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Lascr-induced fluorescence 1s coupled 1o g floning afterglon to obtain product state distnibutsons of thermal encrgy 10n—
molecule reactons For OH produced m the O+ HI'— OH(v = 0,1) + F~ reaction. v = 0fv = 1 is 1.0/0.22. lon vibzational
relanation and obscuring Penming 1omzation reac tions preclude accurate measurements for the N*+ CO - CO*(w = 0,1.2) +

N svatem

1. Introduction

Laser-mduced fluorescence (LIF) has been applied
mn many laboratories to study the spectroscopy of 1ons
[1 7].therr reaction dynanucs {8.9]. and deactivation

2.8.9]. However. only in a few experiments have es-
timates of cross sections or product state distributions
been made {3.8-10]. Optical probing of product vibra-
uonal states may provide addimonal 1nsights into the
dvnamics of ion—molecule reactions which are not ob-
tained by molecular beam scattering techniques [11].
In this paper we report one of the first LIF measure-
ments of a vibrational product state distribution for an
1on -molecule reaction. The LIF technique is coupled
to a flowmg afterglow apparatus. which provides a well-
churacterized medm for quantitative studies of state
distiibutions and other hinetic and dynamic param-
eters [12.13].
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Two reactions are investigated that demonstrate
both the strengths and weaknesses of the flowing after-
glow technique. In the proton transfer reaction, O~ +
HF - OH(w=0.1)+ F~.the v = 0 and v = 1 populations
are determuned by LIF probing of hnes in the (1,0) and
(1.1) bands of the A 2S¥ X 2[13/2 transition. An at-
tempt is made to obiain the product vibrational distri-
bution in the N* + CO - CO*(v=0,1,2) + N charge
transfer reaction by probing the A 2I,—X 2Z" band of
CO". This attempt 1s frustrated by rapid vibrational
relaxation of the nascent CO™ (v) with both CO and N
and by the Penning ionization of CO by residual He
metastables. A qualitative estimate of the vibrational
relaxation rates of CO* (v = 1) is obtained, but accurate
product state information for the ion reaction cannot
be determined.

2. Experimental

The previously described flowing afterglow apparatus
[13—16] is modified here to incorporate laser-induced
fluorescence detection (fig. 1). The instrument consists
of a 7 3 cm diameter flow tube with an electron impact
ion source at the upstream end, a quadrupole mass
filter to sample the ions through an orifice at the down-
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Fig 1. Flowing afterglow —laser-induced fluorescence apparatus

stream end, a 500 2 s~! blower to establish the high-
velocity flow of helium buffer gas. baffle arms to in-
troduce the pulsed laser beam, a photomultiplier and

its associated fluorescence collection optics, and gated
analog signal detection electronics Fluorescence emitted
at right angles to the laser is imaged with a 5.1 cm
diameter f/1 suprasil lens onto the slit in front of the
photomultiplier. The analog signal from the photo-
multiplier is processed with a boxcar integrator which

is gated on just after any scattered laser light and re-
mains on for several pys. The analog output of the box-
car is digitized and also plotted on a strip chart recorder.

The tunable laser source is a pulsed, Nd : YAG
pumped dye laser system (5 ns pulses, 10 Hz, 1 cm™!
linewidth). Amplified spontaneous emission is supressed
to less than 5% of the narrow line power. Frequency
doubling for the OH expzriments is accomplished with
an auto-tracking, angle-tuned KD*P crystal. For un-
saturated excitation of CO* and OH, an energy density
of =~0.1 mJ cm~2 is used. The fluorescence signal is
normalized to the average laser power, which is mea-
sured with a thermopile and monitored with a second
channel in the boxcar integrator.

Several modifications are made to reduce stray and
scattered light from reaching the photomultiplier. All
surfaces within the flow tube are blackened with flat
black coating. Stray light from the ion source filament
is reduced by incorporation of a 90° elbow between the
ion source and the laser detection zone. Scattered laser
light is reduced with narrow-bandpass or long-wavelength
cutoff filters. A major source of light noise is the gaseous
afterglow itself. The ion source generates copious quan-
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tities of excited He metastables, which are typically
quenched before the reaction zone, but produce emis-
sions upon quenching that reach the photomultiplier.
The slit and focusing lens in front of the photomulti-
plier discriminate the signal photons from this back-
ground by a factor of 30. The maximum achievable
sensitivity inhereni in LIF detection is not observed in
these experiments because of the trade-offs between
maximizing ion production and minimizing product
molecule relaxation and afterglow stray light.

Under some conditions, residual He metastables can
produce interfering reactions, such as Penning ioniza-
tion of CO which obscures the CO* from the desired
N + CO reaction. Similarly, interference from OH
produced by impurity reactions in the ion source re-
gion can obscure OH formed in the desired O~ + HF
reaction. Measurement of background signals from
either of these sources is accomplished by stopping the
ions just prior to reagent addition. A 30 V potential
applied to a series of six 1 cm long electrically insulated
rings which make up a section of the flow tube stops
~99% of the ions and allows an *“‘jon-on”’/*ion-off”™”
measurement of the LIF.

The NV ions for the reaction with CO are produced
by flowing pure helium over the filament and adding
N, immediately downstream of the ion source. At N,
pressures of 0.006 Pa or 0.08 Pa (1 Pa=7.5 X 10-3
Torr) and helium pressures of 70 Pa, the N+/N'-_',' ratio
is =20/1. NE can also react with CO, and thus must be
minimized. The O™ for reaction with HF is produced
by passing a mixture of 3.3 Pa of O, and 70 Pa of He
directly over the filament. Typical reactant ion densi-
ties at the laser detection zone are 107 cm=3. Neutral
reactants, CO or HF (99.9%), are added through a
movable inlet at approximate pressures of 0.006 Pa and
0.7 Pa or less, respectively. HF is used directly from
the cylinder. He, N, and CO are passed through molec-
ular sieve traps, cooled 1o either 77 K (He) or 195 K
(N5 and CO).

3. Results and discussion

The first reaction studied is the N* + CO—>
CO*(v=0,1,2) + N charge transfer reaction (AH =
—0.52eV,k; =5X 10719 cm3 molecule™! 71 [17]).
Energy resonance favors population of v = 2, but the
Franck—Condon factors [18] favor population of v =
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0. CO" is observed both by LIF and at the mass spec-
trometer upon addition of CO to the helum flow con-
aining N*. However, experiments in which the ions
are stopped by a retarding potential on the rings dem-
onstrate that much of the CO™ is formed by Penning
ronization of CO with He metastables when the pres-
sure of N5 1s below 0.1 Pa. The Penning jonization
redction produces substantial excitation of both CO*
A and B states [19]. which in turn will radiatively cas-
cade o various vibrational levels of the X state. Thus
although CO* 1s detected by 1 IF mn both v"=0and

= }.1t 1s not possible to rule out the production of
CO" by He metastables under the conditions in which

= | 1s observed. At lugher N. pressures where He
metastables are completely quenched, rapid vibration-
4l relaxation of CO* (v = 1) by N, precludes detection
of CO* = 1) within the signal-to-noise.

Allunpls 1o quantfy .he vibrational relaxation of
(Ot {v=1}by CO and N5 are also frustrated by the

kY u 170N RS QHC k5 810 2250 22N 1at%

possxblc reformation of excited CO* m the detection
zone by He metastables. Thus it 1s only possible to
conclude that the relaxation rates of CO*(@ = 1) by
(O and N, both are rapid. somewhere 1n the range of
0 1-1 0 of the Langevin rate. Smith and Futrell {20]
showed that the CO* + CO char«'e exchange has a rate
coefficient of 8.5 X 10710 ¢n? molecule‘l s71, essen-
tially the Langevin rate. Thus 1t is likely that the vibra-
tional deacuvation of CO™ by CO proceeds with a rate
of at least half that value assunung that the vibrational
energy remams with the 1on 1 half of the collisions.
For CO* deactivated by N 5. such a resonant charge
transfer channel 1s not open. and the vibrational deac-
tnanon. whiceh s also observed here to be extremely
efficient. must occur by near-resonant vibration-to-vi-
bration energy transfer.

Because of the difficulties inherent in the charge
transfer reaction described above, the second system
mvestigated 1s the proton abstraction reaction,

Aa
0" +HF-=0HEp=0.D+F"

(A =-046cV (3710 un-’) [21-23], k5 (estimated
1 this work) = 5 X 10’10 ¢m3 molecule! s71). The

v = 1 state hes 3570 cm~! above v = 0. In the reaction
of O~ + HF, in contrast to that of N* + CO, interaction
ol He metastables with the neutral reagent cannot gen-
erate the detected diatomc product; moreover, vibra-
uonal deactivation of OH 1s slower than for an ionic
species. However, bachground levels of OH are produced

(&3
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in the ion source. The residual OH(v = 0) is found to be
10-20% of the OH(u = 0) produced by the ion reaction.
This value is the same when either the O or HF is
stopped. The reported background values are obtained
by turning the HF flow off.

Detection is accomplished by probing specifically
the P(2) and P{(5) lines (AV = -1, A7 = w1) of the
(1 0) and (1,1) bands ('.v™) of the OH (A2Z¥—
X2 I13/,) transition. A spectrum of the (1,0) band sys-
tem and those specific lines are shown in fig. 2. The
(1.1) band is similar and occurs in the 314 nm region.
These lines are chosen because they are well isolated in
both bands. Since the same upper state levels are ex-
cited i1 both bands, it is not necessary to correct the
signals for photomultiplier response. transmission of
the optics. and vibrational deactivation. The rotational
line intensities fit a Boltzmann distribution at 300 K.
indicating complete thermalization of the rotational

te 1o _ . . R )
levels by the 500—10006 collisions with helium during

the time between formation and detection of OH. Line
areas are measured with a very slow scan of the laser to
obtain the most precise. reproducible results.

The data are reduced in the following way. The
signals are normalized for laser power by the dual
channel boxcar. The line areas from each run are cor-
rected for the residual OH background, and the signals
are normalized for the differences in absorption strengths.
The electronic transition dipole moment for the
OH(A—X) system is a strong function of internuclear
distance. As a result, the band intensities are not simply
proportional to the Franck—Condon factors. Various

Loser l‘nduced Fluorescence Spectrum

2] oH A%£*-x21, (1,0) Band

]

S R(2) R, (5)
= J

> L
2 o

S ~ . .
2 s
e ~ v
(rl ‘J d ]

218 280 28! 282 285 284 285

Wavelength {(nm)

'ig 2. Laser-induced fluorescence spectrum of the (1,0) band
of the OH(A--X) system. The P;(2) and P, (5) lines are used
to determine the vibrational distribution in OH.
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Table 1 _
Signat areas for one set of experiments on the O + HF — OH
+ F reaction &

(1,0) signal ®) (1,0) background  (1,1) signal &
1601 499 763
1660 429 792
1570 475 823
1686 290 771

ave = 1629 + 53 ave=312x93 ave =787 = 27

) Inlet position 2 cm upsiream of the LIF region, HF pres-
sure 0.13 Pa, P (2) hine.

b) Areas uncorrected for background (arbitrary units) Errors
are +2¢.

) No background observed for v” = 1 in any of the experi-
ments reported here or 1n table 2.

methods for calculating the transition probabilities
have been discussed [23], and values have been tabu-
lated for the (0,0), (1,1) and (1,0) bands [24]. The
ratios used here for (1,0)/(1,1) are 0.416 for the P;(2)
line and 0.417 for the P, (5) line. Since the Boltzmann
weightings, ek T/0, are slightly different for the v" =
0 and v" = 1 states, the LIF signals are normalized to

Table 2
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them (fis the rotational energy of the N” J" state and
Q is the rotational partition function). Those ratios for
v" =0fv" =1 are 1.019 for the P;(2) linc and 0.942 for
the P, (5) line. Correction for the rotational degeneracy
is not necessary since the same lines are compared in
each case. The dye laser is scanned in constant wave-
length increments per unit time (dA/d?), but the formu-
lation of the line area and absorption strength assumes
constant frequency intervals. Since dv/dt & —dA/A2dt.
the peak areas must be normalized by dividing by A2 (a
value of 0.809 for the (1,0)/(1,1) ratio).

The OH(v = 1/v = 0) population ratio is measured
for HF pressures ranging from 0.13 to0 0.93 Pa and for
movable inlet distances from 2 to 14 cm upstream of
the laser beam. Table 1 shows a representative set of
raw data for four runs at one inlet distance and pressure
of HF, along with the residual OH corrections. Table 2
displays the final OH(v = 1/v = 0) ratios. Vibrational
relaxation of OH(v = 1) by HF is not observed and re-
laxation by O, also appears to be slow. The reduction
in the v = 1/v = 0 ratio with increasing reaction distance
is probably due to relaxation of v = 1 at the wails. Extra-
polation of the results in table 2 to the shortest reaction
distances leads to the final quoted distribution forv =
0:v=1of 1.00:0.22 £ 0.02. The error represents 95%
confidence limits.

Final population ratios for OH(v = 1)/(v = 0) from the O” + HF —~ OH + F~ reaction

Line Number of HF pressure Inlet distance (@ = 1)/(v=0) a)
experiments (PA) (cm)
P, () 6 0.13 2 0.230 + 0.015
Py (2) 6 0.27 2 0.225 + 0.017
Py (2) 6 0.40 2 0.235 £ 0.017
Py (2) 6 067 2 0.215 = 0.033
P (2 6 0.93 2 0.219 = 0.021
PP 4 0.13 2 0.224 + 0.034
P;(2) 4 0.13 6 0.220 = 0.024
P (2) 4 0.13 10 0.193 = 0.034
P;(2) 4 0.13 14 0.134 =+ 0.028
Py (5) 6 0.13 2 0.249 = 0 029
Py (5) 6 0.13 6 0.200 £ 0.033

final ratioc 0.22 2 0.02

a) Errors reported to 95% confidence based on standard deviations in raw data. There may be some uncertainty in the absorpiion

coefficients; however, this is not included in the error limits.
b) The result from the raw data shown in table 1.
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It should be noted that the P,(2) and P,(S) lines
both sample the X 3]13/2 state. The O~ 21’1/2‘ 7-P3/2
states are spht by 22 meV [22] In a separate experi-
ment on the (0,0) band the strenghts of the Ry(V)
hnes (2115, N = 3.4) are compared to the Ry (V) +
R (V) blended hnes (2"3IZ~N = 3,4) The intensities
of these Iines are completely consistent with a statis-
ucal 2112 213> distnibution. Collisional equiibration
of the 2115 and 2“3/2 states (AL = 16 meV {25])
nught be expected to be rapid with the hehum buffer
gas. so 1t s unhikely that any preferential population of
the 21175 01 21134 states can be observed here

Hie low OH(v = 1) population 1s characternstic of
product states whose energies me close to the reaction
exoeigicity (the encigy m eacess of v =115 140 cm=1).
Fathier experunents on proton abstraction reactions of
(17 + HB1. 11 [14] and F~ + HCL, HBr, and HI [15]
showed that the fraction of encrgy deposited into vibra-
uondl exaitation 1s substantial when more energy is
svalable (7, =0 3-0.5) In the O7 + HF reaction. there
s stulla strong propensity to deposit eneigy mto vibra-
tion This s evidenced by the observed 0 18 fraction
m v = | compared to a value of 0 07 caleulated for a
statistical “puor” distnibution [24] All of the proton
abstraction redactions mvestigated thus far have vibra-
tonal product distributions very simnlar to those of
andlogous neutral hydrogen abstiaction reactions The
neutral andlog ot the O7 + HI reaction, however, is
Iaghlv endothenmic. The potential surtaces for on—
muleautle teacnons ditfer substantially from their neu-
tal vounterparts m that the 1on redctions have strong,
long-range attractive forces, there are of'ten no barriers,
and 1 the case of O + HE, muluple surface corssings
may be mportant It remains to be determined by fur-
ther theoretical analysis how these features of the po-
tennal energy surtace will affect energy disposal and
selechivity mon molecule reactions [26.27]

4 Conclusion

We have demonstrated that the flowing afterglow —
L techmque can be used to determine precise vibra-
tonal distributions for wn—molecule reactions carned
out under well<charactenized conditions The technique
iho shows excellent pronuse for measuring the rates of
vibranional relanation and vibratton-to-vibration energy
transter 1 on—molecule collisions The present limita-

N
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tions of afterglow emission. unwanted vibrational de-
activation, and obscuring reactions may be solved by
more sophisticated methods of ion production, such as
the mass selected ion introduction technique [28].
which eliminates the helium metastables ond neutral
precursor molecules from the flow tube. Under such
conditions. the ultimate sensitivity of the LIF technique
is expected to be achieved.
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