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A shock tube study of the reaction of H atoms with

DF*
Jerry F. Bott

The Aerospace Corporation, El Segundo, California 90009
(Received 29 March 1976)

The reaction rate of H with DF has been measured at temperatures between 2100 and 3900°K in a shock
tube study. The measurements indicate that the sum of the two reaction rates for H4+DF—HD +F (rate
k;) and H+DF—D+HF (rate k,) has an activation energy of 33700 cal/mol-sec. These data establish
upper limits for each of the rate coefficients and should serve as a guide for théoretical calculations.

{. INTRODUCTION

When the first shock tube measurements of HF disso-
ciation rates were performed by Jacobs, Giedt, and
Cohen! in 1965, there were no data for the rate of HF
removal by H atoms in the reaction

H+HF2LH,+F, AE=31700 cal/mol . (1)

H atoms produced by the dissociation of HF can accel-
erate the removal rate of HF so that Reaction (1) must
be considered in the data analysis. They used a best
guess of k,=10" exp(~ 35000/RT) cm®/mol-sec for the
rate coefficient of this reaction in the analysis of their
data. The subsequent interest in HF chemical lasers
stimulated both experimental®=" and theoretical®® in-
vestigations of the reverse of Reaction (1):

(-1)

The experimental data for Reaction (- 1) have been ob-
tained at temperatures between 173 and 400 °K, and the
measured rates range between 102 and 10'*-® em®/mol-
sec at 300 °K. Largely on-the basis of the data of Ho-
mann et al. ? and theoretical calculations of Refs. 8 and
9, Cohen'® has recommended a rate coefficient of k_,
=1.6x10 exp(- 1600/RT) cm*®/mol-sec, which corre-
sponds to k, = 8. 3x10"% 7% exp(~ 33000/R7T) cm®/mol-
sec. These recommended values are larger than the
1965 estimates of Jacobs ef al.' by a factor of approxi-
mately 30 at temperatures between 2000 and 4000 °K.

F+H,2:LHF+H, AE=- 31700 cal/mol .

Trajectory calculations’! have indicated that the ex-
change reaction

H +H'FI2H" +H'F (2)

makes an important contribution to the vibrational de-
activation of HF by H atoms and occurs with a small ac-
tivation energy. On the other hand, Bender ef al. 12 have
performed a priovi electronic structure calculations and
estimated a barrier height of 40 kcal/mol for Reaction
(2). Inthe present study, we have performed experi-
ments to measure rate coefficients for the isotopic vari-
ations of Reactions (1) and (2):

H+DFZ:DH+F , (3)
H+DFZ4HF+D. (4)

We have measured the sum of the two reaction rate co-
efficients, k; and k,, in the temperature range of 2000
to 4000 °K. Although the separate values of %2; and %,
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cannot be extracted unequivocally from the data, the
measurements do place upper limits on each of these
two rate coefficients. These upper limits are useful
for comparison to theoretical calculations, in particu-
lar, to trajectory calculations for abstraction reac-
tions such as Reaction (4) or Reaction (2). Such com-
parisons serve as tests of potential energy surfaces
used in the calculations. In turn, the theoretical calcu-
lations can serve as a guide in estimating the relative
magnitudes of %; and k,.

. EXPERIMENTAL APPARATUS

The shock tube has a 6% in. diam, 35 ft long driven
section with a 3 in. diam, 10 ft driver section. The
driven section is evacuated with a diffusion pump
backed up by a mechanical pump. A manifold connects
the tube to two mixing tanks made of the same 6% in.
diam tubing (surplus periscope tubing). The pressures
are measured with Heise 0—200 psi, Heise 0-400 psi,
and Heise 0—800 Torr Class AA test gauges. The stain-
less steel tubing was passivated with the DF in the test
mixture. After filling the tube to the desired pressure,
the test mixture was flowed through the driven section
to flush out any impurities pushed to the end of the tube
by the initial fill. A similar procedure was used suc-
cessfully for HF (DF) vibrational relaxation studies. 1%

The ir emission of DF near 3.6 um was monitoredwitha
Texas Instrument InSb detector. Interference filters
allowed only the fluorescence between 3.6 and 4.5 um
to enter the detector. In a few experiments, the HF
fluorescence at 2.0 to 2.5 um was monitored. The de-
tector output across a 1000 Q resistor was amplified by
a Perry Associates Model 50 amplifier and displayed on
Tektronix oscilloscopes equipped with camera attach-
ments. The combined risetime of the detector ampli-
fier combination was 1.4 usec.

Two sets of experiments were performed. The ir
emission was monitored behind the incident shock wave
in one set and behind the reflected shock wave in the
second set. In both cases, the emission from the cen-
ter of the shock tube was focused on the detector ele-
ment with a 2 in. diam, 6 in. focal length CaF; lens in
a 2f-2f configuration. A 1 in. focal length CaF, lens
placed 1 in. in front of the detector element increased
the effective area of the element. Two 0.1 in. X0, 3 in.
apertures placed at the shock tube window and in front
of the detector (~ 2.5 in. from the detector and ~ 9.5 in.
from the lens) restricted the monitored volume of gas

Copyright © 1976 American Institute of Physics
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DF fluorescence behind a reflected shock wave in a

FIG. 1.
mixture of 0.1% DF, 2% H,, and Ar, 7T=2558 °K and pressure
=14,4 atm. 7},,=2.1x10* (usec?). Sweep speed=50 psec/cm.
Signal shown on two sensitivity settings.

so that the shock wave traversal time was short com-
pared to the chemical reaction time. For the measure-
ments behind the reflected shock wave, the emission
was monitored along an axis located 0.5 in. from the
end wall. The incident shock measurements were made
6. 5 ft from the end of the shock tube.

The shock speeds were measured with thin-film plat-
inum heat gauges and a raster display. The gauges
were placed at 1 ft intervals for the incident shock ex-
periments and 6 in. intervals for the reflected shock
experiments. The estimated uncertainties in the in-
cident shock velocities were approximately 0.3%. A
shock wave attenuation of approximately 1% per meter
was observed in the reflected shock experiments and
=0, 5% per meter in the incident shock experiments.
The shock speed was interpolated for the incident shock
experiments and extrapolated to the end wall for the re-
flected shock experiments,

The gases used included ultrahigh purity H, (99. 999%)
and ultrahigh purity Ar (99.999%) from Matheson Gas
Products. Ozark Mahoning 98% DF was distilled by
cooling to LN, temperature, pumping off any residual
gas, and warming to a temperature such that the vapor
pressure of DF was approximately 30 Torr.

1977

1ll. RESULTS

Figure 1 shows an oscilloscope record of the DF emis-
sion behind a reflected shock wave in a mixture of 0.1%
DF, 2% H,, and Ar. The conditions behind the shock
wave were calculated to be 2558 °K and 14. 4 atm. The
emission intensity can be described by (I-1I.)
= A exp(- 2/7%) where I, is the final intensity. At the
temperatures and pressures of the experiments, the
DF emission is optically thin! and, therefore, is pro-
portional to the DF concentration. The values of o
were obtained from semilog plots of {I-1I,) versus #Z,
The results obtained behind incident and reflected
shocks are listed in Tables I and II, respectively. The
gas mixtures contained 0.1% DF, 2-4% H,, and the bal-
ance Ar in the reflected shock experiments, and Q. 5%-
1% DF, 5%—10% H,, and the balance Ar in the incident
shock experiments. At low temperatures, the large
activation energy for the H, dissociation stretched out
the reaction zone for pressures obtained behind the in-
cident shock waves. Therefore, low temperature ex-
periments were performed behind reflected shock waves,
where higher pressures could be produced.

The dominant reactions that govern the disappearance
of DF are the following:

M
H,+M5.2H+M , (5)

H+DF 2HD+F , (3)

H+DF -LHF+D, (@)

F+H, " HF+H, (- 1)

(6)

The four-center reaction, H,+DF — HF + HD, that could
compete with this set of reactions at lower temperatures
has not been included. Such a reaction would cause the
DF fluorescence to decay exponentially with ¢ instead of
with the observed t%°. Hydrogen atoms are produced by
the dissociation of H, described by Reaction (5) with M
representing the various collision partners, principally
Ar and H,. The atoms can react with DF by either Re-
action (3) or (4). Reactions (- 1) and (6) are exother-

D+H, X8 HD+H .

TABLE I. Data obtained behind incident shock waves.

Shock [DF1x 108,

velacity [E,]% 107 [Ar]x 10 T ¢ lab (kg +ky)®
(mm/ psec) (mol/cm?) {(mol/cm®) (°K) (po/py)? (usec)? (cm®/mol- sec)
2.059 0.74 1.39 3785 3.87 223 3.55x 104
1.973 1,03 1.95 3524 3.90 350 2.93x 1012
1.966 2.15 1.91 3231 3.96 1290 1.14x 1012
1.966 2,15 1.91 3231 3.96 1312 1.12x 102
1.876 1.65 3.13 3191 3.80 925 1.92x 1012
1.742 2.54 4,81 2790 3.75 8100 8,76 x 10!
1.742 2.54 4.81 2790 3.75 9600 7.39x10%
1.643 4.00 7.59 2513 3.69 41500 5,06 101

®Density ratio across shock wave.
-1
g+ ky) = [k H, (AT 1+ 4[Hy D7 g 1ab (0/09%] .

J. Chem. Phys., Vol. 65, No. 5, 1 September 1976
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TABLE II. Data obtained behind reflected shock waves.

Shock

velocity [DF]x108 [H,]x 108 [Arix 103 T 2/ (kg +ky)®
(mm/ usec) (mol/cm?) (mol/cm?) (mol/cm?) (°K) (usec)? (em3/mole sec)
1.160 5.8 1,15 5.62 2971 1.00x 103 7.2x 101t
1.110 6.4 1,28 6.25 2732 3.9%x10° 6.5x 10
1.096 6.8 1.35 6.60 2667 8.3x10° 4,2x 101t
1.072 7.0 1.41 6.89 2558 2.1x10* 3.4x 101
1.045 7.7 1.54 7.53 2438 5.1x 104 3.1x1olt
1.015 8.3 1.66 8.12 2307 2.5%10% 1.71x 101
1.025 12.3 4.90 11.75 2292 7.2%10% 1.49x 104
1.0237 8.4 3.37 8,07 2287 1,74x10° 1.37x 104
0.9852 9.3 1.85 9.04 2182 8,2x10° 1.47x 101t
0.9925 9.4 3.74 8.96 2158 8.1x10° 9.0x 101
0.9749 14.8 5.91 14.16 2087 8.0x10° 8.,0x10%

=1
(g + ) = (s AT 1+ 40, D)

mic and essentially thermoneutral, respectively. Both
are fast compared to Reactions (3) and (4). Therefore,
Reaction (3) followed by Reaction (- 1) leads to the same
products as Reaction (4) followed by Reaction (6). The
removal of a DF molecule by an H atom leads directly
to the production of one HF and one HD molecule and a
replacement of the H atom. As a consequence, the ex-
periments performed in the present study cannot dis-
tinguish between these two parallel reaction paths. The
results of the few experiments in which HF was moni-
tored were in complete agreement with those in which
DF was monitored.

The DF concentration can be described by

%[DF}L—@3+MXDFHH]. (7)
Because of the speed of Reactions (~ 1) and (6) and the
excess of H, over DF, the concentrations of F and D re-
main small, and the reverse Reactions (- 3) and (- 4)
can be neglected in Eq. (7). At times that are short
compared to the H, dissociation time, the H atom pro-
duction rate can be approximated by Eq. (8):

d

27 H1= 25T M] (8a)

(H] = 265(H, ] [M]z , (8b)
where [H,], is the initial H, concentration. The substi-

tution of Eq. (8b) into Eq. (7) and integration give

[DF]

[DF], 9

= exp{= (ks + k5 [H,ld M1} .

The values of (k;+k,) can be calculated from the mea-
sured values of 75/, listed in Tables I and II with

ky+hky= {k%d[Hz]o[M]Tf/e}-l .

Equation (10) is valid if DF is removed before a large
fraction of the H, dissociates. The H, dissociation
cools the gas so that the temperature-dependent kY de-
creases. After a large fraction of H, has dissociated,
the concentration of H atoms is not properly described
by Eq. (8b) in which the H, concentration is approxi-
mated by [H,], and 2¥ is assumed to be constant. The
fraction of H, dissociated by the time [DF |/[DF]y=¢""

(10)

was largest at the highest temperatures. However, the
sensitivity of (k;+%,) to the temperature drop is not as
great as would be inferred from Eq. (10), since this
equation is obtained only after two integrations of Eq.
(8a). In a test case, a complete calculation was per-
formed that included the gas-dynamic equations as well
as Reactions (1), (3)=(6). The calculated DF concentra-
tion decreased from [DF], to [DF|,/e with an average
exponential decay rate that agreed within 10% with that
predicted by Eq. (10). This is well within the experi-
mental scatter of + 30%. Two gas dynamic effects tend
to offset the temperature drop resulting from the H, dis-
sociation. Shock attenuation (estimated to be =<0, 5%
per meter for the incident shock experiments) and lami-
nar boundary layer growth both cause the temperature
to increase behind the shock wave. '*'® This tempera-
ture rise was estimated to be smaller than the tempera-
ture decrease from the dissociating H,. We have in-
cluded only those incident shock experiments in which
the [DF| had decreased to [DF],/e before the theoreti-
cally predicted transition to a turbulent boundary layer
had occurred.

We have chosen for the hydrogen dissociation rate
coefficient £2T=1. 34x10%° 7-1* exp(~ 106 400/RT) cm®/
mol . sec, which was calculated from the back reaction rate
EAT=0.72x10" T°! cm®/mol?. sec. The latter expres-
sion is a good fit to the theoretical calculations of Shui,
Appleton, and Keck, 1" which in turn agree closely with
data at both room temperature and shock tube tempera-
tures. Jacobs et al.'® measured the slightly faster rate

of #A7=10'® T between 2600 and 4800 °K. We have in-
cluded Ar and H, and neglected the other minor species
in calculating the H, dissociation rates. For the disso-
ciation rate of H, by H,, we have used k.Z=4xk*F, which
was determined by Jacobs et al.'® Although they do not
directly enter the analysis, the rate coefficients &_;
=1.6x10" exp(~ 1600/R7T) and kg=10">% exp(~ 6140/
RT) cm®/mol - sec were taken from Refs. 10 and 19, re-
spectively. Reactions such as HF (DF) dissociation
were too slow to contribute to the DF disappearance;
other reactions involved species in such small concen-
trations that they could be neglected (F +D,, D,+Ar,
HD+Ar, H+HD).

J. Chem. Phys., Vol. 65, No. 5, 1 September 1976
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k3 + k4 fems3/mol-sec)

ool | 1
2

3 4 h
104717k
FIG. 2. Experimental data for (ks +k,) versus 104/T. 0, in-
cident shock data, e, reflected shock data.

The deduced values of (k;+k,) are listed in Tables I
and II and are plotted in Fig. 2. The results of the in-
cident shock measurements are in substantial agree-
ment with those of the reflected shock measurements
despite the fact that the concentrations and boundary
layer effects differed in the two sets of experiments.
The scatter of the data about the solid line in Fig. 2 is
approximately + 30%.

1V. DISCUSSION

The measurements of (k,+k,) between 2100 and
3900 °K are plotted in Fig. 2. The data can be described
with the Arrhenius expression (k;+£,)=2. 9% 10"
X exp(~ 33700/RT) cm®/mol - sec. The separate values
of k; and 2, cannot be extracted unequivocally from the
data, but the measurements do place upper limits on
each of these two rate coefficients. Since the trajec-
tory calculations for Reaction (3) and Reaction (4) sam-
ple different regions of the potential energy surface,
they need to be compared separately to the measured
values of (k,+%,). These comparisons provide tests of
the potential energy surfaces used in the trajectory cal-
culations.

We will consider first the trajectory calculations® %20
for Reaction (- 1) F+H,~ HF + H, the isotopic analog of
Reaction 3. Since only Wilkins® 222 has calculated the
rate coefficients for the various isotopic combinations
of H and D in Reaction (- 1) over a full set of tempera-
tures, his calculations will be used for comparisons
with the present experimental data. [He used an LEPS
surface having a barrier height of 1500 cal/mol® that

1979

was chosen to give good agreement of the trajectory cal-
culations with experimental data for the overall rate of
Reaction (- 1) and the initial vibrational distribution. ]
The calculated effects of isotopic substitution on the
overall reaction rates are in good agreement with room
temperature measurements. -2 Wilkins’ calculated
rate coefficients are shown in Fig. 3 along with values
for the F + H, rate coefficients which Cohen'® recom-
mended on the basis of the experimental evidence. The
theoretical and recommended values are in agreement
at room temperature and are within a factor of 1.7 at
3000 °K. Semiclassical trajectory calculations that
give good results for a reaction can be expected to give
good results for the same reaction with isotopic sub-
stitution in the high-temperature limit where quantum
mechanical effects should be minimal. For compari-
son with the measured values of (5 +#%,), the trajectory
calculations for k_; and the equilibrium constant for the
reaction (calculated from the thermodynamic dataZ®)
can be used to calculate theoretical values for k;. These
theoretical values of k; imply an activation energy of

~ 33700 cal/mol, the same as the measured values of
(k3 +k,). [The activation energy can be calculated from
the equilibrium constant and an activation energy of
~1600 cal/mol for the exothermic reaction (-~ 3). ] How-
ever, the calculated values are smaller than the mea-
sured values by a factor of ~6. This comparison would
suggest that &, is the more significant contribution to
the measured sum of k;+ %, and that it has an activation
energy of ~ 34000 cal/mol and a pre-exponential factor
of 104,

Even if k; is the chief contribution, certain limits can
still be placed on k,. A lower limit to the value of the
pre-exponential factor of &, can be estimated by the
methods outlined by Benson.?” A value of A>10'%% ¢m®/
mol . sec is calculated with the assumption of a bent in-

T T
N
N
]UM - N\ —
AN 1
e N\ ]
[~ \\\ \
\ h ]
I _
AN
N
L \\ 4
" N F+Ho——HF+H [ref 10)
;‘f 1013:, AN F+Hy——HF +H -
£ o A 1
C")E L
FF+HD—DF+H
F+HD—HF+ D —"
1012k
L I 1
0 1 2 3 4 5 B 7

108/T ok 1)

FIG. 3. Rate coefficients for the reactions of F with H, and
HD: ===, values recommended for F+H; in Ref. 10; ~—, tra-
jectory calculations of Refs. 9 and 22,
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termediate similar to the ground state H,S geometry.
The pre-exponential factors for similar metathesis re-
actions range between 10'%** and 10'*** cm?®/mol - sec® %,
thus, this estimate of 10'%® for the lower limit seems
reasonable. McDonald and Herschbach?® have found that
the pre-exponential factor for Reaction (11),

H+DCl=HCl+D (11)

must be = 10*® cm®/mol - sec. Therefore, halogen ab-
straction rate coefficients do not appear to have abnor-
mally low pre-exponential factors.?® For A=10'® and
an activation energy as low as 19000 cal/mol, k, would
contribute 50% to the measured sum of (k;+k,) at

2100 °K and would seriously affect the temperature de-
pendence of (k;+k,). The data show no such effect, and
we conclude that the activation energy of 2, must be

> 19000 cal/mol.

We consider next the comparison of the present data
to calculations for Reaction 4. Wilkins studied the vi-
brational deactivation of HF by H atoms with trajectory
calculations'*3! on the same LEPS surface used in the
calculations for Reaction (- 1), F+H,~HF + H. In his
calculations Reactions (2) contributed significantly to
the vibrational deactivation of HF (v=1) by H atoms.
Subsequent calculations®? on the same LEPS surface for
the exchange

D+FH(r=0,J=2) 2 DF (v’ =0) + H (12)

resulted in a rate coefficient of k,,= 10587 -0-8

x exp(~ 2638/RT) cm®/mol . sec between 300 and 1000 °K,
which extrapolates roughly to values between 3 and 6
%10 at 2000 °K. With the assumption of a weak J de-
pendence, the rate coefficient 2, can be approximated

by k_i». This calculated value, however, is ~50 times
larger than the total value of k;+ &, measured in the
present study and has a very weak temperature depen-
dence compared to the large temperature dependence
(33700 cal/mol) of the measurements.

Prior to the present study, Heidner and Bott®® at-

tempted to measure the rate of Reaction (- 4) at 300 °K
in a slow flow discharge tube in which HF was mixed
with D atoms. In that experiment, they observed no
evidence of Reaction (- 4) within the sensitivity of the
laser induced fluorescence monitoring technique. They
inferred an upper limit of 10*® ¢m®/mol - sec for k_,
from their results (this corresponds to an upper limit of
10"% for k,), a value that is ~ 3 orders of magnitude less
than that predicted by the trajectory calculations® at T
=300 °K. Therefore, the LEPS surface used in the tra-
jectory calculations for Reaction (4) and the vibrational
relaxation of HF (v=1) by H atoms®® does not appear to
reproduce the experimental results even though the sur-
face parameters were calibrated on the F +H, reaction

(-1).

In a recent paper, Thompson ef al.** described simi-
lar discrepancies between experimental data and trajec-
tory calculations for the exchange Reaction (11). They
discussed the complications in the several continuous
photolysis experiments as possible explanations of the
discrepancy as well as the possible failure of the theo-
retical calculations. Those experimental complications

Jerry F. Bott: Reaction of H atoms with DF

do not occur in the present study of H+DF or in a mea-~
surement of the rate of Reaction (11) in this labora-
tory.? We can only conclude that there is a basic prob-
lem in adjusting an LEPS surface for a given reaction,
and then performing trajectory calculations for a differ-
ent reaction even though the same three atoms are in-
volved.

The limitation of the LEPS formalism was demon-
strated recently when Bender, Garrison, and Schaefer'?
performed a priori electronic structure calculations of
the H+ FH barrier for the exchange reaction (2). They
concluded that the barrier is ~ 40000 cal/mol, rather
than the 1500 cal/mol used by Wilkins. ! Wadt and Win-
ter®® with similar calculations have found a comparable
barrier and evidence of a very “non-LEPS” angular de-
pendence for the surface. Although our data neither
prove nor disprove a barrier of 40000 cal/mol, a bar-
rier of at least 19000 is required for their reasonable
interpretation. If the removal of DF proceeds primari-
ly by Reaction (4), then the measured values of (k;+k,)
indicate a barrier of ~ 34 000 cal/mol.

In conclusion, we have measured the sum of the rate
coefficients (&;+k,) between 2100 and 3900 °K. These
measurements establish upper limits for the exchange
rate k, that are ~ 50 times smaller than recent trajec-
tory calculations on an LEPS surface and should serve
as a test of future theoretical predictions. The data
support the existence of a large barrier of H atom ab-
straction in H+ HF collisions.
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