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Laser fluorescence detection of nascent product state
distributions in reactions of Sc and Y with O,, NO, and

SO,

K. Liu and J. M. Parson®

Chemistry Department, The Ohio State University, Columbus, Ohio 43210

(Received 18 May 1977)

The reactions of Y and Sc with O,, NO, and SO, have been investigated by the laser-induced
fluorescence method. The excitation spectra are reported for metal oxide products formed under single-
collision conditions in a beam—gas arrangement. Possible systematic errors which arise in deducing the
internal state distributions from the spectra are discussed. The relative vibrational populations of metal
oxides for all reactions are close to unbiased statistical distributions (in the sense of the information
theoretic approach). Although the rotational distributions from the reactions with NO and SO, also follow
statistical behavior, those from the reactions with O, peak significantly lower than the statistical ones.
Radiative lifetimes are reported for the 4 and B states of YO and ScO, and the B and C states of LaO.

. INTRODUCTION

A wealth of chemical dynamic information has been
provided by applications of the laser-induced fluores-
cence technique' to molecular beam chemistry since
1972. The advantages of this method for the study of
beam reactions are high detection efficiency, narrow
laser bandwidths allowing the simultaneous determina-
tion of both vibrational and rotational distributions, 2
and the possibility of measuring several even more
detailed features in chemical reactions.?

The production of electronically excited metal oxides
in the oxidation reactions of Group IIIB atoms has been
studied extensively previously.*® One striking feature
of those investigations is that both the initial transla-
tional energy dependence and vibrational energy dis-
posal are close to prior predictions based solely on
product state densities. Since ground electronic state
molecules are expected to comprise most of the reac-
tion products, it is essential to characterize their en-
ergy distributions before making any general conclu-
sions about the dynamics of Group IIIB atom oxidation
reactions.

We report here the internal energy distributions of
the YO (ScO) products formed by Y(Sc) +0,, NO, and
SO, reactions under single-collision conditions. These
distributions are determined from laser-induced fluo-
rescence excitation spectra. Here, a tunable narrow-
band light source (nitrogen pumped dye laser) is swept
in wavelength. When it coincides with a molecular ab-
sorption line the molecule is excited to an electroni-
cally excited state and is detected by observing the sub-
sequent undispersed light emission of the molecule.

The experimental observations then serve as a sen-
sitive test of the applicability of statistical models to
these systems.

Il. EXPERIMENTAL

The experimental arrangement consists of a molec-
ular beam apparatus, a pulsed tunable dye laser, a

a)Alfred P. Sloan Foundation Fellow.
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gated optical detection system, and an on-line com-
puter. The molecular beam system has been described
in detail previously* except for the metal beam source,
which was a new design. The metal was evaporated
from a cylindrical tungsten oven (2.8 ¢m diam. x3.2
cm height) containing a replaceable tungsten crucible
and having a 3 mm diam. beam orifice. The oven was
heated by passing a high ac current through a tungsten
mesh radiator (GTE Sylvania) which was surrounded
by either tungsten or molybdenum radiation shields or
a graphite felt radiation shield (Union Carbide). The
oven temperature was measured with a calibrated opti-
cal pyrometer focussed on the back of the oven behind
the beam orifice. Based on available data’ the vapor
pressure of Y in the oven was about 0.1 torr at the
operation temperature of 2100 K, and that of Sc was
0.2 torr at 1850 K. The metal beam was collimated
by a series of holes in the radiation shields and in a
water-cooled copper jacket, and by a 3 mm high X 2
mm wide slit before flying into the (separately pumped)
reaction chamber. The distance between the slit and
the laser excitation zone was 3 cm.,

The reaction chamber was filled with an oxidant gas
which was leaked through a needle valve to a location
remote from the laser excitation zone to assure an ac-
curately known and constant pressure at the laser ex-
citation zone (typically 1-2 x 10" torr). The pressure
was measured with a capacitance nanometer {Data-
metrics) located near the laser excitation zone.

An appreciable YO induced-fluorescence signal (see
below) was found to occur even without any oxidant gas
present, apparently due to thermal decomposition of
Y,O0; impurity in the Y sample. To avoid having to
make large corrections for this thermal signal in the
reactively formed YO signal the Y sample was preheated
with NH,C1, which converts Y,O; to the more volatile
YCl;. No interference from new molecular species
occurred with this treatment of the Y sample, and the
percentage of the signal due to thermal YO was reduced
to less than 10% at all wavelengths. In the case of Sc
the thermal ScO signal was smaller than the thermal
YO signal without any treatment (negligible with one Sc
sample and less than 25% of total signal with another),
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and the procedure followed to remove Y,0O; did not heip
to reduce the Sc,O; further.

The laser used was a pulsed dye laser (Reich As-
sociates) of the Hiinsch type, ® pumped by 100 kW peak
power nitrogen laser (Avco model 5000) at 200 pps. A
dye laser bandwidth of 0.3-0.4 A was obtained using a
beam expander (Molectron) and an 1800 lines/mm grat-
ing in first order. A stepping motor was used to drive
the grating. The dyes used were Rhodamine B (5% 107?
M in ethanol) for exciting the X*% -A*1I transition of YO
or ScO or Coumarin 102 (5%107* M in ethanol) for excit-
ing the X2 —-B%% transition of YO or ScO. A laser en-
ergy of typically 2x10°° J per pulse was measured by
a joulemeter (Molectron). The output laser beam
passed through a beam splitter, a set of neutral den-
sity filters (with a reduction factor of typically 1/10 to
avoid saturation of the transitions), an adjustable dia-
phragm, and a series of pinholes before being sent into
the reaction chamber. A broad band antireflection-
coated entrance prism and exit window for the laser
beam were located at the beginning and end, respec-
tively, of carefully positioned blackened light baffles.
The laser intensity reflected from the beam splitter
was monitored by either a PM tube (RCA 1P28) or a
photodiode (EEG model SGD-040). Its output was then
fed into a boxcar integrator (Channel B, PAR model
164) for further processing. The YO or ScO induced
fluorescence was observed by a water-cooled PM tube
(EMI 9816B) which was mounted inside the collision
chamber with the viewing direction perpendicular to
the laser and metal beams. A carefully designed spa-
tial filter was housed in front of the PM tube to elimi-
nate background photons originating from scattered
laser light and the dc signal from the hot metal beam
source. The PM tube signal was fed into the boxcar
integrator (Channel A, PAR model 164). The gate of
the integrator was opened a few nanoseconds before the
arrival of the fluorescence signal and kept open for
100 ns, which is approximately three times the radia-
tive lifetimes of the ScO and YO excited states (see be-
low). The gated signal A/B was then amplified and
exponentially averaged over typically 800 successive
laser pulses. The resultant output was transferred
through a DVM (Fluke 8200 A) into a computer (Hewlett
Packard 9830) for storing the data and plotting the nor-
malized fluorescence signal. Thenthe computer stepped
the laser to the next wavelength.

Periodic corrections for background drift were made
by closing the metal beam flag and subtracting the inter-
polated background signal at every data point. Correc-
tions for drift in the metal beam intensity and for long
term variations of detector efficiency were made by
measuring either a fluorescence peak intensity at the
beginning and end of a scan, or in some cases the total
chemiluminescence intensity. Thelatter was monitored
periodically by using an ammeter (Keithley 427). Both
methods gave reasonably consistent results. For the
reaction with O, interference from the large chemilumi-
nescent de signal necessitated operation at a lower gas
pressure and oven temperature, and a slightly stronger
laser intensity for the reaction with Y. Due to the
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weaker fluorescence signal in the case of the Sc+0, re-
action a full-powered laser was employed. The Ap-
pendix describes how the signal in this partially satu-
rated case was analyzed. Finally, the spectral re-
sponses of both PM tubes and the photodiode were de-
termined by comparing the responses to that of a joule-
meter (Molectron).

111. RESULTS
A. Radiative lifetimes

The radiative lifetimes of electronically excited
molecules have gained considerable attention because
of their role in understanding the nature of electronic
transitions, and also because of their importance in in-
terpreting laser-induced fluorescence and chemilumi-
nescence experiments. Since the Group IIIB monoxides
are isolectronic to the alkaline earth monohalides, for
which lifetimes are available, ? one expects lifetimes of
the A%T and BT to be on the order of 20-40 ns. In-
deed, this was found, as shown in Table I.

The apparatus used to determine the radiative life-
times was essentially the same as that employed to
measure internal state distributions in the products
from chemical reactions. The only change was the use
of the boxcar integrator scanning mode with a 5 ns aper-
ture duration. The output of the boxcar integrator was
displayed on a stripchart recorder. The fluorescence
intensity of a single scan was read off the chart at
equally spaced time intervals. Radiative lifetimes
were determined from least square analysis of the por-
tion of the trace 30 ns or more after the peak fluores-
cence intensity (where the time response of the detec-
tion system and the finite laser width were no longer

TABLE 1. Radiative lifetimes and electronic transition mo-
ments for Group IIIB oxides.

Molecule State Add)  T(ns)® RXa.u.)®

ScO ANy, v=0 6079.3 35.9:2.4 3.09%0.21

Ay, v=0 6036.2 27.0%2.5 2.9320.21

By, y=0 4857.8 33.3:0.6 1.7010.03

YO Ay, v=0 6132.1 33.0£1.3 3.4520.15

v=1 6148.4 36.5+2.4 3.14x0,21

Ay, v=0 5972.0 32.3:0.9  3.25:0,10

v=1 5987.6 30.421.8 3.48+0.21

v=2 6003.6 33.4+1.5 3.20%0.15

v=6 6070.6 41.6+2.1 2.650.12

BYs, p=0 4818.2 30.0+0.9 1.84%0.06

v=1 4842.5 32.5+1.2 1.72+0,06

LaO B%s, =0 5600.0 34.2+1.5 2.53x0,12

5602.4 35.5+1.2 2.44+0.09

v=1 5626.0 36.0+1.8 2,440, 12

5628.6 35.9%2.4 2.72:0.18

C’Myyy, v=0 4418.2 26.9+0.9 1.58£0,06

CMyyy, v=0 4372.0 28.3+1.8 1.4640.09

¥The errors cited are three times one standard deviation.
"The electronic transition moment is defined by Ay
=(6411*/31) Vs oo Guryee RE and 1/Type ¥ Ay e, based on the
near unity FC factors.
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important in determining the shape of the fluorescence
curve}). The lifetime of a state was computed as the
average of the lifetimes from a number of such scans
(typically 4-5 scans). The time base of the detector
system was calibrated by a standard crystal oscillator.
No wavelength selection of the fluorescence was em-
ployed. However, since there is a low-lying excited
electronic state A’ 2a,° cascading from A %M to A’ %4,
followed by detectionof A' =X *% emission, might possibly
lengthen the measured lifetime. A 6500 A cut-on filter,
which would pass only A’ *a-X?*% emission, was placed
in front of the PM tube to test for the likelihood of the
process in YO. No emission was detectable with the
filter installed, and hence this alternative decay process
was unimportant, as would be expected if the transition
moment for the A2—-A’24 transition is less than or
comparable to that for the A%I~X2Z transition. The
lifetimes were determined using the reaction with SO,
to form the metal oxides at SO, pressures in the low
10°® torr range. Under these conditions systematic er-
rors caused by radiation trapping and electronic quench
ing were expected to be negligible. Finally, we would
like to point out in the results shown in Table I that the
electronic transition moments are essentially constant
(except for A®I,,,, v=6, which is a strongly perturbed
level). This fact has been used to simplify the simula-
tion program described below.

B. Excitation spectra

The YO product molecule was detected by using the
laser-induced fluorescence of the X2Z~A 2l 5 4,2 band
systems (5870-6360 A). Figures 1-3 show typical scans
of the YO excitation spectra (normalized fluorescence
intensity vs laser wavelength) for the reactions studied.

YO(X~A7E, )

K. Liu and J. M. Parson: Reactions of Sc and Y

Several well resolved peaks are recognized and easily
assigned to the Ay =0 sequence.'® Indeed, in the
Franck-Condon (FC) factors the Ay =0 sequence com-
prised over 80% of the total intensity for 0<y=<7. The
X2z -1y, (6,6) and X2T -1, ,, (7,7) transitions are
abnormal due to perturbations.

Although the branch structure of a single band in
these two electronic transitions are quite similar, the
main features of the resultant spectra are dominated
by different portions of the rotational distributions due
to the slight difference in their spectroscopic constants,
particularly the effective rotational constant. For ex-
ample, the J values at the most prominent heads in the
X-*Tly ), and X211, ;, transitions, Q; and @, branches,
respectively, are 74 and 53." Thus, a simple analysis
of the excitation spectra in terms of peak heights would
yield different vibrational distributions for the X state
depending on which transition was used. The difference
in the X~?I13 5 and X~II, ,, spectra, though, can be used
to advantage if a computer simulation of the spectra is
performed. Then the different transitions will give
complementary information about the rotational dis-
tribution of the X state.

Since a beam-gas arrangement was employed in the
present studies, tests were made for possible com-
plications due to collisional relaxation by comparing the
excitation spectra taken at different gas pressures.
Within the range 0.5~3 x 10°* torr of 80, gas no signifi-
cant changes were noticed (< 10%). Therefore, we con-~
clude that the excitation spectra shown represent the
nascent distributions of the number density of product
molecules.

The ScO product molecule was detected under un-

60L50
xR

YO (X~ A%

'/2)

-

FIG. 1. YOexcitationspectrum
of the X*2*-A My, and X 2"~
A 2[[,,2 transitions for the Y + O,
reaction. The upper panels
show the simulated spectrum.

i
6200
MR
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2
- A%77
YO(X @2)

Q,(0,0)

L FIG. 2. YO excitation spec-

6100 6050

YO(x-Aa277 )
72

}

trum of the X*2*—A [, and
X¥5-A 2111/2 transitions for
the Y + NO reaction. The upper
panels show the simulated
spectrum.

6000

+ Q,(10,10)

saturated conditions using the X*Z-A%M, /, ,,, systems
in the case of reaction with NO and SO,, and using the
X237 -B?S system for reaction with all three gases.
Figures 4-8 show scans of the ScO excitation spectra.
In the X-A spectra it should be noted that there is ex-
tensive overlap between excitation to the II, ;5 and I/,
states, making separate analysis difficult and requiring
computer simulation. In the X-B spectra partially re-
solved rotational structure is evident, but the overlap
of several branches precludes association of the sepa-

YO(X - 8277, )
/e

rate peaks with excitation of individual vibrotational
states.

C. Computer simulation

The basic principles involved in applications of the
laser-induced fluorescence technique to determination
of internal state distributions of reaction products have
been discussed extensively by Zare and co-workers, 1434
The total fluorescence intensity I %7;.. (energy/s) cor-

FIG. 3. YO excitation spec-

8100 6050
rA)

YOU(X-A%77 )
/2

trum of the X *2*-A ’11y, and
X2%2*-Any,, transitions for
the Y + SO, reaction. The
upper panels show the simu-
lated spectrum.

1
6000

R Y —\
= 5 5 D
= g a 2
<2 g =2 c
Lo A A | A | 1
6350 6300 6250 6200 6150
x(3)
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ScO{ X —&r7)

Q1,1
Q,(2,2)
Ri(1,1)
Q,(0,0)
Qi1
R(0,0)
25(0,0)

Ri(2,2)

R2(3,3)

S
Nom
OQN

FIG. 4. ScO excitation spec-
trum of the X2x*-A *1 transi-
tion for the Sc + NO reaction.
The €4, Ry branches indicate
the X—A 2111/2 transition, and
@y, R, the X—A2H3/2 transi-

tion. The upper panels show
WMWMMMM o
I I " L‘Aﬁﬁm

R2(2,2)

|
6200 6150 . 6100 6050
x(a)
ScO(X —A277) 5
~ . © o
o= = A
- - = c = 2 fe]
=3 = SR
sm Ao e =@ oo
=0 o xS FIG. 5. ScO excitation spec-
- N @ (1Y) o
(S e s 4

trum of the X°T*—A °I] transi-
tionfor the Sc +80, reaction.
The @,, Ry branches indicate
the X-A 11 ;, transition, and
Q;, R, the X—A2H3,2 transi-
tion. The upper panels show
the simulated spectrum.

1
6200 6150 o 6100 6050
VY
ScO( X-82%)
FIG. 6. ScO excitation spec-
trum of the X2=*~B’% transi-
tion for the Sc+ O, reaction.
The simulated spectrum is
[ (0,0) shown in the upper panel.
-
(1,1)
| |
4950 ° 4900
aA)
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X-823)

FIG. 7. ScO excitation spec-
trum of the X*=*~B %3 transi-

(r.n

tion for the Sc + NOreaction.
(0,0) The simulated spectrum is
shown in the upper panel.

T

4960

4900

&)

responding to excitation from the lower (v", J”) vibra-

tional-rotational level to the upper (v, J') level is given

in the Born-Oppenheimer approximation by

I g:,{;:, =k [n(v", J” )P(x::’{l"’ ) gy v

S

X VI, _OJJ
[; WiV 4w gy

Sy gn ]
(27" +1)

, . 1
1) RO ]

ScO( X — B2 )

Ears 8n

b
g7

(1)

where n(z”,J") is the number density of the (v, J")
level {(summed over magnetic sublevels), p(A27.) is the
laser energy density at the wavelength A%.%. of the tran-
sition v"J"”" - v'J’, ¢ and v are the FC factor and fre-
quency, respectively, for the denoted transition, S,.,»
is the rotational line strength for the J” - J' transition,
R(2?7’) is the (energy) response of the detector at the
wavelength A%, the g’s are electronic degeneracy fac-
tors = (25 +1) (2~ 8,,), and % is a proportionality con-
stant which includes geometric factors, polarization,

FIG. 8. ScO excitation spec-
trum of the X ?5*-B ’ transi-
tion for the Se¢ +S0O, reaction.
The simulated spectrum is
shown in the upper panel.

4950

»(}) 4900
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etc. If the boxcar integrator gate duration is long com-
pared to the upper level radiative lifetime, then the
summation over v, J in Eq. (1) should be changed to
allow for the fact that essentially all excited molecules
radiate in time to be detected.* The summation over

v, J should be replaced by

S, . .
2|0t e, gt RO D w2y

s gt

Syenge
X oyt #L]
Qvo r +1)
to obtain the integrated fluorescence intensity. We ap-
proximate the preceding expression by

Z EV!%O)4 9y UR (K:(IJO )/Z (V z:”g)a 9y v”’]
" o7

since v =v%® and R(AZ7 )= R(A%D).

In principle, once the necessary intensity factors
(g’s and S’s) are calculated one should be able to de-
duce the number density of individual vibrotational
states from the above expressions by measuring the
fluorescence intensity and laser energy density. In
practice, a simulation procedure is necessary to ex-
tract reliable relative populations of products from the
excitation spectra because of the finite laser bandwidth
(0.3-0.4 A) and the overlapping of six differentbranches
associated with an individual vibrotational state in 2T -
®I, /3 or 3/2 transitions, or four different branches in
25, -%% transitions. A computer program has been writ-

YO(X-A277 )
2

ten for this purpose. The 2Z-?11 transitions were
treated in the intermediate case a—b coupling, and the
rotational line strengths were taken from Kovac’s
book.!! Several approximations have been made to
facilitate the analysis: (i) Eq. (1) assumes a constant
electronic transition moment, and this approximation
is supported by the lifetime measurements made for
different vibrational states; (ii) Franck-Condon fac-
tors'® computed for J' =J” =0 were used for all J' and
J'; (iii) a triangular laser wavelength output has been
used for convolution; (iv) in the case of YO two differ-
ent constant laser bandwidths were used for the X-II, ;,
(0.45 A) and X— =3, (0.35 A) a single laser bandwidth
was used for ScO (the laser band width was measured
by using a ¥ m spectrometer, or by measuring the
broadening of Y atomic lines in the excitation spectra,
and the two methods agreed within 20%; (v) a two-pa-
rameter functional form

P =T+ 1)1 = 7/ T )" ¥ (2)

was employed to represent the rotational distribution
for all vibrational manifolds of states. In the early
simulation of the YO excitation spectra the usual Boltz-
mann distribution (one parameter)was tried. However,
in order to fit the two transitions X-II, ,, and X-II;;
we had to use two different rotational temperatures and
the difference was as much as 40%-50%. As discussed
previously since the two excitation spectra are mainly
dominated by different portions of the rotational dis-
tribution, we conclude that this one parameter func-
tional form is not flexible enough to yield the true ro-
tational distributions. Figure 9 displays a typical cal-

2
YO(X-A%773,)

FIG. 9. The dependence of the
gross features of excitation

spectra on the rotation distribu-
tion. All spectra are normal-
izedtothe same area with only
part of the spectrum shown
here.

1.oF 1.0
_ (a) 10 ' L (a)
L . L
- P(J)
) 7 204
1 | 1 LL-r——-——f—«——-\t-——-—q.;_..,/
[: (0,0)
(b)
- Q,(1,1)
05
Ri(LD R0 R
e,
0.4
M4 J, 1
o 6100 "'6000 5380
, A
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TABLE II. Spectroscopic constants (em™!) used in the computer simulation and FC factor calcula-
tions.
Molecule State T W W, %g B o, D
ScO X’z 0 971, 6 3.95 0.51507 ©0,0033 5.8X10'7
A'my, 16440.6 875.0 4.98 1 .
0. 5042 0.0038 6.1x10 —0,0748
A'myy, 16554.8 874.6  4.99
By 20570.79 825. 47 4.21 0.48451 0.0032 6.74><10'7 —0.0665°
YO X%y 0 862.0 2.86 0.3889 0.0016 3.2x1077
A'my,,  16315,34° a  3.44° o 7 a
. 0. 3866 0.0019 3.5x10 -0.151
A, 16743.80° 2135 5 400

*A doubling constant.
bSpin splitting constant.

culation to show the sensitivity of the dependence of pa-
rameters (N, M) on the excitation spectra. In Eq. (2)
Jnae depends on the vibrational level and is determined

by the energy available to populate that vibrational
level, i.€., Jpe =vV(Etora = EJ/B,. Note that this form
will give the prior distribution in the information-theo-
retic approach of Levine and co-workers, !* if N=2 and
M =0.5 for atom + diatomic reaction systems, or N=2,
M =2.5 for two diatomic products. In general, a de-
crease in N will tend to broaden the distribution, where-
as a decrease in M tends to shift the distribution to
higher rotational states. We note that Eq. (2) assumes
the separation of the vibrational—~rotational distribution
according to P(v, J) =P(v)P,(J). Because of uncertain-
ties in the P {7} obtained in the fitting procedure, use

of more elaborate forms for P(y, J) was not justified.
As a check of the program and approximations (i)-(iv)
a thermal YO excitation spectrum was measured ex-
perimentally (up to »” =4) and compared with the cal-
culated spectrum at the same temperature. The agree-
ment was very good.

Although quite a number of spectroscopic studies have
been performed on YO and ScO, the constants given in
Rosen’s compilation* gave unsatisfactory fits to the ex-
perimental band origin and bandhead positions. Re-
cently, Gole et al.5* have reanalyzed previous work by
others and obtained a new set of spectroscopic con-
stants. Those values indeed improve the simulated
spectrum, but differences are still significant. Due to
the uncertainty of the absolute laser wavelength (since
the wavelength drive is slightly nonlinear over such a
wide scan) we did not attempt a major refinement of

TABLE III. Important parameters in simulated rotational dis-
tributions.

Reaction Ingar=0)*  Jp o (0=0) W, M)
Y+0,—~YO+Q 221 90 (5,17, 5)
Y+NO—YO+N 142 105 (1.85, 0.4)
Y +80;,~YO+S0 204 89 (4, 6.5)
Sc+0,—~8ec0+0 181 58 (3.5, 15)
Sc+NO—=SCO+N 106 75 (2, 0.5)

Sc +80, ~ScO+S0 165 62 (3, 6)

*Metal oxide bond strengths from Ref. 14 were used.

®Reference 6(a).
9This work (see text),

the spectroscopic constants. Rather, we simply varied
the constants for the A state, keeping the ground state
constants unchanged, until we matched all the bandhead
and band origin positions. Table II lists the constants
we used in this work. The best fit rotational distribu-
tion parameters (N, M) for the systems studied are
listed in Table III, along with some other important
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FIG. 10. The rotational state dependence of FC factors for
some typical @ branches in Av =0 sequences. Dots represent
the calculations from the RKR method and the dash lines show
the third-order polynomial fitting (see text).
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v=1(0,3,6)

FIG. 11. Simplified Newton
diagrams for the reactions
studied in this work. The
numbers given in parentheses
represent the product vibra-
tional state circles calculated
for rotationless metal oxides.
For the reactions with SO,
dotted lines indicate the vibra-
tional circles calculated by
assuming a prior distribution
of energy inthe other product .
fragment (SO), whereas solid
lines indicate those obtained
by assuming that all of the rest
of energy goes into relative
translation.

M\ VY =(0,5,10)

S0,

quantities, The best spectral simulations are shown in
Figs. 1-8 above the experimental spectra.

D. Population analysis

To obtain the relative populations of the product in-
ternal states several complications have to be con-
sidered. Firstly, as mentioned before constant FC
factors (i.e., independent of rotational state) have been
used. Introduction of the centrifugal term will tend to
distort the potential energy curves, and thus cause
changes in the FC factors depending on the extent of the
distortion, The details of such a calculation have been
described extensively by Zare. 2 Figure 10 shows the
results for YO, X-A transitions at J=0, 50, 100, 125,
and 150. As expected the higher the levels (both ro-
tational and vibrational) the more pronounced the
change. Since it was impractical to incorporate these
variations of the FC factors into the simulation pro-
gram, we simply used rotationless FC factors in our
simulation and corrected the results {both vibrational
and rotational distributions) later. Since for any v, J
level the FC factors for @ branches usually lay ap-
proximately midway between those for P and R branches,
and based on the fact that the features of the 2211
spectra are mostly dominated by the @ branches, a
third-order polynomial was employed to least~squares
fit the @-branch FC factors for the purpose of this cor-
rection.

Secondly, the contribution of thermal YO or ScO orig-
inating in the oven had to be removed. This correc-
tion was made to the population results rather than to
the spectrum itself because it was frequently difficult
to obtain good thermal YO or ScO spectra at the same
conditions as the reactive YO or ScO spectra.

Thirdly, a correction of product number density to
flux density (which is proportional to the detailed rate
coefficient!) had to be made. Figure 11 shows the
Newton diagrams for 90° collisions of the reactants
studied, moving at their average velocities. Although
single beam experiments were performed, we have
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considered 90° collisions since they are likely to be
representative of the average results when all collision
angles are considered. Because of a lack of angular
distribution information for these systems, we have
considered two extreme cases, forward and backward
scattering. For a fixed vibrational level of the product
diatomic the laboratory velocity of each individual ro-
tational level was calculated. The relative number den-
sity of this state was multiplied by the laboratory ve-
locity to convert it to flux density, and the integrated
result for the complete set of rotational levels in this
vibrational level gave the relative vibrational flux den-
sity. (For the atom + triatomic cases, two calcula-
tions were performed: (a) The other diatomic product
was assigned a prior distribution of internal energy

and (b) the other diatomic product was given no internal
energy.) The corrections turned out to have a minor
effect on the distributions, as shown in Fig. 12 for the
v =0 rotational distribution. The corrected vibrational
distributions for the two cases (forward and backward
scattering) deviated less than 3% (in opposite directions)
from the original number density distribution which is
shown in Fig. 13. Although the initial energy spread
(which will introduce the necessity for information on
the translational energy dependence of the rate coef-
ficients) and collision orientation have not been taken

into account, these will affect the distributions markedly

only near the energetic limit, which is studied here only
for the reaction of Y with NO. Finally, in the case of
reaction with O, interference from chemiluminescent
reactions has to be considered. The ground electronic
state can be populated by radiative cascading from ex-
cited electronic states. Estimates of relative cross
sections for forming ground and excited states described
below suggest that corrections for this effect are prob-
ably less than uncertainties in the rate coefficients.
Taking all of the corrections into account, plus experi-
mental errors, we estimate that the detailed rate co-
efficients shown in Table IV and Figs. 12 and 13 are
accurate within 15%.

E. Energy disposal

Once the product internal state distributions are
found it is straightforward to calculate the average en~
ergy disposed into various modes. Since we generate
P(v, J) by approximating P(», J) = P(v)P,{J), the average
rotational energy of the product diatomic in a particular
vibrational level will be

(Eg),= fo Tme E(J)P,,(J)dJ/ 'é T (.
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TABLE IV. Relative vibrational populations of MO’s deduced from excitation spectra.
Transition g, o ¥ +NO Y +80 Sc + O, 5
analyzed 2 P c+Oy Sc+NO  Sc+80,
v x=m  x-'rny,, X-'my, X-'n x-O,, X-'I, X-B's X-'n x-'n
0 0.174 0,194 0.180 0.191 0.250 0.273 0.364 0,344 0. 300
1 0.151 0.143 0.137 0.150 0.239 0.200 0.333 0.265 0.247
3 0.133 0.137 0.144 0.136 0.204 0.180 0.304 0,191 0.190
4 0.0981 0.120 0.121 0.109 0.170 0.182 0.128 0.153
5 0.0663 0.130 0.125 0, 0922 0.137 0.165 0.0726 0.105
6 0. 0704 0,107 0,102 0.0760
7 0.0694 0.0729 0,0725 0.0584
8 0.067 0.0579 0.0575 0.0428
9 0.064 0.0278 0. 0300 0.0430
10 0.0593 0.0112 0.0140 0.0338
11 0.0284
12 0,022
0,0174

Therefore, the average rotational energy of a system
can be written as

(EQ =X P (E0),/TP0)

and the average fraction of energy going into rotation
is

<fR> = <ER)/Etot81 .

The average vibrational energy for a system is
E) =T ELO TP .
v v

Similarly, (f,) ={E,)/E,qa+ Due to the large exother-
micities for most of the reactions studied and the limited
tuning range of the dye laser we were usually unable to
observe the spectra up to the energetic limits. In or-
der to compute an “unbiased”’ experimental result for
(f.,) we simply extended the observed vibrational popula-
tions to the energetic limit using a surprisal analysis
based on the observed levels. For the atom + diatomic
reactions the fifth column in Table V (1 —(f,) —{fz))
should give the average fraction of the energy going into
product translation, according to the conservation of
energy, whereas for the atom + triatomic reactions it
will include the internal state excitation of the other
product fragment as well.

F. Total reactive cross sections

The relative total cross sections for formation of
ground electronic state metal oxides from the different
oxidants were obtained by measuring the induced fluo-
rescence intensity at the (0, 0) bandhead. The simula-
tion program was used to convert the ratio of the num-
ber of molecules excited at that specific wavelength
within the laser bandwidth to a ratio of overall popula-
tions of ground electronic state molecules.

Since the same PM tube was also used to monitor the
overall chemiluminescence intensity in the case of re-
action with O,, the relative cross sections for produc-
tion of electronically excited (c*) and ground state (o,)
molecules could be obtained without any absolute cali-
brations of the detectar. To do this several complica-

tions had to be taken into account: (i) The photomulti-
plier tube response differs for the spectral regions in
which different products (A4%I;,, 5/, and A' 2845 5/2)*°
radiate, (ii) the use of a short boxcar aperture duration
(100 ns) means that only a fraction of the laser excited
molecules will radiate in time to be detected; (iii) the
LIF measurement yields a population {or number den-
sity) which must be converted to a flux for comparison
with the chemiluminescence signal by dividing by an
average residence time in the excitation zone; (iv) a
saturation curve of the type described in the Appendix
can be used to determine what fraction of the ground
electronic state molecules are excited to fluoresce.

By measuring the fluorescent intensity of a laser ex-
cited atomic transition (see Appendix) the absolute
cross sections could be found as well, since the same
detector was used for measuring the product molecules
and the metal atom number density. The results of
these measurements, listed in Table V, may be uncer-
tain by as much as a factor of 2 or 3, but the relative
values for the different gases should be accurate within
20%.

IV. DISCUSSION

A convenient framework for describing the reactions
studied here is provided by the information theoretic
approach developed by Levine, Bernstein, and co-
workers.!® The method of analyzing energy disposal in
this approach is based on the concept of a prior, un-
biased distribution. The basic assumption used in de-
riving the prior distribution is that in the absence of
any prior information about the reaction all states of the

TABLE V. Summary of energy disposal and total reactive
cross sections.

Etoul

Reaction (kcal/mole) (f,) () 1-(,)—-{r) a,(.&z) a* (3D
Y +0O, 55.8 0.27 0.13 0.60 72 2.1

Y +NO 24.9 0.30 0.27 0.43 50

Y +80, 49.8 0,19 0.16 0.65 166

Sc+0, 49.7 0.27 0.10 90.63 56 1.5
Sc + NO 18.8 0.23 0.26 0.51 71

Sc +80, 41.8 0,20 0.14 0.66 134
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TABLE VI.

Van der Waals constants used in the PST statistical model (see text),

Y+NO YO+N Sc+NO ScO+N Y+0,

YO+Q Sc+0,

Sc+0

Ce 678 309 554 277 649
(107 ergem™)

531 201

products are equally probably as long as they are en~
ergetically accessible. Evaluating the prior distribu-
tion therefore simply involves counting the number of
states of the products at a fixed total energy, followed
by an average over the total energy available. No ref-
erence need be made as to how the product molecules
are formed. The inclusion of conservation laws for
quantities other than energy, such as angular momen-
tum, will definitely require more specific information
about the reaction process. Hence, it is worthwhile to
use the simplest prior distributions in initial compar-
isons with experiment in order to avoid arbitrary choices
which are necessary for imposing additional kinematic
or dynamic constraints. In many cases the simplest
prior distributions agree well enough with experiment
to suggest that these additional constraints play only a
minor role.*!® These simple prior distributions for
product rotational and vibrational states are compared
in Figs. 12 and 13 with the experimental distributions.
Because of the large exothermicity of the reactions
studied, the spread in the initial energy available to the
reactants was small compared to the total energy avail-
able to the products, and hence a single nominal total
energy available could be used in these prior calcula-
tions (except for the Y +NO reaction, where averaging
was performed to obtain the prior vibrational distribu-
tion).

Inspection of Figs. 12 and 13 reveals several inter-
esting results. Firstly, for a given oxidant both the
vibrational and rotational distributions of the metal
oxide are fairly similar for the case of Y and Sc. Sec-
ondly, although the vibrational distributions of metal
oxide follow the prior distributions quite well, the
agreement does not hold for all of the rotational dis-
tributions. The reactions with O, are seen to produce
considerably less rotational excitation than expected.
One might suspect that this deviation is due to a severe
limitation of total angular momentum in these reac-
tions. Further, one can ask whether the product rota-
tional distributions are essentially “statistical, ” but
distorted from the prior shape because of the effects of
angular momentum conservation.

To answer this question, at least partially, the famil-
iar phase space theory (PST) developed by Light and
Pechukas'® has been applied to the atom—-diatom reac-
tions. In the PST it is assumed that this dissociation
of the complex depends only on the dynamical quantities
(E, J, and M) conserved in the reaction and not on the
initial reactant states from which the complex is
formed. The limitation in orbital angular momentum
of products and reactants is obtained from the condition
that the translational energy be greater than the cen-
trifugal barrier in the effective two body potential, as-

sumed here to be of the form —Cy/7S+1(1+1i2/(2ur?).
The necessary C; constants were approximated by the
Slater—Kirkwood method as described previously,* and
are listed in Table VI. Figure 14 shows the product
rotational distributions calculated from this model. The
prior distributions are also displayed for comparison.
The PST results show a slight shift toward a lower J
peak in the distributions, but still predict considerably
more rotational excitation than observed in the O, re-
actions. Evidently, inclusion of angular momentum in
this manner has only a small effect on the product ro-
tational distributions, The PST vibrational distribu-
tions are not shown here, but were similar to the prior
curves as has been observed previously.* Although
calculations of the PST distributions for atom—tri-
atomic reactions were not performed, we expect sim-
ilar results.

We now ask whether a different statistical theory
might give rotational distributions in better agreement
with the O, results. Most statistical models for in-
direct reactions rely on two fundamental assumptions:
(i) The reaction process can be treated as two separate

Sc + 02 Sc+ NO
1r .
o]
Y+ O Y + NO
ll" > 1F g
) :
z g
0 o
(0] 1 [0] 1
J
“Tmax

FIG. 14. Rotational distributions from phase space calcula-
tions (dotted). The prior distributions (solid) are shown for
comparison,
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processes, the formation of a complex and the decom-
position of the complex with the two being uncorrelated
except as dictated by conservation laws and the prin-
ciple of microscopic reversibility; and (ii) the prob-
abilities of decomposition into various states of the
products are taken to be the same, In applying ap-
proximation (ii) one selects a certain portion of the
state-to-state transition probability matrix, sets the
values of all elements in that portion of the matrix
equal, and ignors the other elements. In other words,
one calculates the “available” product phase space for
each product state which is measured. The difference
among various statistical models lies mainly in how
they constrain that portion of the matrix considered or
the available phase space. In constraining the phase
space dynamic effects inevitably enter into a statistical
theory. For example, in the PST calculation described
above a two-body van der Waals interaction controls the
particle motion at the critical point where branching
into various states occurs. Alternatively, one can pa-
rameterize the available phase space using a more
realistic potential energy surface as Troe has done, 16
or an even simpler hard sphere criterion as Light and
Lin'®® and Kafri'” have used for the critical point where
branching occurs. We have chosen the Light and Lin
approach because very little is known about the poten-
tial energy surfaces in these systems. Several pa-
rameters are necessary in order to carry out such a
calculation: the hard sphere radii for the reactant and
product channels and the potential energy at the hard
sphere radii. We have taken the potential energy to be
zero for the reactant and product channels because
there is no reason to expect potential energy barriers
in these systems. The reactant channel radius has
been estimated to be 4.8 A for Y +0, and 4.2 A for
Sc+0, from the crude approximations to the total cross
sections given in the previous section. The product
channel radius was taken as an adjustable parameter.
Also, the effect of variations in the reactant channel
radius about the estimated value was investigated. It
proved to be possible to fit the experimental rotational
distributions approximately using this statistical model.
However, the values of the product channel radius ob-~
tained were unreasonably small, coming out even
smaller than the metal monoxide bond length. Hence,
we can conclude that the reactions of Y and Sc with O,
appear to give nonstatistical distributions of rotational
energy even when angular momentum conservation is
taken into account in two rather dissimilar manners.
This result then suggests that these reactions are di-
rect, while the reactions with NO and SO, proceed via
formation of long-lived complexes. Also, in contrast
to these resulis for ground electronic state metal oxides
formed in the O, reactions are the results of Manos'®
on excited electronic state metal oxides, which indicate
that statistical vibrational and rotational distributions
are generated. Menzinger and Wren'® have used an
RRK argument to explain how reactions could possibly
proceed by long-lived complex mechanisms in forming
excited products, but follow direct mechanisms in form-
ing ground state products. Angular distributions of prod-
ucts would be very useful for further clarifying the roles of
direct and complex mechanisms in these reactions.

K. Liu and J. M. Parson:

Reactions of Sc and Y

Similar experiments have been performed on the re-
actions of La with NO, SO,, and CO,. Because of se-
vere interference from laser excited La atomic transi-
tions, the results were much less reliable than in the
cases of Sc and Y. Nevertheless, we could conclude
that the vibrational and rotational distributions are
close to prior distributions for all these reactions.
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APPENDIX: LASER INDUCED FLUORESCENCE
EXPERIMENTS UNDER PARTIALLY SATURATED
CONDITIONS

Because of weak or noisy fluorescence signals it may
be necessary in some LIF experiments to operate under
conditions of a partially saturated transition by increas-
ing the laser power. This was the case in our study of
the Sc +0, reaction using excitation of the ScO (X-4)
transition. Complications arise because the fluores-
cence intensity is no longer linearly proportional to
laser intensity. The following treatment shows how the
saturation effect arises, and how to abstract the vibra-
tional population from a partially saturated spectrum.

Comparing the laser pulse period (5-10 ns), the
repetition rate (=200 pps), and the residence time of
product molecules in the excitation zone (<10 s) we
note that it will be appropriate to treat the problem as
excitation by a single laser pulse. At any time while
the laser is on (starting time taken as £ =0) we have

dn

T (A1)

= (kexn - kdpexnex)ll = Rraatex »
where n,(t) is the concentration of molecules in the ex-
cited state, n(#) is the concentration of ground state
molecules, I; is the laser intensity, k,, and kg4, repre-
sent the rate coefficients for the laser excitation and
de-excitation (stimulated emission) processes, respec-
tively, and k.4 is the rate coefficient for spontaneous
emission. Optical pumping by radiation to form some
other lower state can be left out in this treatment be-
cause of the shortness of the laser pulse compared to
the radiative lifetimes involved. Hence, nq(f)+n(t)

will be a constant equal to the initial concentration of
ground state molecules Ny, Substituting n(f) =Ng = n,(#)
into Eq. (Al) and approximating I; as a constant it is
readily seen that the population of excited molecules
while the laser is on is

-kt

1-
nex(t)=< ke > Nokol, »

(A2)

where & =(Fk g+ Rgeex); + krage If the laser pulse duration
is A¢, then the number of molecules fluorescing within
this time is

At
Ni= fo noy Foragdt - (A3)
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FIG. 15, Saturation curve for the transition ScO (X—A*m).
The dashed curve represents a calculation based on Eq. (A8).
The solid smooth curve through the points was nsed in cor-
recting for the saturation effect in the vibration population
analysis.

Furthermore, if the radiative lifetime of the electroni-
cally excited molecule is much shorter than the resi-
dence time, then all of the excited molecules will radiate
before they fly out of the region viewed by the detector,
and the number of molecules fluorescing after the laser
pulse can be written as

N2 =nox(At) f e (# 8¢ Yerag kraﬂdt =nox(At)° (A4)
at

Substituting the explicit expression (A2) for n,, into

Eqgs. (A3) and (A4) one obtains the total number of mole-

cules fluorescing spontaneously

N=N{+N; = —Nﬁgﬂﬁ [kmAt—%:“- +1

(te 1) o]
kox and kg, used here are the usual Einstein B coef-
ficients and are related to each other by the ratio of
degeneracy factors of the two states connecting the
transition. For simplicity in the following discussion
we take ko =kq, . (mOre general expressions are readi-
ly derived): (i) I, is so small that k> ko, I}, i.€.,
most of the excited molecules go back to the ground

(A5)

ScO(X— A7)
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state by means of spontaneous emission. Then Eq.
(A5) becomes

N=Nyk,I,At, (46)

which has been used in analyzing the unsaturated ex-
periments. (ii) For I, very large complete saturation
occurs, and Eq. (A5) becomes

N=3Nolk,agAf+1) . A7)

In this case the integrated fluorescence intensity is in-
dependent of laser intensity. (iii) If 2,/, is much larger
than k,,, but not as large as in case (ii), then partial
saturation occurs, and Eq. (A5) becomes

N= 3Nyl + kgt — g 2kexT18) | (A8)

It is obvious that the integrated fluorescence intensity
is no longer proportional to the laser intensity or to

ke The quantity 2k,,I,Af can be regarded as a “satura-
tion parameter” which is a measure of the degree of
saturation. In order to obtain population information
using Eq. (A8) we must first be able to calculate the
values for k.4 and k,,. Although this is straightforward
in the atomic case, the situation becomes more com-
plicated for molecular transitions. Furthermore, the
measurement of the absolute laser intensity will im-
pose another source of error. In view of these difficul-
ties we feel that an experimental method for determining
the saturation parameter is more appropriate. A series
of relative laser intensities (I;) and their correspond-
ing relative integrated fluorescence intensities (N') for
a particular transition are measured. A plot of N’ vs
I3, as shown in Fig. 15, will be called a saturation
curve. If k_,41is known from lifetime measurements,
then we can readily obtain a value for k., by varying it
until we fit the experimental curve InN’ vs I to the
form 1n(1 + b ,4A¢f ~ e"2* ex/12%). Then k!, and I} are sub-
stituted into Eq. (A8) to find N'/Ng, the fraction of
molecules which are induced to fluoresce spontaneously
when the laser power is I;. Two atomic lines Y(6191.7
A) and Sc (6210.7 A) were chosen to test this method.

In the case of Y an experimental saturation parameter
of 1.75 was obtained compared to a calculated value of
2.8, and for Sc an experimental value of 1.45 compared
to a calculated value of 1.5 (degeneracy factors being
incorporated in the calculations). When application is
made to a molecular transition, e.g., the ScO(X—A)
excitation spectrum for the Sc + O, reaction shown in
Fig. 16, one more approximation is made, namely, the

0,(0,0)

FIG. 16, ScO excitation spec-
tra of the X 22*-A%Il transition
for the Sc + O, reaction under
partially saturated conditions.
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saturation curve is assumed to be the same for differ-
ent bands if the axis for I} is scaled by the correspond-
ing FC factor to correct for different values of k&,,.
(Since we were only concerned with extracting relative
vibrational populations from these spectra, no correc-
tion was made for the dependence of %, on rotational
state.) The results of the vibrational population anal-
ysis based on use of a saturation curve are shown in
Fig. 13 and included in Table IV. Relative peak areas
were used to obtain these results. The relative popula-
tions are in good agreement with those used to simulate
the unsaturated X—B excitation spectrum.

We note that the treatment in this Appendix does not
take into account polarization effects. Since the output
of the dye laser is polarized (to a varying extent for
different dyes), one might expect some effect on the
degree of saturation. Similar formulations have been
developed to include this effect, and calculations were
performed for the atomic transitions Y (6191.7 10&) and
Sc (6210.7 A). The results for N/N, were within 5% of
the values obtained by the simple Eq. (A8) and hence
corrections of the molecular transitions were not at-
tempted.
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