preferred perpendicular reaction geometry. We would also
parallel transition of the precursor molecule is used. Sucljke to gain some insight into how far the angle of attack
photodissociation processes should be preferred when thgyiates fromy=0° for an exactly linear approach or from
stereodynamics of a reaction is studied because the highe§t: 90° for an exactly perpendicular approach, respectively.
selectivity can be achieved. The reason for this higher seleqp, the following we will assume an essentially linear reaction
tivity is a substantial reduction in the likelihood of a side-on geometry and the reaction probability should not change as
attack forE,IE;. As one expects, the largest difference injong as the attack angle is within a cone of acceptance

intensities can be observed betweér0° and 6=90°.  |imited by y,,. Outside of this cone no reaction takes place,
Thus, a change of the alignment of the t&ovectors of the i.e. the opacity functiori(y) is constant for 6= y=< ypacand
photolysing laser beant,, and of the exciting beantk;, vanishes fory> yna. The measured signal for a given po-

will induce the largest difference in the product generation, iflarization, i.e. a selected angl® is then obtained by inte-
there is any stereodynamic effect in the reaction under studyrating Eq.(7) from y=0° to y=ymax. Thus, the steric
Therefore,P(y) is plotted in a polar diagraniFig. 3) for  effect of the reaction, SE, is given by
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Ymax — 00N°) i TABLE |. Observed steric effect,I(—1,)/(I1,+1,), in the reaction of
J " Pa(y,6=90%sin(y)dy (9)  H+HCN(vg) with 15=24 and CkHCN (15=2, J=9). The error of the
J3mPy(y,6=0)sin(y)dy

intensity ratio is below 0.01. The positive values indicate a linear reaction
The integration of this equation can easily be perforfhed.

SH Yma) =

geometry for both the Cl and the H atom reaction.

It should be mentioned that depolarization effects due to ___Reaction Transition  Delay time/ns |,(=1,)/(1.+1))
the earth magnetic field and the nuclear spin of reactant B are H+HCN (v;=2,J=1)  R(0) 50 0.065
not considered® 2 Precession of the nuclear spin leads to a H+HCN (15=2,J=6)  R(5) 50 0.022
decrease of the initial molecular alignment. The depolariza- H+HCN (v5=2,J=0)  P(1) 50 0.00
tion is stronger for lowd values. For high rotations the total " THCN (#5=2,J=5 P(6) 50 0.01
angular momentunF is essentially determined by, be- HHHCN (v3=4,0=9)  R(8) 230 0.043
' CI+HCN (v3=2,J=9)  R(8) 230 0.029

cause typical values df, the nuclear spin, are beloy In
the highJ limit A{®) becomes independent of the excitation
branch and Eq(7) reduces to §=0),

The measured intensity ratiosl (—1,)/(1, +1,) for
P(y,0)x 1+£ P,(cosy)|. (100  different reactions are summarized in Table I, where the
10 subscripts || or L _indicate a parallel or perpendicular

The influence of the nuclear spin on the polarization meaalignment betweek; andE,,. The polarization of the lasers
surements can also be neglected, if the time of precession were rotated by using/2 wave plate® of zeroth order. The
is long compared to the observati¢elay time 7. On the beam walk has not been observed. Four hundred laser shots
other hand, if the interaction betwednand| is strong, i.e. for each polarization scheme were averaged to obtain the
7p<7, then a time-averaged depolarization coefficient cartlata. The data foP(1) excitation were used to minimize
be calculated? systematic errors due to beam walk or lengthy data
The derivation of the above equations further assumegveraging. The observed deviation f8(1) excitation was
stationary target and precursor molecules. However, Gilberalways below *0.01. The positive intensity ratio
et al'® have shown that the degradation in alignment is nodemonstrates a preferred end-on attack of the hydrogen or
likely to compromise seriously the viability of the experi- the chlorine atom on the hydrogen atom of the HCN
ment. Even if the reduction in alignment cannot be neglectednolecule. Thus, a linear reaction geometry is preferred for
completely in some casésery heavy attacking atom and a both the H+HCN—H,+CN and the C+HCN—HCI+CN
very light target molecule it can be adequately treated reaction. The observed intensity ratios of the different tran-
through an effectivg8 parametefEqg. (9) of Ref. 13. sitions at a delay time of 50 ns behave as one expects when
Eq. (2) is considered. However, HCN exhibits a nuclear spin
and a quadrupole moment that will strongly depolarize the
11l. COMPARISON WITH EXPERIMENTAL RESULTS initial aligned HCN. Since this effect becomes negligible for
high rotations[Eg. (10)] or for delay times<50 ns, the
We have studied the reaction of aligned hydrogen atomgange of the angle of attack0,yma., can be extracted
generated in the 266 nm photodissociation of methylmercaprom Eq. (9).22 We obtain y,,[H+HCN(vs=2)]=50°,
tqn, CI—@,SH2 with HCN being gxciteajaround 1.53um) in a YmalH+HCN(v3=4)]=55°, and ¥ma[Cl+HCN(r3=2)]
single rotational state of the first overtoneigf CH stretch-  —g5°. Since the experimental error is t&°, we assume
ing motion. Details of the experimental setup are giventhat the cone of acceptance is slightly larger for the Cl reac-
elsewheré®'® The B parameter for the CSH  tion in comparison to the HHCN reaction.
+hv—H-+CH;,S process is known to hg=—0.96**"and, In principle, there is the possibility of significant reagent
thus, a reaction plane is defined in the lab frame, as indicategorientation on an approach to the transition state. However,
by Fig. 1. The reaction HHCN is endothermic and only a|| performed measurements with rovibrationally excited
rovibrationally excited molecules can react with the pho-HCN as well as all trajectory studies indicate a similar be-
tolytically generated hydrogen atortfs® The collision en-  hayior for both the H and the ClI reactidh? and a long
ergy and its distribution can be extracted from the experifiying transition state can be excluded. Since the approach of
mental work of Wilsonet al*® and is published elsewhef®.  the light and fast hydrogen atom is unlikely to reorientate the

Chlorine atoms are generatEd in the phOtOdiSSOCiation pf CIHCN, we assume no substantial reagent reorientation.
at 355 nm and its spatial distribution is described by

B=—121The CN product molecules were analyzed by LIF. V. SUMMARY
The delay time between the CN analysis pulse and the HCN™*
excitation laser pulse was 50 and 250 ns, depending on the The reaction geometry can be analyzed even in bulk ex-
system under investigation. Since the partial pressures weperiments when polarized light is used. Equations have been
slightly below 10 Pa single collision conditions are expecteddeveloped that allow a relatively easy conversion of experi-
and the product yield is directly proportional to the reactivity mental results to the angle of attack, At high reactant

of the (aligned reactants. The CN?E <X 23) transition is  rotations the dynamic range of the signal intensities at dif-
saturated and, thus, any influence of aligned CN products oferent polarization schemes is fairly low, but sufficient to
the signal can be neglected. obtain a quantitative impression of the attack angle. For low
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B4

Yoot —g— 2 Y2-m(6.0)
m

rotational states a larger intensity ratio can be expected, pro-
vided the influence of depolarization effects can be reduced. p,(0',¢')=—
This becomes possible when a sufficient short delay time Vam
between preparation of the reactant and probe of the product

can be used. X2 Rmmfw,qs)vmw”,qs")), (AB)
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APPENDIX

We write for p; in a normalized fornji.e., without over- X 2 R (6,8)Y 2 (7, T)) sin y d7 dqQQ, (A7)
all factorsj/3 and (+1)/3, resp], m

where we have fixed” to y. ¢” becomes the third integra-

1 AR . . . . .
6, )= Yoot Yoo 6. Al tion variable 7. The r integration can easily be performed,
pJ( ¢) \/E 00 \/g 20( ¢) ( ) because

ith A{?) for the P andR branch as gi bove. F 2m 27Y,(y), for m'=0,
wi o for theP an ranch as given above. Fpj we j Y2mr('y,7')d7'={ 7Yoo ) (A8)

write in a similar manner, 0 for m’'#0.

Thus, Eq.(A7) simplifies to

1 B
pv(ﬁ,QD) \/E YOO+ \/g Y20(19,QD)> ’ (AZ)
where (%,¢) reminds us of the fact that the axis (i.e., ¢ \/;-sm VJQPJM’@
=0) is different from thez axis for p;(#=0). In fact, both
enclose the anglé, which is the angle between the two laser .
polarization direction&, andE; . x%‘, Y2-m(8,00Y5,(60,6) Y2 v,0) | dQ2, (A9)
We want to calculate the probability for a certain angle

between(6,¢) of p; and (6',¢') of p,, i.e., the integral whenR is replaced byy4m/5Y5,.
The integrals

B 4

55

Yoot

f f ,[p\](ard))pv(elid),)]'y dQ’ dQ! (AS) " m

QJa QpJ( 0,0)Y1n(0,6)dQ=c" (1=0,2), (A10)
where the primes mark different integration variables, and _ o . . _

[ 1, indicates that we have to confine ourselves to a fixedre the expansion coefficients of into spherical harmonics,
angley between(6,¢) and (0’,¢’). Thus, the integral is not Which are

a fourfold, but only a threefold one. 1 1 1

At first, we use the rotational properties of the spherical  ¢y=— and cd=— —=A?. (A11)

harmonicsY,,, to rotatep,(,¢) by an angle ofs about the A Vam 5

y axis, in o/rdet to have the same system of axis for botttier replacing the spherical harmonics by the corresponding
(6.4) and (¢, ¢'). This leads us to Legendre Polynomials, we obtain the final result:

pu( D, ) sin y B

P A
ﬁ\/ﬂ P(y,d6)x 5 1+ 5 Ay P2(COS5)P2(COS')/)).

Yoot —g— % Yz_m(é,O)YZm(a’,qb’)) : (A12)
After adding the overall factord/3 for the P branch and
(Ad4)  (J+1)/3 for theR branch we obtain Eq¢6a and (6b).

1
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