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The charge-transfer reaction DBr* (°Il,,0*,J *) + HBr—HBr* (’II,,v'*,J' ") + DBr s
studied in a state-to-state manner under thermal conditions in a slowly flowing gas mixture of
HBr and DBr. The DBr * reagent is prepared in a selected vibronic level by using (2 + 1)
resonance-enhanced multiphoton ionization. The HBr * product is detected in a quantum-
state-specific manner using laser-induced fluorescence. From the measurements of the
molecular density and the populations of both HBr * product and DBr * reagent, the absolute
thermal rate constants k(Z,p* —i',0' *) are determined for this charge-transfer process. The
rate constants for near-resonant charge transfer in which Av* = 0 and A/ = 0 are much larger
than charge-transfer channels in which either Ai70 or Av* #0; the smallest rate constants are
for those channels in which both Ais£0 and Av* #0. The rotational distribution of the

HBr* (/,v' ' ) product fits a temperature well in each case. For near-resonant charge transfer,
the rotational temperature is slightly warmer than thermal, whereas for nonresonant charge
transfer, the rotational temperature is much hotter than thermal. A model in which the excess
energy of a charge-transfer process is statistically partitioned among all the degrees of freedom

of the complex is able to predict closely the observed rotational temperature.

I. INTRODUCTION

One of the major themes of reaction dynamics is state-
to-state chemistry in which the reactants are prepared in a
limited number of known quantum states and the collision-
ally unrelaxed products are analyzed for their resulting in-
ternal state distributions."?> Such information provides deep
insight into the reaction mechanism, such as the special role
possibly played by different motions (energy modes) in the
reaction complex and the partitioning of the total energy
available among the different degrees of freedom in the
products. Much progress in state-to-state dynamics has
been recently reported for neutral-neutral reactions,
such as F+H,(v=0J=13)-HF(@J')+H (Ref.
3), O+HCl(v=2,J)-0H,J')+Cl (Ref. 4) Ca

+ HF(v=1J)->CaF(2',J') + H (Ref. 5), and
D+H,(v=1J=1)-HD(@ = 1,J') + H (Ref. 6). De-
tailed information of a similar type has been lacking, in
general, for ion-molecule reactions, although recent ad-
vances’ in the state preparation and state detection of ions
promise to close this gap.

The pioneering one-photon ionization experiments of
Chupka and co-workers'® demonstrated that ions can be
prepared in selected internal states. Of particular interest is
the use of resonance-enhanced multiphoton ionization
(REMPI) to create reagent ions in a single selected vibra-
tional level with a limited number of rotational levels.'"'* It
is also possible to quantify the internal state populations of
the product of an ion-molecule reaction using laser-induced
fluorescence (LIF),"”* as illustrated by Leone and
co-workers for the charge-transfer reactions Ar™

4+ N,—-»Ar+N,* (Ref. 14) and Ar* 4+ CO-Ar
+ CO™" (Ref. 15).

Most ion-molecule reactions are carried out under hy-
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perthermal collision energies where the ions are accelerated
in an external electric field, such as in crossed ion beam ex-
periments, in drift tubes, and in flowing afterglow studies.'®
Alternatively, ion-molecule reactions can be studied at very
Jow collision energies using ion traps™'? and supersonic ex-
pansions.'® We report here the state-to-state study of ther-
mal ion-molecule reactions carried out in a bulb. Single-
collision conditions are established by setting the time delay
between ion state creation and product ion state detection
using laser techniques. By determining the densities of the
reagents, we can put these state-to-state measurements on an
absolute basis, i.e., we can determine thermal state-to-state
absolute rate constants for the charge-transfer reaction
DBr* 4+ HBr—HBr* 4 DBr. In this experiment the
DBr* is prepared in a selected vibronic state by (2 4+ 1)
REMPI and the internal state distribution of the HBr*
product is analyzed using laser-induced fluorescence.

We believe that this method for studying thermal ion-
molecule reactions under bulb conditions is limited to small
molecules for which it is possible to prepare the ion in a state-
selective manner using REMPI and to probe the reaction
product using LIF. Although restricted in scope to such re-
action systems, the information made available from such
studies is quite detailed. This technique should be applicable
to a wide range of ion-molecule reaction systems in various
pressure regimes.

Il. EXPERIMENT

Figure 1 shows the experimental setup, consisting of a
reaction chamber, two laser light sources, and a signal detec-
tion system with associated timing controllers. Figure 2 il-
lustrates the timing sequence. First the REMPI laser is fired
to generate DBr* ions in the reaction chamber, which is
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FIG. 1. Schematic diagram of the experimental setup, which includes the
REMPI and LIF laser systems, a reaction cell, the detectors (gated photo-
multiplier, electrode plates, and laser power meter), timing controller, and
data acquisition electronics,

filled with a 1:2 mixture of DBr to HBr at a total pressure of
15 mTorr. Then, the LIF laser is fired to detect both DBr *

and HBr* ions in a quantum-state-specific manner. The
time delay is 400 ns, so that fewer than one in five DBr * ions
have made a single collision. The photomultiplier is gated so
that it is opened to detect fluorescence only after the LIF
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FIG. 2. Timing of the pulse sequence for REMPI and LIF lasers; the trig-
gering of the photomultiplier (PMT); the triggering of the photomultiplier
signal integrator; the boxcar gate for the laser power meter; the repeller
voltage; and the boxcar gate of the integrator of the ion signal. Note the
spurious spikes introduced in the PMT signal by the opening and closing of
the gating voltage to the first dynode.
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laser pulse. In addition, LIF laser power is recorded using a
pyroelectric detector and the number of ions is also mea-
sured by applying a delayed pulse voltage to the repeller
plate. By normalizing the fluorescence signal to laser power
and ion production, we determine the absolute thermal rate
constant for the charge-transfer process from a prepared lev-
el of DBr * to various levels of HBr *.

The reaction chamber has been equipped with Brew-
ster’s angle windows, glass Wood's horns, and baffle arms to
eliminate scattered light. The baffles are made of 0.001 in.
thick shims of stainless steel, each one having a sharp orifice.
The shims are blackened by oxidation. The fluorescence is
collected by a 2 in. diameter f; lens system and a spherical
mirror on the opposite side. The lenses, mounted in a tube
with a 25X 7 mm opening pointed toward the laser focal
region, image the fluorescence onto a 12 X 12 mm cathode of
the photomultiplier. A filter system, consisting of a longpass
filter (WG345, Oriel) and shortpass filter (UG11, Oriel), is
placed immediately in front of the photomultiplier. This fil-
ter system isolates the (0,0) and (0,1) bands of
4?2 "M, and the (0,0) band of 4 > *-?I1,,, for the
DBr* and HBr * fluorescence. The filter system is centered
at 357 nm with a FWHM of 17 nm. The transmission profile
is nearly Gaussian with a transmission coefficient of 0.45 at
its maximum.

When no gases are flowing, the stainless-steel chamber
is pumped down to 1310 "7 Torr, using a 3 in. diffusion
pump (EO2, Edwards) through a liquid nitrogen trap. The
DBr (99% Deuterium purity, Cambridge Isotope Co.) and
HBr (99.7% chemical purity, Matheson) gases slowly flow
through the reaction chamber. The sample pressure is moni-
tored by a capacitance manometer (Model 122A, MKS In-
struments, Inc.) and maintained constant. The flow has
been regulated carefully so that virtually no pressure differ-
ence exists within the chamber. Pure HBr is obtained from
the high-pressure HBr cylinder by evaporation of the liquid
HBr. Pure DBr cannot be obtained from the DBr lecture
bottle in the same manner because the pressure is too low in
the lecture bottle to liquefy the DBr. Instead, we cool the
DBr lecture bottle in liquid nitrogen and pump away any
D, . Then we place the DBr lecture bottle in Dry Ice, which
prevents the escape of any Br,. The gas lines are regularly
pumped below 1 mTorr during bake out. During an experi-
mental run, the flowing gases are frozen out using a de-
mountable liquid nitrogen trap in the foreline.

The REMPI laser beam is generated as follows. The
third harmonic of a Nd:YAG laser (GCR-3, Spectra-Phys-
ics) pumps adye laser (PDL-3, Spectra-Physics) containing
coumarin 500 (540-480 nm). The output is frequency dou-
bled using an autotracker (WEX-1, QuantaRay) with 83°
KD#*P (270-260 nm) and 55° BBO (260-240 nm) crystals.
The resulting beam has typically 5-10 mJ of uv output with a
linewidth of 0.08 cm ~' in the wavelength range 270-253
nm. Another laser system consisting of a Nd:YAG laser
(DCR-1, QuantaRay), a dye laser (PDL-1, QuantaRay), a
doubling autotracker (WEX-1, QuantaRay), and a H, Ra-
man cell is used to generate the LIF probe beam in the wave-
length range 350-380 nm. We iris the beam to a 5 mm diame-
ter spot size having a pulse energy of about 50 gJ. The low

J. Chem. Phys., Vol. 96, No. 6, 15 March 1992

Downloaded 23 Feb 2012 to 171.64.124.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Xie and R. N. Zare: Absolute thermal rate constants 4295

power is necessary to avoid saturation.

We use a photomultiplier tube (R943-02, Hamamatsu)
with a gated D-type socket assembly (C1392-02, Hama-
matsu) to detect the fluorescence. A 250 V gate is applied
between the cathode and the first dynode to block photoelec-
trons when the gate is off and to attract the photoelectrons
when the gate is on. A TTL pulse (6 us wide, delayed by 0.4
1e8) triggers the 250 V gate and opens an 8 us wide gate
delayed by 0.9 us on the output of the photomultiplier. The
off-on switching ratio of 1:10* helps to reject the early-time,
strong emission background resulting from radiative decay
of the intermediate state of DBr excited in the (24 1)
REMPI process. The fluorescence signal is integrated with a
6 ps gate delayed by 1 us using an AD converter (2249W,
LeCroy) and a gate-delay generator (2323A, LeCroy). A
pyroelectric detector (J3-09, Molectron) monitors the LIF
laser pulse energy from a beam splitter. The pulsed output
from the pyroelectric detector is gated using a boxcar inte-
grator (165, PAR). A pair of plates are placed above and
below the ionization region, one of which is pulsed (6 us
width, delayed by 10 us and ~ 30 V amplitude) to repel ions
to the other plate, The ion signal from the collector plate is
gated at a delay of 11 s and detected using another channel
of the boxcar integrator. The dc outputs of the boxcar are
digitized via an AD converter and transferred into a micro-
computer { PC/XT, IBM) together with the LIF signal un-
der CAMAC control. The three signals are recorded for
each laser shot and averaged over 20 shots at each step of the
LIF scan.

lll. RESULTS AND ANALYSIS
A. Reagent state preparation

The DBr' reagent is prepared in a small number of
internal states using (2 + 1) REMPI via the F'A, and /A,
Rydberg states of DBr. We denote the fine-structure level of
the DBr* X °II state by i, where { = | or }. The rovibronic
level of the ion is denoted by v+, J *. Hence the internal
state is labeled by (f,v*,J * ). Once DBr " is produced, the
internal-state distribution is determined by LIF via the tran-
sition DBr+ 4’3 *_X *I1,. These measurements are also
supplemented by time-of-flight photoelectron spectrosco-
py,"” which has sufficient resolution to confirm the assign-
ments of fand v* but not J *.

Table I lists the degree of selection for fand v ¥ . We find
that the reagent ion can be prepared in an almost pure (i,v ™)
state. As expected from previous work,® the vibrational lev-

el of the intermediate state becomes the same vibrational
level of the ion state because of the Franck-Condon princi-
ple applied to potential curves of similar shapes. Another
feature is the almost complete selection of the fine-structure
component /. Evidently, the ionic core of the intermediate
Rydberg state follows closely Hund’s case (¢) coupling, and
the photoionization step removes the Rydberg electron
without disturbing the ionic core. As Table I shows, this
explanation would account for the strong selection of i. We
suspect that this selection mechanism is general for pho-
toionization of all intermediate states obeying Hund’s case
(¢) coupling. Additional evidence for this behavior is the
work of Koenders ez al.,”! who demonstrated the photose-
lection of Br;" *I1, , or *Il,, in the (2 + 1) REMPI of Br,.

The rotational distribution created in the DBr * reagent
ion is limited to a few levels distributed about the J value of
the intermediate state selected because only a small number
of photoelectron partial waves contribute to the ionization
process.?? This conclusion is borne out by Fig. 3, which
shows the DBr ' rotational distribution resulting from exci-
tation of the P(3) line of the DBr F'A,-X '3 * (0,0) band.
The labels + and — denote the total parity of the DBr*
rovibronic level. For this particular transition the + parity
levels are favored over the — parity levels by 4:1. The +
and — parity levels with the same J * value correspond to
the different A components (£} components) of the same
rotational level. In the spectroscopic literature the levels
with + ( — 1) " —'/? parity are called ¢ levels, those with

— (= 1)?" =" parity are called f levels.* More informa-
tion about the details of the reagent ion rotational distribu-
tion may be found elsewhere.”*

In a mixture of DBr and HBr, the transitions of the two
isotopomers overlap, especially for the (0,0) band of the F-
Xand /=X transitions. Figure 4 illustrates this behavior for a
2:1 mixture of HBr to DBr. Because DBr has approximately
twice as many lines as HBr in the same wavelength interval,
arising from the half-as-large rotational constant of DBr
compared to HBr, it is easier to find isolated DBr lines than
HBr lines. Although some DBr lines appear to be separated
from HBr lines, closer inspection shows that the wings of the
HBr lines may overlap the DBr lines causing some HBr *
formation along with DBr ' formation. We found that only
a few DBr ™ lines, such as P(3) and S(7), produce DBr™*
without detectable HBr * contamination.

Figure 5 demonstrates the absence of HBr* at early
times when the P(3) line of the DBr F—X (0,0) band is excit-
ed. At a delay of 20 ns the LIF spectrum shows no HBr *,

TABLE 1. Spin-orbit and vibration state selection and preparation of reagent DBr *.

Two-photon
Ionie state Selectivity Intermediate state Transition Wavelength (nm)
Mot =1 98% F'A, [’ ]5pmue=1 R(2) 253.958
1,5, 0 =0 9% F'A[*1,,,]5pmv=0 P(3) 259.583
1 fen T | 98% FAPIL,  Spmv=1 R(1) 263.304
Mmoot =0 99% A [P, ) Spmv=0 R(1) 269,182
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FIG. 3. Rotational population ‘distribution of the reagent ion
DBr * (°I1,,,,v* = 0) produced by (2 + 1) REMPI via the P(3) line of
the F'A,—X'2* (0,0) band.

whereas at a delay of 400 ns HBr* is clearly apparent,
formed by the charge-transfer reaction DBr®
+ HBr—-HBr* + DBr.

Finally, we note that the production of Br * and/orD *
(H ™) appears to be negligible under our operating condi-
tions. Mass spectrometry has shown that no ionic fragments
occur in the (2 + 1) REMPI of HBr via the f*A, state and
less than a few percent via the v = 1level of the F''A, state at
higher laser powers than we employed.>® Consequently, we
attribute all HBr * production as arising from charge trans-
fer of HBr with DBr+.

B. Product state distributions

Figure 6 shows a typical LIF spectrum of HBr recorded
in a 2:1 mixture of HBr to DBr at a total pressure of 15
mTorr. The DBr* reagent ion is produced by (2 + 1)
REMPI via the P(3) line of the F~X (0,0) band and the
HBr ' ion is detected by LIF after a 400 ns delay using the
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REMPI Laser Wavelength (nm)

FIG. 4. (2 + 1) REMPI spectrum of DBr and HBr F'A,-X'E" (0,0)
band recorded in a 1:2 mixture of DBr to HBr at a total pressure of 15
mTorr. The HBr lines have been shaded. The isolated DBr P(3) line is indi-
cated., :
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FIG. 5. LIF spectraof the HBr ' 4“2 * °T],,, (1,0) band recorded under
different time delays between the REMPI laser pulse and the LIF laser
pulse.

HBr* 422 *-XII, , (0,0) band. The good signal-to-noise
ratio of the lines allows the assignment of the intense R,,,
Q,, Q,,, and P, branch members. Members of the P,, and
R, satellite branches are too weak to be identified.
Rotational distributions are determined by integrating
the intensity of a line normalized to the probe laser power
and to the total amount of ions formed. The integrated inten-
sity is then divided by an appropriate rotational line strength
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FIG. 6. LIF spectrum of the HBr* A *X * -*I1, ,, (0,0) band. The HBr '
ions are produced from the charge-transfer reaction between
DBr " (*1,,,,v = 0) and HBr. The assignments of the rotational lines of the
R,;, @;, @1;, and P, branches are indicated.
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factor. For the 4 *% * —X *I1, ,, transition, we use the Hund’s
case (c) line strength for a 1—1 transition®® and for the
A*X*-Xl,, transition we use standard formulas,
where ¢y = 0.399°* and ¥ = — 333.32.** Care is taken to
avoid saturation effects, which could be verified by changing
the probe laser power by a factor of 3. Each line intensity is
an average of three scans, and the spectrum has been correct-
ed for the change in fluorescence detection efficiency with
excitation wavelength caused by the wavelength-dependent
response of the filter—photomultiplier combination. This
correction is approximately 10% in going from low to high
J *. A final correction is made for polarization effects by
simply adding together the P, Q, and R branch members
with the same J * quantum number. This last correction is
not exact but introduces little error, especially for higher J *

values.

Figures 7-10 present the resulting HBr* rotational

population distributions for charge transfer from
DBr* (i=iv* =0) (Fig. 7), DBr*(i=lp* =1)
(Fig. 8), DBrt(i=3p*t=0) (Fig. 9), and

DBrt (i=3p* =1) (Fig. 10). In most cases, an individ-
ual rotational population in each distribution has a typical
error bar of 4 109 (one standard deviation). Exceptions

(a)

HBr(*I 5, v*=0)

E e
mf

(b)

HBr* (3, v*=1)

Relative Population

Rotational Levels {J*)

FIG. 7. Product HBr * rotational population distributions from the reac-
tion DBr* (*ll,,,,0" =0) + HBr for (a) HBr ' (ll,,, '+ =0), (b)

HBr* Gl " = 1), and (¢) HBr ' (*M,,0" " =0).

30
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FIG. 8. Product HBr * rotational population distributions from the reac-

tion DBr * (°11,,,,0" = 1) 4 HBr for (a) HBr * (°I1,,,,0' * =0) and (b)
HBr ' (*l1,,,0'* =0).
are the weaker charge-transfer channels

DBr* (4,1)-HBr* (,0) and DBr™* (4,0)-HBr* (3,1),
for which the error bars are 309% and 60%, respectively. The
charge-transfer channel DBr ' (4,1) »HBr * (3,1) was not
measured because the signal-to-noise ratio was so poor.
Note that the rotational population distributions are
smooth, i.e., slowly varying as a function of J *. The near-
resonant charge-transfer channels DBr* (1,0) - HBr* (4,0)
[Fig. 7(a)] and DBr* (3,0) -~ HBr* (3,0) (Fig. 9) have ro-
tational distributions that are similar to the rotational distri-
bution of the HBr reagent at room temperature, whereas the
nonresonant channels [Figs. 7(b), 7(¢), 8, and 10) show
rotational distributions that are hotter. Thus, in all cases, the
J * distribution of the HBr* product differs markedly from

200
§ 150-
s Oe
Ef -t
£ 1004
2
&
& 50+ _ I
N i
4.5 6.5 85 105 125

Rotational Levels (J*)

FIG. 9. Product HBr * (’I1,,,,0' * = 0) rotational population distribution
from the reaction DBr* (*Il,,,, 0" =0) + HBr.
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FIG. 10. Product HBr * (°I1,,,,0'* = 0) rotational population distribu-
tion from the reaction DBr* (*11;,,0" = 1) + HBr.

thenarrow J * distribution of the DBr* reagent (see Fig. 3).
In almost all cases, the populations of the + and — parity
levels with the same J * value are nearly equal in the HBr*
product ion, again in sharp contrast to the populations of the
+ and — parity levels in the DBr™ reagent ion.
— parity levels in the DBr * reagent ion.

Boltzmann plots are prepared by graphing the rota-
tional population, divided by the rotational degeneracy fac-
tor (2J * + 1), vs rotational energy (see Fig. 11). We find
that the Boltzmann plot for HBr * (/' = 3,0’ * = 0) from the

In [P/2J+1)]

In [PH2J+1)]

1 T T
0 500 1000 1500
Rotational Energy (cm™)

FIG. 11. Boltzmann plots for the product HBr * rotational population: (a)
HBr* (°M,,,,0'* =0) from the reaction DBr* (*Il,,,,v* =0) + HBr
and (b) HBr' (*ll;, 0" " =0) from the reaction
DBr' (*il,,,,» " = 0) + HBr. The populations of the ¢ and fcomponents
are fitted separately.

reaction DBr* (i=3v" =0) + HBr is linear [see Fig.
11(a)], whereas that for HBr* (' = }v'* =0) from the
reaction DBr* (i = 1,0 =0) + HBr is almost linear [see
Fig. 11(b)]. Thus the rotational population distributions
are well described by temperatures. In Table IT we list the
rotational temperatures of the HBr* product ion for the
different energy-transfer channels studied.

C. Absolute rate constants

The absolute rate constant k(ip* —iw'") of the
charge-transfer channel (i,v*)—(i',v'*) is given by
d[HBr " (/v )]
dr

=k(ipT =iy ™)

X [DBr* (ip*)][HBr], (1)

where quantities in square brackets represent concentra-
tions. For early times following the initial production of the
reagent ion, Eq. (1) can be integrated to yield the expression

[HBr* (/,v'")]
[HBr][DBr * (jut)]Ar
where the concentrations [DBr* (v ¥ )] and [HBr] are
assumed constant, and Az is the time delay between reagent
ion formation and product ion measurement. In our experi-
ment, Ar=400 ns, and the concentration of HBr is
3.6 4 0.4 10" molecules cm ~*, as measured with a ca-
pacitance manometer. Thus, by determining the concentra-
tionratioof HBr ¥ (i',v' ¥ ) toDBr * (i,v* ), we evaluate Eq.
(2) to find the absolute rate constant.

In what follows, we sum over the rotational levels hav-
ing the same values of i and v™* or i and v'* to obtain
the relative concentrations [DBr* (ip*)] and
[HBr* (#,v' *)]. Figure 12 illustrates a spectrum covering
both DBr' and HBr* bands under the same conditions.
We put the [DBr™* (i,v* )] and [HBr* (#/,v'* )] concen-
trations on the same scale by meeting five conditions: (1)
The product ion is normalized in each case to the power of
the probe laser and to the total number of reagent ions
formed. (2) The absolute transition probabilities?® for
DBr* A2 *-X?IT and HBr* A2+ -XII are used to
convert fluorescence intensities to relative populations. (3)
For both HBr ¥ and DBr* the 4 *S * v = 0 excited state is
the same and has essentially the same radiative lifetime (4.4
1s).”%3 Consequently, no additional correction is needed to
put the two isotopomers on the same footing, assuming that

k(ip* =iy *t)= (2)

TABLE II. Rotational temperature of product HBr * (*IT,,v" * ).

Channel Temperature

type DBr* (*M,w*) HBr' (M, ") (K)
1 (3/2,0) (3/2,0) 369 + 40
1 (1/2,0) (1/2,0) 371 + 40
3 (3/2,1) (3/2,0) 564 + 60
1 (1/2,1) (1/2,0) 383 + 120
2 (1/2,0) (3/2,1) ‘e
2 (1/2,0) (3/2,0) 662 + 70
2 (1/2,1) (3/2,0) 679 + 70
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FIG. 12. LIF spectrum of the reagent DBr * 4 2 * [, , (0,0) band and
the product HBr* A4 *% * "1, ., (0,0) and 4 °Z * -*[1,,, (0,1) bands, The
HBr * signal has been expanded by fen times.

quenching processes are also approximately the same. (4)
Fluorescence is collected by passing through a narrow-band
filter that has a slightly different transmission for each flu-
orescence band. In addition, the Franck—Condon factors
also differ for the HBr ¥ 4-X and DBr* 4-X bands. These
two effects combine to cause the fluorescence detection effi-
ciency to be 10:17 for HBr * compared to DBr*. A corre-
sponding inverse factor must be applied to place the two
concentrations on the same scale. (5) Both DBr* and
HBr * are measured at the same time, A7 = 400 ns. No cor-
rection is made for any possible differential loss of one spe-
cies compared to the other because the field of view is much
larger than the initial volume of DBr that is ionized.

For the DBr*(50)—HBr" (3,0) charge-transfer
channel, %(3,0—4,0) could be determined at once because
the LIF spectraof DBr * and HBr ' are covered by the same
laser dye curve. For other channels, we face the problem that
different laser dyes are needed to measure the relative popu-
lations of DBr * ({,v* ) and HBr * (,v' ' ). We lock togeth-
er all measurements by referencing each set of
HBr* ({,#'* ) product ions recorded with a single laser dye

TABLE III. State-to-state thermal absolute rate constants.
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to the total ion signal of DBr * (i,u * ) recorded by monitor-
ing the ion current using parallel plates (see Fig. 1). In this
manner, the absolute rate constants for all channels are de-
termined, and the results are listed in Table I1T and displayed
in Fig. 13. We have also indicated in Table III the undetected
product states of DBr and the corresponding energy re-
leases, where a positive number refers to the amount of ex-
cess energy available to the products. We estimate that these
absolute thermal rate constants have an uncertainty of 20%
(one standard deviation) for the stronger charge-transfer
channels and a somewhat larger error, as indicated in Table
I1I, for the weaker channels. About half of this uncertainty
arises from our absolute measurement of the HBr concentra-
tion. Figure 13 clearly illustrates that the largest absolute
rate constant is for the nearly resonant charge-transfer chan-
nel DBr™* (3,0) + HBr(0)-HBr* (3,0) + DBr(0). We
also observe a strong preference for preserving the spin-orbit
component, i.e., Ai = 0.

IV. DISCUSSION

By laser techniques applied to a gas mixture of HBr and

DBr in a bulb we have studied the state-to-state dynamics of
the  charge-transfer reaction DBr' (’ll,p*,J ")
+ HBr—HBr * (°IL,0'*,J'*) 4+ DBr. We have also de-
termined the absolute rate constants k(4,v * -+i",v' * ) for the
different charge-transfer channels. These measurements rely
on the ability of (2 4+ 1) REMPI to prepare DBr* ions in
nearly pure (i,v* ) states and the ability of LIF to measure
the HBr ' product state distribution as well as the ratio of
HBr+ (/,0' ") toDBr * (i,v+).

The interpretation of these results is aided by consider-
ing the energetics of the possible charge-transfer channels,
shown in Fig. 14. The left-hand side of this figure pictures
the four energy levels of the DBr™ reagent ion accessed in
this study; the right-hand side shows the location of the
HBrt (i’,0' ") + DBr(v') product channels. Because of the
small change in zero-point energy between HBr and DBr as
well as HBr* and DBr*, the following charge-transfer
processes are nearly resonant (21 em™' exoergic):
DBr* (i = §3v* =0) + HBr(v =0) - HBr*

Reagent Product Rate constant Product Energy release
DBrt ¢ll,p*)  HBr' (I 0" ) (X10~Yemis 1) DBr(v') (ecm™ ")
(3/2,0) (3/2,0) 4,06 + 20% 0 21.0
(3/2,1) (3/2,0) 1.43 + 20% 1 —128.2
0 1711.2
(1/2,0) (1/2,0) 2.38 4+ 20% 0 21.0
(3/2,1) 0.20 + 60% 0 325.7
(3/2,0) 1.19 4 20% 1 833.1
0 2672.4
(1/2,1) (1/2,0) 1.24 + 20% 1 — 1282
0 1711.2
(3/2,1) 1 176.5
0 2015.8
(3/2,0) 1.10 + 30% 2 729.3
1 2523.2
0 4362.6
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RATE CONSTANT (x16'%cnPs™)

FIG. 13. A 3D diagram of absolute thermal rate constants for the charge-
transfer process DBr* + HBr—+HBr " + DBr, in which the values of the
rate constants (> 107" em®s ') are plotted along the Z axis, the reagent
states along the X axis, and the product states along the ¥ axis.

X (' = L' =0) + DBr(v' = 0). We call such a nearly
resonant channel a type-1 charge-transfer process. In addi-
tion, there are several other change-transfer processes, such
as DBr* (3,1) 4+ HBr(v = 0), that have a nearly resonant
channel HBr * (3,0) + DBr(v' = 1), as well as off-resonant
channels, suchas HBr * (3,0) 4+ DBr(v' = 0). Wecall these
type-1' charge-transfer processes. In a similar manner, we
denote a charge-transfer process with a single off-resonant
channel as a type-2 process, and with more than one such off-
resonant channel as a type-2' process. We have marked in
Table I1I each type of charge-transfer process.

A. Type-1i charge transfer

In a type-1 charge-transfer process, the energy release
(21 cm ') is much less than the thermal energy available
(210 em ™ '). Examination of Figs. 7(a) and 10 shows that
the resulting rotational distributions of the HBr* product
are slightly warmer than thermal (370 K); see Table II. Be-
cause Ai =0, Av ' =0, and Av = 0 for these channels, only
the conversion between translational and rotational energy
occurs. Although the DBr* reagent ion is prepared in a
narrow distribution of rotational levels, as shown in Fig. 3,
the resulting HBr * ion reflects closely the HBr thermal ro-
tational distribution. How then can we account for a HBr *
product rotational distribution that is about 20% hotter
than thermal?

The answer to this puzzle leads to a deeper insight into
the charge-transfer dynamics than might be first imagined.
The standard model is to suppose that the DBr* and HBr
collision partners form a long-lived complex in which all
degrees of freedom are equilibrated. If the DBr* reagent

Reagents Products
s DBr'Gv") HBr* i, v*)
(112,1) s
(1/2,1) —'49—
. A
';5 :,'.' (32,1) (3/2, 0)
8 -
x (172, 0) (/2,0 :;
g .l - @
IE (3/2, 1) (3/2,0)
1L
oL__@2o0 @20 ; ) o
HBr{v=0) DBr{v'=0) DBr{v'=1)  DBrfv'=2)

FIG. 14. Energy level diagram of reagents DBr* (*II,,v* ) 4+ HBr and
products HBr * (’[[‘.,,u’ '} + DBr, in which the thick solid lines represent

the energy of the two molecules and the dashed lines associate levels with
the same HBr * {“IIF,U’ + ) state but different DBr(v') states.

ions are assigned a temperature, its value would be close to
50 K. Assuming no dynamical constraints in the separation
of the complex, the resulting HBr * ions would be expected
to have a rotational temperature of approximately 250 K,
some 120 K cooler than what is observed. Hence, the charge-
transfer process leading to type-1 events must have more
complicated dynamics.

Another possibility is in addition to the formation of a
long-lived complex, a direct or short-lived charge-transfer
process contributes to the type-1 channel. As a first approxi-
mation, such a process might be expected to produce HBr
ions with a rotational distribution that closely mirrors the
HBr reagent (300 K).

Deeper consideration shows that the interaction be-
tween the charged DBr* and the rotating dipole of HBr
may cause some of the translational energy of the reagents to
be converted into rotation of the HBr * ion. Support for this
picture has been provided by Dugan and Magee,*' who cal-
culated the trajectories for collisions of HCl with a point
charge. This interaction may also help to explain why the
decomposition of the DBr * - HBr complex yields rotational-
Iy hot HBr *.

Another possible explanation is the existence of a com-
peting channel for the decomposition of the DBr* -HBr
complex. The formation of DBrH * + Br is 0.37 eV exoer-
gic.’? This mechanism requires that DBrH * product for-
mation takes place at the expense of colder HBr ' product
ions.

The type-1 channel DBr* (3,0) +HBr(v=0)
—HBr* (3,0) + DBr(v' =0) has the largest absolute rate
among all charge-transfer channels. If we discount small iso-
tope effects, then we expect that half the collisional en-
counters for this near-resonant process yield HBr* ions
rather than DBr * ions. Consequently, we estimate the total
collision rate constant to be 2X4.1 <10~ Y em? s~ ', which

- J. Chem. Phys., Vol. 96, No. 6, 15 March 1992
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is about 90% of the capture rate constant calculated using
the average dipole orientation (ADO) approximation.'®
Thus for this channel the formation of DBrH * seems to be
suppressed.

Recently, Viggiano, Morris, and Paulson®® have exam-
ined the reaction of H””’Br * with DBr in a flowing afterglow
and determined the rate constant for H"°Br * disappearance
to be 5.3x10° ' ¢m?®s—! under thermal conditions (300
K). In this study 209% of the HBr * is populated in excited
states (vibrational and spin-orbit). By observing the mass-
to-charge channels 81-84, Viggiano er al. estimate that the
absolute rate constant for charge transfer - is
2.540.5X10"" em?s~"' and that for proton transfer is
2.8+ 0.6:x10 ' cm’s~'. If we take our estimates for
the rate constants for charge transfer of
DBr*(i=4v" =0)+HBr and DBr'(i=3v* =1)

+ HBr and weight them by 4:1 (corresponding to 20% in
the first vibrationally excited state), we obtain for DBr* a
rate constant for charge transfer of 3.5+ 0.7x10°"
cm® s~ ' under the conditions of the experiment of Viggiano
et al. Thus there is no obvious contradiction between these
different measurements, especially when account is taken
that different isotopes are involved. Moreover, the total rate
of disappearance is comparable to that expected from the
(ADO) capture radius. The flowing afterglow experiment
of Viggiano et al. gives us additional confidence in the valid-
ity of our own results.

For the other type-1 process, DBr™ (4,0)
-+ HBr(v = 0) -HBr* (4,0) + DBr(v' = 0), the rate con-
stant is 2.4 1072 em*® s~ !, corresponding to a total rate
constant that is about 609 of the (ADO) capture collision
rate constant. This rate constant may be smaller than the
other type-1 rate constant because the channels
HBr* (40) + DBr(v=0,1) and HBr* (3,1) + DBr(s
= 0) may be open. If we take the sum of all such channels,
we obtain 4.0 10 ' cm®s !, which is nearly the same as
the other type-1 collision rate constant.

B. Type-1’ charge transfer

In these charge-transfer processes, DBr * is prepared in
the internal states (3,1) and (4,1) and the HBr* product is
intheinternal states (4,0) and (1,0) with the same spin—orbit
component as the reagent. The neutral DBr product, how-
ever, may be found in DBr(»' = 1), which is endoergic by
128 em ~', and in DBr(¢' = 0), which is exoergic by 1711.2
cm . The former is near resonant with an energy mismatch
of Jess than k7'=210 cm~'. For DBr*(jl)
+ HBr(»=0)-HBr* (3,0) + DBr(v' =0,1), the rota-
tional temperature of the HBr * product is 564 K, which is
much hotter than the rotational distribution for a type-1
charge-transfer process. We conclude that the near-resonant
channel in DBr* (4,1) + HBr(v = 0) does not make the
major contribution to this process. If we assume that the
excess energy of 1711.2 em ' is divided equally among the
ten rotational and translational degrees of freedom, the re-
sulting temperature is predicted to be 500 K, in good agree-

ment with what we observe. Again, the calculated tempera-
ture is slightly lower (by 64 K ); ion—dipole interactions may
once more account for this apparent difference. Thus the
type-1' process appears to proceed through a long-lived
complex. A simple quantum RRK estimate for the lifetime
of the DBr ' -HBr complex is on the order of picoseconds,
using the value of about 1 eV for the well depth.*? This is not
sufficient time for vibrational equilibration but statistical be-
havior may still result in the average over different collision
trajectories.

The size of the charge-transfer rate constant
(14310 " em®’s™") for DBr'(3,1) +HBr(v=0)
—HBr " (3,0) 4+ DBr(v' =0) also indicates that a long-
range charge transfer does not occur. Moreover, the small-
ness of this rate constant may reflect the importance of the
competing DBrH * + Br product channel. Similar argu-
ments apply to the DBr*(4,0)+ HBr(v=0)
—HBr* (},0) + DBr(v' = 0,1) charge-transfer channel.

C. Type-2 and type-2' charge transfer

The DBr+ (},0) + HBr(v =0) -HBr * (3,1) + DBr
X (v' = 0) charge-transfer channel is 325 cm ~ ' exoergic. It
involves the change of both i and v. Unfortunately, the poor
signal-to-noise ratio of our measurements did not allow us to
determine a rotational temperature for the HBr* product.
The absolute rate constant, 0.2X 107" cm’s~!, is far
smaller than the one for the DBr* (4,0) + HBr(v=0)
—-HBr* (4,0) + DBr(v' =0) near-resonant channel, in
which i does not change. Moreover, it is also
smaller than the DBr* (4,0) + HBr(v=0)
—HBr™* (3,0) + DBr(v' =0,1) off-resonant channel, in
which v does not change. Hence we conclude that the simul-
taneous change of 7 and v in a charge-transfer process is least
preferred.

Actually, our data suggest strongly that the value of v is
preserved in a charge-transfer collision in which 7 changes.
We reach this conclusion based on the following calcula-
tions. In the DBr™(},0) +HBr(¢=0)-HBr' (}0)
+ DBr(v') charge-transfer process, if we assume v’ =0,
then 2672.4 cm ' of energy is released. When this energy is
divided equally between the ten rotational and translational
degrees of freedom, the resulting temperature is 635 K,
which should be compared to our measured temperature of
662 K. Similarly, in the DBr' (},1) + HBr(»=0)
—HBr * (3,0) + DBr(v') charge-transfer process, if we as-
sume v’ = 1, then 2523.2 cm ™' of energy is released, leading
to a predicted temperature of 616 K. This should be com-
pared to the experimentally determined value of 679 K. In
both cases, the predicted temperatures are slightly lower
than the measured ones, a discrepancy that might be ac-
counted for by ion—dipole interaction. We also note that the
absolute rate constants for these two charge-transfer pro-
cesses are nearly identical, again suggesting that they pro-
ceed by the same mechanism. Thus, we conclude that Av =0
is strongly preferred for Ai#0 in DBr* 4 HBr charge-
transfer collisions.
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D. Possible Influence of the DBr+ 4+HBr—-DBrH* 4 Br
reaction channel .

In closing, we note that the absolute charge-transfer
thermal rate constants for DBr7(30) + HBr and
DBr * (},0) + HBr are nearly one-half of the rate constant
expected in the capture cross section model (ADO approxi-
mation). This suggests that the DBr* + HBr
—-DBrH* + Br reaction does not significantly compete
with charge transfer for DBr * in the v = 0 level, although
the DBrH * product has been observed under thermal con-
ditions by Viggiano et al.** Table III shows, however, that
the absolute charge-transfer rate constants for
DBr* (3,1) + HBr and DBr* (4,1) + HBr are approxi-
mately a factor of 2 smaller than the rate constants for DBr +
in the v = 0 level. One explanation for this behavior is that
charge transfer from DBr* (i,v * = 0) is more nearly reso-
nant than from DBr* (vt = 1). Another explanation is
that the DBr* + HBr—DBrH * + Br ion-molecule reac-
tion is promoted by vibrational excitation of the DBr * rea-
gent. More work is needed to make a choice between these
two possibilities and to assess the importance of the ion-
molecule reaction channel in affecting the charge-transfer
channel for the DBr* + HBr system.
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