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Using an infrareetultraviolet double resonance method, we have measured rate coefficients at room temperature
for the transfer of OH radicals between thedoublet levels associated with thes 3.5 andj = 6.5 rotational

levels of the XI1, Q = 3/,, v = 1 vibronic state in collisions with He, Ar, Nand HNQ. OH radicals were
generated by 266 nm pulsed laser photolysis of H¥@d promoted to selected-doublet levels i = 3.5

andj = 6.5 using a pulsed infrared laser tuned to the appropriate line in the (1, 0) infrared fundamental band
of OH. The evolution of population in each-doublet component of the selected rotational line was then
observed using time-delayed laser-induced fluorescence in the (1, 1) band of3the X¥IT system. The
measured rate coefficients\j show a strong dependence on collision partner WiiHe) < ka(Ar) < ka(Ny)

< ka(HNO3) and a significant dependence on rotational level, with the valudg tfrger forj = 3.5 than

for j = 6.5, especially for HN@as the collision partner.

I. Introduction great strength of crossed molecular beam experiments is that
one observes the result of single collisions that occur with a
well-defined relative velocity and such experiments are capable
of providing information of exquisitely fine detail about the
esults of inelastic collisions. For example, the use of electrical
lelds allows molecules to be aligned, oriented and further state-
selected, and the use of polarized lasers for excitation or
observation allows vector aspects of the scattering to be
examined. However, molecular beam experiments do have some

The dynamics of collisions between noble gas atoms and
diatomic molecules in electronic states with b&hthe total
spin quantum number, and, the projection of the orbital
angular momentum, greater than zero have attracted considerabl
attention in recent years from both experimentalists and theoreti-
cians. As with molecules if=" electronic states, collisions can
bring about rotational energy transfer. In addition, however, in

states with both S andl > 0, collisions can bring about changes . S - o . .
serious limitations. Most importantly, it is generally impossible

in fine structure states (i.e., with different values®f and the .
to measurebsolutevalues of the state-to-state cross-sections,

rotational levels are split byA-doubling. Experiments and hort ing that h - ith th S d
calculations can examine the rate coefficients or cross-sections? S1ortcoming that hampers comparison wi eory. >econd,

for collisional transfer between states that are defined with if"“a_' state sele_ction is severely constrained. Gene_rally, popula-
respect to these properties as well as the overall moleculart©n 1S dramgd mtolthe lowest (or Ipwest few) rota’glonal Ievgls
rotation. Although classical theories can quite successfully model by the drastic cooling that occurs in the supersonic expansion.

some aspects of these molecular collisions, for example, theThI'Is _megr:js thgtt mfo_rtr_natlon tcafntht_)nlly bettlabta||ned about
transfer of molecules between rotational levels within the same €°''SIon-INduced transitions out of this lowest level.

fine structure or spirorbit component of the given electronic In experiments of the second kind, double resonance (DR)
state, quantum scattering calculations are required to tackle thel€chniques are employed on thermally equilibrated samples.
more subtle aspects of collisional energy transfer. Either direct absorption of radiation from a tuneable infrared

Modern experiments on the collisional transfer of molecules 1aS€r, Raman pumping, or stimulated emission pumping is used
between defined levels within the electronic ground state are t0 promote a subset of molecules to a specific rovibrational level
of two kinds and provide complementary informatiom the and a spectroscopic technique, such as LIF, is used to observe
first type of experiment, crossed supersonic beams are used,the re-distribution of these molecules as collisions occur. Such
one of which is seeded with the species that is to be studied.8XPeriments yieldibsolutevalues of the rate coefficients: (i)
This molecule is so strongly cooled in the supersonic expansionfor total transfer out a selected state, and (i) for transfer between
that significant populations remain only in the lowest two or defined initial and final states. In comparison with experiments
three rotational level&elatve values of integral and differential ~ that use molecular beams to provide state-selection, such
cross-sections can then be inferred by observing the moleculesSXPeriments have two distinct advantages. First, they provide
scattered into other levels by collisions with species in the absolutevalues of the rate coefficients for comparison with
second beam, using laser-induced fluorescence (LIF) or resonancetheory. Second, they can provide information about inelastic
enhanced multiphoton ionization (REMPI) spectroscopy. The Scattering from f_;\W|de range of |n|t|_al rotational levels. On the
other hand, no information is obtained about the dependence
T Part of the special issue “Donald Setser Festschrift”. of transfer rates on the collision energy.
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of its stability, experiments on NOEIgy) are the most
straightforward. Numerous measurements, using both the DR
techniqué2and crossed molecular beaf$3 have been carried
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the wave functions are symmetric with respect to reflection for
the e A-doublets and anti-symmetric for tlieA-doublets.

Because of previous confusion regarding the labeling of

out. In many cases, the experimental results have been compareg\-doublets, Alexander et &l.recommended that th&-doublet

with state-of-the-art quantum scattering calculations on ab initio
surfaces. Calculations by Alexander and co-workers show that
when a diatomic species inZl state interacts with a noble
gas atom, two potential energy surfacé$ &nd A"") arise?°
Furthermore, transfer between levels within the same-spin
orbit manifold of rotational levels is determined by #verage
potential, i.e.,Y> (A" + A"), whereas transfer between levels
within different spin-orbit manifolds is determined by the
differencepotential, i.e. /> (A" — A'").2! Of special relevance

to the present work, Alexander's calculations showed that
transfer between specific rotational levels, in the same and

levels of linear molecules with nonzero orbital angular momen-
tum should be labelefll(A’) or TI(A"") according to whether,
for a given series of levels, the electronic wave function at high
j Is symmetric or anti-symmetric with respect to reflection of
the spatial coordinates of the electrons in the plane of rotation.
In this notation, in thé=; levels of OH(XI13/,), thee levels at
highj have electronic wave functions which become symmetric
with respect to reflection of the spatial coordinates of the
electrons in the plane of rotation and they are labdE#\).
Thef levels then correspond to those label@A'"'). However,

as emphasized by Andresen and Rcthat lowerj the lobes

different fine structure states, can show quite strong propensitiespf the pz orbitals are less well oriented. Consequently, the

in respect of theA-doublets, although, according to the
calculations of Esposti et &.on collisions between OH@ 1)
and Ar and OH(XIIg) and He, theoverall rates of transfer
from each level differ only slightly for thee andf A-doublets.

observation of differenA-doublet populations is not necessarily
an indication of strong dynamic preferences.

Observing the kinetic behavior of the population in a
particular A-doublet level is relatively straightforward. Elec-

In the present paper, we report the results of double resonancgqnic transitions to the &=+ state from the=; levels of XeIT,

experiments that examine the transfer of OH radicals between
A-doublets associated with thie= 3.5 N = 3) andj = 6.5 (N

= 6) levels in the (XI1, Q = 3,, v =1) vibronic state. As well

as being of fundamental interest, the collisional properties of
OH(X21g) are important in respect of observations of OH in
highly excited rotational levels at high altitudes in the Earth’'s
atmospher® and, possibly, in respect of the OH astronomical
maser* In our experiments, OH radicals are created by pulsed
laser photolysis of HN@ Some small fraction of these radicals
are then promoted to a specific-doublet level by absorption

of radiation from a pulsed, tuneable, infrared laser, and the
evolution of population, both in thA-doublet that is directly
populated and in the othex-doublet of the same rovibronic
level, is observed using LIF in appropriate lines of the (1,1)
band in the A="—X2I1 electronic system of OH. We report
rate coefficients for transfer between thedoublet levels in
collisions of OH with HNQ, the photolytic source of OH
radicals, He, Ar, and N

Il. Spectroscopy and Data Analysis

The nature, and particularly the symmetry, of theloublets
associated with the rotational levels of moleculeglihstates
have been discussed in a number of papers in the liter&itie.
The levels of OH have attracted particular attention since
unequal populations in the twA-doublets are a manifestation
of two different orientations of a singly populat@er orbital
and can therefore contain important dynamical information when

v =1 level give rise to three main branchesg;, 1, and Ry,

in which changes ij and N are the same, together with an
equal number of “satellite” branche®,;, 'Q.i, and SRos.
However, the main Q-branch lines originate from the higlfler (
A-doublets, whereas the main P-branch and R-branch lines
originate from the lowerd) A-doublets. Consequently, it is
straightforward to monitor the evolution of population in
individual A-components; high spectral resolution is not
required.

The situation is rather different in respect of the infrared
transitions that are used to promote OH radicals to a specific
A-doublet associated with a selected rotational level. Here we
use lines in the (1,0) infrared fundamental band in OH; in effect,
a 23,,-2I3, transition. Now the spectrum consists of P-, Q-,
and R-branches. Each branch contains lines from boetiou-
blets in the rotational levels of the lowey & 0) vibrational
level, so that each P-, Q-, and R-branch line is split into two,
as a result of transitions from the differeftdoublets in the«
=0,]") level. However, because of the < — selection rule,
the splitting in the spectroscopic transitions is dependent on the
particular branch to which a line belongs. Q-branch lines are
more easily resolved because the allowed transitions join the
lower (€) A-doublet in the ¢ = 0, j"") level to the upperf}
A-doublet in the ¢ = 1, ") level and the upperf A-doublet
inthe v = 0, ") level to the lower €) A-doublet in the { =
1,j") level. Consequently, the spectroscopic splitting corresponds
to thesumof the level splittings in the uppej’Y and lower ')

the OH radicals have been formed in a photochemical or levels. On the other hand, the P- and R-branch lines cormect
chemical reaction. A summary, sufficient to understand the toeandftof, so that the spectroscopic splitting corresponds to
spectroscopy associated with levels involved in the studies thedifferencen the level splittings. This situation is represented

reported here, is now given.

The two spir-orbit components of théll ground state of
OH are “inverted”, so that thE; levels withN = j — 1/, belong
to the lowerQ = 3/, component, and thE; levels withN = j
+ 1/, belong to the uppeR = ¥/, component. Every rotational
level is split into two closely spaceti-doublets, the two levels
corresponding to different linear combinationsiafA and—A
projections of the electronic orbital angular momentum. The
magnitude of theA-doublet splitting increases with increasing
N, and is accompanied by a transition from Hund'’s case (a) to
case (b). In théllz;, levels that are of primary interest here,
the e A-doublets lie lower than thEA-doublets; this notation
referring to the total parity, exclusive of rotation. In OH{Xs/),

in Figure 1 which also shows the splittings in the infrared lines
used to promote OH radicals to specificdoublets associated
with thej = 3.5 N = 3) andj = 6.5 (N = 6) in the (¢IT, Q
= 3/,, v =1) vibronic level. For the lower rotational level, we
used the Q-branch lines split by 0.866 Tnfor the higher
rotational level, where thA-doublet splitting is greater in both
thej" and thej" levels, we used R-branch transitions that are
split by 0.43 cnl.28

In most of our experiments, we fixed the frequency of the
probe laser to a transition in the?&"™—X2I1(1,1) band from a
single A-doublet level of the (XT3, v = 1, j;) level directly
populated by the infrared pumping. We then performed two
experiments in quick succession in which the intensity of the
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(4)4': Figure 2. LIF signals reflecting changes in the populations of the
(3)3. - level of OH(X?I1s;, v = 1, = 6.5). The closed circles show signals
2%;%57 from the f level when it was directly populated by absorption of
o, radiation from the IR pump laser; the open circles show signals from

the f level when it was populated only by collision from tedevel.

Figure 1. Energy level diagram for OH(AI) showing the levels in g gag mixture contained 30 mTorr of HN@ 570 mTorr of He.

Q =35, v = 0 and 1. The manifold on the left gives no indication of

A-doubling. TheA-doublets in XT1s, v = 1 between which collisional 100 thet sign refers to the population in the-doublet level
transfer is induced are shown and labeled on an expanded scale on th

right. The transitions identified on the right are those used to probe that is directly populated by absorption of radiation from the
level populations via transitions in the22&—X2IT (1,1) band. pump level and the- sign refers to population in the other
level. Np is the population initially produced in th&-doublet
LIF signals was recorded as a function of delay between the level that is directly populated. In practice, we have chosen to
pump and probe lasers with the infrared frequency tuned to determine values df, 15t by comparing the time evolution of
correspond to excitation to one or other of the tedoublet the ratio (R) of the populations in the twa\-doublet levels,
levels. In a smaller number of experiments, the frequency of thereby removing any explicit dependence of our results on
the pump laser was kept constant and the frequency of the probekret 1si the rate coefficient for rotational energy transfer. Taking
laser changed between the two experiments to record LIF tracesR to be the ratio of the population in the-doublet level that
reflecting population changes in the twodoublet levels. An  is only populated by collision to the population in thedoublet
example of the two LIF traces obtained in the first kind of level that is directly accessed by the pumping process, we can

experiment is shown in Figure 2. write, from eq 1
The objective of the present measurements was to obtain rate
coefficients for the collisional transfer of OH between selected (L —exp(= 2k, 1)) o
pairs of A-doublet levels within the same rotational level; i.e., (1+exp2 Ky 1))
the samg. To do this, we assumed a kinetic model based on ’
the following scheme: it is then easy to derive the equation
(3 kst 2 1—
kReT, 15t Jide S iy kRET, 15t In(l ¥ 9 =2 kA,:Lstt (3)
14 kanst N

These equations are used to analyze the results of the measure-
ments on any given mixture. Derived values lof 15 from
experiments on different total pressures of the same mixtures
of HNO;3; with diluent gas (M) are then plotted to obtain a
second-order rate coefficient and the contribution of HN®
transfer betweem\-doublets is then subtracted to yield the
second-order rate coefficients for transfer betwaedoublets

in collisions between OH and M. Rate coefficients for transfer

in collisions between OH and HNOare determined from
experiments on samples of pure HNO

Here,ji, Ae, andji, As represent populations in theeand f
A-doublet levels of the rotational lev@lin (X2[1sp, v = 1),
ka1st is the pseudo-first-order rate coefficient for transfer
between these\-doublets, assumed to be equal in the two
directions, as the energy splitting s ks T, andkger,istis the
pseudo-first-order rate coefficient for transfer out of the two
A-doublet levels into other rotational levels. There is some
evidence that the values &ker1ssmay depend slightly on the
A-doublet level? but this is ignored in our analysis, whose main
purpose is to establish values kf, the second-order rate
coefficient for transfer betweeA-doublet levels, for different - Experimental Method
collision partners and for differerji ) . )

The full algebraic solution of the rate equations based on this The experiments were performed using the infrared
scheme is well-known (see Appendix). Given our assumptions ultraviolet double resonance (IRUVDR) method in a manner
about the rate coefficients, the time dependent populatigis ( similar to experiments on relaxation from high rotational levels

in the e andf levels should follow the equation of NO(XIy,) performed in this laboratory and reported by
Islam et aP®:2@

1 Samples of pure HNgor HNO; diluted (2-5%) in He, Ar,
N = 5No {exp(Kger 15tt) & €XP([Krer 15T 2 Ky 16d8)} or N, were passed slowly through a cylindrical Pyrex cell fitted
Q) with a Cak, window, at the end where the photolysis and pump
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lasers entered, and a Spectrosil B quartz window at the other 0 4
end. The total pressure in the cell was monitored with a 10

Torr Baratron gauge. OH radicals were generated by partial R LT PO ., .

photolysis of the HN@ using the radiation at 266 nm from a . el , il .

frequency-quadrupled Nd:YAG laser (Spectron Lasers, model W e o v
® e w o * . L)

SL803). Typical pulse energies of 20 mJ, a bandwidth of 0.4
cm™1, and a fluence of ca. 30 J crhwere obtained. Using the
absorption cross-section of HN@t this wavelengthdzss nm

In{(1-R)/(1+R)}

= 1.76 x10?°cn¥?9), we estimate that ca. 0.05% of the HNO 2 o v
was photolyzed in the cylindrical volume illuminated by the % *e.
photolysis laser. This volume was only about a tenth of the total .

volume of the cell. Given a maximum residence time for the . .
gas samples of 2 s, this means that the level of impurities was

never more than ca. 0.1% of the concentration of HN@d 5 ; T T '

the effect of these impurities on the measurements could be 000 005 010 015 020 025 030
safely neglected. Time / us

Pulses of tuneable infrared radiation were generated by Figure 3. A plot showing the variation of the ratio of populatioR)(
difference-frequency mixing the output of a Nd:YAG pumped in thee A-doublet in OH(XTIs, v = 1, = 3.5) with time following
dye laser with the fundamental output of the same Nd:YAG \?\Iléegft](?V)\(Ictlf:?:?a":’igtfiézef)ﬁr{]]?ltheg)/A(z].d-lc-)uF?)I}e\:\zihl?irt]helsair"ledptrl'?esi?:aaitl?]?’
laser Contlnuu_m ND8010/6000) in a LlNlQQ:rystaI. The .., line fit according to eq 3 for the points within the time interval de?ined
frequency of this IR pump laser was tuned into resonance with y the two vertical lines. The raw data are from the same experiment
a line in the I13,—I3) sub-band of the (1,0) fundamental on a mixture containing 6.8 mTorr HNGat a total pressure of 370
band of OH centered at 2.80n. The pulse energy was in the mTorr, the diluent being N The straight line fit yields the pseudo-
range from 3 to 4 mJ. The bandwidth was ca. 0.1 §m first-order rate coefficienksist= (5.1 + 0.5) us™.
sufficient to resolve the individual components in the rotational
lines that were used to promote OH radicals to a selected tWo LIF traces were recorded: one with the pump laser tuned
A-doublet. The wavenumbers of the pump transitions used in to excite directly theA-doublet whose population was being
our experiments are given in Figure 1. observed and the other with the pump _Iaser tuned to the other
Tuneable UV probe radiation, with a bandwidth of ca. 0.4 /-doublet so that the observed population was created only by
cm1, was produced by frequency-doubling the output of a dye collisions occurring in the gas sample. The required change in
laser (Lambda-Physik, FL2002) pumped by an excimer laser the wavenumber of the pump laser between the two IR
operating at 308 nm on XeCl. This radiation was used to excite transitions was, for both initial values ¢f less than 1 cm'
LIF in the (1,1) band of the &+—X2II system of OH at ca.  (Se€ Figure 1), so the intensity of the pump laser, and hence
314 nm. The wavelengths of the probe transitions used to the initially excited population (i.eNo in eq 1) was the same

observe the evolution of population in teeandf A-doublets in these two experiments. Care was taken to ensure that, in each
of thej = 3.5 (N = 3) andj = 6.5 (N = 6) rotational levels in  Of the measurements, the IR pump laser was tuned to the line
OH(X2I, Q = 3, v =1) are given in Figure 1. center by maximizing the LIF signal.

The beams from the photodissociation laser and the IR pump In our analysis of the raw data, the initial-5000 data points

laser co-propagated along the axis of the cell, whereas the UvPréceding the rising part of the signal pulse were used to
probe laser propagated in the opposite direction. The photo_calculate an average baseline, which was then subtracted from
multiplier, an interference filter and a collecting lens were all the LIF intensities recorded in each of the two traces in each

mounted in a housing which was clamped to the center of the "U"- The zero of time was established at the onset of the rising
cylindrical cell. Fluorescence was observed on resonance, i.e.Part of the LIF signal from theA-doublet that was directly

in the (1,1) band, with a solar blind photomultiplier tube €Xcited by the IR pump laser by inspection, and the ritiaf
(Hamamatsu R801), through a quartz window and an interfer- the A-doublet populations was then determined at all subsequent

ence filter (Corion, fwhm 10 nm) which discriminated against delay times. Only data points recorded well after the end of the
window fluorescence. pulse from the IR pump laser were used to determine the

The equipment for controlling the firing of the lasers and for pseudo-first-order rate coefﬁmen_tkA,lst. The values ofR
recording, accumulating and analyzing the LIF signals was the themse_lves were plotted versus time, when eq 2 was used to
same as that described in previous papers from our laboratory. determineks 15 and values of {1 = R)/(1 + R)} were plotted
The delay between the pulses from the photolysis and the IR Versus time when eq 3 was used.

probe lasers was set at 15 and the delays between the IR It is evident that errors in the ratio R increase with time as
probe laser pulse and that from the UV probe were varied to a the populations in both tha-doublet levels decrease as a result
maximum of about s of transfer to rotational levels other thprAlthough eq 3 should

result in a linear plot of Ifi(1 — R)/(1 + R)} versus time, the
fitting procedure is hampered by the drastic, and asymmetric,
increase in uncertainty in {1 — R)/(1 + R)} asR approaches
We have recorded LIF signals from specificdoublets of unity at long delays. Consequently, these fits were constrained
thej = 3.5 andj = 6.5 rotational levels of OH(X13;, v = 1) to relatively short delays for whicR < 0.4 and If (1 — R)/(1
from samples of pure HNgand from mixtures £5%) of HNG; + R)} = — 1. An example of such a fit, using only the points
in the diluent gases He, Ar and,NIn most experiments, the  within the time interval defined by the vertical lines and applying
wavelength of the probe laser was fixed to that of a particular a weighting to the points proportional to the reciprocal of the
R1/P; transition (to observe population in tleeA-doublet) or time delays at which they were recorded, is shown in Figure 3.
Q1 (to observe population in thieA-doublet) in the (1,1) band  This plot, and similar ones, confirm that the points are randomly
of the A2ZT—X2I1 system of OH, as shown in Figure 1, and scattered about the line of best fit within the portion of the trace

IV. Results
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Figure 4. A plot showing the variation of the ratio of populatioR)(
in thee A-doublet in OH(XITss, v = 1, = 3.5) with time following T S A
direct excitation of thé and thee A-doublets. In this representation,
we show the variation dR with time with a fit of the form given in eq [HNO,] / 10" molecule cm™

2. Only the points within the time interval defined by the two vertical Figure 5. Plots of the pseudo-first-order rate coefficierks, versus

lines are fit The raw data are taken from the experiment on a mixture [NO | for experiments on pure HNOThe filled circles and full line
whose composition is given in the caption to Figure 3. The fit that is ghow results for OH(As v = 1,] = 3.5) and the open circles and

sh9l\/vn yields the pseudo-first-order rate coefficientsi= (5.1 + 0.4) dashed line show results for OFMas, » = 1, = 6.5). The gradients
US . of the lines yield the second-order rate coefficients and errors given in
Table 1.

defined above. At longer times, the individual errors increase

rapidly with time and departures from linearity become evident. LN, such plots yield directly the second-order rate coefficients
These departures from linearity are to be expected due to thego transfer induced by collisions with HNOPIots forj = 3.5

logarithmic nature of the function that is being plotted. They angj = 6.5 are shown in Figure 5. For mixtures of H@luted

may also, in part, reflect limitations in the assumed kinetic model jn another gas (He, Ar, or %, a series of experiments were

which does not allow for collisional re-population of the performed on the same gas mixture (i.e., containing the same

prepared state. For these reasons, only the linear portions of pgle fraction of HNQ). The gradients of the lines plotted in

the plots of If (1 — R)/(1+ R)} versus time, recorded at short  Figyre 6 correspond to an effective second-order rate constant
delays, were used in the determination of pseudo-first-order rate i . for that particular mixture, where

constants. These portions of the plots were established by
systematically deleting the data points at the tail of a plot until = —
the fitted slope no longer decreased in a systematic way. ke kAvHNos XHNo3 k(1 XHNO3)

In Figure 4, we show the same set of data as that plotted in . )
Figure 3 and extending over the same range of delay times fittedW',th Xnos equal to the mole fraction of HN&in the gas
by use of eq 2. In this case, equal weights are attached to™MXture. .
different values of R and a value kf 1= (5.1+ 0.4)us * is As the values okx nno, are known from the experiments on

obtained for the pseudo-first-order rate constant. This comparesPUr€ HNQ, it is then trivial to calculate the values & for
to a value ofks 15t= (5.1 0.5) s obtained from the use of the diluent gases. Values of the rate coefficients for collisional

eq 3. The exact agreement between this particular pair of valuesir@nsfer between thé-doublets of thg = 3.5 andj = 6.5
is undoubtedly fortuitous, but, in general, pairs of values 'otational levels of OH(X(1y, » = 1) are listed in Table 1.
obtained by these two fitting procedures agree well within their The errors that are quoted are single standard errors, the usual
absolute uncertainties. As in Figure 3, the thin vertical lines in formulas being used to combine the errors from the measure-
Figure 4 show the range of time delays over which data were MeNts on gas mixtures and on pure HNGhe difficulty of
fitted to yield values ok st obtaining actua_l values of the rate coefﬂ_men_ts for He arises
In all, four different fitting procedures were compared with from the 'afge d|ﬁergqce between the efficiencies of H0d
each other for a number of data sets. These procedures werd!€ in inducing transitions betweek-doublets and, of course,
comprised of fits based on eq 2 with constant fitting weights 1€ requirement to have enough Hi@resent in the gas
and with weight proportional to (1/time) and fits based on eq mixtures to generate observable concentrations of OH.
3, again with constant fitting weights and with weights

proportional to (1/time). All of these procedures yielded values V. Discussion

of ka,1st for the experiments on pure HNQ@hat agreed with There have been very few previous measurements of rate
each other to within experimental error. Consequently, the coefficients forA-doublet resolved collisional energy transfer
decision was made to report the valuesKgpg; obtained only in OH(X2IT), especially for transfer between tie-doublets

by fitting eq 3 to the data with constant fitting weights. associated with the same rotational level. The work closest to

To obtain second-order rate coefficients for the transfer that described here is that reported about 10 years ago by
between A-doublets in collisions with a specific collision Andresen and co-worket8® Some of their experiments
partner, we plot the first-order rate coefficients obtained from involved the selective creation of OH{K) radicals inQ =
several samples of the same gas at different total pressures/,, v = 0, j = 1.5 in a supersonic expansion. The beam
against the total gas density. The individual valuekxok:were containing OH was intersected by a second beam, and excitation
given equal weight in these fits. In the case of samples of pure of the OH by collisions with Hor D, molecules in the second
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Figure 6. Plots of the pseudo-first-order rate coefficiers;, versus
total gas density [M] for mixtures containing-3% HNG; in the diluent
gases: (a) He; (b) Ar; and (c)NThe filled circles and full lines show
results for OH(XI1z,, v = 1,j = 3.5) and the open circles and dashed
lines show results for OH® 1z, v = 1,j = 6.5). The triangles in (a)
show the results of experiments in which the frequency of the IR laser
was fixed to excite oné\-doublet and the wavelength of the probe
laser was chosen to monitor populations in eaclloublet in turn.
After correction for the contributions of collisions with HN@he
gradients of the lines in these plots yield the second-order rate
coefficients and errors given in Table 1.

TABLE 1: Rate Coefficients for the Transfer of OH
Radicals betweenA-doublets Levels in thej = 3.5 and 6.5
Rotational Levels of the (XIls,, v = 1) Vibronic State

ka/10719 cn?® moleculel st

j HNO; N, Ar He
35  (24+3) (2.1+£0.3)  (0.5+0.2)
6.5 (7.5£09) (1.1+£03) (0.3£0.1) (0.14+0.1)

beam was probed by recording LIF spectra with and without
the second beam “firing”.
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values ofks: (0.1 — 5) x 1071° cm® molecule’® s for
collisions with H and (1— 10) x 10710 cm® molecule® s1

for collisions with HO;. In the context of our own results, we
note (a) that HO,, like HNO3; apparently causes extremely rapid
transfer betweem\-doublets in OH(XII), and (b) it appears
that, for collisions with H, there is also a decrease in the rate
coefficient,ky, as the rotational level is increased.

At least three general features of our experimental results are
worthy of note: (a) the sensitivity of the, values to collision
partner, (b) the sensitivity of thk, values toj, and (c) the
magnitude of the rate coefficients with HN@s collision partner
(M). The rate coefficient with M= HNOz andj = 3.5 is equal
to (244 3) x 10719 cm® molecule! s71, and with M= HNO3
andj = 6.5 it is (7.54 0.9) x 10719 cm® molecule! s™1. The
rate coefficients correspond to thermally averaged cross-sections
of approximately 350 Aand 110 &, respectively; values that
are extraordinarily high for processes involving collisions
between two electrically neutral species. It presumably reflects
the fact that even a weak attractive force between these two
strongly dipolar species is sufficient to promote transfer between
the two, very nearly degenerate;doublet levels. We note again
that the measurements of Andresen éé@lindicate that HO,
may be a similarly efficient collision partner for transfer between
A-doublets.

The dependence of tha rate coefficients on rotational level,
which is seen most dramatically in the data for=MHNO;,
cannot be explained on the basis of energetics; the splitting
between the andf levels inv = 1,j = 6.5 is only 1.66 cm?.

The most likely explanation is the change in the nature of the
A-doublet levels ag changes. For large values of the total
angular momentum the A-doublet levels differ in respect of
the orientation of the lobe of thpx orbital containing the
unpaired electron, either perpendicular to or in the plane of
rotation and sometimes calkdz* and =—. However, this
orientation is only well defined in the limit of high At lower

j, the wave functions for theA-doublet levels are linear
combinations of those for these orientations. Andresen %t al.
have discussed this aspect®fdoubling in some detail. They
define thedegree of electron alignmeiais

(@' —a)

DEA = - —
T +a)

(4)

For OH(XAIT), Andresen et &% estimate that the degree of
electron alignment varies from approximately 0.2 for 1.5

to 0.5 forj = 3.5 to 0.7 forj = 6.5. Our results suggest that
transfer betweerm\-doublet levels becomes less facile as the
degree of electron alignment increases.

Our results for transfer betweéxrdoublet levels in collisions
with He and Ar can be compared with results from the elegant
molecular beam experiments of ter Meulen and co-wotkérs
and with the calculations of Esposti et2alEsposti et al.
performed quantum scattering calculations on -&t¢ and
OH—Ar collisions using potential energy surfacés’(and?A’")

In a second series of experiments, closer in method and spiritthat were calculated using the coupled electron pair approxima-

to our own, they prepared OH in a flow system by pulsed laser
photolysis of HO, and then performed IRUVDR experiments,

tion (CEPA) and large basis set. Cross-sections for state-to-
state transfer were calculated within the coupled states (CS)

similar to those described in the present paper. The rateapproximation, although the results of some of these calculations

coefficients that they extracted from their flow cell experiments
were of limited accuracy. For transfer between theloublets
associated with th€ = 3/, v = 1,j = 1.5 level in collisions
with Hp, they found a value ok, = (5.1+ 1.1) x 1019 cm?
molecule? s™1. For the transfer between thA-doublets
associated witlf2 = 3/,, v = 1,j = 4.5, they found only rough

were tested by comparison with those from exact close-coupling
(CC) calculations. For transfer between thandf levels in
OH(X13), v = 2,j = 3.5) in collisions with Ar, Esposti et al.
reported a rate coefficient of 64 10~ cm?® molecule’? s™1

at 300 K, which compares quite well with our experimental
result of (54 2) x 10711 cm® molecule? s7 for OH(X?I 13,
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v =1, = 3.5). Results are not reported by Esposti et al. for or lost by the specified process, and all the rate coefficients in
Ar collisions with the OH radicals in initial levels aboye= this scheme and elsewhere in this Appendix are pseudo-first-
4.5. However, the calculated rate coefficients for transfer order rate coefficients. Solution of the kinetic equations in this

betweenA-doublet levels in XIIz,, v = 2 decrease from 15.2  case yields the following expressions for the populations in the

x 10711 ¢cm?® molecule! st for j = 1.5 to 4.0x 1071 cnm?® two A-doublet levels

molecule? s71 for j = 4.5, mirroring the decrease ky that

we find between Rllsp, v = 1,j = 3.5 andlzp, v = 1,] = N = A{exp(-4,t) + exp(=4,)} (A1)

6.5 for all collision partners for which we can measure reliable ) o

data. where thet sign refers to the population in the level populated

Esposti et af2 reported cross-sections, but not rate coefficients &t Z€ro time by absorption of pulsed radiation and thsign
for collisions between OH and He. Like us, they found He to !0 the population in the other level. The valuesiofl;, andi,
be appreciably less effective at transferring OH between are given by the following equations
A-doublet levels associated with the same valug ®hus for _
OH(X?I3, v = 0, ] = 3.5), they found a cross-section of 5.6 Ay = 0.5 (ken T Kip + korer t Kigen) t [(Koa + Koper —
A2 at a collision energy of 300 cm, compared with a value of kin — kfRET)2 + 4k, kA ]"3 (A2)
0.45 A2 for the same process at a collision energy of 394tm
in collisions with He. The rate coefficients for these collision and
energies, i.e., the products of the cross-section and mean relative
velocities, differ by a factor of about five, which is consistent A= 0'5{(ke,A + kf,A + ke,RET+ kf,RET) - [(ke,A + ke,RET_
with our finding for the thermally averaged rate coefficients. ki n — ke + 4 Ko pKe JY3 (A3)

The conclusion that He is much less effective than Ar in ’ ’ Y
inducing transfer betweefi-doublet levels associated with the  The very small energy separatiohF < ksT) between the two
samej in OH(X[13;) is confirmed by the molecular beam  A-doublets associated with the same rotational level in OH
experiments of ter Meulen and co-workéf§)Using supersonic  (X2[1) and the principle of detailed balance fully justify the
expansion, followed by passage through a hexapole electric field,assumption thake » = kio = ka leading to a simplification of
they were able to achieve 39.5% population in the upfer) ( egs A2 and A3
A-doublet level of OH(XIIz,, v = 0, j = 1.5). The OH
rotational state distribution was then probed, before and after 1, = 0.5{(2k, + Kyrer + Krer) + [(Keger — K ren) +
collisions with He or Ar, by LIF spectroscopy. This allowed K 2]1/2} (A4)
them to examine the same process as that studied in the present A
paper, namely the collisional transfer of OH molecules between
A-doublets associated with the same valug d@f their casej
= 1.5 in X213, v = 0. Unfortunately, their beautiful measure- _ _ _ 2
ments suffered from the previously mentioned defect common A1 = 05 (23 + Koper T Kiren) ~ [(keper — kigen” +
to most crossed molecular beam experiments: the inability to 4k, (AB)
derive absolute values of the cross-sections for transfer. To set
their results on an absolute scale, they normalized them to theln terms of eq A1R, the ratio of the population in th&-doublet
state-to-state cross-sections calculated by Esposti%tTale level that is only populated by collision to the population in
agreement in the distribution of cross-sections for transfer to the A-doublet level that is directly accessed by the pumping
different finalj and A-doublet states with both He and Ar as  Process is given by
collision partners is excellent, supporting the accuracy of the
calculations and the prediction that He is much less effective _1—exp( 4, — A4lY)

and

than Ar in inducing transfer betweerandf components of the 1+ exp [4, — 44]Y) (A6)
samej level.
Whenkerer = kirer, €9 A6 reduces to
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] which is eq 2 in the main text.

Appendix Whenkerer = kirer, [A2 — A1] can be written as

The evolution of the populations in two coupled states, each P— A1/
of which can be removed independently, has been treated many [A,— A = 2kA(1 4 [BRET__MRET ) (A8)
times, especially in regard to vibrational relaxation in the case 2Kk,

where two molecules can exchange energy by a vibration-

vibration exchange process as well as relaxing by vibration ~We note that, even withk{rer — kirer) = 0.5ka, eq A8 would
translation relaxation of each excited speéfe3he present  leadtofl — 41] = 1.03x 2 k,. The calculated values of Esposti
situation, without the approximations mentioned in the text, can €t al?? for J = 3.5 and collisions of OH with Ar, yieldkeret

be expressed by the scheme where additional subscripts~ kirer) = 0.31 ka, providing strong justification for the
assumption in our analysis thiatretr = kireT.
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