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Rate coefficients for the endothermic reactions
C1(2P) 1 H2(D2)˜CH1(CD1)1H(D) as functions of temperature
from 400–1300 K

Peter M. Hierl,a) Robert A. Morris, and A. A. Viggiano
Phillips Laboratory, Geophysics Directorate, Ionospheric Effects Division (GPID), 29 Randolph Road,
Hanscom AFB, Massachusetts 01731-3010

~Received 9 January 1997; accepted 20 March 1997!

We have measured the bimolecular rate coefficients for the reactions of C1(2P) with H2 and D2 as
functions of temperature from 400 to 1300 K using a high temperature flowing afterglow apparatus.
The temperature dependences of these rate coefficients are accurately fit by the Arrhenius equation,
with activation energies equal within experimental uncertainty to the reaction endothermicities.
Internal energy dependences have been deduced by combining the present data with previous drift
tube and ion beam measurements. We found that reactant rotational energy and translational energy
are equally effective in surmounting the energy barrier to reaction, and that vibrational excitation of
the neutral reactant to thev51 state enhances the rate coefficients by a factor of;1000 for the
reaction with H2 and by;6000 for the reaction with D2 at temperatures of 800 and 500 K,
respectively. This vibrational enhancement is larger than the enhancement that would be produced
if the same amount of energy were put into translational and/or rotational modes of the reactants. In
addition, rate coefficients have been derived for the three-body association reaction of C1(2P) with
H2 in a helium buffer over the temperature range 300–600 K. ©1997 American Institute of
Physics.@S0021-9606~97!01724-8#
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INTRODUCTION

Over the past two decades, considerable attention
been given to the gas-phase ion–molecule reaction

C1~2P!1H2~
1S1!→CH1~X 1S1!1H~2S!,

~1!

DH0
°50.39860.003 eV,

and its deuterium analog

C1~2P!1D2~
1S1!→CD1~X 1S1!1D~2S!,

~2!

DH0
°50.43060.005 eV.

There are several reasons for the continuing interest in
C11H2 reaction. First, it has become a model system
experimental and theoretical studies of the kinetics, dyna
ics, and energy requirements of endothermic ion–molec
reactions. Second, it is one of the simplest triatomic, thr
electron systems involving ap electron, and the system ha
several potential energy surfaces. Third, experimental d
on this reaction can be used as a benchmark against w
theoretical treatments of ion–molecule reactions can
tested. Fourth, the reaction is of astrophysical significanc
a possible source of the CH1 ions observed in interstella
clouds.1–8

Consequently, this system has been the subject of
merous theoretical studies, includingab initio potential en-
ergy surface computations,9–14 classical trajectory
studies,15,16and phase space17–21and transition state22 theory
calculations.

a!NRC Senior Research Program. Permanent Address: Department of C
istry, University of Kansas, Lawrence, KS 66045-0046.
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Equally numerous are the experimental studies, which
date have relied upon various ion acceleration technique
overcome the reaction endothermicity. Ion beam meth
have been used to determine integral reaction cr
sections,23–26 product velocity vector distributions,27–29 and
rotational-vibrational state distributions of electronically e
cited products30–32 as functions of the relative translation
energy of the reactants. Additionally, selected ion flow d
tubes have been used33,34 to measure rate coefficients a
functions of translational energy.

In spite of the considerable attention these reactions h
received, there have been no reported measurements o
rate coefficients under conditions of thermal equilibrium.
this paper, we present the first such measurements, m
over the temperature range 400–1300 K using our ne
constructed high temperature flowing afterglow~HTFA! ap-
paratus. We compare these thermal rate coefficients with
phenomenological rate coefficients obtained from the pre
ous ion beam and drift-tube studies, thereby elucidating
effect of the internal energy of the neutral reactant upon
rate coefficient.

Additionally, we report here rate coefficients from 300
600 K for the three-body association reaction

C1~2P!1H2~
1S1!1He→CH2

11He, ~3!

which is exothermic by 4.34 eV~Ref. 35! for formation of
the product ion in its CH2

1(2A1) ground electronic state and
at the He buffer gas concentrations used in this study, c
petes effectively with the endothermic two-body channel@re-
action ~1!# below;600 K. The rate coefficients determine
in the present study are compared with those measured
m-
101450145/8/$10.00 © 1997 American Institute of Physics
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 This a
viously over the temperature range 80–300 K by other wo
ers utilizing flowing afterglow,36 drift tube,37 and selected
ion flow tube38 techniques.

A third possible reaction channel, radiative associatio

C1~2P!1H2~
1S1!→CH2

11hn, ~4!

has been studied at low temperatures~10–80 K! using ion
trap techniques,39,40 which have yielded rate coefficients fo
radiative association,kr , on the order of 10215 cm3 s21 at
these temperatures. Theoretical calculations ofkr have also
been performed;41,42 the results obtained are in reasonab
accord with the measured values and predict a marked
crease inkr with increasing temperature above 100 K. Co
sequently, reaction~4! will not compete with reactions~1!
and ~3! at the elevated temperatures of the present study

EXPERIMENT

The experiments reported here were carried out using
Phillips Laboratory high temperature flowing afterglo
~HTFA! apparatus. This instrument has been described
detail recently,43 so just a brief description is given her
Reactant ions are produced by electron impact in the
stream, water-cooled section of a ceramic flow tube. A
lium buffer carries the ions downstream, where the flow tu
is heated by a commercial furnace. After the ions ha
reached thermal equilibrium, the neutral reactant gas
added midway down the flow tube. At the end of the flo
tube, a small fraction of the gas mixture is sampled, and
remainder is pumped by a Roots blower. The ions in the
sample are analyzed by a quadrupole mass filter and dete
by an electron multiplier using pulse counting techniqu
The decay of the primary ion signal as a function of t
neutral reactant gas concentration yields the effective t
body rate coefficient,keff .

The C1 reactant ions were produced from research gr
CO, which was introduced into the instrument without fu
ther purification. Dissociative ionization of the CO was pr
sumably caused both directly by electron impact and in
rectly by Penning ionization from metastable He atoms. T
nominal electron energy was kept below 25 eV to ensure
only C1(2P) ground state ions were produced.@The appear-
ance energy for forming C1(2P)1O2from CO is;21 eV
~Ref. 44! and the first electronically excited state of the c
bon ion, C1(4P), lies 5.4 eV above the ground state.45# Suf-
ficient CO was added to ensure that production of C1 by
Penning ionization was complete before the neutral reac
inlet.

Spin-orbit coupling splits the ground state of the carb
ion into two states, the C1(2P1/2) and the C1(2P3/2),which
are separated by 8 meV.45 These are probably both produce
in the ion source region, presumably in the ratio of th
statistical weights. Calculated rate coefficients46 indicate that
the excitation (2P1/2→2P3/2) of C

1 ions by helium is fast
(k;10210 cm3 s21) at the high temperatures of this stud
This, combined with the frequent C1–He collisions, will
maintain a constant ratio of the two spin-orbit states of1

along the flow tube, thereby making it impossible to der
J. Chem. Phys., Vol. 106,
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any information on the relative rate coefficients of the tw
spin-orbit states from the present measurements.34

The helium buffer gas and the neutral reactant ga
were each passed through liquid nitrogen cooled traps
reduce the concentration of water vapor and other poss
impurities. No attempt was made to measure the CH1 ~or
CD1) product ions because it is known from previo
work47 that CH1 is rapidly (k;1029 cm3 s21) converted to
CH2

1 and then to CH3
1 via secondary reactions with exce

H2.
We estimate the error in the rate coefficient repor

here as625% and615% for the total and the relative erro
respectively.

RESULTS

Figure 1 shows a semilog plot of the reactant ion co
rate versus reactant neutral concentration for the reactio
C1 with H2 at several temperatures. The plots show go
linearity, indicating that source conditions are such that
detectable amounts of C1 in electronically excited states ar
present and that production of C1 is complete by the time the
neutral reactant is added. Effective two-body rate coefficie
keff for the consumption of C

1 are derived from the slopes o
these lines and a knowledge of the ion flight time.

Since the C1 ion is consumed by both the bimolecula
atom-transfer reaction~1! and the termolecular associatio
reaction~3!, the effective two-body rate coefficientkeff mea-
sured for the decay of the C1 signal with added H2 is given
by the equation

keff5k21k3@He#, ~5!

where k2 is the rate coefficient for the bimolecular atom
transfer reaction~1!, k3 is the rate coefficient for the termo
lecular association reaction~3!, and@He# is the helium con-

FIG. 1. Decay plots for the reactions of C1 with H2 in He buffer at tem-
peratures of 400, 700, and 1000 K.
No. 24, 22 June 1997
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 This a
centration. Figure 2 shows a plot of the effective two-bo
rate coefficients measured for the reaction of C1 with H2 at
400 K at varying buffer gas concentrations versus@He#. The
straight line represents a linear regression fit of Eq.~5! to the
data, from which the rate coefficientsk2 and k3 are deter-
mined at this temperature.

For the reaction of C1with H2, k2 and k3 were deter-
mined by this process over the temperature range 300–
K. The termolecular rate coefficientsk3 determined from
plots of keff vs @He# from 300–600 K are plotted versu
temperature in Fig. 3. The flattening out of our results at
higher temperatures is probably an artifact caused by
difficulty in accurately determining the slope ofkeff vs @He#
when k2@k3@He#, as becomes the case at the higher te
peratures. Nevertheless, the present results are in reaso

FIG. 2. Effective two-body rate coefficients for the reactions of C1 with
H2 in He buffer at 400 K versus He concentration. Error bars of615%
represent the reproducibility of the rate constant. The straight line repres
the linear regression fit to the data.

FIG. 3. Termolecular rate coefficients versus temperature for the rea
C11H21He→CH2

11He. The circles represent the results obtained in
present HTFA study. The triangle is from Fhesenfieldet al. ~Ref. 36!, the
square from Johnsenet al. ~Ref. 37!, and the diamonds from Adams an
Smith ~Ref. 38!. The solid line represents an empirical fit to the latter’s d
~see text!.
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agreement with previous measurements ofk3 over the tem-
perature range 80–300 K by Fehsenfeldet al.,36 Johnsen
et al.,37 and Adams and Smith.38 An empirical fit to the lat-
ter’s data gives the temperature dependence of the ter
lecular rate coefficient for the association of C1 with H2 in
the presence of He ask352.5310226T21.41 cm6 s21.

At temperatures greater than 600 K,k2 had increased to
such an extent that the termolecular association reac
made only a minor~,5%! contribution to the consumption
of C1. At these higher temperatures, the empirical expr
sion given above fork3 was used to deduce the value ofk2
from the measured value ofkeff . Figure 4 shows the tempera
ture dependence of the bimolecular rate coefficient,k2 , for
reaction~1! derived as described in this and the preced
paragraphs from the measured value ofk8 over the range
400–1300 K. The error bars assigned tok2 from 400–600 K
represent one standard deviation in the intercept found f
the linear regression analysis of thekeff vs @He# data at each
temperature in this range; at temperatures above 600 K,
error bars shown are based on a propagation of errors,
uncertainties of625% assigned to both the measured va
of keff and the calculated value ofk3 .

For the reaction of C1with D2, no attempt was made to
derive the termolecular rate coefficient experimentally b
cause of the large amounts of D2 that would have been re
quired. Instead, the temperature dependence ofk3 was de-
duced from an empirical fit to the data of Adams and Smit38

on the termolecular association of C1with D2 in a helium
buffer over the temperature range 87–287 K. The expres
obtained,k352.2310226T21.25 cm6 s21, was then used to
derive the bimolecular rate coefficient,k2 , for reaction~2!
from the measured value of the effective two-body rate
efficient,keff , and the calculated value ofk3 at each tempera
ture. Figure 5 shows the bimolecular rate coefficient,k2 ,

nts

on

FIG. 4. Bimolecular rate coefficients versus temperature for the reac
C11H2→CH11H. The solid circles are the results obtained in the pres
HTFA study from 400 to 1300 K; error bars are assigned as discussed in
text. The dotted line represent the analytical expression@Eq. ~6! in text# of
Solomon and Klemperer~Ref. 48!, the dashed line represents the express
@Eq. ~7! in text# derived by Herbst and Knudsen~Ref. 19!, and the solid line
represents the results@Eqs.~8! and~9! in text# of phase space calculations b
Gerlichet al. ~Ref. 21!.
No. 24, 22 June 1997
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 This a
obtained in this manner for reaction~2! as a function of
temperature over the range 400–1300 K. The error b
shown are based on a propagation of errors, with uncert
ties of625% assigned to both the measured value ofkeff and
the calculated value ofk3 .

DISCUSSION

In the absence of previous experimental measurem
of the thermal rate coefficients for the reaction of C1with
H2, several analytical expressions have been proposed
the years for the temperature dependence of the bimolec
rate coefficient for this reaction. In 1972, Solomon a
Klemperer48 used the beam data of Maier23 to derive the
formula

k25~7.5310215!• T5/4• exp~24700/T! cm3 s21. ~6!

This formula served as the accepted analytical expression
k2 until the 1980s, when several other workers18b,19,21 de-
rived expressions predicting significantly larger values
k2 . As can be seen in Fig. 4, the rate coefficients calcula
from Eq.~6! ~shown as the dotted line labeled SK! are 10–50
times smaller than the measured values obtained in
present HTFA study.

In 1981, Herbst and Knudsen19 proposed the expressio

k25~3.5310210! exp~24550/T! cm3 s21, ~7!

as a fit to the results of their nonequilibrium phase sp
calculations for the reaction of C1 with H2. Rate coefficients
calculated from this equation~shown as the dash–dotted lin
labeled HK in Fig. 4! are roughly a factor of 2–3 smalle
than the measured values ofk2 obtained in the present stud
over the temperature range 400–1300 K.

In the mid-1980s, utilization of the guided ion bea
~GIB! technique yielded significantly more accurate d
than had previously been available on the excitation func
~i.e., translational energy dependence of the integral c
section! for the reaction of C1 with H2. Ervin and

FIG. 5. Bimolecular rate coefficients versus temperature for the reac
C11D2→CD11D. The solid circles are the results obtained in the pres
HTFA study from 500 to 1300 K; error bars are assigned as discussed i
text.
J. Chem. Phys., Vol. 106,
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Armentrout26 derived an empirical expression for the tru
~i.e., unconvoluted! excitation function from their experi-
mental data by fitting their measured cross sections with
fective cross sections calculated by convoluting a trial fu
tion containing adjustable parameters with their experime
energy distributions. By integrating this empirical express
over a Boltzmann energy distribution, they then compute
value of 1.2310216 cm3 s21 for the thermal rate coefficien
at 300 K, a value which agrees well with an extrapolation
the present HTFA data to room temperature.

Phase space theory~PST! has been used18b,20 to model
the results of this GIB study. Ervin and Armentrout20 found
that PST accurately reproduced both the magnitude and
translational energy dependence of their measured cross
tions. By averaging their theoretically calculated cross s
tions over a Boltzmann energy distribution, they compute
value of 1.0310216 cm3 s21 for the thermal rate coefficien
for reaction~1! at 300 K, a value which agrees well wit
their experimentally determined value at that temperature

The excitation function for reaction~1! was measured in
a second GIB study by Gerlichet al.,21 who obtained excel-
lent agreement with the results reported by Ervin a
Armentrout.26 In addition, by using different ortho-para mix
tures of H2, Gerlichet al.

21 obtained information on the de
pendence of the cross section upon reactant rotational
ergy, and used PST to derive state-specific cross sect
Thermal rate coefficients for individual rotational state
k(T;J), were then calculated by numerical integration of t
properly weighted cross sections. They found that th
state-specific rate coefficients for reaction~1! could be well
approximated forJ<7 by an Arrhenius equation of the form

k2~T:J!5~1.58310210!• exp$2@DH0
°2E~J!

10.018 eV#/kT%, ~8!

wherek2(T;J) has units of cm
3 s21,DH0

°50.398 eV,E(J) is
the rotational energy of the hydrogen molecule in eV,k is
Boltzmann’s constant, andT is in Kelvin. The difference of
0.018 eV between the Arrhenius activation energy and
effective threshold energyDH0

°2E(J) is an empirically de-
termined parameter introduced by Gerlichet al.21 to opti-
mize the fit of their measured cross sections in the thresh
region with their assumed excitation function.

In order to compare these PST predictions with o
present measurements, we have calculated thermal rate
ficients at a number of temperatures over the range 4
1300 K from the equation

k2~T!5( p~J;T!• k2~T;J!, ~9!

wherek2(T) is the bimolecular rate coefficient predicted b
PST at temperatureT, andp(J;T)is the population of rota-
tional stateJ in normal hydrogen at temperatureT. For J
<7 ~i.e., for E(J),DH0

°10.018 eV!, k2(T;J) is calculated
from Eq. ~8! using the values ofE(J) given in Ref. 21. For
J.7, it is assumed that k2(T;J)51.58310210

cm3 s21.The results of this thermal averaging, shown as
solid line labeled GSD in Fig. 4, agree remarkably well w
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t
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 This a
our measured rate coefficients over most of the tempera
range of this study. This agreement is a necessary~but not a
sufficient! proof of the efficacy of reactant rotational ener
in surmounting the energy barrier to reaction as explic
stated in Eq.~9!.

An Arrhenius plot of the measured rate coefficients
reaction~1! is shown in Fig. 6. The straight line represents
linear regression fit of the equationk(T)5A
exp(2Ea /RT) to the HTFA data. As can be seen, the da
show excellent agreement~coefficient of determination,R2

50.9997)with the Arrhenius equation over the entire te
perature range studied. The Arrhenius parameters obta
from this fit are A5(7.460.8)310210 cm3 s21and Ea

50.39160.005 eV, with the quoted uncertainties represe
ing one standard deviation. The value of the activation
ergy,Ea , is equal within experimental uncertainty to the r
action endothermicity,DH0

°50.39860.003 eV, indicating
that there is no energy barrier to the reaction other than
endothermicity, a finding in agreement with the cross
beam, high resolution threshold determination by Gerl
et al.21 The value of the frequency factor,A, is about 0.46 of
the collision rate coefficient (1.6231029 cm3 s21) calcu-
lated from the simple Langevin model,49 which approximates
the interaction potential by that of a charge-induced dipo
using the value of 0.819310224cm3 for the polarizability of
H2.

50 This result is consistent withab initio calculations,9–12

which show that only two of the six nearly degenerate el
tronic states available to the reactants can lead to reac
under thermal conditions because of high energy barriers
the other four adiabatic potential surfaces. This would lea
an electronic degeneracy factor of 2/6 if one ignores the s
orbit splitting and assumes that all six states are equ
populated in the entrance channel, although somewhat hi
factors are possible under other scenarios.19,21

For the reaction of C1with D2, an Arrhenius plot~shown
in Fig. 7! of the bimolecular rate coefficients yields values
(8.060.8)310210 cm3 s21 and 0.42260.006 eV for the pa-
rametersA andEa , respectively, withR

250.9980. As was

FIG. 6. Arrhenius plot of the data shown in Fig. 4 for the reaction1

1H2→CH11H. The straight line represents the linear regression fit to
data.
J. Chem. Phys., Vol. 106,
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the case for reaction~1!, the value found for the activation
energy,Ea , of reaction~2! is equal within experimental un
certainty to the endothermicity~0.43060.005 eV! of the re-
action. The frequency factor,A, is about 0.66 the Langevin
collision rate coefficient (1.2231029 cm3 s21) for the reac-
tion of C1with D2, a ratio somewhat higher than was foun
for the reaction of C1with H2. Given the experimental un
certainties in the determination of the frequency factors
the two reactions and the simplistic nature of the Lange
model for collision rates, it is not clear that any real signi
cance should be ascribed to this disparity in ratios.

The expression for the state-specific rate coefficients
reaction~1! @Eq. ~8!# derived by Gerlichet al.21 as an em-
pirical approximation to their PST calculations, predicts e
plicitly that rotational excitation of the neutral reactant e
hances the rate coefficient for this endothermic reaction
lowering the effective energy barrier to reaction. The findi
that thermal rate coefficients calculated from Eq.~7! agree
very well with our measured values supports, but does
prove, the validity of this prediction. More direct evidenc
concerning the effect of reactant internal energy upon re
tivity can be obtained by comparing the thermal rate coe
cients measured in the present HTFA study with nonther
rate coefficients measured in drift tube or beam experime
where the translational energy of the reactants can be va
independently of the internal energy of the neutral reacta
the latter being fixed by the temperature~typically 300 K! of
the neutral reactant.

Such a comparison for the reaction of C1with H2 is
shown in Fig. 8. Nonthermal rate coefficients measured
Twiddy et al.34 in drift tube ~DT! study ~crosses! and those
measured by Erwin and Armentrout26b in a guided ion beam
~GIB! experiment~triangles! are plotted versus average tot
~translational1rotational! energy per molecule. Since th
H2 reactant was at room temperature in the nonthermal
periments, the rotational contribution~kT50.026 eV! to the
total energy was generally much smaller than the tran
tional contribution. The rate coefficients measured in th

e

FIG. 7. Arrhenius plot of the data shown in Fig. 5 for the reaction C1

1D2→CD11D. The straight line represents the linear regression fit to
data.
No. 24, 22 June 1997
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 This a
two experiments show remarkably good agreement, e
cially considering the differences in the experimental te
niques employed.~The GIB results obtained by Gerlic
et al.21 were essentially indistinguishable from the results
these experiments and thus were not included.! The thermal
rate coefficients measured in the present HTFA study
plotted in two ways; first, versus the average translatio
energy, 3kT/2, of the reactants~open circles!, and second,
versus the average total energy, 5kT/2, of the reactants
~solid circles!. Comparison of the first representation of t
HTFA data~open circles! with the drift tube and beam dat
is equivalent to comparing reactants possessing ne
equivalent translational energies but quite different inter
energies; this comparison clearly shows that the greate
ternal energy of the H2 reactant in the HTFA experimen
causes approximately a ten-fold increase in the magnitud
the rate coefficient measured at the same translational en
with room temperature H2.

When the rotational energy of the H2 reactant is included
~solid circles!, the HTFA results show excellent agreeme
~particularly at the lower end of the temperature range st
ied! with the drift tube and beam data at the same value
the averagetotal energy, despite the fact that the relati
proportions of translational and rotational energy are qu
different in the HTFA and drift tube/beam experiments. Th
clearly shows that reactant rotational and translational ene
are equally effective in overcoming the endothermicity
this reaction.

The agreement between the HTFA data plotted ver
5kT/2 and the drift tube/beam data is not as good at
higher end of the temperature range studied as it is at
lower, with the HTFA thermal rate coefficients being 10%
20% greater than the drift tube/beam rate coefficients. T
disparity may be an artifact caused by differences in
widths of the energy distributions in the two sets of expe

FIG. 8. Bimolecular rate coefficients obtained in the present HTFA st
for the reaction C11H2→CH11H plotted versus average translational e
ergy, 3kT/2, ~open circles!, and versus average total~translational plus ro-
tational! energy, 5kT/2, ~solid circles!. Data from a previous drift tube
experiment at room temperature by Twiddyet al. ~Ref. 34! are shown as
crosses, and data from a guided ion beam study by Ervin and Armen
~Ref. 26! are shown as triangles.
J. Chem. Phys., Vol. 106,
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ments at the same average energy, or it might be cause
the onset of a vibrational contribution to the internal ener
of H2. Due to the high vibrational frequency of H2 ~4400
cm21, equivalent to a vibrational spacing of 0.545 eV!, the
population of H2(v51)is insignificant at the lower tempera
tures and has been ignored in this analysis; however, by 1
K the population of H2(v51) has risen to 0.76%. Since th
reaction C11H2(v51)→CH11H is exothermic, this rela-
tively small percentage of vibrationally excited H2 could
measurably enhance the overall rate coefficient.

Figure 9 shows a similar comparison between the HT
results and the drift tube/beam results for the reaction
C1 with D2. The general features are similar to those d
cussed above with regard to the reaction of C1with H2, thus
reinforcing the conclusion that reactant rotational and tra
lational energy are equally effective in overcoming the e
dothermicity of this reaction. This same conclusion has a
been reached in four other studies of rotational effects on
rates of endothermic ion molecule reactions51 and, since no
exceptions have yet been found, seems to be quite gene

A second important feature displayed in Fig. 9 is that t
discrepancy between the HTFA data plotted versus 5kT/2
and the drift tube/beam data at the higher temperature
much more marked for the reaction with D2 than for the
reaction with H2. This observation strongly suggests that t
greater reactivity found in the HTFA study at a given val
of ~translational1rotational! energy is caused by vibrationa
excitation of the D2 reactant, for which the vibrational fre
quency is 3111 cm21 ~equivalent to a vibrational spacing o
0.385 eV!, thereby resulting in D2(v51)population of 3.1%
at 1300 K.

We have derived the rate coefficients for the reactions
C1 with vibrationally excited H2 and D2 from the two sets of
data~HTFA and GIB! for each reaction and from the calcu

y

ut

FIG. 9. Bimolecular rate coefficients obtained in the present HTFA stu
for the reaction C11D2→CD11D plotted versus average translational e
ergy, 3kT/2, ~open circles!, and versus average total~translational plus ro-
tational! energy, 5kT/2, ~solid circles!. Data from a previous drift tube
experiment at room temperature by Twiddyet al. ~Ref. 34! are shown as
crosses, and data from a guided ion beam study by Ervin and Armen
~Ref. 26! are shown as triangles.
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 This a
lated H2 ~or D2) vibrational populations as a function o
temperature. The rate coefficient at a given temperature
be written as

k2~T!5( p~v;T!• k2~T;v !, ~10!

wherek2(T) is the measured thermal~i.e., HTFA! rate coef-
ficient as a function of temperature,k2(T;v) is the rate co-
efficient at temperatureT for a given vibrational state of the
neutral reactant, andp(v;T) is the Boltzmann population o
that vibrational state at temperatureT. Because of the high
vibrational frequencies of H2 and D2, the termp(v;T) de-
creases very rapidly with increasingv at the temperatures o
the present study, and only the first two terms (v50,1) of
the sum need be considered. We takek2(T;v50) as the rate
coefficient measured by Ervin and Armentrout26b in a GIB
experiment with room-temperature neutral reactant, wh
the temperature is derived fromEc.m. ~the center-of-mass
translational energy! from the relationship 3kT/25Ec.m.,
and solve Eq.~10! for k2(T;v51).The results are shown i
Fig. 10 ask2(v51) for the reactions of C1with vibrationally
excited H2 ~open circles! and D2 ~solid circles!. From a
propagation of errors treatment, we estimate a factor o
uncertainty in the reported values.~This relatively large un-
certainty is primarily an artifact caused by using the sm
differences between the HTFA data and the GIB data to
rive the rate coefficients for the vibrationally excited neut
reactants.!

The rate coefficients thus derived for the reaction
C1 with H2(v51)are in the range 1–231029 cm3 s21,
which is approximately the Langevin collision rate coef
cient, and show a slight negative temperature depende
This reaction is exothermic by 0.147 eV for the formation
CH1(v51),and both the magnitude and the temperature
pendence of the derived rate coefficients are typical of
exothermic ion–molecule reaction. At 800 K, the lowe
temperature for which we could derive a rate coefficient

FIG. 10. Bimolecular rate coefficients derived as described in the text
the reactions of C1 with H2(v51) ~open circles! and D2(v51) ~solid
circles!.
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this reaction, the ratiok2(v51)/k2(v50)'1000. This ratio
diminishes with increasing temperature, falling to a value
about 50 at 1300 K.

The derived rate coefficients for the reaction of C1 with
D2(v51)are smaller (3–5310210cm3 s21)and show a
slight positive temperature dependence, as would be
pected for this reaction, which is endothermic by 0.047
for the formation of CD1(v51). The vibrational enhance
ment is even more striking in this case than for the react
with H2. At 500 K, the ratiok2(v51)/k2(v50)'6000, the
largest vibrational effect upon reactivity that we have o
served. Again, this ratio diminishes with increasing tempe
ture, falling to a value of about 20 at 1300 K.

Comparison of thek2(v51) results with thed2(v50)
data from the DT/GIB experiments shows that vibration
excitation of the neutral reactant produces a greater enha
ment of the rate coefficient than would occur from increas
the translational and/or rotational energy of the reactant
their ground vibrational state by the same amount. We h
observed similar behavior in other systems.51

SUMMARY

A high temperature flowing afterglow apparatus h
been used to measure for the first time the thermal rate
efficients for the endothermic ion–molecule reactio
C1(2P)1H2~D2!→CH1~CD1!1H~D!.The wide temperature
range studied, 400–1300 K, allows detailed comparison
the results obtained with theoretical models for this react
and with microscopic rate coefficients measured as functi
of reactant translational energy in drift tube and ion be
experiments.

The Arrhenius equation has been found to provide
accurate empirical fit to the temperature dependence of
rate coefficients for these reactions, with the activation en
gies equal to the reaction endothermicities and the freque
factors being about 1/3–2/3 of the Langevin collision ra
constant.

The results obtained for the reaction of C1(2P) with
H2 are in excellent agreement with an expression for
rotational state-specific rate coefficients for this reaction
rived by Gerlichet al.21 as an empirical approximation t
their statistical phase space calculations. This agreement
ports the prediction of these calculations that rotational ex
tation of the neutral reactant enhances the rate coefficien
lowering the effective energy barrier to reaction.

More direct evidence concerning the role of reactant
ternal energy upon reactivity was obtained by comparing
thermal rate coefficients measured in the present study
previously published drift tube and guided ion beam resu
on the translational energy dependence of the rate co
cients. This comparison not only demonstrated that reac
rotational energy and translational energy are equally ef
tive in promoting reaction, but has also allowed rate coe
cients to be derived for the reactions of C1(2P) with H2 and
D2 in the v51 vibrational state.

r
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