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Nonequilibrium product distributions observed in the 
multiple collision chemiluminescent reaction of Sc with 
N02" Perturbations, rapid energy transfer routes and 
evidence for a low-lying reservoir state 

J. L. Gale and S. A. Pace 

Department of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 
(Received 5 March 1980; accepted 7 April 1980) 

Nitrogen dioxide reacts with scandium to yield the B 2..r+ -x 2..r+ spectrum of ScO. This reaction has 
been characterized from 10-5 to I Torr in order to study relaxation and rapid intramolecular E-E 
transfer among SeO excited states. At the lowest pressures, a ground state metal atom interacts with a 
tenuous atmosphere of oxidant gas (beam-gas configuration). These "single collision" studies are extended 
in a controUed manner to higher pressure by entraining the metal atoms in argon and subsequently 
carrying out the oxidation of this mixture. At all pressures, the measured B 2..r+ vibrational populations 
follow a markedly non-Boltzmann distribution. At the lowest pressures, the formation of ScO B 2..r+ 
results directly from the reaction Sc + N02-+ScO· + NO. At higher pressures, the B 2..r+ state is also 
populated via rapid intramolecular energy transfer from long-lived, weakly emitting "reservoir" states via 
the sequence Sc + N02 + Ar-+ScO(res) + NO + Ar and ScO(res) + Ar-+ScO(B 2..r+) + Ar. Spin orbit and 
Coriolis interactions in ScO connect rovibronic levels of B 2..r+ and low-lying 4ll, or 211; reservoir states 
resulting in the observation of substantial perturbations in B 2..r+. Collisional energy transfer is 
particularly efficient for the most strongly perturbed levels of the B 2..r+ state. This energy transfer is 
manifest by the appearance of "extra" band heads representing normally forbidden (small electronic 
transition moment or Franck-Condon factor) "reservoir state"- ground state transitions which become 
allowed because of a small admixture of B 2..r+ character. The relative intensities of the extra and "main" 
B 2..r+ -X 2..r+ transitions are strongly dependent on argon buffer gas pressure. A quantitative description 
of this dependence gives an estimate for the amount of mixing between the reservoir state and B 2..r+ and 
for the rate of energy transfer between these two states. Collisional transfer to ScQ B 2..r+ v' = 3-9 is 
found to proceed at rates which for certain levels approach 100 times gas kinetic. The effects observed in 
ScO demonstrate that the excited states of this molecule interact in the presence of a collision partner as 
if they were large diffuse entities. These effects are not pathologicaL This behavior may have important 
implications for the modeling of energy systems as well as the ability to create population inversions 
requisite for the construction of visible chemical laser systems. 

INTRODUCTION before undergoing subsequent collisions. Longer-lived 
"reservoir" states may also be formed in the reaction. 
These states may not be connected to the ground state 
via an allowed transition. They will emit photons at a 
much slower rate and may easily undergo colliSion be
fore the emission of a photon. It is primarily these 
states with which we are concerned as we extend "single 
collision" stuq.ies in a controlled manner to higher pres
sure by entraining the metal atoms in the noble gases 
argon or helium and subsequently carrying out the oxida
tion of this mixture. 

Recently, 1,2 we have been concerned with the analysis 
of rapid intramolecular energy transfer routes among 
the excited states of molecules important at high tem
peratures. The energy transfer wi·th which we are con
cerned is particularly efficient for the most strongly 
interacting excited state levels and hence the most 
strongly perturbed levels of each state. The magnitude 
of the perturbations which we observe in diatomic high 
temperature molecules can be comparable to that nor
mally associated with polyatomics. While the analysis 
of these effects may, at first, seem impracticable, it 
is possible to employ the strength of the perturbations 
to advantage in order to obtain information at lower res
olution which normally is obtained only in an exhaustive 
high resolution perturbation analySiS. 

In order to characterize rapid energy transfer in high 
temperature systems, we focus on highly exothermic 
chemiluminescent reactions involving the oxidation of 
refractory metals over the pressure range 10-6 to'" 102 

Torr. At the lowest pressures a metal atom intersects 
and interacts with a tenuous atmosphere of oxidant gas 
(beam-gas configuration)3 forming product molecules in 
both ground and excited electronic states. Those ex
cited states which are connected via an allowed transi
tion to the ground electronic state usually emit a photon 

In two previous studies, 1,2 we have investigated the 
pressure dependence of the chemiluminescent emission 
from the aluminum-ozone reaction. The observed 
chemiluminescent spectrum is characterized by emis
sion from both the B2~+ and A 2rr states of AlO. At 
pressures in excess of 1 Torr (primarily argon buffer 
gas pressure) where collisional deactivation might be 
expected to lead to Significant thermalization of nascent 
vibrational and rotational distributions, the measured 
AIO B 2'J:..+ vibrational populations follow a markedly non
Boltzmann distribution, exhibiting local maxima at vi
brationallevel v' =6, 8, 12, and 14. This behavior can 
be attributed to an initial chemical reaction Al + O:! 
- AlO(A 2 IT) + Oa followed by the collision induced rear
rangement AIO(A 2IT)+Ar- AIO(B2~+) +Ar. Spin-orbit 

836 J. Chern. Phys. 73(2), 15 July 1980 0021-9606/80/140836-15$01 .00 © 1980 American Institute of Physics 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.238.131 On: Sun, 21 Dec 2014 02:22:21



J. L. Gole and S. A. Pace: Reaction of Sc with N02 
837 

interactions in AIQ connect rovibronic levels of the A 2n 
and B2"1;+ states and collisional energy transfer is par
ticularly efficient for the most strongly perturbed levels 
of the B2"1;+ state. Consistent with the proposed mecha
nism fQr AIQ B2"1;+ formation is the appearance of "extra" 
satellite band heads representing normally "Franck
Condon forbidden" A-X transitions which become allowed 
because of a small admixture of B2"1;+ character. These 
features are observed concurrently with the main 
B2~+ -X 2"1;+ emission bands. In contrast to perturba
tions which affect only a few rotational levels in a given 
vibrational band or can lead to the appearance of cer
tain extra rotational transitions,4 the satellite bands 
arise from much larger perturbations which affect a 
range of rotational levels in the vicinity of the B-X R 
branch heads. These observed features in AIQ have 
now been found to be characteristic of several high tem
perature systems where collisional transfer analogous 
to that from the AlQ A 2n state is observed and appears 
to emanate from long-lived reservoir states. Here we 
focus on the analySiS of these effects in scandium oxide. 
More specifically, we investigate the pressure depen
dence of the chemiluminescent emission from the ScQ 
B 2:E+ state. Formation of this state occurs directly5.6 

via the chemical reaction 

SC(2D)+N~(2B1)-SCQ(A'2~, A 2n, B2"1;+, c 2n'" 
+ . reservoir) + NQ(2n) 

or as a result of rapid E-E transfer from long-lived 
reservoir states which may be connected to the B 2"1;+ 
state via a spin-orbit A(i· S) or coriolis B(i· J> inter
action. In the present study the Sc-N~ reaction has 
been investigated over the pressure range 10-5 to 1 Torr. 
At the higher pressures an argon buffer gas was used. 

As in AIQ, extra satellite features are found to ac
company the main ScQ B 2"1;+ -X 2"1;+ emission bands. 
In both AIQ and ScQ the relative intensities of the satel
lite and main transitions are strongly pressure depen
dent (argon buffer gas). The dependence may be ex
pressed by a set of rate equations. For AlQ a quantita
tive description of this dependence gives an estimate of 
the amount of mixing between the A 2n and B 2"1;+ states 
and the rate of energy transfer between these two states. 
The measured rate constant (KAB ) for the colliSional en
ergy transfer AIQ(A 2n, v=53)+Ar-AlQ(B 2"1;" v=14) 
+Ar is found to be - 7x 106 Torr-1 sec-1 comparable with 
a rate constant 9x 106 Torr-1 sec-1 estimated for "hard 
sphere" collisions between Ar (T- 300 OK) and AlQ 
(T- 3000 OK). This indicates that energy transfer occurs 
at every "hard sphere" collision on a time scale, KA~ 
- 2x 10-10 sec at 1 atm, Similar to that generally associ
ated with rotational relaxation (R-R process). In the 
present study, we will examine much more pronounced 
effects observed in ScQ. In contrast to AIQ whe.re pres
sure dependent effects are observed from 1 to 5 Torr, 
they are observed in ScQ from 10 to 400 JJ.m. Collisional 
transfer to ScQ B 2"1;., v' = 3-9 from long-lived reservoir 
states is observed to proceed at rates which for certain 
levelS (v' =6,8) approach 100 times gas kinetic, the time 
scale K~'a being 3x 10-12 sec at 1 atm for the most per
turbed levels. 

The effects which we have observed and analyzed in 
ScQ are Significant since they demonstrate that the ex
cited states of this molecule interact in the presence of 
a colliSion partner as if they were large diffuse entities. 
Effectively one deals with "pseudomacromolecules" 
which display many of the characteristics of Rydberg 
states. This behavior may have important implications 
for the modeling of energy systems as well as the ability 
to create population inversions requisite for the con
struction of chemical laser systems. Based upon pre
liminary studies of potaSSium hydroxide as well as yttri
um, lanthanum, and boron oxide formation, the effects 
we observe in ScQ are not pathological but rather are 
indicative of a broad class of compounds. 

EXPERIMENTAL 

The burner systems used in these experiments are 
similar in deSign to those described previously. 6-8 The 
Single collision experimental studies have been described 
in detail. 6 For multiple colliSion work, scandium metal 
(Alia products 99.98%) is evaporated in a vacuum cham
ber from a resistively heated vapor deposited tungsten 
crucible (Ultramet, PaCOima, Calif.). The metal vapor 
is collimated by an argon or helium carrier gas (Mathe
son 99.9995%) and transported to the reaction zone where 
mixing with the oxidant gas occurs. The scandium is 
oxidized with N~ as supplied by Matheson Corp. (99.5% 
minimum purity). Typical operating pressures ranged 
from 2 to 20 JJ.m of oxidant and from 10 to 1000 JJ.m of 
argon or helium. Pressures were measured with a 
capacitance manometer (MKS Baratron Type 170). The 
sampling orifice to the manometer input head was made 
mobile so that pressure gradients in the chamber could 
be readily determined. In all cases the gas concentra
tion inthe multiple collision studies is dominated by the 
argon or helium carrier. For experiments run at the 
higher buffer gas pressures, flames were conical in 
shape with a base diameter of approximately 12 mm and 
heights ranging from 1 to 3 cm. At lower buffer gas 
pressures (po. - 2-5 IJ.m, Par£on-10-50 IJ.m) flame def
inition decreased and a more diffuse glow was observed. 

Fortunately scandium is one of the less corrosive and 
reactive high temperature metals. We have found that 
vapor deposited tungsten crucibles are ideally suited for 
long term experimental studies. These crucibles are 
placed in a machined carbon (Micromechanisms-
99.95%) sheath which fits inside a commercial baSket 
heater (R. D. MathiS, Long Beach, Calif.), the entire 
assembly being wrapped with several layers of zirconia 
(zr02) cloth (Zircar Products, Florida, N. Y.). The 
zirconia insulation Significantly reduces heat loss due to 
black-body radiative processes and, at the higher pres
sures, gas conduction8; its use permitted an upper op
erating temperature close to 1800°C. The entire as
sembly was surrounded by a water cooled brass shield 
which was placed inside the vacuum chamber. This ar
rangement also provided an effective "light" baffle 
against black-body radiation from the crucible and 
heater. Under typical operating conditions (80 A at 
12 V giving -1600 eC), this crucible system continues 
to last indefinitely. 
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The chemiluminescent flame was focused onto the slit 
of a Spex 1 m monochromator, equipped with an RCA 
4840 photomultiplier tube. The photomultiplier signal 
was detected with a Keithley 417 fast picoammeter whose 
output Signal (partially damped) drove a Leeds and 
Northrop strip chart recorder. The spectrometer was 
periodically calibrated with a mercury resonance lamp. 
The entire optical system was calibrated for relative 
spectral response employing a quartz iodine standard 
lamp (EG and G #B 115 A). 

ANALYSIS OF PERTURBATIONS AND RAPID 
TRANSFER ROUTES 

In the following diSCUSSions, we focus on the nature 
of strong interactions between the B 2~. state of ScO and 
either previously unobserved long-lived electronic "res
ervoir" states or the high vibrational levels of known 
lower-lying electronic states from which transition may 
be "forbidden" primarily by virtue of the Franck-Con
don prinCiple. The reservoir states to which we refer 
are characterized by very small electronic transition 
moments connecting these states and the ground elec
tronic state. Traditionally, emission from these states 
is seldom observed and, when detected, most frequently 
involves the lower energy state of an emission band 
system. 

The SC-NDz reaction is known to produce the X2~ .. 
A 2rr, and B 2~. states of ScO. 9 Very weak emission 
may be observed from the A'2~ (Ref. 10) and c2rr 
states,l1 the emission from A,2~ being over an order 
of magnitude weaker than that from A 2rr. In the pres
ent study, we are concerned with the sequence which 
involves the initial reaction step 

Sc(2D)+N~(2Bl)- SCO(X2~ .. A 2rr, B 2~. A'2~, C 2rr, 

Reservoir states) + NO 

followed by collision induced transition to the B 2~. 
state: 

ScO(initial) +Ar- ScO(B 2~.)+ Ar . 

(1) 

(2) 

The nature of expected reservoir states will be discussed 
in a following section. 

In the presence of intramolecular perturbations, 
neither the B 2~. state nor the states from which ener
gy transfer occurs may be considered as pure states. 
Rovibronic levels of these initially populated states con
tain a small admixture of B 2~. character. Hence tran
sitions from these reservoir levels, which are forbidden 
or very weak in the absence of perturbations, may "bor
row intenSity" from the B-X spectrum and become al
lowed. 12 These features appear as satellite bands slight
ly shifted from the observed B-X transitions. Figure 
1(b) exemplifies one of these satellite features in the 
ScO B 2~. -X 2~. spectrum taken at a pressure of 400 
/.Lm. Here we find a dominant (8, 5) band with a satellite 
observed - 50 cm-1 to the red. As we will demonstrate 
shortly, the energy separation (~lJ) between the main 
and satellite bands is dependent on the vibrational level 
v' in B 2~+ and is invariant (within experimental error) 
to v", the vibrational quantum number in the ground 
(lower) state. 

p= 1O-"r I 
I (13.9) 

(3.1) "Satellite" 

I ! I 

r; 
I' 
J I 
I \ 
/ I 
I I 
I \ 
I I 
/ \ 

,., ! I 
,\ ... ' / \ 

(a) 

/ \, / \/ I 
/ \/ I (b) 

4530 

I 
I 
\ 
I 
I 
\ 
\ 
I 
\.,iv-. 

I '\~ 

4520 

FIG. l. Scan over portion of ScO B 2l: +-x 2l: + emission spec
trum (res = l. 5 A) resulting from the Sc + N02 reaction. Band 
heads are denoted (v'. v"). The upper trace was taken at a 
total pressure P tot = 10 f,lm; the lower trace corresponds to 
P tot =400 J.lm P N02 =4 J.lm for both traces, the remaining pres
sure corresponding to argon. As the argon pressure is raised 
an extra satellite feature becomes apparent to the red of the 
main (v', v") = (8, 5) band. 

The magnitude of ~lJ depends upon the "strength" of 
the perturbation (w) which usually involves a spin-orbit 
or coriolis interaction and the energy separation of the 
unperturbed states (0). The eigenfunctions (>It) and ei
genvalues (E) of the perturbed levels are12 

>It. = c>lt1 - d>lt2 , >It_ = d>lt 1 + c>lt2 , 

where 

and 

(3) 

(4) 

(5) 

The subscripts 1, 2, and ± pertain to unperturbed and 
perturbed levels, respectively. An independent evalua
tion of both wand 0 = El - ~ is not possible from a mea
sure of ~lJ alone; however, sufficient additional informa
tion may be obtained from the pressure dependence of 
the relative intensities for the main (>It.) and satellite (>ltJ 
transitions. In Fig. 2, we depict two mutually perturbed 
levels in the B 2~. state and that state formed initially 
via Reaction (1) which interacts strongly with B 2~. and 
from which energy transfer occurs. The initial chemi
cal Reaction (1) with rate constant k populates a range 
of levels in a given reservoir state or Franck-Condon 
"forbidden" levels of a known electronic state. The vi
brational dependence of this rate, even if known, is not 
required for the description given here. Strongly per
turbed levels may be depopulated by spontaneous emis
sion to the ground X 2~+ state giving rise to the satellite 
feature observed in Fig. 1 or by non radiative collisional 
transfer to the B 2~+ state. The rate of this latter pro-

J. Chern. Phys., Vol. 73, No.2, 15 July 1980 
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k 1'V,)lv') 

J 

k+ k-

,'1'1"2) Iv) 
I 

I 

~"..L..l."-)I-V'>:----
FIG. 2. Schematic representation of the competing transfer 
and depopulation processes, collisional redistribution (k RB) 

from "reservoir state" levels and radiative emission (k+ and 
k_l from B 2:E+ and reservoir states. The vibrational relaxa
tion rates are denoted by kv' and kv' Transfer follows initial 
formation (kl of the reservoir state. 

cess, intramolecular energy transfer which we denote 
by kRB , is dependent on collisions between Ar and ScQ 
and is therefore proportional to the argon pressure [Ar]. 
As a result of microscopic reversibility, there is a near 
equal probability of collisional transfer out of B 2~+, 
i. e., kBR = kRB • klJ' the rate constant for direct ScQ 
B 2~+ formation [Reaction (1)] can be compared to the 
rate kRB(Ar) for collisional population of the B 2~. state 
[Reaction (2)] by evaluating the Sc-N~ reaction from 
10.5 Torr, where emission results from nascent product 
formation, through the pressure range where collisional 
transfer increases in importance and begins to dominate. 
The radiative rate constants k. for .y. and k. for .y. per
tain to transitions from a Single vibrational level in the 
upper state to all vibrational levels v" of X 2b+. k. and 
k. are primarily dependent upon the upper state quantum 
number and to a much lesser extent on v". The colli
sional rate constant is a function of both V'(B2~.) and 
v(reservoir). kRB and kt are purely phenomenological. 
They contain an implicit vibrational dependence which 
will be conSidered in a later section. kvand k" corre
spond to rate constants for radiative or non radiative pro
cesses leading to vibrational relaxation in the reservoir 
or B zE+ states. As we will demonstrate in a following 
section, vibrational relaxation effects in either the 
B 22:;+ or reservoir states may safely be ignored. 13 

With the provisos indicated above, the elementary 
steps described in Fig. 2 which are pertinent to colli
sional transfer may be represented by a set of rate equa
tions describing the time-dependent population of the 

B 2b+ levelS, 

dt[~J = kBB [N.][Ar] - kRB [NJ [Ar] - k.(N.] , (6) 

where [N.] and [N.] are the population densities for the 
levels .y. and .y., respectively. The steady state solu
tion14 for Eq. (6) yields 

[NJ /[N.] =kRB [Ar] /(kRB [Ar] + k.) (7) 

The two limiting cases can be envisioned: 

(8) 

The first corresponds to a low pressure extremum where 
the dominant population resides in those levels corre
sponding to .y. and emission from perturbed levels of the 
reservoir state may dominate the observed emission 
spectrum2 (given a sufficiently large transition moment). 
The second correspond to a high pressure limit in which 
the populations of w. and .y. become equal (saturation) 
and further increases in pressure have no effect on the 
relative intensities of the main and satellite features. 
The pressure at which the saturation point is reached 
is a function of the balance between the efficiency of col
lisional transfer (collisional transfer rate) and the radi
ative lifetime of the B 2E+ state. 15 

The intensities of the main and extra tranSitions, 
r(1)', v") and [.(v', v"), respectively, are related to 
the excited state populations [NJ by 

(9) 

where At(v', v") represents the electronic and vibration
al transition probability for emission from .y t. Since the 
pertinent transitions are nearly coincident in frequency, 
phototube and frequency corrections are of minimal im
portance when conSidering relative intensities and we 
combine Eqs. (7) and (9) to yield 

I.(v', v") A.(v', v") (1 k ) 
[.(v', v")=A.(v', v") +kRBLAr] . (10) 

A plot of relative intenSity versus reciprocal pressure 
will be a straight line with an interceptA.(v', v")/ 
A.(v', v") and a slope which is a measure of k.lkRB . 
In a later section we will consider more specifically the 
analysiS of the terms in Eq. (10) and its application to 
the solution of Eqs. (4) and (5). 

RESULTS 

We will demonstrate in this section that collisional 
transfer to the B 2~. state of ScQ occurs much more ef
fiCiently than previously observed in AIQ. In order to 
characterize this energy transfer, the strong interactions 
from which it results, and its effect on the relative pop
ulation distribution in the B 2E· state, we have analyzed 
the B-X emiSSion spectrum from 10.5 to 1 Torr. 

A. Vibrational populations in B 2r,+ 

Figures 3, 4, and 5 depict representative scans of the 
ScQ B 2!;+ -X 2E+ emiSSion spectrum taken at 10-5, 10.2, 

and 1 Torr, respectively. Each spectrum is comprised 
of red-degraded bands falling into the sequence groupings 

J. Chern. Phys .• Vol. 73, No.2, 15 July 19BO 
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)(0.0) 

(5,4) 

4850A 

FIG. 3. Chemiluminescent spectrum obtained under single 
collision conditions from the reaction Sc + N02 - ScO* + NO. 
Bandheads in the ScO B 2~ +-X 2~' band system are denoted 
(v', v"). The lower trace corresponds to the experimental 
spectrum, while the upper trace is a computer simulation. 
Perturbations are apparent for levels with v' = 3-7. Spectral 
resolution is 1. 5 A. See text for discussion. 

Os Avs 2. (The notation Av= Vi - v" pertains to the 
transitions connecting vibrational levels Vi of B 26+ and 
v" of X 2~+.) The experimental spectra were taken at 
a resolution of 1. 5 A and a scan speed of 0.2 A/sec. 
The spectra were assigned by comparison with previous
ly reported data. 6 All spectra were calibrated USing 
mercury and neon resonance lamps. 

In each figure, the experimental spectra are compared 
to computer synthesized spectra calculated with the aid 
of Franck-Condon factors16 and RKR curves17 generated 
using available high resolution data. 18 The computer 
simulation assumes no level perturbations. The compar
ison of experimental and calculated spectra allows the 
rapid assessment of strong perturbations in the B 26+ 
state. Upon analysis of the spectra, it became apparent 
that the Vi = 3-9 vibrational levels of the B 26+ state were 
all Significantly perturbed, and that some modification 
of previous wavelength assignments9,15 was necessary. 
These revised level positions are listed in Table I where 
the error estimate (± O. 2 A) represents one standard 
deviation in the wavelength calibration. 

Taking into account the maximum temperature of the 
scandium metal undergoing reaction19 and all other fac
tors in addition to reaction exoergicity which contribute 
to the available energy for formation of ScQ product, the 
SC-NOz reaction can result in the population of 16 vibra
tional levelS in the B 2~+ state. 

The relative intensities Iv', v" of vibronic transition 
(Vi, v") in emiSSion are related to the excited state 

(].5) 
(4.3) \, ',(1.0) (6A) 

.-> 'I 
Exptl. 

Calc. 

4840A 4740 

FIG. 4. Chemiluminescent spectrum obtained at P tot = 14 /lm 
for the process Sc + NOz (P"" 4 /lm) + Ar (p"" 10' /lm) - &0* 
+ NO + Ar. Bandheads in the ScO B 2~ + -X 2~ + band system are 
denoted (v', v"). The upper trace corresponds to the experi
mental spectrum, the lower trace is a computer simulation. 
Perturbations are apparent for levels with v' = 3-7. A dual 
satellite structure accompanies the (6,4) band. Spectral reso
lution is 1. 5 A. See text for discussion. 

(6.4) 

1/ ~ 
!L )~l 
\ .,-- I I 

~_ 5095 5075 

4640 

(b) 
FIG. 5. Chemiluminescent spectra (a) and (b) obtained at 
P tot"" 1000 /lm for the process & + N02 (P"" 30 j.lm) + Ar (P 
"" 1000 j.lm) - &0* + NO + Ar. Bandheads in the ScO B 2~ +-X 2~+ 
band system are denoted (v', v"). The upper traces correspond 
to the experimental spectrum, the lower traces are computer 
simulations. Perturbations and satellite structure are ap
parent for levels v' = 3-9. The computed spectrum correspond_ 
ing to the (6,6) inset in (b) (dashed line) merely indicates the 
expected location of the (6,6) band and does not correspond toany 
attempted intensity match. spectral resolution is 1. 5 A. See 
text for discussion. 

populations Nv' by 

Iv' , v" =~(v)V4qv"v" R!(rv',v") (11) 

where ~(v) is a proportionality constant defined to in
clude the variation of instrumental (spectrometer and 

TABLE 1. Modified parametrization for ScO B 2~ +-X 2~ + transi_ 
tions-bands observed in Figs. 3, 4, and 5. a 

Band Observed Calculated 6 (cm"!) 
(v', v") A (A)b frequency frequencyC (obs-calc) 

(0,0) 4859.3 20573 20573 
(1,0) 4674.0 21389 21389 
(2,1) 4709.1 21230 21228 2 

(3,2) 4743.4 21076 21068 8 
(4,3) 4780.0 20914 20907 7 
(5,4) 4817.5 20752 20746 6 
(6,4) 4644.6 21525 21518 7 
(7,5) 4681. 7 21354 21346 8 

(8,6) 4719.1 21185 21176 9 
(9,7) 4759.2 21006 21002 4 

aBands listed are representative of v' = 0_9 B 2~+ perturbations. 
From analysis of several transitions to v" = 0 - 7, no mea
surable perturbations of these ground state levels are found. 

t>only (0,0), (1,0), and (2,1) bands agree with calculated band_ 
head positions. All other levels are shifted. 

cCalculated from Te (B 2~+-X 2~1 = 20640. 2, w; = 825. 47, wex; 
=4.21, W;'= 964. 95, w6 x;'=3.95. See A. Adams, W. Klem
perer, and T. M. Dunn, Can. J. Phys. 46, 2213 (1968), 
L. Akerlind, Ark. Fys. 22, 41 (1962); and Refs. 9 and 15. 
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FIG. 6. B 2~+ vibrational populations (Nv') for (a) single col
lision conditions_Fig. 3; and (b) Ptot = 14 !Lm-Fig. 4. Rela
tive populations are determined on the basis of the computer 
simulations in Figs. 3 and 4 for v' = 0_9. Populations denoted 
with an asterisk represent upper bound estimates. 

photomultiplier tube) response with frequency; qu', u" 

and rv',v" are, respectively, the Fr~nck-Condon factor 
and r centroid for the (v', v") transition. The elec
tronic transition moment R.(rv',v") is written as an ex
plicit function of the r centroid in accordance with the 
Fraser approximation. 2o This information is incorpor
ated into the computer program to calculate the spec
trum corresponding to a 2~+_2~. transition. Once a fit 
i~ made to a given spectrum as in Figs. 3, 4, and 5, a 
rotational temperature is determined for each individual 
vibrational band and relative vibrational level populations 
are evaluated. For those spectra obtained at the lowest 
pressures where only nascent product formation is moni
tored, the rotational temperature of each vibrational 
band can diffe~l; however, at higher pressures rota
tional distributions are found to equilibrate rapidly and 
the entire spectrum is characterized by one rotational 
temperature. 22 

In Figs. 6 and 7 we compare B 2~. vibrational popula
tions determined for 10-5, 10-\ and 1 Torr chemilumines
cent flames. Only those vibrational levels (v' =0-9) 
which playa dominant role in the spectra presented in 
Figs. 3, 4, and 5 are conSidered; however, emiSSion 

is also observed corresponding to those transitions from 
v' = 10-13 having the largest Franck-Condon overlap 
with the ground electronic state. 

The single collision spectrum (Fig. 3) is characterized 
closely by a single rotational temperature, Trot -6000oK. 
This result is consistent with a previous analysis of rota
tional structure in the (0,0) band and with temperature 
dependence studies which demonstrate that the Sc-NOa 
reaction to form ScQ B 2~+ proceeds with a substantial 
activation energy. 22 Not surprisingly, the vibrational 
distribution observed under Single collision conditions is 
non-Boltzmann. 

The population distribution observed at P total = 14 /..Lm 
(PN02 =4 /..Lm) is presented in Fig. 6(b). Within experi
mental error the vibrational distribution for levelS v' 
= 0-5 has changed only slightly. If present, vibrational 
relaxation is minimal. There is a notable change in the 
relative populations for vibrational levels v' =6, 7. Two 
choices can be envisioned to explain this phenomenon: 
(i) the population in vibrational levels v' = 6 and 7 results 
in part from collisional transfer via an initially formed 
long-lived reservoir state or (ii) there is rapid vibra
tional relaxation in levelS v, =8-15, a bottleneck being 
encountered for levels v' =6, 7. Based upon observa
tions over the pressure range 10-1000 /..Lm and compari
son with previous studies,23 the former mechanism is 

v' 
o 2 3 4 5 6 7 8 9 

100 

80 

60 

40 

20 

o 2000 4000 6000 8000 

Glv') (em-1) 

FIG. 7. B 2~+ vibrational population (Nv') as a function of the 
vibrational energy term G (v~) for vibrational levels Vi = 0-9. 
Relative populations for P tot = 1000 !Lm are determined on the 
baSis of the computer simulations in Figs. 5(a) and 5(b). 
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by far the more likely possibility. For a selection of 
confirming evidence, we focus on the spectra in Fig. 1. 
At a pressure of 10 J.1.m, it is apparent that there is sub
stantial population in v' =13 relative to v' =8 or 3 [the 
Fe factor for the (13,9) transition exceeds those for all 
other transitions from v' = 13 B 2~. but does not greatly 
exceed those for the (8,5) and (3,1) transitions]. In ad
dition, a fit of the 400 J.1.m data taking into account over
lap with the (8, 5) and satellite bands indicates that v' = 13 
is not drastically diminished with respect to v' = 3, as 
one would expect if unusually rapid vibrational relaxation 
were present. As a further demonstration of the pres
ence of a collisional transfer process at 10 J.1.m (Fig. 4) 
we observe the first clear indication of satellite struc
ture. The (6,4) band is accompanied by both long and 
short wavelength satellite features. As we will dem
onstrate shortly, collisional transfer is most efficient 
for the v' = 6 level. 

The vibrational bandS observed at 10 J.1.m are well fit 
by a rotational temperature Trot =4500 oK. Although 
some rotational relaxation has taken place relative to the 
single collision spectrum, R-R transfer is not yet pro
nounced at 10 J.1.m. This result also casts doubt on the 
possibility of significant V- V transfer for levelS v' = 0-
13 since this process is expected to proceed on a time 
scale two orders of magnitude slower than R-R relaxa
tion. 24 

At P total = 100 J.1.m [Figs. 5(a) and 5(b)], we find Sig
nificant spectral changes as well as a substantial modi
fication of the population distribution observed at lower 
pressures. In Fig. 5(a), satellite bands are apparent 
for the transitions emanating from v' = 3, 4, 5, 8, and 9 
(B 2~.). In Fig. 5(b), the dual satellite features encom
passing the main v' =6 emission feature are emphasized. 
Because the v' = 6 and 8 levels and their satellites are 
the most amenable to characterization over a wide pres
sure range, we will focus on the pressure dependence of 
these satellite and main features in a follOwing section. 
Figure 7 depicts the population distribution at 1000 J.1.m 
(1 Torr). This distribution is virtually identical to that 
observed at 400 J.1.m. The observed population distribu
tion which peaks strongly at v' =8 provides definitive evi
dence for efficient collisional transfer and casts strong 
doubt on the possibility of a bottleneck for vibrational 
relaxation at v' =6,7. 

The bands observed at P = 1 Torr are well fit by a ro
tational temperature, Trot =800 oK. Not surpriSingly, 
Significant rotational relaxation has occurred at this pres
sure. The observation of pronounced rotational relaxa
tion focuses attention on the possibility of significant vi
brational relaxation. While there are substantial changes 
in the observed population distribution, these changes do 
not indicate pronounced vibrational relaxation concomi
tant with the buildup of emission intenSity for the lower 
(v' =0-3) vibrational levels. Rather, one observes a 
shift in population to higher v' levelS indicative of rapid 
collisional transfer from initially populated states to the 
B 2~. state. More specifically, we observe pronounced 
transfer for v' =6, 7, 8 and somewhat lesser effects for 
v' = 4, 5, 9. Note that while the population in v' = 9 is 
substantially less than that in v' = 8, the relative popula-

TABLE II. Main and extra transitions (v', v") in the B 2~ +_ 

X 2~+ spectrum of SeO. 

Assign-
Wavelength in air (A) Vacuum wave numbers 

Separation 
ment Main Extra Main Extra C.V (em") 

(8,9) 5416.9 5432.4 18455 18403 52 

(8,8) 5164.6 5178.8 19357 19304 53 

(8,7) 4932.8 4945.9 20267 20213 54 

(8,6) 4719.1 4730.8 21185 21132 53 

(8,5) 4521. 7 4532.7 22109 22056 53 

(8,4) 4338.4 4348.3 23043 22991 52 

(8,3) 4167.9 4177.2 23986 23933 53 

(6,6) 5084.0 5080.6 19664 19677 13 

5084.0 5088.1 19664 19648 16 

(6,4) 4644.6 4641. 9 21525 21537 12 

4644.6 4647.9 21525 21509 16 

(6,3) 4450.1 4447.3 22465 22479 14 

4450.1 4453.1 22465 22450 15 

tion of this level has increased Significantly relative to 
levels v's 4. The observed population distribution is 
clearly non-Boltzmann. There is also a clear trend 
away from a Boltzmann distribution as pressure in
creases. Vibrational relaxation cannot playa signifi
cant role in any explanation of the pressure dependent 
effects observed in this study. 

As we will discuss in a later section, the peaking in 
the B 2~. population distribution at P = 1000 J.1.m results 
primarily from the inherent population of that level 
which feeds v' '" 8 upon collisional transfer. The peaking 
is not related to any bottlenecks in the B 2Z· state but 
can result in part from any process including vibrational 
relaxation which populates the "feeder" level of the 
reservoir state from which transfer occurs. 

B. Perturbations and satellite structure 

In the previous section we have conSidered the non
Boltzmann distribution induced in the ScQ B2~+ state as 
a result of collisional transfer. In a future section we 
will conSider the possible states from which this trans
fer can occur. Here, we focus primarily on those bands 
corresponding to transitions which originate in the v' 
= 6 and 8 levels of the'ScQ B 2~+ state. Because these 
bands and their satellites are the most amenable to 
study, they have been the most extensively investigated. 

The satellite structure which accompanies the intense 
emission from v' =8 B 2~. is evident in Figs. l(b) and 
5(a) where we depict the (8,5) and (8,6) emission bands 
at 400 and 1000 Mm, respectively. In both cases, adja
cent to each of these strongest features is a weaker and 
red shifted satellite band. A Similar but somewhat more 
complicated satellite structure is observed for v' = 6 
transitions in Figs. 4 and 5(b). Here the (6,4) and (6,6) 
bands are accompanied by both a blue and red shifted 
satellite. As indicated in Table II, several other transi
tions involving the Vi =6 and 8 bands have been observed 
throughout the visible region. A scan of the data in Ta
ble II indicates that the energy separation (~v) between 
the main and satellite bands depends on the vibrational 

J. Chern. Phys., Vol. 73, No.2, 15 July 1980 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.238.131 On: Sun, 21 Dec 2014 02:22:21



J. l. Gole and S. A. Pace: Reaction of Sc with N0 2 843 

level v' in B 2~. and is invariant (within experimental 
error) to v", the vibrational quantum number of the 
lower state. The average separations are (Table II) 
Av = 53 ± 1. 6 cm'""1 for v' = 8 and Av = 16 ± 1. 4 cm'""1 (red 
feature) and 13± 1. 2 cm'""1 (blue feature) for v' =6. Here 
the uncertainties represent one standard deviation in the 
mean. 

It is the v' =6, 8 satellite features which have been 
the focus of our pressure dependent studies; however, 
further satellite features are clearly apparent at Ptot 

= 1000 jJ.m in Fig. 5(a). A weak satellite is associated 
with the (9, 7) band, its separation being 58± 2 cm'""1. As 
we will demonstrate, the location of this satellite can be 
predicted on the basis of v' = 6,8 perturbations. The red 
shifted satellite features which accompany the (5,4), (4,3), 
and (3,2) bands appear to emanate from a band system dif
fering from that which perturbs the v' =6-9 levels. The 
satellite and main features are separated by 25± 2, 
22 ± 2, and 20 ± 2 cm'""l for v' = 5, 4, 3, respectively. The 
nature of these satellites will be considered further in 
the following sections. 

-~ 
, 
> 

t ... l 
.......... -'> . , 
~ 

.... ' 
>-
!:: 
II) 

Z 
W 
t-

~ 

w 
> 
t-
oo( 
...... 
w 
GC 

.. 

6 

5 
o 

4 

3 

2 (a) 

0 
10 20 30 40 SO 60 70 80 90 100 

5 
0 

4 

0 

3 

2 

(b) 

1 

O~~~~~~--~~--~~--L-~ 
2 3 4 5 6 7 8 9 10 

RECIPROCAL ARGON PRESSURE (torr -1) 

FIG. 8. (a) Variation of relative intensity of main (I.) and 
satellite ([.) bands with reciprocal argon pressure for red 
shifted satellite associated with Vi = 6 ScO B 2~'. The full line 
represents a linear least-squares fit to all data points [(0) 
(6,6); (0) (6,4); (A) (6,3) band-see Table II). (b) Similar 
plot for Vi = 6 blue satellite (see Table II). 
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FIG. 9. Variation of relative intensity for main (I.) and 
satellite ([.) bands with reciprocal argon pressure for red 
shifted satellite associated with Vi = 8 ScO 8 2~+. The full line 
represents a linear least-squares fit to all data paints [(0) 

(8,5); (0) (8,6); (A) (8,7) band-see Table III. 

C. Pressure dependence of relative intensities 

In Figs. 8 and 9, we plot the intensity ratio 1.(v', v"}/ 
1.( v', v ") versus reciprocal argon pressure [ArJ,""l for 
the dual satellites associated with v' =6 ScO B 2:E+ and 
the Single satellite associated with v' = 8 ScO B 2~+ . 
Total argon pressures were measured with a calibrated 
capacitance manometer and are judged accurate to 
± 10%. Relative band intensities were measured USing 
both peak heights and peak areas (spectra taken at a 
resolution of. 0.8 A and scan speed of 0.1 A/sec), the 
majority of data involving peak area measurement; how
ever, the comparative variations obtained for a given 
datum point in all cases were less than 20%. The data 
points in Figs. 8 and 9 were taken for a series of bands 
corresponding to transitions originating in v' = 6, 8 
B 2~+ and terminating in several vibrational levelS v" 
of the ground state. The full lines in Figs. 8 and 9 depict 
least squares fits in accord with the predictions of Eq. 
(10). Table III lists the corresponding least squares 
parameters A..(v', v")/A.(v', v") from the intercept 
and k+/kRB from the slope. The error estimates result 
from one standard deviation uncertainty in the measured 
slope and intercept. The data points taken at lower 
pressure all display a negative deviation from the least 
squares fit. As we will discuss shortly, this is not sur
priSing since the colliSional transfer process and the 
corresponding interaction potential may be strongly in
fluenced by significant dipole-dipole forces [ScO(res) 
+ScO- ScO(B 2:E+) +ScO] versus the very much more pre
valent dipole-induced dipole interaction [ScO+Ar 
-ScO(B 2:E+)+Ar] at higher pressures. 

J. Chern. Phys., Vol. 73, No.2, 15 July 1980 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.238.131 On: Sun, 21 Dec 2014 02:22:21



844 J. L. Gole and S. A. Pace: Reaction of Sc with N0 2 

TABLE III. Kinetic and spectroscopic parameters (defined in text) for vibrational levels Vi 

= 6, 7, 8, 9 of the ScO B 22:;+ state. Estimated errors arise from one standard deviation un-
certainty in the experimentally determined parameters. 

AI' kjk RB k ABx 10-6 

Vi (cm- t) (Torr) A.lA+ d 2 {j (cm- t) w (cm- t) (Torr- t sec- t) 

6a 16±1.4b 0.05 0.78 0.44 2± O. 6 15. 9± 2. 5 500 
16± 1. 4 0.04 0.77 0.44 2± O. 6 15. 9± 2. 5 600 

13±1.2b 29.75 0.040 0.038 12 ± 1. 8 2.5±1.2 0.84 
13 ± 1. 2 31. 25 0.037 0.036 13 ± 1. 8 2.6±1.2 0.80 

7c 34. 9± 2.4 0.297 0.23 18. 9± 2.6 14.7±4 

8a 53 ± 1. 6 0.12 0.20 0.17 35.8±2.4 19. 5± 2. 4 210 
53 0.11 0.19 0.16 35.8 19.5±2.4 230 

9 58± 2d (0.086)- 0.08 (48. 8± 3. 2/ 14.4±2.8 
56.7 ± 1. 2g 0.076 0.08 48.7±3.2 14.5±2.8 

"The first value represents the results of pressure dependence plots (Figs. 8 and 9) while the 
second corresponds to data obtained upon measurement of level shifts relative to unperturbed 
levels. 

bThe feature separated by 16 cm- t appears at longer wavelength while the feature separated by 
13 cm- t appears at shorter wavelength. 

cCalculated through analysis of Vi = 6,8 perturbations. 
dMeasured perturbed level separation [Fig. 5(a)J. 
-Estimated from ratio r /1 + (see text for discussion). 
f Lower bound based on measured ratio r /1 + (see text for discussion). 
gCalculated through analysis of Vi _ 6, 8 perturbations, and measurement of level shifts relative 
to unperturbed levels (see text for discussion). 

The application of the data obtained from Figs. 8 and 
9 to the solution of the perturbation relation (4) and (5) 
necessitates several approximations in the microscopic 
interpretation of A.( Vi, v"). For electric dipole radia
tion, 

(12) 

where the '11. are the same as in Eq. (3) and Fig. 2 and 
M.(r.) is the electric dipole moment operator dependent 
upon the electronic coordinates r •. 12 The wave function 
'11" represents the X 2~+ ground state. The wave func
tions for the ground state and the pure B 2~+ and reser
voir states may be written as the product of an electronic 
and vibronic term. Following the notation of Eqs. (3)
(5) and Fig. 2, 

I>v/) = IX2~.) I v"), '111 = I B 2~.) I Vi), '112 = I res) I v) . 
(13) 

Substituting for '11. and '11" in Eq. (12), 

A.( Vi, v") = I c (B 2~. I M.( r.) I X 2~.) (Vi I v") 

-d(resIMe(re)Ix2~')(vlv")I2, (14) 

A.(v ' , v") = I d (B 2~. I M.(r.) I X 2~+) (vii v") 

+c(res I M.(r;,)IX2~')(vi v")12 • (15) 

Here "res" denotes a reservoir state or Franck-Condon 
forbidden high vibrational levels of a known electronic 
state. Because we have only a small amount of informa
tion on the source states from which collisional transfer 
occurs, it is difficult to estimate the magnitude of the 
vibrational overlap factors (vi v") which appear in Eqs. 
(14) and (15). Since intensity measurements are limited 
to the strongest B-X features, it is reasonable to expect 

(vi v") ~ (vii v"). USing c?; d, we have, to good ap
proximation, 

A.(v' , v")- c2 1 (B2~'IM.(r.)I x2~')121(v/l v")Iz (16) 

A similar approximation for A.( Vi, v") is less satisfac
tory since the smaller coefficient multiplies the larger 
transition moment and vice versa. The cross interfer
ence term obtained upon expanding expression (15) is the 
most troublesome since it is proportional to (vi v") and 
(Vi I v") and should therefore produce a v" dependence 
in the measured intercepts. Since this effect is not ob
served experimentally, we feel confident that such terms 
may be ignored and that we are justified in the approxi
mation 

A_(v' , V")-d21 (B2~'IMe(r.)IX2~')lzl(v/lv")i2, (17) 

so that 

(18) 

Figures 8(a) and 8(b) comprise intensity measure
ments for transitions (Vi, Vi) = (6,4), (6,6), and (6,3). 
Since aU three sets of data points fall very close to a 
straight line plot, these measurements indicate no v". 
dependence in the parameter A.(v' , v")/A.(v' , v"). 
Similar results are obtained for transitions (11 , v") 
= (8, 5), (8,6), and (8, 7) in Fig. 9. Consequently, the 
fractional admixture of "reservoir" state character 
(column 5 of Table Ill) may be estimated from Eq. (18) 
and the normalization condition c 2 + d 2 = 1. The data in 
columns 6 and 7 give [from Eqs. (4) and (5)] the energy 
separation between unperturbed levels (0) and the per
turbation matrix elements (w), which will be dealt with 
more thoroughly in a later section. 
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FIG. 10. Comparison of B 2~' and deperturbed "reservoir 
state" vibrational energy level spacing on the basis of the 
perturbation parameters given in Table III. The energy level 
spacings determined for the unperturbed reservoir state are 
indicated at the left-hand side. The location of the ScO A' 2£::.3/2 

level is also indicated (!) in the figure. It would appear that 
the vibrational spacings for the reservoir state are slightly 
smalle.r than those for 8 2~" indicating the possible interac
tion with a low-lying zITI state corresponding to configuration 
(29) in the text. 

The rate constant k. (Table Ill, column 3) pertains to 
emission from a single vibrational level v' in B 22":' to 
all vibrational levels v" in X 2~+. The reciprocal of this 
parameter may be approximated by the radiative lifetime 
of the level v'. The last column in Table TIl gives values 
for kRB estimated from k: l -4x10-s sec, the radiative 
lifetime for the first four vibrational levels of B 22":'.25 
Intramolecular energy transfer is most efficient for 
those B 2~' levels which contain the largest admixture 
of "reservoir" state character. For v' =6, an analysis 
of the long-wavelength satellite indicates kRB - 5x 108 

Torr-! sec-!, which corresponds to a time period 7 - 3 
X 10-12 sec at 1 atm pressure. A second comparable val
ue (kRB - 6X 108 Torr-l sec-I) is obtained by noting the fre
quency shift of the v' = 8 level relative to its frequency 
in the computer synthesized spectrum and combining this 
data with the r I J+ ratio at a given pressure. A Similar 
analysis has been carried out for v' = 8 USing both the 
data analysis from Fig. 9 and level shifts measured 
from Figs. 1 and 5(a). The time scale which character
izes the energy transfer is considerably shorter than the 
typical rotational relaxation time for R-R transfer pro
cesses. 

The data obtained for the v' = 6, 8 levels of the SeQ 
B 32":+ state indicates extremely strong mixing with an 
initially populated diffuse reservoir state (see also fol
lowing sections). The observed transfer rates should 
be contrasted to that for the v' = 6 Short-wavelength 
satellite, where kRB - 8x 105 Torr-1 sec·l corresponds to 
7- 5xlo-9 sec at 1 atm pressure. Unfortunately, the 
regions of v' = 7 emission are substantially overlapped 
prohibiting a quantitative pressure dependence analysis 
(Figs. 8 and 9) at present. It does appear that transfer 
into v ' =7 is comparable to that into v' =6 and 8 (Figs. 6 

and 7); however, two overlapping levels involving more 
than one reservoir state appear to be involved (see fol
lowing sections). Despite these problems, we were able 
to obtain some information on the v I = 7 level USing the 
results for v ,= 6 and 8. Assuming that the same reser
voir state leads to the rapid transfer into v ,= 6 and Sand 
USing the deperturbed level separations (0), we can esti
mate the vibrational level spacing in the perturbing res
ervoir state and the separation of the v' = 7 level from 
its corresponding perturbing level. The results of this 
analySiS are indicated in Fig. 10. Having obtained the 
deperturbed level separation 0 = IS. 9 ± 2.6 cm-! we mea
sure the shift of the v' = 7 level from its calculated posi
tion (-S cm- l ) to deduce AlI-34.9±2.6 cm- l

• A similar 
calculation for v' =9 (shift -4 cm-!) yields the data given 
in the second column of Table III. The agreement be
tween predicted (56. 7± 1. 2) and observed (58 ± 2) All val
ues is excellent lending credence to the validity of our 
approach for v' =7. The values of (A../A,) for the two 
measurements involving v' = 9 are not in strong agree
ment; however, the first value corresponds to the mea
sured ratio 1./1. and therefore represents an upper bound 
to (A../ A.). Given the determination of 0 and All, it is 
possible to determine w (Table III, column 7) from rela
tion (5). 

We have not carried out extensive pressure dependent 
studies for the v' = 3,4,5 levels of the B 22":. state. We 
can, however, obtain some estimate of the parameters 
for these levels and the states by which they are per
turbed. Again, the level shifts for the main spectral 
features from their poSitions in the computer synthesized 
spectrum are determined. These shifts when combined 
with measured satellite-main feature separations (All) 
yield the data given in Table IV. From All and 0 a value 
of d 2

/C 2 was estimated from Eq. (5). The determined 
o values indicate that the perturbing levels must be cor
related with a different perturbing reservoir state and 
do not correspond to an extension of those levels inter
acting with v' =6-9. The emiSSion characterizing the 
v' = 3,4 satellites is quite broad and therefore it is dif
ficult to estimate All and to determine readily the rela
tive intensities of satellite and main features. The v' 
= 5 satellite is more defined and, using intenSity data 
from Fig. 5(a), [_(v', v")/l,(v', v") was deduced and 
combined with d 2/C 2 and the known radiative lifetimes 
[Eq. (lO)] to estimate the transfer rate given in the last 
column of Table IV. It appears that collisional transfer 
to v' = 5 is approximately an order of magnitude less ef
ficient than that to v' =6, S. 

In summary, our pressure dependence studies indicate 
that there must be at least one-low-lying long-lived res
ervoir state interacting strongly with the B 22":+ state. In 
the following section, we focus on the nature of those 
possible metastable states which one might correlate 
with the satellite levels. The number of candidates ap
pears to be quite limited. 

D. Perturbation matrix elements-possible 
interacting excited states 

In order to assess the possible reservoir states which 
interact strongly with ScQ B 22":+, we consider the molec
ular orbital configurations associated with the low-lying 
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TABLE IV. Spectroscopic and kinetic parameters for vibrational levels v' = 3, 4,5 of the ScO B 2~. state. a 
Uncertainties correspond to one standard deviation in the mean. 

AI' v' Level {; 

v' (em-I) shift (em-I) (em-I) 

3 20± 2b 8±1 4± 3° 

4 22± 2b 7± 1 8± 3° 

5 25± 2 6± 1 12± 3 

d2/c 2 d 2 

0.67±0.17° 0.4±0.07° 

0.47 ± 0.15° O. 32± O. 07 

0.35±0.12 O. 26± O. 06 

w (em-I) 

9.8 ± 2. 2° 

10. 3± 2. 2° 

11± 2 

1./1. 

> O. 54d 

>0.44d 

0.75±0.06 

KRB x 10-6 

(Torr-I sec-I) 

55± 40 

aparameters quoted in this table obtained from spectrum taken at P tot =1000 j./m [Fig. 5(a)J. 
~and is broad and AI' value must represent a lower bound to the appropriate value-see text for discussion. 
cLower bound due to AI' measurement_see text for discussion. 
dObtained from peak height measurements. Broad nature of band makes quantitative measurement prohibi
tive-see text for discussion. 

electronic states of ScO and the possibility of their spin
orbit or Coriolis interaction with the B 2~+ state. 

To date the only ab initio calculations carried out on 
any of the Group llIb metal monoxides are those by 
Carlosn, Ludena, and Moser. 28 Their calculations cor
rectly predicted the ground state to be 2~+. In addition, 
they predicted the first excited state to be 2Ar with an 
energy of 2. O± 0.5 eV. Their work has since been veri
fied experimentally. 5 The ground state configuration 
used in these calculations is 

10"220"230"21rr440"250"260"221T 470"280"231T 49, X2~+. (19) 

The low-'lying 2Ar state arises from the configuration 

•.. 80"2 31T 4 10, 2Ar • 

The A 2rr state arises predominantly from 

... 80"2 31T 4 41T, A 2rr , 

while the B 2~+ state arises from the configuration 

. . . 80" 31T 4 90" 2, B 2~+ . 

(20) 

(21) 

(22) 

The predominant terms in the 90", 10, and 41T LCAO
MO's are 4sO"(Sc), 3do(Sc), and 4p 1T(SC), respectively. 
There is also significant npO"(Sc) contribution to the 90" 
orbital. The 80" orbital is predominantly 2pO" on oxygen. 
The four configurations (19)-(22) represent first order 
descriptions of the lowest lying states from which emis
sion has been observed in ScO. 

In order to assess possible interactions with the 
B 2~+ state we adopt a Simplified microscopic form of 
the spin-orbit operator commonly used in semiempiri
cal calculations 

(23) 

where the sum is over electrons i and nuclei k, lr., and 
sf are the CII = x, y, or z components of the orbital and 
electron spin angular momentum, respectively, and 
~.(r~) is the spin-orbit constant, pz:oportional to the 
inverse cube distance r'iJ between electron i and nucleus 
k. CorioUs operators expressed in terms of one- and 
two-electron operators are 

- B(J+ L_ +J_ L.} = -(41T:Mr2 )[J+(~ l,_) +J_(~ 1/+)] 
(24) 

B(L+ S_ + L_ S.) =(47Tc~r2) [(~ ll+) . (~ S i-) 
+(~ll_)' (~SJ')] . (25) 

Matrix elements of these operators between several low
lying configurations and the B 2~+ state have been evalu
ated to determine the extent of the possible interactions 
which can lead to the previously discussed satellite 
structure. In these calculations, we have assumed that 
each electronic state arises from a different single con
figuration, each of which is analogous to those used by 
Carlson et al. for ScO. The following low-lying config
urations can couple with the B 2~+ state 

••• (80")(31T)4 (90")(100")2~., 4~+ , 

... (80") (31T)4 (90") (41T )2rr~, 4rrr , 

••• (80")(31T)4 (90") (1T,)2rr:, 4rrr , 

... (80")2 (31T)3 (90")2, 2rr, , 

(26) 

(27) 

(28) 

(29) 

where the 100" and 1T' LCAO-MO's are (4s+ 4P) 0" and 
3 d1T on scandium, respectively. There are also a small 
number of additional low-lying configurations which in
volve promotions among the nO" (n = 8-10) and n1T (n = 3, 4) 
orbitals; however, these configurations will not couple 
(within the approximations used here27) with the B 2~+ 

. state. 

In constructing appropriate wavefunctions, we recall 
that parity represents a good quantum number. There
fore, the wave functions corresponding to configurations 
(19)-(22) and (26)-(28) are written in a parity basis. 
Linear combinations which transform as eigenfunctions 
of the parity operator are given in Table V. Methods 
for evaluating these matrix elements have been described 
elsewhere. 5,28 

The evaluation of nonzero matrix elements for the 
spin-orbit and Coriolis operators leads to a surprising
ly simple result. Only matrix elements connecting the 
B 2~+ state with the 2rr, configuration (29) and one com
ponent of .the 4TIr states, specifically 4TIr _1/ 2, are non
zero. The 2rr, components interact through both spin
orbit and coriolis coupling whereas 4TIr _1/ 2 interacts only 
through spin-orbit coupling. All other matrix elements 
connecting the B 2~+ state to those states ariSing from 
the configurations (26), (27), and (28) vanish. Because 
spin-orbit coupling strongly dominates the corioUs in-
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TABLE V. Determinantal wave functions. 

IX 2:E 4\V) = (1/{2) [IA=O, S=t :E=~) IO=!, J)± (_1).1-l/2IA=O, S=4. 2:=-!) IO=-!, J) Iv)a 

IAt2~~/2' v) = (1/12) [12! -!) I! J) T (_1)J-3/21_ 2 H) I-~ J) Iv) 

IA'2~~/2' v) = (1/12)[ 12 H) I~ J) ± (_1)J-5/21_2 ~ -!) I -~ J} Iv) 

IA 2nl/2, v} = (1/12)[ II! _!) I! J} ± (_1).1-1/21_1 H) I -! J) Iv)a 

IA 2n~/2' v) = (1/12) [11 H) I~ J)T (_1)J-3/21_ q -!) I -~ J) Iv)a 

1(1:;l2, v) = (1/12)[ 10 H} I~ J) ± (_1).1-3/210 ~ -~) I -~ J} Iv) 

1(1:i12' v)=(I//"6)[la) + Ib)+ Ie} ±(_1).1-1/2 (la-) + Ib-} + le-»)v)b,e 

14n~/2' v) = (1/12)[ 11 H) I~ J) ± (_1)J-5/21 -I! -~) I -~ J) JlV)d 

14n~/2' v) = (1//"6)[ Id) + Ie) + I f) ± (_1)J-3/2 ( Id-) + leO} + 11"») Iv)b,e,d 

14n1/2, v) = (1//"6) [Ig) + Ih) + Ii) ± (_1).1-1/2 (lg-) + Ih-) + W»)lv)b,e 

14n_1/2, v} = (1/12) [11 ~ -~) I-! J) ± (_1).1+1/2 I _1 H) I! J) )Iv} 

12n~~1/2' v} =(1/.[6) [Ij) + Ik) + Il)± (_1).1-1/ 2 (lr> + Ik-)+ Ir»)v) 

12n~~3/2' v)=(1//"6)[lm)+ In)+ 10) (_1)J-3/2 (lm-) + In-)+ lo-»)v) 

la), Ib), Ie); IA=O, S=t :E=!)e 

la-}, Ib-), le-); IA=O, S=t :E=_!)C 

Id), Ie), If). IA=I, s=t ~=!)C 

Id-), le-), 11"). IA=-I, S=t 2:=_!)C 

Ig), Ih), Ii); IA=l, S=~, ~=_!)C 

!gO), Ih-), W); IA=-1, S=!. 2:=!)C 

Ij), Ik), Il). IA=I, s=!, 2:= -!) 

In, Ik-), Ir); IA=-1, s=!, 2:=!) 

1m), In), 10); IA=1, s=!, :E=!) 

Im-), In->, loj; IA=-l, s=!, 2:=-!> 

aThe determinantal wave function for Seo B 22: + is virtually identical to that for X 22:" however, 
the electron configurations for the X 22: + and B 2:E + states differ. The 20 i configuration (29) is 
represented by a determinantal wave function virtually identical to that for A 20; however, the 
configurations differ. See text for discussion. 

bSlater determinants are symbolized by I AS2:) when only one Slater determinant can be con
structed with the specified values of A, S, 2:. otherwise, letters are used as labels. 

"Specific determinants are defined with respect to the configurations given in the text for 4~ + 

and 4II
T

• 

I -1 H) = I A(· .. -14 Os 09) , 

I 0 H) = 1 A(· .. OS 090ii) , 

847 

(31) 
teraction we will consider only matrix elements of the 
spin-orbit operator. Using the determinantal wavefWlc
tions in Table V, the matrix element connecting 4n._1 / 2 
and B 2~+ i,s of the form 

w=(v, 4n~1/2IHsoIB2~i/2' v') 

=i (vi v'){± [( _1).1+1/2 (- 1 it I Hso 10H) 

+(_1).r-t/2<1~-~IHsolot-t)]} , (30) 

where numerals 0 and ± 1 identify the z component of the 
orbital angular momenta li' and superscripts ± specify 
the corresponding projection of S" A is the antisym
metrizing operator and the subscripts 4, 8, and 9 per
tain to molecular orbitals 41T; 8a, and 9a, respectively. 
Expressions Similar to Eq. (30) may be written for 

where the notation is that used in Table V, I v) and I v') 
represent, respectively, vibrational wave fWlctions for 
the 4n. and B 2~+ states and we have noted that 

(1 % - % I Hso I 0 H) = (- 1 it I Hso I 0 ~ - ~) = 0 . 

Expression (30) can be Simplified by re-expressing 
the basis functions I AS'E) in terms of antisymmetrized 
products of one electron molecular orbitals. 1,2 Consid
ering the interaction between the 4n. [Eq. (27)] and B 2~+ 
states and omitting the 31Torbital which remains fully 
occupied in both B 2~+ and 4n. [Eq. (27)], 

11 ~ -~) and I O~ -%). The many-electron integrals 
which appear in Eq. (30) may now be reduced to tractable 
sums over one electron integrals noting 

(-1i%IHso loH)=-(1l-% IHsoIO% -t), 
we have 

W =± (t (vi v')( - 1)J+1/2 (- 14/ 2; E:h( rk)li 109) (32a) 

Through a very similar approach to that already ap
plied to the treatment of B 2~i/2-A 2n1/ 2 interactions in 

J. Chern. Phys., Vol. 73, No.2, 15 July 1980 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

136.165.238.131 On: Sun, 21 Dec 2014 02:22:21



848 J. L. Gole and S. A. Pace: Reaction of Sc with N02 

AIO,l the appropriate matrix element for 2Illl/2 - B 2:E+ 
spin-orbit coupling is 

(32b) 

The presence of t:k(rk)- r-,,3 assures that only one cen
ter integrals will make a significant contribution to the 
Eqs. (32). A complete evaluation of the matrix ele
ments w requires knowledge of the molecular orbitals 
1-14) = 41T, 1-13) = 31T, lOs) =2pa, and 109) =9a. In or
der to evaluate the matrix elements (32), we note that 
the 4Ilr, 2IlI, B 2:E+, and A 2Il states can be represented 
to reasonable approximation by the charge distribution 
SC+O-.26 

To evaluate the 4Il_ l / 2 -B 2:E+ interaction, we represent 
the 41T orbital as an atomic P orbital centered on scandi
um and take into account the (Sc) pa orbital character of 
the 9a orbital (using the population analysis given in Ref. 
26) to determine 

w~±0.25/v'2(-lV+l/2ao(vlv') , 

where we have taken advantage of the transformation 
property29 1~1 Po) =121 p.). The radial integral 

ao =(Pil I t:o(ro)lpIl) 

may be evaluated by conSidering the spin-orbit splitting 
of the ScQ A 2Il state which is 120 cm-l (Ref. 30) giving 

W'" 20 (vi v') cm-1 
(33) 

A matrix element of similar magnitude can be esti
mated for the interaction between B 2:E+ and the 4Ilr state 
corresponding to configuration (28). 

The evaluation of the 2IlI_B 2:E+ interaction follows 
from previous s tudies1 in which we represent the molec
ular orbitals as atomic p orbitals 

1-13)-P_(0-) and 10s)-po(0-) 

centered on the oxygen ion (0-). Again using the ap
propriate transformation properties 

w - (1/12) ao (v'I v) , 

where the radial integral 

'ao=(P(o") It:o(ro)IP(O"))-121 cm-1 

(Ref. 31). We arrive at the final result 

w - 86 (v'I v) . (34) 

Equalities (33) and (34) are clearly not exact because 
approximate representations have been used for the 31T, 
41T, 8a, and 9a orbitals, respectively. In addition the 
spin-orbit coupling constant ao-121 cm-1 is strictly ap
propriate to 0- and not Sc+O-. 

It would appear that the significant energy transfer ob
served fo r the v' = 6,8 levels of the ScO B 2:E+ state is 
related to the presence of 4Ilr or 2Il l reservoir states 
and more specifically to the location of levels with sub
stantial 4Ilr_1/ 2 or 2IlI1/2 character is close proximity to 
v' =6,8. There is also the possibility of second-order 
coupling effects associated either with 4Ilr_l / 2 mixing 
(small admixture of 4Ilr_1/ 2) with other components of 
the 4Ilr state or other low-lying configurations which do 

not couple directly with B 2:E+. Similar comments apply 
to 2IlI • The representation of the ScO electronic states 
through more appropriate multiconfigurational descrip
tions will introduce further weak couplings. If we con
sider the long-range interactions (following section) 
which Should characterize the weakly interacting v' = 6 
satellite and those satellites associated with v' = 3,4, 5, 
second order coupling effects and higher order descrip
tions of the interacting states may playa significant 
role. A Similar comment applies to the multiple com
plicated spectral features associated with v' = 7 [Fig. 
5(b)]. The relatively strong interactions associated with 
v' = 3, 4, 5 (Table IV) appear to emanate from a different 
source than 11 = 6,8. In view of the magnitude of the ma
trix elements (33) and (34) and the data in Tables III and 
IV, we favor an interaction with levels which are pri
marily 2Ill /2 for v' =6-9 B 2:E+ and levels which are 
primarily i Ilr_1/2 for v' = 3,4,5. The confirmation of the 
exact nature of the interacting levels awaits further anal
ysis. It is somewhat surprising that strong emission 
from the 2Il l state [configuration (29)] has not been ob
served; however, no information has been obtained for 
this state. Similarly surpriSing effects have been noted 
in Iel. 32 Finally, we should note that there appears to 
be a close correlation between the location of the weakly 
interacting v' = 6 satellite level and the v = 14 level of 
the ScO A 2~3/2 state. This correlation is drawn on the 
basis of our analysis of the A' 2~3/2 state for which we 
find To=14966 cm-1, w.=843.6 cm-l , w.xe=4.8 cm-1. 
The agreement between calculated and observed level 
positions (3 cm-1) is quite enticing. If the weak satellite 
is associated with 2~3/2' this interaction must result 
from secondary coupling effects. 

SUMMARY AND DISCUSSION 

The primary emphasis of the current study has been 
the analysiS of rapid energy transfer routes connecting 
certain long-lived electronically excited reservoir states 
in ScO with ScQ B 2:E+. As Table III demonstrates, the 
observed energy transfer rates from levels which would 
appear to possess substantial 4Ilr_1/2 and 2Ill1/2 charac
ter (Sec. IVD) are unusually fast for the most highly 
perturbed and hence most strongly interacting levels of 
the B 2:E+ state. Intramolecular energy transfer is most 
efficient for those levels of B 2:E+ which contain the larg
est admixture of "reservoir state" character. For both 
v' = 6 and v ,= 8 B 2:E+, the observed bimolecular trans
fer rate constant is Significantly larger than lOS Torr 
x sec-l corresponding to a time period of 10-12 sec at 
1 atm pressure. This is approximately two orders of 
magnitude faster than a typical relaxation time for rota
tion-rotation energy transfer. 24 

It is instructive to compare the rates observed in this 
study with appropriate rate constants for "hard sphere" 
collisions between Ar and ScO. In order to make this 
comparison, we assume that the ScO translational tem
perature will equilibrate more rapidly than the rotation
al temperature. 24,33 Therefore, based on previously 
computed rotational temperatures (Sec. IV A), we con
sider hard sphere colliSions between Ar (300 OK) and 
ScO (1000 OK), 34 and compute a bimolecular rate con
stant k-(5-6)x108 Torr-1sec-1. Hence, the transfer 
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rates to v' = 8 ScO B 2~+ approach 50 and 100 times gas 
kinetic. This is not surprising for we expect long range 
forces to be the most efficient in causing the observed 
transitions. Collisions with argon35 may be viewed as 
time dependent perturbations which cause transitions 
between states (mixing via spin-orbit coupling) 

1+) =cl B 2~+) I v'} IJ') -dlres} I v} IJ'} 

and (35) 

I-} =dl B a~+) I v'} IJ} + cl res) I v) IJ) 
of ScO. The selection rule38 dictates that the two com
ponents of I +) and I -) contain the same rotational basiS 
functions I J) and I J'). The perturbing Hamiltonian is the 
the time dependent intermolecular potential between Ar 
and ScO. For a particular trajectory, the rate constant 
kllB is proportional to the squared matrix elements of 
the amplitude Vof this interaction 

(36) 

Here, the interaction Varises primarily from the dipole
induced dipole and dispersion forces between the ap
proaching atom and diatomic; however, at the lowest 
pressures characterizing the current experiments di
pole-dipole interactions between ScO molecules as well 
as inelastic collisions with N~ may playa significant 
role. 37 The long or short range nature of the interaction 
caUSing tranSitions depends upon the time scale of the 
collision versus the frequency of the transition (argu
ments analogous to radiation-adsorption process). If 
V acts over a "range" L, energy transfer will be most 
efficient for those collisions having a relative velocity v 
such that 

v/L-cAv • (37) 

For a typical root-mean-square velocity of 5x 104 cm/ 
sec, L corresponds to 3. 1 A for the perturbed v' = 8 
level and 10.3 A for the red shifted and most strongly 
interacting v' =6 satellite. Indeed, this simple model 
agrees reasonably with the relative magnitude of observed 
transfer rates to the v' = 6 and 8 levels. Because the 
v' =6 transitions are expected to occur at much longer 
range, it is not surprising that they proceed at a faster 
rate. This result indicates that the observation of a 
population maximum at v, = 8 at P total = 1000 jJ.m (Fig. 
7) must result primarily from the nature of the relative 
populations in those feeder levels associated with the 
transferring reservoir state. The value of L associated 
with the weakly interacting shorter wavelength v' =6 
satellite is 12.6 A. Therefore, even this weakly inter
acting level would be eXPected to exhibit observable in
teractions and manifest itself readily in the observed 
emission spectra. 

If we substitute Eq. (35) into (36), we have 

k}/Baa: c 2 (J' I (v' I (B 2~ I Vi res) I v) IJ) 
- d 2 (J' I {vi (res I vi B 2~+) I v') I J) 
+ cd{(J' r (v' I (B 2~+ I vi B 2~+) I v') I J) 

- (JI I (vi (res I vi res) I v) I J)} , (38) 

where the terms in brackets are off diagonal in J alone 
and correspond to R- R processes within the manifolds 

I B 2~+) I v') and I res) I v). The remaining matrix ele
ments (off diagonal in three variables) correspond to 
electronic quenching processes, all of which are ex
pected to proceed at a relatively slow rate. The nature 
of relationship (38) indicates that we have observed the 
equivalent of an unusually fast R- R process. The mag
nitude of the effects which characterize these systems 
may not be surprising. In retrospect our observation 
may be intimately connected with the large dipole mo
ments which characterize the ground and excited states 
of most refractory high temperature molecules. There 
may, however, be other more subtle factors operative. 

The enhanced transfer cross sections observed in the 
present study are reminiscent of the large cross sections 
now being associated with energy transfer involving 
highly excited Rydberg states. 38 One may view a highly 
excited Rydberg state as an electron circulating in wide 
orbit about a positive ionic core. 39 If we consider col
lisions with a neutral molecule, the interaction poten
tial for this Rydberg state is dominated by the electron
neutral interaction, the ionic core-neutral interaction 
contributing much less to the cross section. This result 
leads one to believe that effects observed in the present 
study might be correlated with an increasingly diffuse 
electron density associated with molecular excitation 
(electronically excited states or high vibrational levels 
of the ground electronic state); however, it is not clear 
what the extent of long range electron density must be 
in order to facilitate the observed energy transfer. In 
other wordS, the observed energy transfer may require 
only a small "tickle" as opposed to substantial electron 
denSity. 

Effects similar to those described here for ScO have 
now been observed in YO and LaO where E-E energy 
transfer is even more pronounced. In a related study 
V-E energy transfer has been observed in BO at pres
sures as low as 10-5 Torr. 

As more data are collected it should be possible to 
ascertain interesting correlations regarding the nature 
of these "time dependent" collisional transfers and the 
intermolecular potentials which characterize the pro
cesses leading to efficient transfer. We are now inves
tigating the effects of polarizability variation in the col
liSional partner versus Ar USing He, Na, CO, and C~. 
There appear to be several distinct playoffs between level 
separation, range of interaction, and mean free path at 
a given pressure. 

In the current studies, we have utilized the strong per~ 
turbations among the excited electronic states of high 
temperature molecules. Although a complete perturba
tion analysis of the emission spectra (aU rotational lev
els) may be prohibitive if not impossible, 40 the appear
ance of the satellite features allows us to achieve a good 
quantitative description of those "super highways" con
necting various electronic states. If one wishes to un
derstand efficient energy deposition processes, this is 
a valuable tool. 
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