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Three-Centered Processes. Bimolecular
Transfer and Unimolecular

Elimination Reactions

Publication costs.assisted by The National Science Foundation

Sir: Infrared chemiluminescence from gas phase
chemical reactions allows direct measurement of the
energy partitioning patterns.'~* We wish to report on
infrared chemiluminescence from HF and HC] which are
products from two types of three centered reactions:
(1) hydrogen abstraction by fluorine atoms from meth-
ane, ethane, neopentane, and dichloromethane; (2)
unimolecular elimination from vibrationally excited
halomethanes. The abstraction reactions and their
thermochemistry®® are given below (the small activa-
tion energy for abstraction is neglected).

F 4+ CH4 — HF"‘V,J —+ CHs
(AH® = —33 keal mol=1) (1)

F 4+ CH —> HF'y ; + CHj
(AH®, = —38 kecal mol™1) (2)

F + (CHy).C — HF'y,; + CH,C(CHy)s

(AH®y = —37 keal mol™!) (3)
F + CH,Cl, — HF'y ; + CHCL

(AH®, = —42 keal mol—) (4)
Vibrationally excited CHFCl* was produced in the F
plus CH.Cl; system via secondary combination of
CHCl, with fluorine atoms. At the pressures of our
experiments, all of the chemically activated molecules
eliminate HC! or HF; the former is the predominant
reaction.”

(AH®; = —103 keal mol=1) (5)
CHFCL* — CFCl + HCl'y;

(AH®, = 51 kcal mol~%) (6)

It also was possible to observe HF and HCI emission
from two entirely different three-centered unimolecular

elimination reactions by utilizing the interaction of
hydrogen atoms with CCl;Br and CF.l.

The Journal of Physical Chemistry, Vol. 75, No. 18, 1971

CX;Y + H—> CX; + HY (M
CX; X = CL F) + H —> CHX;*
(AH®°, = —90, —100 kcal mol~-?) (8)
CHX:* (X = Cl, F) — CX, + HX'y;
(AH®, = 61, 59 keal mol~1) (9)

The energy available for partitioning is the difference
between the C-H.or C-F bond energies and the energy
change for the elimination reaction. The latter are not
known well® but the estimates given above should be
reliable to within £5 kecal mol~'. Since the thresh-
olds®® for the reverse reactions (CX, + HX — CHX,)
are probably less than 5 kecal mol~!, virtually all of the
energy arises from (8) or from (5) and not from release
of potential energy by elimination of HX.

The reactions were studied in two vessels. One ves-
sel was a 4.25-in. i.d. stainless steel flow reactor which
was pumped by a liquid nitrogen trap, a 4-in. diffusion
pump, and a mechanical pump. Observations were
made through an NaCl window placed 3 cm downstream
from the reagent and atom mixing zone. The second
vessel, which had walls cooled to liquid N, temperature,
had a diameter of 6 in. and was pumped with a liquid
nitrogen trap, a 6-in. diffusion pump, and a mechanical
pump. The vessel was fitted with internal mirrors for
more efficient collection of light. Hydrogen atoms
were generated by a Wood’s tube discharge and fluorine
atoms were formed by passing CF, or SFs through a
microwave discharge. Results from both F-atom
sources were the same, which provide evidence against
the possibility of complicating reactions from other
products from the discharge. Because of the weak
intensity from the unimolecular elimination reactions,
the population ratio for the v = 2 and v = 3 levels was
obtained by scanning the overtone region with a wide
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Table I: Vibrational Distributions of HX Products
— -Relative population of HF and HCl—————my
y =1 Y o= 2 v =3
Reaction Vessel Pressure, M Exptl® Cor® Exptl® Cor® Exptl® Cor? % E°
CH,+ F 1 1 0.29 0.18 0.64 0.74 0.07 0.08 64
2 3.8 0.33 0,27 0.55 0.57 0.12 0.16
C:H¢ + F 1 0.5 0.19 0.12 0.45 0.42 0.37 0.47 68
C(CH;)y + F 1 0.5 0.24 0.17 0.55 0.58 0.21 0.25 62
CH,Cl; + F 1 0.5 0.30 0.26 0.32 0.26 0.38 0.48 >58
CH,Cl, + F¢ 2 5.0 0.65 0.23 0.12
CHFCl,* 2 40.0 0.92 0.08 :
CHF;* 2 5.0 0.84 0.10 0.06 >6
CHCl; 2 5.0 0.80 0.10 0.10 >5

aVessel 1 and 2 denote the 6-in. cooled-wall and the 4-in, flow reactors, respéctively. Experiments were done at the pressures in-

dicated in the third column.

The rotational distributions in vessel 2 were characterized by a single rotational temperature of ~350°K.

The rotational distributions from vessel 1 could not be fitted to a single Boltzmann temperature, which is evidence that most of the

vibrational relaxation has been arrested.

tion data [G. A. Kuipers, J. Mol. Spectrosc., 2, 75 (1955)] which give an emission lifetime of 5 msec for HF ;.
¢ The per cent of energy released to HF or HCI as vibrational energy; the population

for our experiments was taken as ~0.5 msec.

¥ The steady-state populations were corrected for radiative caseade using integrated absorp-

The observation time

for v = 0 was obtained from extrapolation of the measured populations in »* = 1, 2, and 3. For the abstraction reactions the popula-

tion in » = 0 was taken as zero.
the F + CH,CI experiments.

4 Included so the degree of relaxation of the last two entries can be estimated by comparison with
We suspect that Hy-CF;I or Hp~CClyBr mixtures (1:8) are less efficient at vibrational deactivation than

CF,~CH,Cl; mixtures due to the large dipole moment of CH;Cl.

slit. However, the intensity from the abstraction reac-
tions was sufficient to resolve the rotational lines in the
fundamental spectra. The area of each rotational line
was converted into a relative population using the de-
tector response and the transition probability for that
rotational line.®** The relative vibrational populations
were obtained by summing the rotational populations.
The relative steady-state vibrational populations are
shown in Table I. The distribution obtained from CH;
is very close to that obtained by Parker and Pimente]!*
in their laser work. Jonathan, Meiliar-Smith, and
Slater’? have investigated reaction 1 in a fast-flow ap-
paratus and found N;:N;:N; = 0.21:0.64:0.15. All
three studies are in reasonably close agreement, and we
conclude that most of the vibrational relaxation was
arrested in our cold wall experiments with CH,.
vibrational relaxation for ethane and neopentane also
must have been arrested, perhaps even to a greater
degree than for methane, because (i) the rotational
distributions are non-Boltzmann, (i) the pressure was
considerably lower for the condensable reagents and
SIFe as the F-atoms source, (iil) moderate variation in
pressure in the cold-wall vesgel did not significantly af-
fect the relative populations, and only small differences
in relative populations were found for experiments in
the two vessels. TUnfortunately, CH,Cl; seems to be
more efficient at removing energy from HFT because
variation of pressure in the cold-wall vessel caused a
change in population, as did changing from one vessel
to another. Nevertheless, formation rates into the
highest vibrational levels of HF are favored by (4)
although our data provide only lower limits for the
formation of v = 2 and 3.13 In general, the abstraction

The

of hydrogen from a carbon atom seems to favor the
highest accessible levels of HF and the shift toward
v = 3 for reactions 2, 3, and 4 reflects the increase in the
available energy.

The unimolecular eliminations result from secondary
reactions and they only could be observed in the 4-in.
flow vessel. Relaxation of the initial HCL, distribu-
tion from the CHIF'Cl; elimination reaction undoubtedly
is very serious; however, relaxation should be less for
the HCX* cases, which were studied at lower pressure.
The degree of relaxation can be estimated by compari-
son (see footnote d) with the distributions from F +
CH,Cl,; at the two pressures listed in Table I. We feel
that the trend of strongly declining populations for the
higher vibrational levels is a true feature of the energy
partitioning for the unimolecular three-centered elimi-
nation reactions.

The most definitive and interesting result is that re-
placing H atoms by methyl groups did not alter the
energy partitioning for ¥ + H-CR; type reactions.
We also have found the same result for I' 4+ CF;CHs,
8i(CHs)y, and ¢-C¢Hy,.  Evidently the release of po-
tential energy occurs in such a way that little energy is
made accessible to the internal degrees of freedom of
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the CR; radical. A similar result was deduced from
earlier studies® of H + SCl; and 8,Cl,.  This result from
covalent reactions seems to be slightly different from
molecular beam results*4 for I{ 4 RI reactions. Our
data also demonstrate that any effect of a substituent,
e.g., R = H, Cl, CH;, and CF;, upon the pattern of en-
ergy release for H-atom abstraction from carbon by
fluorine atoms is small.

Our measurements are the second example of in-
frared chemiluminescence from products of unimolecu-
lar reactions® proceeding on ground electronic surfaces.
Although having more energy and fewer degrees of
freedom, the elimination reactions partition less energy
to HX than the abstraction reactions, even if some al-
lowance is made for relaxation in the unimolecular reac-
tion experiments. In fact, the HX' distribution from
three-centered elimination is similar to a statistical
distribution. According to statistical theories of uni-
molecular reactions, any energy in the molecule above
the threshold is randomly distributed*® among the inter-
nal degrees of freedom of the chemically activated
CHX;* molecule and, consequently, should be distrib-
uted statistically to the degrees of freedom of the prod-
uets. Since reactions 6, 8, and 9 have quite small acti-
vation energies for the reverse reactions, 7.e., the release
of potential energy is small, the pattern for the energy
release is expected to be nearly statistical, and these
data provide a qualitative confirmation for randomiza-
tion of the internal energy above the threshold of the
molecule in a unimolecular reaction.®

We also have measured the energy partitioned to
HF' and HCL' by the unimolecular four-centered elim-
ination reactions of chemically activated haloethanes.1=
Our results agree with Clough, Polanyi, and Taguchi!s*
who found the HX vibrational energy to be somewhat
larger than the statistical amount,™ although the frac-
tion of the energy released to HF' is relatively small
compared with the F 4+ HCR; reactions of Table 1.
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Sir:  Although there have been many studies?—* re-
lating to isotope effects (differences in organic yields) of
(n,y)-activated bromine reactions in condensed state
hydrocarbons, aromatics, and alkyl halides, no study
reports, for a single gaseous system, organic yields for
(n,y)-activated #Br, ¥Br™=, and 82Br™ 4+ 82Br reactions.
For condensed-state systems employing high-purity
reagents and correcting for ?Br=(I.T.) ¥Br reactions,®®
no bromine isotope effects were generally found.

Unlike the reactions of (n,y)-activated 21 with
CH.,,” reactions of (n,v)-activated *Br with CH.# occur
principally as a result of the recoil kinetic energy ac-
quired by the *¥Br in the (n,y)-activation process.
While other activation processes such as the (v,n) and
(n,p) processes impart to the atom a very high kinetic
energy (>10° eV), the (n,y) activation process results
in a distribution of energies ranging from some very low
value (near zero) to a maximum of ~10% eV.? If the
three activation processes °Br(n,vy)*Br, "Br(n,v)%-
Brm, and 8:Br(n,v)%Br™ 4 %2Br impart to the respective
atoms different kinetic energy spectra,'® and if the pop-
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