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Temperature Dependence of the Rate Constants for the Reactions of C,H with C,H,,
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Reactions of the ethynyl (C,H) radical with C,H,, H,, and D, were studied over the temperature range 298-438 K by
time~resolved mass spectrometry. The rate of the reaction with C,H, was followed by measuring the appearance rate of
C4H,. The rates of the reactions with H, and D, were deduced by measuring the dependence of C,H, production (arising
from the reaction of C,H with the C,H, precursor) on the partial pressure of added H, or D,. The rate constants for the
reaction C,H + C,H, — C/H, + H were also measured following reflected shock waves by monitoring H atom resonant
absorption at 121.6 nm. In both experiments, the C,H radical was generated by ArF (193-nm) laser photolysis of C,H,.
A rate constant of (1.5 % 0.3) X 107'° cm® molecule™! s™ was obtained for reaction 1 without any temperature dependence
at T = 298-2177 K. The results for the reactions C,H + H, — C;H, + H and C,H + D, — C,HD + D could be represented
by the Arrhenius expressions, k; = (1.8 & 1.0) X 107" exp(—(1090 £ 299)/T) and k; = (1.4 % 0.8) X 107'! exp(-(1377
+ 301)/T) cm?® molecule™ s, over the range of T = 298-438 K. The classical barrier height for reactions 2 and 3 was
estimated to be 2 kcal/mol on the basis of conventional transition-state theory. The isotope effects on reactions 2 and 3

calculated with Wigner tunneling correction were in good agreement with the present results.

1. Introduction

The ethynyl radical, C,H, is known to be important as a pre-
cursor for soot formation! in the pyrolysis of C,H,, and the rate
constants for the C,H reactions with C,H, and H,,

CzH + Csz - C4H2 +H (1)
CZH + H2 - C2H2 +H (2)

have been measured at room temperature by several groups.?™
Laufer and Bass? determined the rate constants of reactions 1 and
2 by observing the appearance rate of C,H, in the flash photolysis
of C,H,. On the other hand, Stephens et al.” determined the rate
constants by following the time decay of a C,H infrared transient
absorption line using color center laser spectroscopy. Their values
of k; and k, are about 5 and 3 times larger than those of Laufer

Y Present address: School of Pharmaceutical Science, Kitasato University,
5-9-1 Shirokane, Minato-ku Tokyo 108, Japan.

and Bass. In order to explain this discrepancy, Stephens et al.
argued the formation of a long-lived intermediate (such as C;H,
in reaction 1 and C,H; in reaction 2). However, the value of k;
derived by Stephens et al. is in good agreement with the recent
values of Shin and Michael® and of Koshi et al.’ In our previous
work,? the rate constants of reactions 1 and 2 were derived from
the production rates of H atoms by using a LIF technique at the
Lyman o wavelength. The production rates of C,H, were also
followed by using mass spectrometry. The rate constants obtained
from the production rates of H atoms and of C,H, agreed with
each other within the experimental errors. It was also found that
all the C,H radicals initially formed by the photolysis of C,H,
were converted to H atoms by reactions 1 and 2. Therefore, it
is concluded that reactions 1 and 2 proceed without forming the
long-lived intermediates, and their rate constants at room tem-
perature are now well established.

In spite of these studies at room temperature, very few mea-
surements of the temperature-dependent rate constants have been

0022-3654/92/2096-9839$03.00/0 © 1992 American Chemical Society
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reported to date for these reactions. The temperature dependence
of the rate constant of reaction 2 is of interest for the modeling
of soot formation in hydrocarbon combustion. Also, measurement
of the temperature dependence of the isotope ratio for the C;H
+ H,/D, reactions is important to obtain information on the
structure of the transition state and to examine the effect of
tunneling on the rate constant.’ In the present study, the rate
constants for reactions 1-3 were determined by using the laser-

photolysis/time-resolved mass spectrometry (LP/MS) technique
over the temperature range of 7 = 298-438 K. The resulting
isotope ratio of k,/k; was compared with conventional transi-
tion-state theory combined with the ab initio calculation of the
transition state.

The rate constant of reaction 1 at much higher temperatures
(T = 1000-2200 K) has been measured by Shin and Micheal®
using the laser-photolysis/shock-tube (LP/ST) technique. We
have also applied the LP/ST technique to determine the rate
constants of reactions 1 and 2.!° Since our high-temperature rate
constant of reaction 1 was smaller than that of Shin and Micheal,
we re-examined this rate constant, and a new value is presented
here.

2. Experimental Section

The apparatus used in the LP/MS experiments is identical to
that used in the kinetic studies previously.>' 12 A Pyrex flow cell
of 1.6-cm inner diameter was installed in the vacuum chamber
of a quadrupole mass spectrometer. It was found that rate
measurements were significantly affected by a heterogeneous loss
process which was kinetically first order. A coating on the wall
of the Pyrex cell with Teflon film was essential to prevent this
heterogeneous loss. The rate of loss without coating was measured
to be 600 s™!, whereas it was reduced to less than 100 s™' with
Teflon coating. Our preliminary report!® on the rate constants
of the C;H reactions measured with a reaction cell without Teflon
coating might be less accurate because of the very fast loss rate
of C,H on the cell wall.

In the present experiments, the temperature of the cell was
controlled with an electric heater in the range of T = 298-438
K. Gases in the cell were sampled continuously through a small
orifice (100 um) into the electron-impact jonization chamber of
the mass spectrometer. A secondary electron multiplier, operated
with pulse-counting mode, was used to detect the ion signals. The
time profiles of the mass-selected signals were obtained by scanning
the gate delay of the pulse counter with a fixed gate width of 50
or 100 us.

The C,H radical was generated by ArF laser photolysis of C,H,.
The sample gas mixture (0.1-0.3 mTorr of C,H,, 0-0.3 Torr of
H,, or 0~0.7 Torr of D, at a total pressure of 5 Torr in He) was
irradiated by an unfocused output of the ArF laser (Questek 2220)
with typical fluence of 25 mJ/cm?. Since the yield of H atom
production (and hence C,H production) by 193-nm photolysis of
C,H, with this laser fluence has been estimated to be less than
[H]/[C,H,] = 2 X 107 by using a vacuum UV-LIF technique,’
pseudo-first-order conditions (C,H; or H; or D, in large excess)
were always maintained in the present experiments. The C,H,
molecule was detected with an ionizer electron energy of 16 ¢V.
Although experiments were conducted to detect the possible re-
action products, e.g., C;H, or C,H;, none was detected except
C,H,. An attempt to detect C,H also failed because of the large
background ion signal from a fragment of C,H, even with the
low ionizer electron energy.

The LP/ST experiments were performed with a diaphragmless
shock tube of 5-cm diameter. The details of the apparatus were
described in our previous publications.'*!* Briefly, the sample
gas mixture (20-100 ppm C,H, diluted in Ar) in reflected shock
waves was irradiated with an unfocused output of an ArF excimer
laser (Questek 2220) with a typical laser fluence of 67 mJ/cm?.
The laser was triggered with a 50-us delay time after the reflected
shock wave passes through the observation section. The time-
dependent concentration of the H atoms produced by the laser
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TABLE I: Summary of the Rate Constants for the C;H + C;H,
Reaction

ki /107 coy® k,/107% cm?
T/K  molecule™ s T/K  molecule s
298 1.4 £ 0.3° 1613 18+£04
409 14 £0.7 1638 1.5+ 08
438 1.3+£04 2010 1.5+ 04
1600 1.5+ 04 2177 19004

2The errors are given to 2 standard deviations.

photolysis of C,H, was monitored by using ARAS (atomic re-
sonant absorption spectroscopy). The Lyman « resonant radiation
at 121.6 nm from a microwave-excited discharge lamp (1% H,
in He) was isolated by a 20-cm vacuum UV monochromator and
was detected by a solar-blind photomultiplier (Hamamatsu R972).
Absolute concentrations of H atoms were determined by using
a calibration curve that was obtained from measurements of the
steady-state concentrations of the H atom in the thermal de-
composition of H,/N,O/Ar mixtures.

C,H, (99.8%), H, (99.995%), He (99.9995%), and Ar
(99.9995%) were obtained from Nihon-Sanso and were used as
delivered.

3. Results and Discussion

In the present LP/MS and LP/ST experiments, initial equal
amounts of H atoms and C,H radicals were produced by the ArF
laser photolysis. The photochemical primary process in C,H, is
known to be fairly complex,>*!¢% and many radicals such as CH,
C,, C,H(AZII), and triplet (*B,) vinylidene have been observed.
Possible complicating effects of these radicals on the kinetic
measurements of the C,H reactions were already discussed by
Shin and Michael® and Laufer et al.>?"*? Satyapal and Bersohn®
showed that the yields of H atoms by the ArF laser photolysis
of C,H, were proportional to the laser fluence up to 100 mJ/cm>.
In the present LP/MS experiments, the laser fluence was kept
low enough to prevent the production of CH or C, radicals by
multiphoton processes.>® The total pressures and the concen-
trations of C,H, were chosen so that the time scale for the rate
measurements was much longer than the collisional deactivation
rates of C,H(A?II).> The collisional quenching rate of the triplet
vinylidene radicals® could be slow under the present experimental
conditions. Its successive reaction with C,H,,

H,C=C(B,) + C,H, = C,H, + H, (@)

could affect the production rate of C,H,. However, the rate of
this reaction (k; = 5 X 107}3 cm® molecule™! s71)!6 is too slow to
affect the observed production rates of C;H,. This is further
confirmed by the fact that the rate of H atom production and the
rate of C,H, production in the photolysis of C,H, agreed well with
each other and that the amount of H atoms produced by reaction
1 was balanced to the initial amount of C,H.? In addition, the
rates of H atoms and C,H, production were independent of the
photolysis laser power. Therefore, the vinylidene radicals with
long lifetimes cannot affect the time profiles of the H atoms and
C,H,. The H atom abstraction reaction, H + C,H, — H, + C;H,
is also slow under the present conditions.?* Thus, the observed
time profiles of C,H, should exclusively reflect the reactions of
the thermalized ground-state C,H radical.

3.1. Reaction with C;H,. An insert in Figure 1 shows a typical
ion signal of C,H, at m/z = 50 observed in the LP/MS exper-
iments. The C,H, signals were found to exhibit single-exponential
rises. The first-order rise rates derived by a nonlinear least-squares
fit to a single-exponential function are plotted in Figure 1 against
the initial concentrations of C,H,. The measurements were
performed at T = 298, 409, and 438 K. The bimolecular rate
constants derived from the slopes of the plots in Figure 1 are
summarized in Table 1.

The rate constants of reaction 1 were also measured in the
LP/ST experiments. A typical example of the time profile of the
absorption at 121.6 nm behind reflected shock waves is shown
in Figure 2. In this figure, z = 0 is defined by the arrival of the
reflected shock wave at the observation station and the photolysis
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Figure 1. Pseudo-first-order rise rates of C(H, (m/z = 50) vs [C;H,]
obtained in the LP/MS experiments. Total pressure was fixed at p =
5 Torr in He. Open circles, T = 298 K; closed triangles, T = 409 K;
closed squares, T = 438 K. Insert shows an example of the time profile
of C,H, after the ArF laser photolysis of C,H;:[C,H,] = 4.6 X 10'?
molecules cm™, 7 = 298 K.
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Figure 2. Example of the time profile of the absorption at 121.6 nm

behind the reflected shock wave: T =1613 K, p = 1.4 atm, and 20 ppm
C,H; in Ar. The ArF laser was fired at ¢ = 50 us.

laser was fired at 7 = 50 us. The background absorption in the
range of ¢ = 0-50 us is due to the absorption by shock-heated
C,H,.26 This background absorption (i.e., the absorption without
laser photolysis) was approximately constant behind the reflected
shock wave under the present experimental conditions (T =
1600-2177 K and P = 1.3-2.2 atm), indicating that the H atom
production by the thermal decomposition of C,H, was negligible.
This was also confirmed by the numerical simulation based on
the reaction mechanism for the thermal decomposition of C,H,
proposed by Frank and Just.?® At T=2000K and P = 2.2 atm,
the H atoms produced by the thermal decomposition at ¢ = 300
us were estimated to be [H] = 1.8 X 10™#[C,H,], which was much
lower than the H atoms produced by laser photolysis ([H] =~ 2
X 1073[C,H,]). Following instantaneous production of H atoms
due to the ArF laser photolysis of C,H, at ¢ = 50 us, the absorption
intensity gradually increased to a steady-state level. The time
profiles of H atoms after photolysis were fitted to a single-ex-
ponential function to determine the pseudo-first-order rate con-
stants. The resulting bimolecular rate constants of reaction 1 at
shock-tube temperatures are also included in Table I. It is clear
from this table that the rate constants of reaction 1 are constant
over the temperatures 298—-2177 K. The rate constant of k, =
(1.5 £ 0.3) X 107 cm® molecule™ s~ was obtained by a simple
average of all the values. The present high—-temperature values
of k, are larger than those of our previous report (k; = (6.6
1.1) X 107" cm® molecule™ s™' at T = 1565-2218 K).'® This is
caused by inadequate procedures for the least-squares fit. It was
found that the values of [H]. were incorrect in the previous
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Figure 3. Arrhenius plot of the rate constant of the C,H + C,H, reac-
tion. Closed circles, this work; open circles, Koshi et al. (ref 9); open
triangles, Shin and Michael (ref 8); closed triangles, Lange and Wagner
(ref 6); open squares, Stephens et al. (ref 7); closed squares, Laufer and
Bass (ref 2).

analysis, and a plot of 7! against [C,H,] had a non-zero intersect
at [C,H,] = 0. Since the heterogeneous loss of the C,H reactant
in shock waves should be neglected, the value of 7! should be zero
at [C,H,] = 0. In the present analysis of the shock-tube data,
the rate constants were determined by the linear least-squares fit
of the plots of 7~ against [C,H,] under the constraint of zero
intercept.

The present rate constants of reaction 1 are compared with all
literature values except the incorrect values of our earlier re-
ports'®!? in Figure 3. It should be noted that the rate constant
derived from the decay rates of C,H by Stephens et al.” is in good
agreement with the results of the present measurements of the
appearance rates of the products, H and C;H,. The present results
also agree well with the results of Shin and Michael® and the
results of the room-temperature measurements by the vacuum
UV-LIF detection of H atom.® The lower value of Laufer and
Bass? (k; = (3.1 £ 0.2) X 107" cm?® molecule™ 57!) was derived
from the appearance rates of C;H,. Stephens et al. have suggested
the formation of a stable intermediate (such as an isomer of C,H,
or C,H,) in order to explain the discrepancy between their value
and that of Laufer and Bass. The formation of C,H; from the
C,H precursor in the thermal polymerization in the pyrolysis of
C,H, has also been suggested by some researchers.?”® Since the
decay rates of C,H and the appearance rates of H atoms were
identical, Shin and Michael® concluded that the formation of the
stable C,H, radical was ruled out. The present results further
confirm their conclusion.

3.2, Reactions with H, and D,. The rate constants of reactions
2 and 3 were determined in the LP/MS experiments by measuring
the dependence of the yields of C,;H, formation on the partial
pressures of H, or D,. It was found that the yield of C,H,
formation decreased by the addition of H, or D,. This decrease
is apparently caused by reaction 2 or reaction 3. By integrating
the usual kinetic equations for reactions 1 and 2, the following
equation for the C,H, yield is obtained:

ks [C.H]o
k‘"l[Hz = ([C4Hz]-= - 1)[Csz] &)

Here, [C,H], is the concentration of C,H initially formed by the
photolysis of C,H,, and [C,H,].. is the concentration of C;H, at
t = o. The value of [C,H],/[C4H,].. is simply equal to the ratio
of the signal intensities of C{H, at t = « with and without the
addition of H,, since it was already confirmed that all the C,H
radical initially formed by the photolysis of C,H, was converted
to C,H, in the absence of H,.> The quantities on the right-hand
side of eq 5 are plotted in Figure 4 against the concentrations of
H, at several temperatures. The slope of this plot is equal to the
ratio of the rate constants, k,/k;,. The corresponding plots for
reaction 3 are shown in Figure 5, and the resulting values of k,/k;
and k;/k, are summarized in Table II.

There are four®$”® and two®? previous room-temperature
measurements for reactions 2 and 3, respectively, including our
recent measurements by vacuum UV-LIF detection of H atoms.®
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Figure 4. Plot of the RHS of eq 5 vs [H,]. The slope of this plot is equal
to the ratio k,/k;. Open circles, T = 298 K; closed circles, T = 349 K;
open squares, 7 = 370 K; closed squares, T = 409 K; open triangles, T
= 438 K. Lines are the linear least-squares fit under the constraint of
zero intercept.
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Figure 5. Plot of the RHS of eq 5 vs [D;]. The slope of this plot is equal
to the ratio k;/k;. Open circles, T = 298 K; closed circles, T = 349 K;
open squares, 7 = 370 K; closed squares, T = 409 K; open triangles; T
= 438 K. Lines are the linear least-squares fit under the constraint of
zero intercept.

TABLE II: Summary of the Ratio of the Rate Constants Obtained in
the LP/MS Experiments’

T/K (ka/ K1)/ 107 (ks/ky)/107
298 34402 0.87 % 0.03
349 43 %02 1.7 %02
370 53806 1.9 £ 0.2
409 8.1%06 2.6 04
438 9.5%02 42005

9k, k,, and k; are the rate constants for the C,;H + C,H,, C,H +
H,, and C,H + D, reactions, respectively. The errors are given to 2
standard deviations.

With a value of k; = 1.5 X 107'° cm* molecule™ 57, the present
rate constants, k, and k;, are compared with previous literature
values in Figure 6. In this figure, our previous values'®!3 of k,
at high temperatures are omitted, since the accuracy of these values
are questionable as described below. The room-temperature rate
constants derived from the vacuum UV-LIF experiments (k, =
(7.1 £ 1.1) X 107 and k3 = (2.0 £ 0.3) X 107"* cm® molecule™
s7')? are higher than the LP/MS results (k, = (5.1 £ 2.0) x 107"®
and k; = (1.3 £ 0.5) X 107"? cm® molecule™! 57'), but these values
overlap one another within combined uncertainties. The errors
(2 standard deviations) in the present values are estimated from
the sum of the relative errors in the ratio of the rate constants
(ky/k, and k3/k;) and the absolute error in k;. The present results
are also in agreement with the results of Stephens et al.” and
Landre et al.?? within experimental error, but the rate constants
of Laufer and Bass® and Lange and Wagner® for reaction 2 are
much lower than the present value, as is the case of reaction 1.

From the values in Table II, simple Arrhenius expressions for
reactions 2 and 3 can be obtained by using the temperature-in-
dependent rate constant of reaction 1: k, = (1.8 £ 1.0) X 107!
exp(—(1090 = 299)/7) and k; = (1.4 £ 0.8) X 10! exp(—(1377
% 301)/7) cm® molecule™ s™!. A TST calculation by Harding
et al.*° for reaction 1, with ab initio transition-state properties,
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Figure 6. Arrhenius plots of the rate constants of the C,H, + H, (open
points) and the C,H, + D, (closed points) reactions. © and @, this work;
A and A, Koshi et al. (ref 9); O, Stephens et al. (ref 7); B, Landre et al.
(ref 27); ©, Laufer and Bass (ref 2); v, Lange and Wagner (ref 6). The
line is the result of the TST calculation using the POL-CI transition-state
properties with the classical barrier height of 2 kcal/mol.

predicted highly non-Arrhenius behavior at high temperatures,
Therefore, the above Arrhenius expressions are valid only in the
temperature range 298—438 K.

Unsuccessful attempts have been made to determine the
high-temperature rate constant of reaction 2 in the LP/ST ex-
periments. Since the rate of reaction 1 is already very fast, a low
concentration of C,H, was required to observe the acceleration
in H atom production by the addition of H,. However, enough
signal intensity could not be obtained with such low concentrations
of C,H,. Our previous report!® on the rate constant of reaction
2 was based on the erroneous low value of k;. Reanalysis of the
data indicated that the production of the H atom in the previous
experiment was still dominated by reaction 1. Hence, the accuracy
of our previous values is questionable.

In Figure 6, the present rate constants for reaction 2 are also
compared with the results of a conventional TST calculation that
uses the POL-CI transition state obtained by Harding et al. Since
they estimated that the POL-CI classical barrier height of V* =
4.0 kcal/mol was too high by 1.2-2 kcal/mol, the value of V* was
adjusted so that agreement with experimental values could be
achieved. If Wigner tunneling corrections are included, good
agreement is obtained with the barrier height of ¥* = 2 kcal/mol.
This TST calculation indicates that the tunnel effect is important
at temperatures below 1000 K.

The ab initio calculations of Harding et al.*° predicted a linear
transition state that is located in the reactant region in the phase
space. The H-H bond length in the POL-CI transition state is
only 6% greater than in the unreacted H, molecule. In this case,
one would expect little change in the activation energy between
C;H + D, and C,H + H, reactions, since the zero-point energy
correction might be similar for such loose transition states. The
difference in rate constants would depend mainly on the preex-
ponential factor that is dependent on average relative velocities
and the vibrational and rotational partition functions. The ratio
of the relative velocities for C,H + D,/C,H + H, is equal to 27/2,
and the ratio of the rotational partition functions with the POL-CI
transition-state geometry is equal to 0.73. Thus, the isotope effect,
when expressed as the ratio of rate constants k;/k;, is expected
to be 0.52 if the difference in the vibrational partition functions
and the tunnel effect are neglected. According to Wigner’s theory,
the isotope effect for the tunneling is determined by the imaginary
normal-mode vibrational frequency associated with the reaction
coordinate. Since no ab initio calculation on the C;H + D,
reaction has been reported, we use the result of the MP2/6-31G**
calculation.’ The transition-state geometry calculated at the
MP2/6-31G** level also has linear configuration and is similar
to the POL-CI transition state, but the classical barrier height
is 4.76 kcal/mol. The vibrational frequencies for the transition
state at the MP2/6-31G** level are 81.9 (2), 549 (2), 822 (2),
2526, 3524, 3616, and 774i cm™! for the C,H + H, reaction and
73 (2), 390(2), 821 (2), 2459, 2566, 3615, and 557i cm™! for the
C,H + D, reaction. The D/H ratio of the isotope effect for the
Wigner tunneling correction is equal to 0.74 at 298 K and 0.84
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Figure 7. Temperature dependence of the ratio of the rate constant for
the C,H + D,/H, reactions. Lines are the results of the TST calculation
using the MP2/6-31G** transition-state properties: Solid curve, with
the Wigner tunneling correction; broken curve, without tunneling cor-
rection. Open circles with error bars are the results of the present ex-
periments.

at 438 K. Thus, the ratio k;/k; is estimated to be 0.38 at 298
K and 0.45 at 438 K by neglecting the difference in the ratio of
the vibrational partition function. This value is close to the present
result of k3/k, = 0.26 £ 0.09 at 298 K and 0.44 % 0.14 at 438
K. For a more precise evaluation of the isotope effects, the values
of k;/k, were calculated on the basis of conventional TST theory.
It should be noted that the ratio k3/k; is independent of V* and
depends on the normal-mode vibrational frequencies and the
moment of inertia of the transition state. The results are compared
with the experimental results in Figure 7. The ratio k;/k, is
around 0.5 without the tunneling correction, as expected from the
above discussion, and inclusion of the Wigner tunneling correction
gives better agreement with the experimental results.

4. Conclusions

The main conclusions obtained in this work are summarized
as follows:

(1) The rate constants for the C,H + C;H, —~ C,H, + H
reaction were determined by using two different experimental
techniques: LP/MS at T = 298-438 K and LP/ST at T =
16002200 K. No temperature dependence was found for this
reaction, and the rate constants obtained in this work were in good
agreement with the most recent results of Shin and Michael® and
with the room-temperature rate constant of Stephens et al.” derived
from the decay rates of the reactants.
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(2) The temperature dependence of the rate constants for the
C,H + H, and C,H + D, reactions was measured for the first
time at T = 298—438 K by using a LP/MS technique. The present
results agree well with the results of a conventional TST calculation
coupled with the ab initio transition-state properties. The im-
portance of the tunneling effect on these reactions is confirmed.

Registry No. C,H, 2122-48-7; C,H,, 74-86-2; H,, 1333-74-0; D,,
7782-39-0.
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