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FOREWORD

The ACS Symrosium Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
N CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS SymPostuM SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

This volume was conceived originally after a symposium that I organized
for the Physical Chemistry Division. The symposium consisted of two
half-day invited-lecture sessions presented in Philadelphia in April, 1975.
Chemical kinetics and dynamics research with fluorine-rich radicals
(including atomic fluorine) has become increasingly popular during the
seventies. Since the Philadelphia symposium was not comprehensive,
this subject received further discussion one year later during three half-
day invited-lecture sessions that were given in New York City. This
second symposium, which was co-sponsored by the Divisions of Physical
Chemistry and Fluorine Chemistry and Technology, included topics on
the kinetics, reactivities, and structures of fluorine-containing radicals.

The present volume was intended initially to provide the first com-
prehensive treatment of the kinetic and dynamic characteristics of these
interesting chemical species. Following acceptance of this proposal by
the A.C.S. Symposium Series Editorial Advisory Board, invitations to
participate were sent to many individuals throughout the English-speak-
ing scientific community. All of the contributors in kinetics and dynamics
at both American Chemical Society symposia were included, but multiple
coverage of individual topics was strongly discouraged. Participants were
requested specifically to aim for comprehensive state of the art reviews
and to prepare theoretical presentations addressed mainly to experimen-
tally oriented readers.

Partially because of last minute cancellations, several important
topics have not been included in the present work. Papers on fluorine
atom chemical lasers, high-energy fluorine atom reactions, and classical
trajectory simulations of hydrogen transfer reactions by atomic fluorine
are conspicuously absent. Other more specialized topics not included
were olefin addition reactions by fluorine-rich carbenes, Hy/F> explosions,
unimolecular reaction dynamics of fluorine-containing aliphatic radicals,
and high-power fluorine atom lasers in energy research.

Hopefully these omissions will not detract too severely from the
usefulness of this work. The above unpublished topics and the rapid
pace of ongoing research in this exciting field clearly suggest the need
for another project of this type in the near future.

I wish to thank the participants for their excellent work, the many
individuals with whom this project has been discussed during the past
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two years, Mr. Robert Gould of the A.C.S. Books Department for guid-
ance and assistance, Ms. Cecelia Damian who performed the bulk of
the minor editorial revisions, and Dr. James Muckerman of Brookhaven
National Laboratory for the materials used in the design of the dust
jacket,

University of California, Davis Joun W. Root

Davis, California
November 1, 1977
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Elementary Reaction Kinetics of Fluorine Atoms,

FO, and NF Free Radicals

E. H, APPELMAN
Argonne National Laboratory, Argonne, 1L 60439

M. A. A. CLYNE
Department of Chemistry, Queen Mary College, London E1 4NS, England

The study of reactions of free fluorine atoms in their ground
2p5 zPa/z 172 States has progressed rapidly in the last several
years. MAijor technique difficulties have been gradually overcome,
and several methods of determining F atom concentrations are now
available. Elementary reaction kinetics in low pressure flow
systems have received particular attention, probably because of
the relative ease of interfacing flow systems to F-atom detection
devices such as mass spectrometers and vacuum-uv atomic resonance
spectrometers. Photolytic production of F atoms is less easy -
F,, for instance, absorbs only very weakly in the near ultraviolet
or visible regions. Similarly,detection of F 2p_ atoms in static
systems presents problems that have not been fully solved at the
present time. Therefore, the work described in this article has
mostly been carried out in flow systems.

Current interest in fluorine-based chemical lasers extends
from HF and DF lasers based on F atom reactions into the area of
elementary processes involving electronically excited radicals
such as NF. Also, the chemistry of NF and OF radicals is of con-
siderable interest, and we summarize here selected aspects of the
kinetic behaviour of these species.

Production of F ZP.r atoms

Ground state 2PJ halogen atoms may be produced by direct
dissociation of the molecular halogens, F,, Cl;, Brp and I;. A
convenient and commonly-used technique is to pass a mixture of
molecular halogen diluted with argon or helium through a microwave
discharge at a total pressure near 100-200 N m~2. This is the
simplest technique for forming F 2PJ atoms (1-4); the typical
degree of dissociation of F, using an uncoated silica discharge
tube is 70-80%(l). Mixtures of fluorine diluted with inert gas
can be handled in a conventional glass flow vacuum system. A
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4 FLUORINE-CONTAINING FREE RADICALS

problem with microwave-excited dissociation of F; is that SiFy

and molecular and atomic oxygen are produced as a result of attack
on the SiO, material of the discharge and flow tubes (1, 2, 5).
Rosner and Allendorf (3) have replaced the silica discharge tube
by one fabricated from_bure fused alumina, which is inert to
attack by fluorine atoms. However, this reduces the efficiency of
dissociation somewhat. The pyrex or silica flow tube may be pro-
tected from attack by F atoms by application of a thin coating of
teflon or Kel-F fluorocarbon polymer (2). A technique for coating
with a thin fused layer of teflon has been described (6). The
presence of undissociated F, in the discharge products causes
complications in kinetic studies involving hydrogen atoms or

alkyl radicals, which react rapidly with F,. However, F, appears
to be unreactive towards such other common atoms as O 3P, N s,

Cl 2p_ and Br 2P (2,7).

Production of F 2PJ atoms can also be achieved by microwave
dissociation of fluorides such as SFg and CFy (8). These sources
are satisfactory for spectroscopic studies such as the epr spect-
roscopy of F 2P3/2 and F 2P1/2 (8), or for the formation of ex-~
cited BrF and IF from the recombination of Br + F or I + F in the
presence of singlet oxygen (9). However, they are in some degree
suspect for systematic quantzfative kinetic studies, in as much as
the nature and reactivity of the discharge products other than
F 2PJ are very incompletely known.

In principle, a cleaner source of F 2PJ atoms than any of the
preceding ones is the rapid reaction of N 4s atoms with NFo
radicals produced by thermolysis of N,F, (10,11). This reaction
occurs either directly to give F atoms N + NFp, > 2F + Ny (10) or
via the formation of NF radicals; N + NFp, - 2NF (}}), followed by
NF + NF + N, + 2F or N + NF > N, + F. 1In practice, the instabil-~
ity of NoF, and its expense have precluded extensive use of the
N + NFy; method for forming F atoms.

The formation of F 2PJ atoms from the bimolecular reaction of
NO with F; is extensively used in HF, DF chemical lasers:
NO + Fp >~ FNO + F. The kinetics of this reaction have been studied
(12,13).

Measurement of Atom Concentrations: absolute concentrations.

The range of methods that have been employed to measure atom
concentrations is wide, and includes thermal and diffusion methods
which are not considered here. Most of the physical methods avail-
able are suitable only for relative concentration measurements,
and require calibration by chemical means in order to yield
absolute concentrations. This need not always be a disadvantage;
for instance, in kinetic studies of simple atom reactions under
pseudo-first order conditions it is sometimes only necessary to
monitor relative changes in atom concentrations.
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1. appELMAN AND cLYNE  Elementary Reaction Kinetics of F Atoms 5

Titration reactions based on simple stoichiometry, and pro-
ceeding extremely rapidly, have been developed for the measurement
of absolute concentrations of ground state atoms in flow systems.
Well-known examples for N, O and H atoms include the reactions,
N+N0->N2+O,O+N02->NO+O,H+ClNO—>HCl+N0and
H + NO, ~ OH + NO. These reactions permit the determination of
absolute atom concentrations by the addition of known quantities
of a stable reagent. Several similar titration reactions have been
characterized and used to determine F atom concentrations, namely

F + CLNO » NO + ClF (1),
F + Cly, » CIF + Cl1 (2},
F + Brp > BrF + Br (3},
F +Hy »HF + H (4).

The reaction of CINO with F has been used to determine F atom
concentrations by mass spectrometric measurement of the ClF
produced after the addition of excess C1lNO. The c1Ft ion peak was
calibrated by the addition of measured quantities of ClF from a
cylinder (14). To eliminate the need to work with the reactive
ClF gas, a variant of this method was developed in which the F
atoms were titrated with CINO to an endpoint identified as the
amount of added CINO beyond which the cirt peak no longer incr-
eased (l). The CINO methods are less well established than some
other, inasmuch as the rate constant of reaction (1) has not been
determined. Also, at high concentrations, the reaction

NO + F, + FNO + F, which has a rate constant of 8 x 10 !5 cm?
molecule™! s-lat 300 K, may occur to an appreciable extent, lead-
ing to an erroneous value for Fﬂ.

The reaction of F atoms with Cl, appears to be an excellent
means of determining absolute F atom concentrations. Reaction (2)
has a forward rate constant around 1 x 10710 cm3 molecule-! s7! at
300 K and an equilibrium constant greater than 5 (1, Zjl§). Hence
the reverse reaction is unlikely to be important under the correct
conditions. Furthermore, the possible secondary reaction

Cl + F) > CIF + F

has a rate constant less than 5 x 10~!* cm3 molecule™ s-1 at 300
K (1) and may be safely neglected. Reaction (2) has been used to
determine F atom concentrations mass spectrometrically by addition
of a measured excess concentration of Cl, and subsequent deter-
mination of either the amount of Cl, consumed (7) or the amount of
ClF produced (4). 1In the latter case the ClFt ion current was
calibrated by measuring its intensity when an excess of F atoms
was added to a known amount of Cl,. Measurement of CLF production
is more sensitive than measurement of Cl, consumption and is also
free from errors that might result from recombination of Cl atoms
or reaction of Cl, with other species such as H or O. Reaction
(2) has also been utilized as a titration of F atoms, with the
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6 FLUORINE-CONTAINING FREE RADICALS

endpoint estimated to be the point of critical extinction of the F
atom fluorescence (7). In an alternative titration procedure, the
chemiluminescence accompanying the recombination of the Cl atoms
formed in reaction (2) is monitored, and Cl, is added until the
intensity of this emission reaches a plateau. At low pressures,
this method yields a sharp endpoint (16).

Concentrations of F atoms have also been determined by
titration with Br, to the point of extinction of the F atom fluor-

escence (7). Reaction(3) has a rate constant of about 2 x 1o~10
cm3 molecule™l sec™! at 298 K, and an equilibrium constant in ex-
cess of 107 (7). Hence its back reaction is of no concern and in

this respect it should be superior to reaction (2) as a means of

determining F atom concentrations. On the other hand, the rate of
the reaction (5),

Br + F, > BrF + F (5)

does not appear to be known. In practice reactions (2) and (3)

appear to be equally satisfactory for the determination of F atom
concentrations.

Reaction (4) has a rate constant of about 2 x lO"11 cm3
molecule~?! s™1 at 300 K (lg) and has been used to determine F atom
concentration. However, the secondary reaction

Fo + H> HF + F (6)

has a rate constant of about 3 x 10712 cm? molecule~! s-1 at 300 K.
(17). Inasmuch as reaction (6) regenerates the F atoms consumed
in reaction (4), when a substantial amount of F, is present the
added Hp will first consume the F, and only subsequently will it
consume the F. Advantage has been taken of this effect to titrate
both F, and F with hydrogen mass spectrometrically, using an inlet
system that incorporates an inhomogeneous magnetic field to permit
monitoring of both the F and Fy (2).

Measurement of Atom Concentrations: Atomic Resonance

The method of atomic resonance spectrometry in the vacuum
ultraviolet, with detection of either absorption or fluorescence,
has become one of the most useful direct methods for the measure-
ments of reaction rates of ground (18) (and metastable excited
(19,20)) state atoms. The sensitivity and scope of atomic res-
onance in this respect rivals, and possibly surpasses, that of
other methods such as epr and mass spectrometry. Recently, it has
been shown that atomic resonance may be used to measure fluorine
atom concentrations in a flow system (7,21). The sensitivity for
F is not yet as high as for atoms such as Cl, whose resonance
transitions lie in the Schumann region of the vacuum ultraviolet.

The essence of the method is as follows. The source of atom-
ic resonance radiation, usually a microwave-excited discharge in a
low-pressure flowing gas, is incident on the reaction vessel,
either static or flowing, in which ground state atoms are present.

In Fluorine-Containing Free Radicals; Root, J.;
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1. APPELMAN AND CLYNE Elementary Reaction Kinetics of F Atoms 7

On account of the coincidence of the emission line source and the
absorption line of ground state atoms, specific and very intense
absorption of the exciting radiation occurs. Either the fraction-
al absorption intensity, A=Iab /I , or the corresponding fluor-
escence intensity, I_, may be measured and related to the concent-
ration of absorbing atoms, N. Figure 1 shows a schematic diagram
of the atomic resonance experiment.

The central problem of relating light intensity to concentra-
tion of absorbers, N, has been discussed (22- 24). The fluorescen-
ce intensity varies in direct proportion to N at sufficiently low
values of N (typically < 10!}2 cm™3 (24)) . This proportionality
clearly facilitates kinetic studies._—however, absorption
intensities at such low atom concentrations cannot normally be
measured, and the dependence of I upon N at measureable
absorbances is complex (22,25). 8n the other hand, the magnitude
of detected fluorescence_Intensity, I_, is always several orders
of magnitude less than that of I , which can lead to low signal-
to-noise ratios when short 1ntegra%1ng times are employed for the
measurement of light intensity. In such cases, e.g. in flash
photolysis experiments (26), it is not generally possible to use
both time resolution andﬂaévelength resolution when atomic res-
onance fluorescence is being used to measure the kinetics of
elementary reactions. On account of the long integrating times
possible in discharge-flow systems, both time resolution (using
linear displacement) and wavelength resolution may routinely be
used. There is then no difficulty in working in the region where
IF varies proportionally with N (27).

The most usual approach in resonance absorption and fluores-
cence work has been to use microwave lamps, and to calibrate
resonance absorption or fluorescence intensity by chemical
titration (see above). Extensive studies of this type on I and
Br 2P3/2,1/2 atoms (19, 20, 27,28) and on Cl 2P3/2,1/2 atoms (26 -
30) have been described. Detection of F atoms by resonance
absorption using a conventional microwave lamp has been successful

(7,21) . 1In this case, the fluorine atom lamp developed was based
on a dilute mixture of Fp with He. (Argon lamps gave extremely
low intensities of F atom lines). Figures 2 and 3 show the rele-

vant energy levels of F and the spectrum of the F, + He mlcrowave—
excited lamp. Because the first resonance transition of F(3s- 2p )
lies well below the lithium fluoride absorption cut-off (v 105 nm),
the usual windows were replaced by collimated hole structures in
order to separate the lamp from the absorbing atoms in the flow
tube and from the spectrometer. The arrangement used (7) is shown
in Figure 4.

For reasons already given, resonance fluorescence would be a
preferred technique for kinetic studies of F atom reactions.
Bemand and Clyne (7) detected resonance fluorescence in a number
of lines of the 3s-2p° multiplet, using the apparatus of figure 4.
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1. APPELMAN AND CLYNE  Elementary Reaction Kinetics of F Atoms 9
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trum: 4P, — ?P; multiplets of the 3s — 2p°
transition using Spm X 10 mm slits. De-
tected photon flux rate at 95.85 nm — 1.8
kHz. Upper spectrum shows the much
weaker 35’ *D; — 2p° ?P; and 4s *P; — 2p°
L 2P; multiplets, using 18um X 10 mm slits.
il i Detected photon count at 80.70 nm = 50
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Figure 4. Windowless system for resonance spectrometry of

F %P, atoms. B, buffer chamber; C, collimated hole structures,

two of which were mounted on specially fabricated glass discs,

D; K, inlet to lamp L; M, M*, differential manometers; R, section

of flow tube; S, spectrometer slit sealed via an O-ring seal to the
silica apparatus; V, vacuum spectrometer.
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10 FLUORINE-CONTAINING FREE RADICALS

Although weak fluorescence in the Yp-2p lines was observed, from
a practical standpoint only the 2p.2p lines were found intense
enough for resonance fluorescence work at low atom concentrations.
The fluorescence count rates using the whole of the fully-allowed
2p-2p transition of F were typically 2 counts sl at [F] =

1 x 1012 cn™3. These data set a lower concentration limit of

1 x 10! cm™3 for the smallest detectable concentration of F zPa/z
atoms (7). The corresponding lower limits for Cl, Br and I atoms
(27,28) are appreciably less, and are continually being improved
by better attention to collimation and detection. Because of the
low count rates observed in the F atom resonance fluorescence
studies, a better approach is to use resonance absorption with a
non-reversed line source (67).

The sensitivity of resonance fluorescence by F atoms was,
however, sufficient for kinetic studies of the rapid titration
reaction of F with Bry: F + Bry - BrF + Br (7). It was necessary
to make corrections both for non-linearity of fluorescence
intensity with [F], and for deviations from pseudo-first-order
kinetic conditions, both due to the relatively high F 2P3ﬂ2atom
concentrations used (> 1 x 1011 cm™3). The final rate constant
for the F + Br, reaction was (1.4 * 0.5) x 10710 at 298 k, in fair
agreement with results from the comparably difficult mass spectro-
metric study of Appelman and Clyne (§) (k = (3.1 * 0.9) x 10_10).

Measurement of atom concentrations: EPR and chemiluminescence

Although electron paramagnetic resonance has been used as a
very successful technique for kinetic studies of elementary react-
ions, including those of ground state O 3P, H 25, and N %s atoms
and of OH 21 radicals (31-35), little effort appears to have been
expended on the use of ThiS technique to study reactions of halo-
gen atoms. However, the epr spectra of the 2P3/2 and 2P1/2 states
of F, Cl1, Br and I have all been described (36-41), with the except-
ion of the I 2P1/2 state.

A completely different technique for measuring relative F
atom concentrations makes use of the intensity of the red chemi-
luminescence emitted in the third-order reaction,

F + NO + M~> FNO* + M (42). The intensity of emission is reported
to vary directly with [ff'and with LNQ]. Kinetic studies using
this technique, which appears simple and convenient to use, have
been described (43). More work remains to be done, however, to
clarify the nature of the emitter and the detailed kinetics of the
emission process.

Measurement of atom concentrations: Mass spectrometry.

In principle, mass spectrometry provides a specific and
highly sensitive method for the detection of gaseous free radic-
als. Foner (41) has reviewed the techniques available for sampl-
ing free radisgis, and for their mass spectrometric detection.
Unless the radical source is at pressures comparable to atmospheric

In Fluorine-Containing Free Radicals; Root, J.;
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1. APPELMAN AND CLYNE Elementary Reaction Kinetics of F Atoms 11

Pressure, sampling of radicals through orifices usually occurs
under conditions approximating to effusive flow, or intermediate
between effusive and supersonic flow, thus minimizing collisions
within the sampling system. Most of the sampling systems in which
radicals were produced in a discharge-flow system (near 100 N m=2
total pressure) have been designed utilizing the principles laid
down by Foner (44). 1In a typical system the mass spectrometer is
separated from the flow tube by two in-line orifices of 0.7 mm dia
meter spaced 1 cm apart (45). The space between the orifices is
maintained at a pressure of 0.2Nm 2 or less by differential pump-
ing with a large diffusion pump. Ion source pressures are of the
order of 1073Nm~2, A typical system is shown in Figure 5.

Although it is sometimes possible to detect radicals in the
presence of large concentrations of a parent molecule by the use
of low energy ionizing electrons, the ready dissociation of the Fy
molecule makes it impractical to detect F atoms mass spectromet-
rically in the presence of excess F,. Hence, direct mass spectro-
metric detection of F atoms is limited to those situations in which
little or no Fy is present. This is the case when F atoms are
generated by a microwave discharge in a very dilute mixture of Fp
with an inert carrier gas (< 0.1 mol-% Fp). It is also the case
when F atoms are produced by a discharge in compounds such as CFy,
or by such reactions as

NFp, + N - Ny + 2F
NF, + O - NO + 2F
or NO(excess) + Fo - FNO + F.

However, formation of F+ in the ion source by fragmentation of CFy,
NF,, or FNO must be considered. The formation of F by fragment-
ation of spin-paired molecules can be avoided by placing a barrier
between the molecular beam inlet and the ionizer and then using an
inhomogeneous magnetic field to bend paramagnetic molecules around
the barrier. 1In this way spin-paired molecules are largely pre-
vented from reaching the ionizer, and F may be detected in the
presence of F,. Removal of the barrier allows Fy to be monitored
(46) . When possible,direct monitoring of F as Ft ions represents
one of the most successful approaches to quantitative kinetic
studies of F atom reactions, as demonstrated by the work of
Warnatz, Wagner and Zetzsch (10,14).

Mass spectrometry may also be used for the indirect detection
of F atoms by the attenuation of the FZ peak when a microwave dis-
charge is struck in a mixture of F, with inert carrier gas. This
method obviously makes no allowance for reactions that consume F
atoms. Indirect detection of F atoms in the mass spectrometer may
also be effected by monitoring either the consumption of reagents
that react rapidly with F atoms or the formation of products in
such reactions. These techniques have already been discussed in
the section on measurement of absolute F atom concentrations.
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FLUORINE-CONTAINING ¥FREE RADICALS

Figure 5. Schematic of flow system for on-line mass spectrometric studies of F atom
reactions. A, flow of F atoms in He carrier from discharge; B, silica flow tube; C,
first pinhole (0.7 mm) separating flow tube from differentially-pumped chamber; D,
second pinhole (0.7 mm) separating differentially-pumped chamber from quadrupole
mass spectrometer Q(E.A.I. 150/A); E, access to discharge tube; F, furnace; G, 50
mm gate valve; H, connections to total pressure manometer; IG, ion gage; ], con-
nection to cold traps and large pump (60 Is'); M, multiplier; P,, P;, pumping lines
for quadrupole chamber and for differentially-pumped chamber; R, reagent inlets.
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1. APPELMAN AND CLYNE Elementary Reaction Kinetics of F Atoms 13

Addition of Fluorine Atoms to Spin-Paired Inorganic Molecules.

There has been very little study of reactions in which
fluorine atoms add to spin-paired inorganic molecules with the
ultimate formation of stable products (addition of F atoms to
olefins is discussed elsewhere in this monograph). We may expect
such reactions to be rather slow termolecular processes and hence
to be rather difficult to investigate. The reaction of F with
excess CO has been studied in a discharge-flow system (4). Both
COF, and CO; were identified as products by mass spectrometry,
and the F atom concentration was measured by mass spectrometric
monitoring of the CLF formed when an excess of Cl, was added at
the end of the reaction zone. The results were consistent with a
rate determining step

k
CO+ F+ M~ COF + M, (7)

although the dependence of the rate constant on Dﬂ was not
uniquely determined. Values of 3.4 * 1 and 5.7 % 2 x 10732 cm®
molecule™2 s‘l, respectively, were obtained for k with helium and
argon as third bodies at 298 K. A more recent study of reaction
(7) has used epr monitoring of the F atoms to give values of
6.5% 1land 7 21 x 10732 cm® molecule™? sec™ in helium and nit-
rogen, respectively at 293 K (47).

A study of reaction (7) by flash photolysis of mixtures of
NoFy, CO, and N, resulted in the observation of a transient ultra-
violet spectrum that was attributed to COF (48) . The decay of the
transient produced the spectrum of (COF)) (48). (COF, did not ab-
sorb in the spectral region that was examined) .

Formation of FCO has been observed to result from the reactiam
of CO with photolytically formed F atoms in a solid matrix at
liquid helium temperature (49). The authors of this article
conclude that the reaction of CO with F has little or no activat-
ion energy. The COF reacts further in the matrix to form both
COF2 and (COF) 2.

The reaction of F atoms with excess xenon was studied in the
same discharge-flow apparatus used for the F + CO reaction, and
XeF, was identified as a product (4). The rate determining step
was assumed to be

k
Xe + F+ M > XeF + M, (8)

and on the basis of a single measurement k was estimated to be
about 2.3 x 10733 cm® molecule™? s-! at 298 K with argon as the
third body.

In the same discharge-flow system no evidence was found for
the reaction of F atoms with krypton in helium at 298 K, and an
upper limit of 2 x 10734 cm® molecule~2 s~! was set for the rate
constant of the reaction

Kr + F+ M-> KrF + M (4)

In Fluorine-Containing Free Radicals; Root, J.;
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14 FLUORINE-CONTAINING FREE RADICALS

These differences in the rate of reaction of F atoms with Kr, Xe
and CO correlate with the fact that the fluorine atoms become
progressively more strongly bound as one goes from KrF, to XeF, to
COFy. Both XeF and KrF have been produced by the reaction of
photolytically produced F atoms with Xe and Kr in low temperature
matrices, (50,51) .

It is not known what subsequent stepsproduce the final prod-
ucts from the reactions of F atoms with CO and Xe. The most
plausible process appears to be disproportionation, e.g.,

2COF -+ CO + COF,.

Also possible are additions of a second F atom by a more rapid
termolecular process, e.g.

COF + F + M -+ COFp + M,

or reaction with Fy and F in schemes such as
COF + Fp > COFp + F
COF + F > CO + Fy.

In the case of CO, the reaction 2COF -+ (COF), is apparently also
involved.

We may note that COF, and XeF, can be prepared by the thermal
reactions of Fp with CO and Xe respectively. (52,53). These
reactions very probably proceed via the formation of F atoms from
the readily dissociated F, molecule, followed by reactions (7) and
(8) to form the Xe-F and C-F bonds.

Warnatz (54) looked at the addition of F to HCN and (CN),,
obtaining bimolecular rate constants of 1.5 x 10~10 ang
5 x 10713 cm® molecule™! s-1 at 300 x respectively for the
reactions

F + HCN - HFCN

and
F + (CN)p > F(CN)j .

These reactions were measured mass spectrometrically in a discharge
flow system at pressures of 470N m™2, and they thus appear to be
true bimolecular processes. Both reactions have apparent negative
activation energies (-5 kJ/mole for F + HCN and -2 kJ/mole for
F + (CN)5). The reaction of F with HCN is followed by

F + HFCN - HF + FCN (54).

Bimolecular Reactions of F Atoms.

a) Hydrogen Abstraction

These reactions are discussed elsewhere in this monograph and
have been reviewed by Foon and Kaufman (55) and by Jones and
Skolnik (43). The reactions are generally very fast, with rate
constants that are within a factor of 10 of the hard-sphere
bimolecular collision frequency. Notable exceptions are
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F + NH3 (kj3qq K= 1 % 10712cm3 molecule-! s‘l) and F + trihalo-
genated methanes, such as CHF3, CHCl,F and CHCIF, (k3g0 =

2 x 10712 cm® molecule-? s“l), and CHCliz(k3gq = 5 x 10712 cp3
molecule ! s-1y, (42, 1, 54, 68).

We have already discussed the reaction of F with Hy as a means
of determining F atom concentrations. A novel hydrogen abstract-
ion reaction is the reaction of F atoms with the recently pre-
pared hypofluorous acid:

F + HOF - HF + OF.

A lower limit of 2 x 10710 cm3 molecule™ s~lhas been set for the
rate constant of this reaction at 300 K on the basis of a mass-
spectrometric discharge-flow study (4). It is one of the two
reactions known to produce OF radicals. Inasmuch as the latter
decompose to reform F atoms (45):

20F > 0, + 2F,

we have, in effect, an F-atom catalyzed decomposition of HOF.
These reactions may contribute to the spontaneous decomposition
of HOF at room temperature, a decomposition that is enchanced by
F, and inhibited by such F-atom scavengers as H, and CO (56).

b) Oxygen Abstraction

Abstraction of oxygen by fluorine atoms requires a reagent
molecule containing a relatively weakly bonded oxygen atom, inas-
much as the OF product is only bound by 213 kJ/mcle (57). The
only well established case is the reaction wdth ozone, which is
important as a source of OF radicals:

F + 03 > OF + O,.

A mass spectrometric discharge flow study gives for the rate
constant k = 2.8 x 10711 exp(-450 * 400 cal mol~l/RT) cm3
molecule=! s'l, corresponding to a value of 1.3 x 10711 ¢p3
molecule™ s=! at 300 K. 1In this study, [OJ,EF] and [OF] were all
monitored, and conditions ranged from excess O to excess F. The
F atom concentration tends to remain constant even with excess O,
because of the regeneration of F atoms in the subsequent decompo-
sition of OF. Hence a pseudo-first order kinetic analysis can be
applied (58).

Inasmuch as the energy of a xenon-oxygen bond is only about
88 kJ/mole (53), F atoms should be able to extract oxygen from
such molecules as XeO, and XeOF,. These reactions do not, however,
appear to have been investigated.

c) Halogen Abstraction.

The reaction of F atoms with Cl, and Brp, have already been
discussed as means for determining F atom concentrations. The
reaction

F + Cl, > C1F + Cl1
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16 FLUORINE-CONTAINING FREE RADICALS

has been the subject of three mass spectrometric discharge-flow
studies, one with excess Cl, and the others with excess F. (1,4,
14) . The studies using excess F monitored the disappearance of
EIQ; the study with excess Cl, monitored the disappearance of F
and the formation of ClF and Cl. The reported rate constants
range from 0.86 to 1.6 x 10710 cm3 molecule™! s-1 at 300 k. A
mean value of 1.2 x 10 10 may be as good a choice as any.  The
reaction

F + Brp, - BrF + Br,

has been studied in discharge-flow systems with mass spectromet~
ric monitoring of Br, in the presence of excess F, (4) and by
monitoring F atom resonance fluorescence in the presence of

excess Bry (7). The two studies yielded respective 300 K rate
constants of 3.1 * 0.9 and 1.4 £ 0.5 x 10710 cm3 molecule=! s-1.
The higher value may be a little more reliable inasmuch as the
fluorescence study was subject to uncertain attenuation of F atoms
on surfaces and also involved a significant correction for self-
reversal of the fluorescence. Warnatz reported a preliminary
value of 0.8 x 10710 for this constant (54) .

The reactions of F atoms with Cl, and Br, can constitute
convenient sources of Cl and Br atoms, respectively. It is often
possible to generate higher concentrations of such atoms in this
way than by the passage of a discharge through chlorine or
bromine (4).

The reactions

F+ I, +IF +F (9,
F+ ICl >IF +Cl (10},
F + ICl - C1lF + F (11),

have been studied by mass spectrometric monitoring of the con-
sumption of I, and ICl and the formation of ClF in a discharge
flow system in the presence of excess F (4). Respective rate
constants of 4.3 + 1.1, 3.8 * 1.5, and 1.2 + 0.7 x10710 ¢m3
molecule™ s71 were obtained at 300 XK. The rate constant for
reaction (10) sets a lower limit to the binding energy of IF and
allows a choice to be made among the several estimates of this
quantity that have been put forth.

The reactions of F atoms with Brp, I, and ICl are complicated
by the fact that BrF and IF are unstable to disproportionation,
with the subsequent formation of higher fluorides and Br, and I,.
As a result, the reaction of an excess of F atoms with Br, forms
BrF rapidly and then, on a longer time scale, goes on to form BrFjg.
Surprisingly, there is no evidence for the formation of substantial
amounts of the stable intermediate fluoride BrF3. When an excess
of F atoms reacts with I, or ICl, formation of IF; appears to be
nearly competitive with IF formation, particularly at higher con-
centrations. It is difficult to imagine a homogeneous process
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1. APPELMAN AND CLYNE Elementary Reaction Kinetics of F Atoms 17

that could form IF5 so rapidly, and it seems that surface react-
ions are involved. A mechanism has been proposed in which the IF
polymerizes reversibly on the walls of the reaction tube and IFjg
is formed by the subsequent heterogeneous reaction of F atoms
with the polymer (4). It seems likely that the formation of BrFg
takes place by a similar process.

Inasmuch as the F, molecule is only bound by about 155 kJ/
mole, fluorine abstraction by F atoms requires a reagent with a
very weakly bound fluorine. One possibility is the reaction

F + OFy + F, + OF.

A kinetic analysis of the thermal decomposition of OF, yields for
this reaction a rate constant k = 8 x 10”14 exp(~=57.3 £ 4 kJ/mole”1
/RT) cm3 molecule™! s~! ang implies a negligibly slow reaction
rate at room temperature (39).

Xenon-fluorine bonds have energies around 125 kd/mole, (53)
and we might expect F atoms to abstract fluorine from the xenon
fluorides. However, upper limits of about 7 x 1071° cm3
molecule ! s™! have been set for the reaction of F with XeF, and
XeFy at 300 K on the basis of mass spectrometric studies in a dis-
charge~flow system (4). It is possible that removal of the first
fluorine from either of these compounds may require considerably
more than 125 kJ/mole. Johnston and Woolfolk (60) found that NO
and NO, reacted much more slowly with XeF, and XeF, than with F,.
By correlating reaction rates with bond energies,they concluded
that the reactions

XeF, =+ XeF + F
and XeF, » XeF3 + F
were endoergic by 226 and 201 kJ/mole, respectively.

The reactions of F atoms with perhalogenated alkanes have
been reviewed by Foon and Kaufman (55) and by Jones and Skolnik
(gg). As might be expected, those reactions that are exoergic,
such as

CCl3Br + F = BrF + CClj
and CF3I + F = IF + CF3,

proceed at rates close to the bimolecular collision frequency.
Endoergic abstraction reactions are very much slower, and in
some cases they may have to compete with fluorine substitution.
There are wide discrepancies in the rates and mechanisms reported
for these latter reactions. Thus the reported rate constants for
the reaction of F with CCl, span a range of 3 x 107t

Production and reactions of FO radicals.

The gaseous €10, BrO and IO radicals have all been observed
by uv absorption spectroscopy in both static and flow systems.
However, no optical or epr spectrum of the gaseous FO radical has
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18 FLUORINE-CONTAINING FREE RADICALS

been reported, even though definite evidence for this species was
obtained in Ar and Ny matrices at 4 K using infrared spectrometry
(6l). This is surprising in view of the ready identification of
FO radicals by mass spectrometry after their production in a dis-
charge-flow system by the rapid reaction, F + O3 >~ FO + Oy, (57,58}
It is possible that the FO analogue of the well-known 21-x21 "uv
band absorption systems of Cl10, BrO and IO (62) is diffuse and
therefore difficult to identify. Franck-Condon factors for
discrete vibronic transitions from v" = O of FO X2 may be low,
with the main fraction of the oscillator strength of the v" = O
transitions occurring in the continuum region. It is also possi-
ble to rationalize the failure to observe the epr spectrum of FO.
According to unpublished experiments of Clyne and Sales, any epr
spectrum of FO must be at least a factor of 20 weaker than that of
BrO, for the same concentrations of FO and BrO. This is most
likely due to the FO radical having a very small dipole moment
because of the similar electronegativities of O and F.

Figure 6 shows the flow apparatus, inlet system, and mass
spectrometer used by Clyne and Watson for kinetic studies of FO
radical reactions (45). The source of FO was the rapid reaction
F+03>FO + 0. Absolute concentrations of FO were determined
mass spectrometrically by addition of excess NO and monitoring of
the NO; produced in the rapid reaction:

FO + NO > F + NOy,

which has a rate constant in excess of 5 x 10712 cm3 molecule™! s-1
at 298 K. The concentration of FO at any time is equated to the
concentration of NOp, produced by reaction with excess NO at that
time, the FO + NO reaction being essentially instantaneous under
the conditions used. The FO' ion current can thus be related via
the N02+ ion current to the absolute [fq] concentration. This
method is also applicable to the determination of ClO and BrO con-
centrations (45).

Production of FO radicals suitable for quantitative kinetic
studies required careful attention to the F2P atom source employed.
For example, use of the N + NF, reaction to generate F led to the
formation of significant quantities of NO, and hence of NO, when
the F was subsequently converted to FO by means of the F + O3
reaction. This NO, background complicated the measurement of
absolute FO concentrations. The source of NO was either impurity
NONF, in the N,F, used to generate NFp, or the reaction of NFj
with 0 3p atom impurities in the N 4Ys atom stream, or possibly
both. The use of a discharge in dilute F, + He mixtureés to
produce the F atoms led to an acceptably low concentration of NO5.

0 3p atoms are known to be formed to the extent of so.l[F]when
F» is dissociated in a silica microwave discharge tube. These
atoms arise from dissociation of 0, liberated by attack of F on
Sio,. © 3p atoms should not greatly affect the measurement of
absolute concentrations of FO by the NO, method inasmuch as most
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Figure 6a. Flow apparatus, inlet system, and mass spectrometer used by Clyne and

Watson for kinetic studies of FO radical reactions. Block diagram of mass spectro-

metric system. Pumping lines as follows: A, differential chamber (between pinholes

X and Y); B, mass spectrometer ion source; C, flow tube; D, flow tube diffusion pump

(used only for overnight clean-up of flow tube); X and Y, sampling pinholes. System
shown is for study of FO radical reactions.
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of the 0 3P would be expected to be removed by excess FO radicals
before reaching the point of addition of NO:

O + FO > 0, + F.

Preliminary work on the FO + FO reaction,_ indicating this
reaction to be kinetically second-order in [fq} (57) was confirmed
by later work of Clyne and Watson (45). The second order rate
constant was determined to be (8.5  2.8) x 107!2 cm3 molecule-!
s”lat 298 K. The mechanism of this reaction is believed to in-
volve regeneration of F atoms and to be analogous to the similar
second-order disproportionation reaction of ClO + ClO and
BrO + BrO, i.e.:

FO + FO > 2F + 0Op.

Although the reactions of FO with NO, H atoms and O atoms are
known to be fast (k 2 5 x 10 12 cm® molecule™! s™! at 298 K), no
quantitative kinetic data on these reactions appear to be avail-
able. Since the F-O bond energy is only (215 + 17) kJ mole~! (57),
there are many exoergic elementary reactions of FO radicals
possible. Further investigation of such reactions should be
rewarding.

Production and reactions of NF

The NF radical is isoelectronic in structure with Op. Its
electronic states are closely similar to those of Os. The ground
state is NF X3Z~, whilst the low-lying alp and bli* metastable
states, closely analogous to the singlet states of Oy, are expect-
ed and known. The singlet states of NF are somewhat more energetic
than those of 0p. Douglas and Jones (62) were the first to report
NF. They observed the forbidden b-X and a-X band systems in
emission, using a low-pressure discharge in NFj as the source of
excited NF radicals. Subsequently, Clyne and White (63) reported
strong NF b-X and a-X emission from the reactions H + NFy; and
O + NFp,. The 0-O band of NF a-X near 874.2 nm, and the 0-O (and
0-1) bands of the b-X system near 528.8 nm, were reported (§§).
These workers (63) also reported intense B3I - a3:t First Positiwe
emission bands 3§-N2 in the H ¥ NF, rXeaction zone.
Since the observed N, B-A bands had the same vibrational energy
distribution to that from the N + N + M recombination, Clyne and
White (63) proposed that N ks ground state atoms were a product of
the H + NFy reaction. A likely reaction mechanism would comprise
the following steps (1) and (2):-

H + NFp, > NF + HF 1),
H + NF > HF + N (2).

Reaction (2) would be the only known example of a chemical react-
ion where N atoms could be produced exoergically.

The details of reaction (2) are of interest. The reacting NF
radical can be in either the %31~ ground state, or the alA or
b1t metastable excited states. H is the ls 28 ground state, and
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HF is X12+(v > 0). If the reacting NF is X3Z_, spin and orbital
angular momentum conservation between the reactants and products
determine that the N atom formed in reaction (2) shall be 4s or

s. The latter is energetically impossible; so we conclude that
B NF x35- gives N s ground state atoms. On the other hand, H 2g
+ NF alA must give N 2p, i.e. metastable excited atoms. It is
interesting that H 25+ NF b12+ must give N 25 which is energetic-
ally impossible. Hence we would expect that H 25 does not react
wiﬂuNFb12+ at a significant rate. In addition, formation of N 2p
atoms in the H + NF, system would be a diagnostic for the occur-
rence of reaction between H and NF alA. Experimental work along
these lines to investigate the relative reactivity of NF X3z ,ala
and blz", is currently being carried out by Clyne and Whitefield.

The relative reactivity of the electronic states of NF is
important in considering proposals for an NF electronic transition
laser based on the ald or blr” states. According to Herbelin and
coworkers (64), their experimental results are consistent with a
product yleld of 100% NF alA in the H + NF, reaction. The blz
state is believed to be formed by pumping of the a state by
vibrationally-excited HF:- NF alA + HF(v ) > NF blI' + HF (v-1).

It is not certain whether the apparent high yields of metastable
singlet NF in the H + NF, reaction might in fact be due to the
superior reactivity of the triplet NF X3z,

Herbelin (65) has suggested that NF ald should be less react-
ive towards atoms and radicals than NF X3I . He assumed that NF
can be considered as analogous to an N atom - i.e., the F atom in
NF behaves as an inert spectator. The NF a and b states would
then both correlate with F + N 2D excited atoms, whilst NF X would
correlate to F + N 4S. The bimolecular NF + NF reaction (3) was
con51dered in light of this model. If both the NF radicals are
alA or bl: ; No would be formed in the aIZ excited state. For
reaction between two NF alA radicals, formatlon of Ny a12u is endo-
ergic. Hence, this reaction was argued to be very slow at 298 K.
on the other hand, NF X3I  + NF X3I  could give No X12+ + 2F by
exoergic reaction, consistent with the assumption of a high rate
constant for reaction between two ground state NF radicals.

The failure so far to unequivocally detect NF X32 in H + NF9
systems using epr, even though NF 1A was detected in the same
systems (66), could be interpreted as support for the greater
reactivity of NF %317 which has been suggested above. Further work
on this gquestion is required, and it appears that detection mass
spectrometrically of NF, with atomic resonance for detection of
atoms, will be a promising approach.
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Recent results according to ref. 67 for kgoo(cm3 molecule” 1

s™1) are as follows:~ F + CHCL,F, (L.04 £ 0.22) x 1071%;

F + CHCLF,, (5.3 £ 1.1) x 10~13; F + cHCl3, (6.3 * 1.4) x
1012, other values for k3gq are:- F + CHy, (7.5 * 1.1) x
1071; F o+ HC1l, (1.6 = 0.4) x 10~11. Atomic resonance
absorption at 95.48 nm with a non-reversed resonance lamp
was used to determine F 2PJ atom concentrations.
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Reactions of Radioactive ‘°F with Alkenes, Alkynes, and
Other Substrates

F. S. ROWLAND, FLEET RUST, and JOAN P. FRANK
Department of Chemistry, University of California, Irvine, CA 92717

Radioactive '®F atoms at tracer levels offer several special
advantages, and some problems, in comparison with stable ! *F
atoms for the study of gaseous chemical reactions. Thermal
fluorine atoms are exceedingly reactive with a wide variety of
substrates (and surfaces), leading to a variety of experimental
difficulties: (1-4) (a) the reactive, often corrosive, nature of
many F atom sources; (b) the rapid abstraction of H from most
hydrogenous substrates, with the formation of HF; (c) the exo-
thermicity of many reactions, especially the formation of HF,
with corollary problems of rapid, uncontrolled temperature
rises; and (d) the high chemical reactivity of many product mole-
cules, again including HF. The use of !®F atoms at tracer levels
avoids several of these difficulties, permitting the systematic
study of the reactions of atomic fluorine with many types of sub-
strate molecules, e.g., alkenes and alkynes.

Since !%F can be readily detected at mole fractions of 10! -
107'% many of the macroscopic problems of ! °F chemistry
simply do not occur. For example, glass containers never show
visible etching; heat increases are always negligible; reactive
products do not cause macroscopic corrosion, etc. At these
concentration levels certain corollary limitations are also ob-
served. Two !®F atoms do not react with one another, nor are
two 18F atoms detectable in the same molecule. No macroscopic
property of the molecule (e. g. infrared, NMR, etc.) can be used
as an aid in identification of the qualitative or quantitative aspects
of any of the products. The 110 minute half-life of ! *F limits
experiments to those that can be carried to completion in a few
hours. Further, the !®F atoms must be freshly produced for
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each experiment, and the !®F atoms emerging from nuclear
reactions ordinarily have kinetic energies vastly in excess of
thermal energie. and this excess energy must be removed both
to retain the atoms within the physical boundaries of the experi-
ment and to avoid confusion between thermal and hot atom reac-
tions in each particular system. Overall, then, the radioactive
tracer '°F approach has a separate set of experimental advan-
tages and disadvantages, and studies with 18F can furnish infor-
mation complementary to that obtained with stable ! °F. In many
instances, the !®F studies can readily furnish details not acces-
sible to the macroscopic studies, and this review emphasizes
some of the systems in which the ! *F techniques have shown
such utility.

Experimental Aspects of Radioactive !®F Studies.

While several nuclear reactions are potentially available for
the formation of !*F, most of the chemical studies described
here have utilized * °F formed by the ! °F(n, 2n)!®F nuclear reac-
tion with fast neutrons, usually from a special fast neutron gen-
erator. Some studies have utilized the *F(yn)!®F reaction, with
results which are comparable to those from the (n, 2n) reaction,
since the many inelastic collisions made prior to reaching the
chemical energy range completely erase the source and energy
history of the '°F atoms at the time of chemical reaction. How-
ever, the accompanying radiation damage from the various
nuclear methods for producing ! °F is not necessarily compar-
able, and different distributions of !*F among various possible
products can arise from the presence of such radiation effects.

A discussion of the experimental aspects of ! *F recoil
chemistry in the gas phase has been presented elsewhere (5-
10),and only a brief summary follows. The '°F(n,2n)!*F reac-
tion is initiated by 14 MeV fast neutrons from a neutron gener-
ator (Kaman A 711). In the usual target arrangement an irra-
diation of twenty minutes forms approximately 1 microcurie of
13F from 0.3 grams of !°F source gas. The total absolute yield
for !®F formation is routinely monitored through the measured
18p production in a standard (a sleeve of Teflon) surrounding
the glass sample ampoule during irradiation. Comparison of
absolute yields between duplicate samples shows that the repro-
ducibility of irradiation is approximately 10%. The analysis of
relative yields of products within a given sample can be carried
out much more accurately, with 1% reproducibility often
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attained. However, it is possible to detect compounds of which
as few as 10* molecules have been made, and random statistical
fluctuations become an important limitation in a manner not
found with the 10! 6-10!® molecules formed in typical macro-
scopic experiments.

The 18F atoms formed in nuclear reactions can possess 10°
electron volts of kinetic energy per atom (2 x 107 kilocalories/
mole) and approximately 1-2 atmospheres of gas is necessary to
remove this energy in a 1 cm path length. Consequently, either
high pressures or large containers are required, and the geom-
etry of the fast neutron source itself limits glass ampoules to
about 2 ¢cm diameter and 4 c¢m length for most of our experi-
ments. Loss of !*F from the gas phase by recoil into the
ampoule walls is unimportant (<10%) at about 1000 Torr and pro-
gressively less important at higher pressures. In most studies
to date, the samples are maintained at about 10°C (the cooling
temperature of the generator ion target) and are not thermally
affected by the neutron irradiation process itself. Irradiation
at other temperatures is not a difficult experimental problem,
but would involve redesign of the target area with some loss of
neutron intensity.

Since macroscopic measurements are not applicable, the
analytical techniques used in such tracer systems involve the
qualitative identification of the nature of the compound through
some property such as gas chromatographic retention time, and
the quantitative assay through detection of the radioactive decay
of 1*F atoms. Numerous experiments have demonstrated that
small macroscopic peaks and tracer peaks unaccompanied by
observable macroscopic species both have identical gas chroma-
tographic retention times for !°F and ®F compounds. The stan-
dard product identification procedure consists of the sequential
measurement of thermal conductivity and radioactivity for the
gases contained in the effluent helium stream from the gas
chromatographic columns (11). Molecular identification of the
18p_labelled species is normally made from coincidence in re-
tention times with macroscopic amounts of the corresponding
non-radioactive molecule on several different chromatographic
columns. This procedure is especially satisfactory when the
number of likely products is rather limited, e.g. two-carbon
compounds containing hydrogen and only one fluorine atom, etc.
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Almost all of the excess kinetic recoil energy of the ! *F
atoms is lost in various collision processes before the kinetic
energy is low enough to permit the formation of a stable bond
with any substrate molecule. The substrate alkene or alkyne
is normally present as a minor component mixed with the source
gas; other scavenger gases, such as HI, are often present as
well.

The energy of the reactive 13F atom cannot in general be
precisely controlled. However, it has been demonstrated that
the addition of an inert moderator species can greatly reduce the
fraction of !*F atoms reacting while possessing excess kinetic
energy. Under conditions in which the moderator species is
present in mole fraction >0.9 virtually all '®F reactions are
attributable to thermal mechanisms with hot reactions sup-
pressed to about 1% or less (5-10). The thermalization of the
13F atoms can be accomplished in two ways: (a) through colli-
sion with noble gases which are inert moderators (9, 10);and
(b) through collision with an excess of perfluorinated source
gases which are inert toward reaction with thermal 1%F atoms.
The necessity for ! °F as a target for the !*F(n, 2n)' *F reaction
requires that at least one major component of each system must
be a fluorinated molecule, but some of these are chemically
quite inert. Typical source gases which can also serve as
moderators are NF;, CFy, SF¢ and C,F, (12-15).

13F Reactions with Alkenes and Alkynes.

The most widely studied '®F atom reaction system is that
of '®F plus ethylene, which was initially studied for the purpose
of using ethylene as a scavenger in CF, systems, and more
recently with interest in the excited fluoroethyl radical inter-
mediate. Studies using widely different sample preparation
procedures and irradiation conditions are mutually consistent,
(9, 10, 13 and have demonstrated that the kinetics of the ' °F
atom reactions under study are independent of their irradiation
history.

In the first study, valuable information concerning the ele-
mentary processes involved in the reactions of atomic fluorine
with ethylene was obtained from CF,-C,H; mixtures with '*F
atoms formed by the ' °’F(y, n)**F reaction in CF, (9, 10). The
13F atoms which failed to react with CF, were effectively
removed by addition to ethylene, as in Equation 1. The
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'5F + CH,=CH;/—CH,'*FCH,' (1)

subsequent fate of these CH,' °FCH, radicals was then deter-
minedby a pressure-dependent competition between stabilization,
(equation 2) and decomposition, (equation 3). The stabilized

CH,'*FCH, + M —»CH,'’FCH, + M 2
CH,' *FCH, ————»CH!®*F=CH, + H (3)

CHz1 8FCHZ radical was then detected after reaction with scaven-
ger molecular I, as CH,' *FCH,I (equation 4).

CH,'*FCH, + I, —»CH,!*FCH,I + I (4)

The linear pressure dependence of the CH”FCHZ to
CH,' °FCH,I ratio in excess CF, further showed that the CH,' *F-
CH;* radicals were almost uniformly monoenergetic indicating
that the radicals received negligible additional excitation from
extra translational energy of the ! °F atom (see below). A
similar F atom addition-plus-decomposition mechanism has been
invoked to explain the presence of C,H;F as a product from the
photolysis of ONF in the presence of C;H, (16).

More recently, Rowland and coworkers reported the results
of some experiments on fluorine atom additions to olefins and
acetylene using tracer levels of !®F generated by the ! °F(n, 2n)-
18F reaction (5-8,12-15). These experiments were carried out
under more nearly ideal conditions: (a) the ampoule contents
suffered negligible radiation damage because of the low level of
radioactivity per sample; (b) hot reactions of ! °F were reduced
to <1% of the total by maintaining the mole fraction of moderator
(source gas) above 0.90; and (c) improved radio gas chroma-
tographic methodology, i. e., column specificity, more advanced
detection techniques and better separations. One other sub-
stantial advantage involved the use of HI as the scavenger
(equation 5), providing much greater ease of radio gas chroma-

CH,'*FCH, + HI —»CH,!°®FCH; + I (5)

tograaphic determination of the scavenged radical product, CH;-
CH,'°®F, than of the iodo-compound formed in (4). The radio-
assay of CH,=CH'®F and CH;CH,'®F is illustrated in Figure 1.
No CH;CH,!®F is observed in the absence of HI, but a major
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peak appears when it is present. In the illustrated assay the
product CH31 8F is also found when HI is in the sample. This
product is formed by reaction (6) which is about 50 kcal/mole
endothermic, and can only occur when initiated by energetic

18 _ 18 H# 18
F + CH,=-CH, —+»CH, ‘FCH,—CH, "F + CH, (6)

13F atoms. The system in Figure 1 contained about 20% C,H,
and 80% SFg, permitting many collisions between "hot" *F
atoms and C,H,;. When similar experiments are carried out
with only 1% C,H, and 99% SF,, the yield of CH,'®F is reduced by
a factor of 20, and is negligible overall.

If all of the radicals in (2) and (3) are essentially monoener-
getic(i. e. radicals formed by thermal '*F atoms, excited
only by the bond-formation energy), then the relative rates of
formation of C,H;'*F and C,Hs' °F are given by (7), with a

d(CH,CH'*F) _ (Decomposition) _

ks
d(CH;CH,'®F) ~ ~ (Stabilization) K, M

k,M

D k
S 2

straight line expected in a D/S plot against the inverse pressure.

The agreement in data from experiments in two laboratories
with widely varying techniques is shown in the D/S plot for CF,-
C,H, mixtures shown in Figure 2. The slope of the lines is a
measure of the ratio of ky/k,. At D/S =1, the half-stabilization
point, the lifetime of the fluoroethyl radical is about 1 x 10 9
sec (13). The derivation of equation 7 has implicitly assumed
that one collision is always sufficient to stabilize the radical in
equation 2--the "strong collision' assumption in the kinetic
derivation. In many mixtures further research has shown that
this assumption is not completely valid, as discussed later. In
fact, the CF,-C,H, system is one in which the collisions are
not ""strong' (i.e. do not remove large quantities of energy per
collision), as demonstrated by isotopic effects in comparisons
of CF,-C,H; and CF,;-C,D, systems. These isotope effects are
discussed in the final section. When D/S >1, the observa~
tion of concave curvature upward instead of the straight lines of
Figure 2 serves as a diagnostic test for "weak' collisions.

The reactions of thermal ! ®F atoms with alkynes are analo-
gous to the alkene reactions just described. The 8% atoms add
rapidly (17) to acetylenic bonds, as illustrated in (8) and (9) (7).
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Figure 1. Radio gas chromatographic separation of CHy=
CH*F from "*F(n, 2n)"F reaction in gaseous SF—C,H,~HI
mixtures (27)
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Figure 2. Ratio of decomposition stabilization vs. pressure™ for *°F-

labeled products from ¥F reactions with C;H, in excess CF, (all

samples contained CF,:C,H, in the approximate ratio 18/1). O —
C,H,*F /CH,ICH,*F with I, as scavenger at 25°C (10).
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'8%F + HC=CH ——HC'*F=CH (8)

CH=CH'®F + HI——»CH,=CH!®F + I (9)
Addition to ethylene is 0.83+0.02 as fast as addition to acetylene,
as determined by experiments in which both ethylene and acety-

lene are simultaneously present and directly competing with one
another (18).

Product Analyses and Identification of Reaction Channels.

All of the interpretations which follow are based on the
assumption that the reacting !°F species is in the neutral,
ground electronic state, designated as hot if it possesses excess
kinetic energy and thermal if it does not. The possibility that
the resulting species is occasionally either charged or electron-
ically excited cannot be rigorously excluded. However, the
general reaction pattern of !®F from nuclear recoil, especially
the yield behavior in the presence of inert moderators of
varying ionization potential, has not yet furnished any evidence
inconsistent with the hypothesis of the neutral, ground state as
the reacting entity (_9_, 10,19-23). The very high energies for
the first excited electronic state (12.7 eV above the ground state)
and the ionization limit (17. 4 eV) make appreciable fractions of
these species very unlikely at energies comparable to chemical
bond energies, while the hot reactions of ! ®F are almost
entirely suppressed by the use of moderators. The observation
of normal D/S behavior (equation 7) for radicals such as CH,!®F-
CH,* is good evidence for the absence of severe complications
from the reacting species (13).

Typical data for the systems, C,H;/CF,;/HI and C,H,/SF,/HI
are contained in Table I (13). Additional data for the SF¢/C,H,
(18:1)system are included in the D/S vs (P)~* plot of Figure 3
(?i)' The extrapolated pressure for half-gtabilization obtained
from Figure 3 is 80 Torr. Flores and Darwent (16) also
measured the stabilization of CH,FCH* and found that pressures
of about 100 Torr were required. In their photolysis system,
however, product analyses were difficult and accurate pressures
for half-stabilization were not obtained.

As seen from Table I, yields of about 60% are found for the
addition of thermal !®F to C,H, at high pressures. The experi-
ments at pressures less than 1000 Torr clearly show the loss of
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Figure 3. Ratio of decomposition/stabilization (D/S) vs. pressure™ for

8F-labeled products from *F reactions with C,H, and C,D, in excess

SF;. All samples contained SF;/C,H, or C,D,/HI in the approximate

ratios 18/1/0.2. With the exception of two points at 10°/P(torr) = 1.00,
the C,H, data are taken from Ref. 7.
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energetic ! *F into the ampoule walls because of insufficient
available path length for removing the 10%eV of initial kinetic
energy from the (n, 2n) reaction. The minor yield of CH3' ®F is
caused by the direct hot substitution reaction (6). Most of the
"missing’" !®F in the high pressure samples has formed H'®F by
abstraction of H from C,H, (equation 10). The H'®F so formed
reacts on the ampoule wall and is not detected by normal radio
gas chromatographic techniques.

5P + CHECH;—H'’F + CH=CH (10)

In general, at least half of the thermal '®F atoms can be
expected to add to olefinic or acetylenic substrates with the
formation of the corresponding radicals. Stabilization of these
excited radicals is favored by high pressures (or by condensed
phase experiments) although some radicals undergo even more
decomposition at low pressures than observed with CH,!®FCH,
(11). In most systems the radicals stabilized by collision with
SF; can usually be converted to the corresponding hydrocarbon
by reactions with scavengers in analogy with equation (5).

Table I. Volatile Radioactive Products from !®F Atom
Reactions in Typical Mixtures of C,H, with CF, or SF; (13).

Pressure, Torr

CF, 1480 570 232

SF¢ 3840 1570 287 94

C,H; 83 31 13 209 87 16 5

HI 17 6 2 42 17 3 1
Product Yields, % Absolute *°F

CF;'%F 2.24 1.90 2.33

CHF,'*F 0.58 0-21 0.22

CH;'®F 0.32 0.52 0.21 0.20 0.35

CH'®F=CH, 5.61 10.6 17.9 1.67 3.0 11.2 16.9
CH;CH,'*F 58.7 47.9 32.9 53.2 59.0 45.2 23.0
SFs! 8F 1.29 1.06 1.09 0.3
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Absolute Rate and Cross Section Measurements.

A. Absolute Rate Measurements: The direct abstraction
of H atoms from saturated hydrocarbons by fluorine atoms
occurs very rapidly, with the formation of HF. The reaction of
1%p with CH, by Equation 11 leads to a product (H!°F) which is

18p 4+ CH,—»H!’F + CH, (11)

not readily analyzed by gas chromatography because of its high
chemical reactivity. Direct chemical detection of such H®F has
been carried out by Root et.al.( 25 ). In our own experiments,
the rate of reactions such as Equation 11 has been estimated by
its competitive diminution of the yields of reactions with ethy-
lene or acetylene (26, 27). The absolute rate constant of the
corresponding 19F reaction with CH,; was determined indepen-
dently in a flow system using mass spectrometric detection and
accurately measured flows of very small amounts of the reac-
tant gases (28). Fluorine atoms, free of F,, were generated by
the reaction of N atoms with NF, (219). The rate constant with
13F was determined to be 7.1 x 10~ ecm®molecule~!sec™ at
283°K, or reaction in about 1 of every 5 collisions with CHy.
Since the ratio of H atom abstraction from CH, versus addition
to HC=CH was measured to be 0. 41, (26,27) the absolute value
for the rate of thermal F atom addition to HC=CH is about 1.7
x 10-1°%cm®molecule!sec™!. Similarly, the absolute rate
constant for thermal F atom addition to ethylene canbe estimated
from the relative rates of addition to HC=CH versus CH,=CH,
to be 1.4 x 10-!%m?®molecule-!sec-!. Addition to both C,H,
and C,H, thus requires three collisions or less on the average.

The relative rate constant ratio for addition of thermal **F
to perfluoropropylene to abstraction by thermal 13p of H from
H,, has been measured by Grant (25) to be kc,F,/ky, = 0.056 +
0.002 exp(1502 £17 cal/mol)/RT. Rowland and Willlams (27)
have measured the rate constants of thermal *F atom absfrac-
tion of H from H, and CH, relative to addition of **F to HC =CH.
This ratio, measured to be 0. 14: 0.41:1,0, may be combined
with the results of Wagner et. al. (28) to yield an absolute value of
2.0 x 10" em®molecule-!sec-1 foTszF Rowland and
Milstein (30) found that the initial ' °F addition step is approxi-
mately equal in rate for C,H, and CHC1=CHCI and about six times
slower for CFCI=CFCl. With both CF;CF=CF;, and CFCI=CFCl
addition is considerably slower than with olefins containing
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fewer F and more H atoms. While such reactions are all very
rapid, and are reasonably consistent with one another, Grant
and Root (31) have pointed out that certain inconsistencies do
exist in the calculation of Arrhenius parameters forthe reactions
of F with CF;H, CH,, H, and C;F;, based on the measurements
of Wagner et.al.(28). Nevertheless, Foon and Kaufman (32 )
believe that Wagner's result is the preferable one at this time.
Work in the area of absolute rate constant determinations for
fluorine atoms is still generally in the preliminary stage. The
nature of tracer ! *F experiments makes di.ect absolute rate
determinations very difficult, while facilitating relative rate
measurement. Measurements with !*F at various temperatures
will eventually be important, and Root et al. have already con-
structed a target that can be used with cgclotron-produced fast
neutrons at temperatures as high as 475K (33).

B. Cross Section Measurements: In recent years crossed
molecular beam techniques have been employed by Lee and co-
workers (34) to study extensively the reactions of fluorine atoms
with several different olefins. Very high cross-sections were
observed, consistent with the rapid thermal rate constants
measured above. In these experiments, multichannel decompo-
sition is observed (i.e., loss of H or CH; after *°F addition to
the 7 -bond). Since the C-F bond is stronger than any other
single bond with a carbon atom, C-F bond scission back to the
original reactants does not compete with the exothermic proces-
ses involving breakage of C-C and C-H bonds. A tabulation of
AH values for addition reactions of thermal !?®F to various ole-
fins is included (Table II) (6). Some highly endothermic path-
ways are listed for the purposes of comparison. The experi-
mental measurements of D/S in this table confirm that the only
radicals undergoing appreciable C-C bond rupture with carbene
formation after thermal !®F addition are those that form CF,.
The extraordinary stability of the CF, radical makes C-C bond
rupture exothermic for these radicals.

A summary of some average product trahslational energies
and reactive cross sectionsis presented in Table 111 (34, 35).
According to Lee and coworkers, the higher average transla-
tional energies typical of CH; release reactions can be attributed
to a higher potential energy barrier in the exit channel, under
the assumption that some of the excess potential energy over
that necessary for dissociation is converted into product trans-
lational energy. In all of the cases listed in Table III the cross
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sections for CH; release are much larger than those for H
release, reflecting the greater exothermicity of CH; loss.

Addition to Asymmetric Olefins.

Quantitive studies of fluorine atom addition to simple
asymmetric alkenes have not been numerous because of experi-
mental difficulties in the handling of fluorine atoms and the even-
tual reaction products. However, two investigations have been
undertaken which permit estimates of the ratio of terminal to
central attack on propylene in the gas phase. A value of 3.0 for
this ratio was estimated from the respective yields of CH3;CH=-
(NF,)CH,F and CH;CHFCH,NF, in the gas phase photolysis of
N,F,-propylene mixtures (36). The mechanism of this photo-
difluoramination reaction involves the direct photolysis of NF,
(in equilibrium with N,F,) to F + NF; the addition of F to the
olefin; and the further reaction of the adduct radical with NF,

(or N,F,) to give an observable stable product. Terminal F atom
attack thus leads to CH3;CH(NF,)CH,F, with the other isomer
being formed by initial central attack by F.

In contrast, a set of experiments based on standard tracer
15F techniques (12) has yielded a value of 1.4 (37) for the ratio
of terminal to central attack (Equations 12, 13). These studies

'*F + CH,CH=CH,—»CH;CHCH,! *F# (12)
18F + CH;CH=CH,—»CH;CH!*FCH,* (13)

were performed over a greater pressure range (400-4000 Torr)
than the N,F, experiments (all done at 150 Torr) (36). The
results of these !°F experiments demonstrate that the radical
formed from central addition readily undergoes unimolecular
decomposition at low pressures (Equation 14). Such decompo-

CH;CH!®FCH,* —»CH, + CH!*F=CH, (14)

sition is in agreement with the molecular beam results of Lee
and coworkers (34) .Consequently, quantitative interpretation of
relative ratios of attack by fluorine atoms on asymmetric olefins
requires experimentation at pressures high enough to avoid such
decomposition problems (Table IV). The yields of each of the
18F-fluoropropylenes were negligibly small at all pressures,
indicating no appreciable excitation decomposition of
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CH3CHCH21 $F+ radicals resulting from terminal addition. Extra-
polation of the decomposition/stabilization ratio of Table IV
(CH,=CH!®F vs. CH;CH'®FCH;) to lower pressures indicates that
perhaps 50% of the CH;CHFCH, radicals might be stabilized at
about 150 Torr. A precise comparison cannot be made because
the main component gases are not the same. The observed
terminal/central ratio for surviving fluoropropyl radicals would
1(:he;1 be 1.4/0.5 or about 3.0, as reported for the N,F, system
36).

The measured terminal to central ratio of 1.4 contrasts
sharply with the ratio of about 15 found for the thermal hydrogen
atom addition to propylene (38). The value of 1.4 indicates only
a moderate preference for reaction at the CH, end of propylene,
indicating that atomic fluorine is a rather indiscriminate,
highly reactive species. Both the 13F recoil and N,F, photolysis
experiments show substantial H atom abstraction from propylene
by atomic F, with about 50% of the !®F going to H!®F. The com-
plementary nature of tracer !®F and macroscopic ! °F experi-
ments can be illustrated by a further comparison of these two
experimental systems. In the ®F experiments, the residual
allyl radicals presumably left by the abstraction process (equa-
tion 15) cannot be detected since they have no radioactive label,

18p + CH;CH=CH,—pH!®F + CH=CH=-CH, (15)

and the abstraction process can be directly followed only by
observing H!®F. This was not done in reference 11 and the
existence of reaction (15) was determined only indirectly through
the absence of 50% of the !*F. In the N,F,/CH;CH=CH, system,
however, the abstraction reaction leaves major yields of allyl
radicals, traceable after reaction with NF,. The high yield of
CH,=CHCH,NF, found in the N,F, system results from this com-
bination of allyl radicals with NF, (36).

The addition of fluorine atoms to butene hasbeen investigated
as an extension of the experiments outlined above. Isobutylene
was also studied with the N,F, technique and behaved very simi-
larly to propylene (36) .The ratio of terminal to central addi-
tion was 3.1/1.0, again with no correction for decomposition
of (CH;),CFCH," formed at relatively low pressures. Standard
13p experiments with isobutylene and HI are not possible
because they react with each other thermally. Tracer 15p
studies with 1-butene have shown that it resembles *F-
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propylene in its behavior (39), with a terminal/central ratio of
addition of 1.4 .Again, when the isobutylene photolysis system
calculations are corrected for the unimolecular decomposition of
(CH3),CFCH,* the results of both experiments are mutually con-
sistent.

Since the results of both the propylene and butene experi-
ments are essentially the same, the conclusion that the F atom
is a rather indiscriminate reactive entity little influenced by the
presence of a methyl group is reinforced. In contrast, studies
of thermal H atom addition to 1-butene, as with propylene, have
shown a much more pronounced directional effect with a terminal
to central addition ratio of about 20 (40).

The addition of ' ®F has also been studied with ethylenes (6)
In intramolecular competition with fluorohydroolefins, the !
atoms react preferentlally with less fluorinated positions. Inter-
molecularly, !®F addition is also preferred at theless fluorinated
positions. Among multiply-bonded molecules, no extreme
preference is found for reaction with one molecule or the other.
For example, 13p atoms add about four times as rapidly to CH,=
CH; as to CHF=CF, (6).

The competitive addition reactions available with halogenated
olefins are illustrated in equations 16 and 17 for vinyl fluoride.

18 + CH,=CHF —CH,' *FCHF* (186)
8% 4+ CH,=CHF —»CH,CHF 'F# (17)

The two difluoroethyl radicals can be stablhzed by collision and
observed as CH,FCH,!®F and CH,CHF!®F, respectively, after
reaction with HI.

The relative yields for various molecules are summarized
in Table V. For convenience, the reactivity per methylene
group in ethylene has been given the value of 1.0 and both the
intermolecular and intramolecular competitions have been ex-
pressed in comparison to this standard. The addition of 181 to
ethylenes containing C-H or C-F bonds consistently favors, on
both intermolecular and intramolecular bases, addition to the
less fluorinated positions. The CH, end of CH,= CF2 is about
five times as reactive toward addltlon of thermal '*F as is the
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Table V. Intermolecular and Intramolecular Selectivity
in ®F Atom Addition to Olefins in Excess SF¢ (6).

(a
Normalized yield per olefinic carbon aton)l

Olefin CH, CHF CF,
CH,=CH, 1.0

CHF=CHj 0.17(0.8) 0.6

CF;=CH, 0.8(1.1) 0.2
trans- CHF=CHF 0.3

CHF=CF, 0.4 0.1
CF=CF; 0.14(0.2)

(a)
Yield per carbon atom of the stabilized radical formed by
addition of !®F to the listed group, relative to CH, in
ethylene as 1.0. The numbers in parentheses represent
the approximate yields after correction for decomposition
of excited radicals.
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CF, end (17) but no examples have yet been found in which
attack is negligible at either end of the multiple bond. Similar
behavior has been observed for the addition of CCl;, CF; and
C;F; radicals to fluorinated ethylenes @1).

The preference for attacking the more hydrogenated and less
fluorinated end of the double bond is consistent with electrophilic
(*®F) attack on the molecular end with the greater r -electron
density, i.e., usually the end with fewer highly electronegative
substituents (42). However, the extended Hiickel molecular or-
bital calculations of Libit and Hoffmann (4_3) have shown similar
7 ~electron densities on the terminal (0.945) and central (0. 936)
carbon atoms in propylene. Satisfactory rationalization of these
preferential orientation effects probably will require additional
experiments with still other asymmetric alkenes. Some experi-
mental complications enter through the reactivity of HI with
some substituted olefins, preventing the use of the standard
experimental mixtures. Experiments in this laboratory suggest
that H,Se can frequently be used as a replacement scavenger
for HI (44).

When !®F atoms are added to unsaturated carbon atoms
carrying chlorine or bromine atom substituents, the heavier
halogen atom is lost very rapidly (<10-!%sec) (17). In such
cases substitution formally occurs as in equation18. Further

18F + RCH=CHX —»RCHCHX!*F —»RCH=CH!®F + X (18)
(X=Cl1, Br)

experiments with (a) cis- and trans-CHCl=CHCI; and (b) CFCl=
CFCl (mixture of isomers) have been reported (30) .The decom-
position rates of the resulting CHC1!*FCHCI and CFC1**FCFCl
radicals have been studied through the pressure dependence of
the relative yields of the decomposition and stabilization pro-
ducts. The stabilized radicals were once again identified as the
corresponding saturated molecule after H abstraction from HI.
The CHC1'*FCHCI radicals decompose very rapidly (9804i decom -
position at 2000 Torr), about 50 times faster than CFCl'*FCFC1
radicals (50% decomposition at 2000 Torr). The trans to cis
ratios of the CH!®*F=CHC] formed by CHC1'*FCHCI decomposi-
tion are different (0.6 from cis-CHC1=CHCl, 0.9 from trans)
for each isomeric parent indicating that decomposition by CI
atom loss is kinetically competitive with rotation about the C-C
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bond in the excited CHC1'*FCHCI radical.

Atomic fluorine addition to allene had at first been assumed
to proceed entirely through attack at the central position, since
only the product corresponding to initial F atom attack (and NF,
termination) has been isolated from N,F,-allene photolysis
experiments (:1__5_, 46). No evidence was found for the presence of
either CH)=C(NF,)CH,F or its expected isomerization product
(CH,F),C=NF (45). However, Rowland and coworkers (47, 48 )
found both terminal and central addition with relative yields in
the approximate ratio of 2:1 (Table VI), indicating a moderate
selective preference toward reaction with the terminal end of the
n -bond.

Table VI. Absolute Percentage Yields of Fluoropropene-!°F
molecules from !*F Reaction with Allene in
Excess SF; (47).

Pressure(torr) Absolute Yield, Per cent
SFs Allene  HI CH,C!*F=CH, CH,'*FCH=CH, Ratio
3360 158 16 20.4 34.3 1.7
3350 112 56 19.2 32.3 1.7
3330 106 85 15.9 29.8 1.9
3360 46 126 8.3 17.9 2.2
827 27 14 10.8 18.9 1.8

The most important reactions with alkynes correspond to
those found with alkenes and include:

(a) substitution of !*F for H

1% . HCSCH —»CH=C!*F + H (19)
(b) abstraction of H
1%r + HC=CH —»H!*F + C=CH (20)

(c) addition to the # -bond to form CH=CH!®F (Equation 8).

The SF¢/ HC=CH/HI system has been thoroughly investigated by
Williams and Rowland (Z). Typical results are presented in
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Table VII.

Table VI®. Pressure Dependence of Product Yields from
SF¢—Moderated '°F Atom Reactions with HI-Scavenged
Acetylene (7)

Total pressure, 3800 690 300 250 100
Torr

Absolute yield, %
SF:!*F 1.16 1.05 0.77 0.70 ~1
CH=C!®F <«0.1 <0.2 <0.4 <0.3 <1
CH,=CH!®*F 59.3 67.0 57 58 48

2 Molar composition ratio, SF,/C,H,/HI = 20/1.0/1.0.

The yields indicate that about 60% of the !®F is recovered as the
stabilized product, CH,=CH'®*F. When the HI/C,H, ratio is
reduced below the 1.0 of Table VII, the yield of CH,=CH!’F
increases, leading to an estimated 85% at low HI concentration.

The extrapolated half-stabilization pressure of <200 Torr
implies a lifetime for CH=CH! ®F# of >5x10 *%ec. At 100 Torr
pressure, the observed limit on the loss of an H atom from
CH'®*F=CH* (< 1% to form HC=C'®F) indicates that the lifetime
against H atom loss is >10-% sec. Moreover, crossed molecular
beam studies of low energy F atom reactions with acetylene
failed to show any evidence for the F for H replacement reaction
(7), and H atom loss is at most a minor path for the decompo-
sition of CH!®F=CH radicals under collision-free conditions.
Since the C-H bound in C,;H, is very much stronger then in C,Hy,
the substitution of *®F for H in C,H, is probably endothermic.

The °F atoms which would normally react with acetylene to
form CH!®F=CH* can be deflected from this route by prior
reaction with some other substrate molecule, such asby abstrac-
tion of H from HI or from CH,. The inclusion of an amount of
CH‘i 1.4 times that of acetylene is sufficient to reduce the CH,=
CH'®F yield almost by half, as shown in Table VIII (7).

-~
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Table VIII. Pressure Dependence of Yields of *F Products
in C,H,-CH, Competition (7).

Total pressure, @ 3840 2490 690 380 300 250
Torr

Absolute yield, %
SFs;!¢F 1,12 1.06 0.9 0.9 0.8 0.8

CH=C!3F 0.06 0.04 <0.2 <0.2 <0.4 <0.4
CH,=CH!’F 43.3 42.2 39.9 38 40 33
CH,;!*F 0.59 0.59 0.5 0.6 ~0.7 ~0.4

3 Molar composition ratio, SFg/C,H,/CHy/HI =20/1.0/1.4/
1.0.

The observed competition among addition and the various
abstraction reactions shows that more detailed studies of the
variation in H!®F yield, or in diminution of the CH,=CH!*F
yield can provide relative rate constants for these reactions.
The substitution of other RH molecules for methane can then
permit the extension of such relative rate constant measure-
ments to many molecules. For example, the relative rate
constants for hydrogen atom abstraction by thermal 15F atoms
from acetylene and methane are 0.06 and 0. 11 per hydrogen
atom, respectively (gﬁ),a factor of nearly two.

The abstraction reaction must always be considered as a
likely path if hydrogen-containing molecules are present in an
irradiation mixture. However, some hydrogen-containing com-
pounds with especially strong C-H bonds do not favor H!*F
formation as readily as most hydrocarbons and do not apprecia-
bly diminish the possible yields for other reaction paths. Even
so, the formation of HF by H atom abstraction is still an exo-
thermic reaction (ﬂ).

Milstein et al. (18) have investigated the competition be-
tween ethylene and acetylene for thermal !°F atoms. Several
samples containing both compounds wereirradiated and analyzed
to establish a relative rate constant ratio between them. Exper-
iments without acetylene present were required so that the de-
composition yield of CH,=CH!®F from C,H,;'*F (and originally
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ethylene) could be separated from CH,= CH'®F from C The
addition reaction of !*F with C,H, is slightly favored Zl 20)

over reaction with C,H,.

Studies with ethylene and acetylene were also undertaken
in the presence of various other molecules serving as compet-
itive scavengers for thermal 18F atoms. The usual product
analysis-techniques for competition reactions were employed
and the resulis are presented in Table IX (_1_§).

Table IX. Relative Scavenger Efficiencies for Removal of
Radicals (18).

Radical Scavenger Relative Efficiency

CH,!*FCH, HI (1.0)

NO 5.0

0, 1.05

SO, 0.33

(¢]0) 0.005
CH'®F=CH HI (1.0)

co 0.022

N, < 0.003

Relative Rates of Removal of !®F by Reaction at 4000 Torr

C,H, (1.0)

C,H, 0.83

SO, 0.04

02 <0.005

NO <0.01

co <0.01

N2 <0. 002

The addition of '®F to CH;C=CH, as with the alkenes dis-
cussed earlier, does not show strong preferential reactions. The
analysis for the three !*F-fluoropropenes expected from reaction
with methylacetylene is shown in Figure 4. Terminal reaction is
favored by about a factor of 3 (the sum of 25. 6% and 16.6% versus
13.7%), and the yields of the two possible terminal products
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reflect the greater stability of the cis compound (17). Although
no experiments have yet been reported, ahighly selective reac-
tion with one multiple bond in a molecule containing two or more
olefinic or acetylenic linkages seems quite unlikely in view of
the nonspecific nature of fluorine atom addition in the systems
already investigated.

Isotope Effects in Fluorine-Alkene Reactions.

The addition of fluorine atoms to olefins carries the possi-
bility of significant isotope effects at several stages of reaction.
The most extensive study of these possibilities has been carried
out by Frank and Rowland (7, 15,49), using **F added to C,H, and
to Cy;Dy. Since fluorine atoms react quite indiscriminately, the
inital addition step is unlikely to exhibit any appreciable isotopic
difference between C,H, and C,D,. However, once the radicals
have formed, the decomposition rate for C2H418F‘* is expected to
be much faster than that of C;D,®F* in analogy with numerous
other isotopic radical reaction rate comparisons for which D/H
substitution reduces the reaction rate. These expectations have
been quantitatively confirmed both by experimental measurements
of pressures for half stabilization in SF; (C2H418F, 80 torr;
C:D,®F, 13 torr) and by Rice-Ramsperger-Kassel-Marcus
calculations indicating that C,H;F* should react about six times
more rapidly than C,D,F* .

The most interesting observations of isotopic differences
between these radicals, however, are found in the collisional
de-excitation of these radicals with various bath gases. The
data of Figure 5 and Table X show that the ratios of rates of
decomposition for C,H,F* and C,D,F* are about 6 for collisions
with SF; and NF;, and only 4 for collisions with CF, and C,Fg .
The excitation energies of these radicals are determined solely by
the thermochemistry of F + C;H, and F + CyD4, independent of the
bath gas. The existence of different ratios of decomposition rates
requires isotopic differences in the collisional energy losses with
different bath gases, and that these energy losses be sufficiently
small (i.e. "weak" collisions) that decomposition after one or
more collisions will still be appreciable.

The magnitude of collisional energy transfer from chemically
activated molecular species is usually evaluated from graphs of
decomposition to stabilization (D/S) ratios vs (pressure);® and
can be expressed in terms of a characteristic energy loss, e.g.,
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Figure 4. Radio gas chromatographic separation of
three ®F-labeled isomers of C;H5'8F from *°F reactions
in SF —CH ;C=CH-HI mixtures (27)
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Figure 5. Graph of decomposition/stabiliza-

tion vs. pressure? for CH,"*FCH, and CD,-

8FCD, in NF,, CF,, SF,, and C,F,. Different

pressure™ scales are used for each gas—chosen

to give the same visual slope for CD,"FCD,
in all four gases (7, 24, 49).
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"'step-size' in a step-ladder de-excitation model (50). With
strong collisions and large energy losses, these graphs are
straight lines; with small step-sizes, deviations from linearity
are observed at very low pressures. Few measurements of
step-size exist for isotopic activated species in collision with the
same bath gas.

The difference in magnitude of the isotope effect requires that
there be an isotope effect in the removal of energy by collision
with either CF; and C;F, or with SF; and NF;, or with all four.
The molecules NF;, CF,, SF¢, and C:F; increase in size in that
order and should show a corresponding decrease in the lifetimes
of excited radical species toward stabilization. However, since
the pressure for half-stabilization in CF; and C;Fg is appreciably
higher than for NF; and SFs, CF, and C;Fg must be "weak col-
liders'', i.e., that C;HF* and C,D,F* are frequently still able
to undergo decomposition despite one collision (or more) with
CF, or C;F¢ as bath gases. The change in ratio of the isotopic
rates from 6 to 4 requires that the average energy loss per
collision with CF; or C,F; (corresponding to step size for the
step-ladder model) is less for CD, BFCD, than for its isotopic
counterpart CH, ®FCH, (49, 15).

While one weak collision is not sufficient to prevent further
decomposition of the excited species, the isotopic ratio of rate
constants will be altered only if the rate constants for decompo-
sition after one collision are not negligible and are in a ratio
different from the initial rate constants. Thus, a reduction of
the isotopic rate constant ratio from 6.2 to 4.2 requires a sub-
stantially greater contribution to decomposition after the first
collision with CF; from CD,*FCD, than from CH,®FCH;. The
data are roughly consistent with average energy losses sufficient
to reduce the decomposition rate constant by a factor of two per
collision for CF,®FCD, and a factor of three per collision for
CH, *FCH, (49, 15).

Assuming a stepladder cascade mechanism, the energetics
of the system are such that the average energy loss per colli-
sion with CF; by CD;*FCD; cannot be larger than about 2 kcal/
mole in order to obtain numerical agreement with the data. The
basic requirement is simply that collisions with CF, or C;Fg are
"'weaker'' than with SF; or NF;, and the numerical values are
obtained by assuming that the strong collision assumption is
satisfactory for SFy and NF;. This assumption is not very
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stringent for the range of experimental conditions of Figure 5,
since an average energy loss of 5 kcal/mole is sufficient to make
negligible any decomposition after a single collision. The
general question of strong vs. weak collisions with polyatomic
bath molecules is an active subject of investigation and some
controversy. Energy losses of such small magnitude are

not inconsistent with at least some of the current literature
estimates for collisions involving molecular species of compar-
able size (50-55).

Equilibration of Energy During the Reaction of Fluorine Atoms
with Ethylene .

Several recent studies by different experimental techniques
have provided information about the degree of equilibration of
energy during the reactions of fluorine atoms with ethylene.
Each of these techniques, however, provides information about a
different stage of the process, and fulfill complementary roles
in describing the entire reaction sequence. Our own experi-
ments demonstrating lifetimes of 10~* sec for species with 45
kcal/mole excitation energy meet the usual criteria for appli-
cation of the R.R.K. M. theory, including complete energy equi-
libration within the C,H;F* molecule. Indeed, our R.R.K. M.
calculations describe quite satisfactorily the observed decom-
position rates for both CoH,F* and C;D, F* ., On the other hand,
evidence for non-equilibration of energy in the fluorine plus
ethylene system has been gained from the molecular beam experi-
ments of Lee and co-workers (34,35, 56) and from the infrared
chemiluminescence experiments of McDonald et al. (57) Each
of these measurements, however, pertains to a different step in
the reaction sequence below.

The rate of decomposition of CoH,F* is controlled by the
rate of passage into the transition state, C;H,F*, and this step
is the one calculated by R.R.K. M. theory.

F + CH, —»CH,F* —)C2H4F¢—)H + CoH3F(v=n)—

C2H3 F(V’—'O)

The beam experiments of Lee et al. (34, 35) have shown a non-
equilibrium distribution of translational energy in the CH, =CHF
or CD,=CDF molecules as they arrive at the detector after a
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collision-free trajectory. This translational energy does not
represent, however, CzH4F* at the moment of reaction, but the
energies of C,H;3;F and H after separation. The measured 1-2
kcal/mole of kinetic energy for all C,H;F(or C,D;F) molecules
signifies the presence of a 1-2 kcal/mole barrier in the exit
channel forcing all dissociating CH,-CHF-H complexes to con-
vert this barrier energy into translational energy of the separ-
ating products. These same beam experiments have shown
through their forward-backward symmetry that the C;H,F com-
plex has a lifetime >10"" sec., long enough for several rota-
tional periods. Even when the initial F atom has kinetic energy

of 15 kcal/mole, the forward-backward symmetry is maintained
(56).

The infrared chemiluminescence experiments of McDonald
et al. demonstrate that the infrared quanta emitted (time
scale ~1073 sec.) by the vibrationally-excited C,H;3;F or C,D;F
products from F + ethylene are not characteristic of molecules
with energy fully equilibrated in all degrees of freedom. This
lack of energy equilibration within the molecule, however,
applies to C,H;F species vibrationally-excited with about 10
kecal/mole of excitation energy, and not to the C,H,F* species
with about 50 kcal/mole excitation energy prior to H atom loss.
Experiments with more highly vibrationally excited C,HsF mole-
cules (e.g. from F + C,H;3;Br) do indicate equilibration of energy
prior to infrared emission (57).

Summary and Comments ,

The technique of using thermalized 18F atoms for the study
of fluorine atom reactions has proven very useful with unsatur-
ated hydrocarbons and halocarbons, providing data on mecha-
nisms, relative rate constants and factors controlling such
reactions. The characteristic difficulties of macroscopic
fluorine chemistry are often avoided at tracer levels, and
analysis by radio gas chromatography can be quite straight-
forward. However, experiments at pressures below 0.1
atmosphere are relatively difficult, and most of the usual analy-
tical methods are inapplicable at product mole fractions <1071,

Finally, many other classes of compounds can be readily
substituted for alkenes and alkynes with little variation in equip-
ment and technique. The extension to study of 18F atom
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reactions with organometallic compounds is only one example of
the broad applicability of tracer 18F studies. As interest in the
reactions of atomic fluorine continues to intensify, the radio-
active 1°F technique promises to be one of the important comple-
mentary approaches through which progress will continue.
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Radiotracer Studies of Thermal Hydrogen Abstraction

Reactions by Atomic Fluorine
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Crossed beam studies of near-thermal F + D, and F + CD,
reactions yielded direct mechanisms with predominantly back-
ward scattering of DF (1-3).

F+Ds —> DF + D (1)

Process 1 proceeds through close (ca. 1 A) repulsive encounters
that favor the collinear FDD critical configuration. Avail-
able ab initio (4) and semi-empirical (5) potential energy
surfaces (PES) also favor direct collinear encounters for
isotopic variants of this thermal reaction.

The microscopic product energy disposal has been charac-
terized for thermal F atom hydrogen abstraction reactions through
chemiluminescence and chemical laser techniques.

F+RH —> HF + R (2)

Information theory analysis showed that structurally related

reactants exhibit essentially the same HF product vibrational

disequilibrium, and that all known examples of reaction 2

in non-pi-bonded systems involve direct microscopic dynamics

on repulsive early barrier PES with mixed energy release (6).
Although classical kinetics studies cannot yield energy

disposal details, accurate Arrhenius parameters provide a

useful basis for semi-empirical PES energy scaling (4,5)

and for other theoretical characterizations of bimolecular
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reactions (7-11). Kinetic Isotope Effect (KIE) measurements

in equilibrium systems at normal temperatures have been
extensively utilized for modeling purposes (12-15). Low
temperature KIE experiments have provided a limited amount of
microscopic energy consumption information (;é) together with
most of the available definitive evidence pertaining to the
occurrence of tunneling in chemical reactions (17). For all of
the above reasons it is important to obtain accurate experimental
Arrhenius parameters and KIE results for thermal P atom hydrogen
abstraction reactions in organic and inorganic substances.

Recent comprehensive literature reviews include those by
Foon and Kaufman (18) and Jones and Skolnik (19). Hydrogen
abstraction reactions by atomic fluorine exhibit unusually
large exothermicities with activation energies in the range
0-2500 cal mole 1. Since the values for many substances are
less than 500 cal mole !, exceptional experimental sensitivity
is required. Severe kinetic complications further increase the
difficulty of obtaining precise and accurate thermochemical
kinetics results for these reactions (18-21).

To date the most successful competitive reaction techniques
that have permitted the elucidation of Arrhenius parameters
utilized (i) an SFg discharge flow reactor followed by simul-
taneous mass spectrometric detection of HF and DF (T, 16, 20)
or (ii) a moderated nuclear recoil 1EF procedure introduced
from this laboratory that involves direct H*SF product analysis
(23-26). Experimental KIE results obtained for the F + Hp(Ds)
reactions using these procedures exhibited semil-~-quantitative
agreement at an enhanced level of sensitivity (22, 24, 26).
Because the flow reactor technique has been based upon well
established equilibrium kinetic methodology, this agreement
suggested that the moderated recoil 1®F atom distribution had
achieved complete temperature equilibrium. However, Foon and
Kaufman have noted an apparent discrepancy between preferred
300°K absolute rate constants (18) vis-a-vis *®F results (25)
for Ho, CHy and CHFs. Relevant kinetic data for these substances
have been summarized in Table I.

In the present work we have sought to resolve this dis-
crepancy based upon new experimental results and to provide a
critique of the nuclear recoil technique for the investigation
of thermal hydrogen abstraction reactions by atomic fluorine.

Experimental.

The basic methods of sample preparation, irradiation and
analysis have been described elsewhere (23, 26, Wi, L45), Re-
cent experiments have incorporated several refinements as
detailed below.

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



3. MO ET AL. Thermal Hydrogen Abstraction Reactions 61
Table I. Absolute Rate Constants for 300°K Thermal Hydrogen
Abstraction Reactions by Atomic Fluorine.
ky A Ea

Reactant (em® mole™lsec ®) x 1012 (cal mole ) Reference
Ho 3.8 - - (27)
1.8 £ 0.6 - (28)
1.52 9.3 1080 * 170 (29)
1.5 + 0.8 - = (30)

1.5 £ 0.4 - - (18, 31)
1.1 16 1600 (32)
1.0 - 2150 * 230 (33)
1.00 * 0.08 - - (3h)
0.4 + 0.1 - ~ (35)
0.1h - - (36)
0.077 1.8 + 0.3 2470 * 30 (37)
CH, >6.0 - - (38)
4,82 23 1150 (39)
4.3 - - (27)
3.6 t 3.6 - - (30)
1.3 10 1210 (%0)
0.32 2.5 1210 (h1)
0.18 + 0.06 4.0 1850 * 230 (%6)
CHFy  0.019 - - (38)
0.019 b 0.75. 2200 * 400 (ko)
0.012 * 0,003 0.50° 2200 + 170P (43)
0.012 * 0.018% 0.63 + 0,01% 230 + 7502 (30)
0.0090 + 0,0008 - - (34)

a.
b.

Preferred Values Cited in (18).
Preferred Values provided by H. G. Wagner.
supplants ref. Qéﬁ.
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Sample Preparation. Gas phase samples have routinely been
prepared in cylindrical Kimax KG-33 ampoules (23%) using a
pressure-drop procedure to determine mixture compositions (24-26,
46). Pressure measurements for Hp/CsFe and CH,/CsFg samples were
carried out to an absolute accuracy of * 0.05 Torr by means of
a Wallace and Tiernan 0-200 Torr model FA-145 mechanical gauge.
More recent experiments have utilized a Barocell model 117h
capacitance manometer provided with a model 570-D-1000T-1B2-HS
temperature stabilized 0-1000 Torr sensor. Individual component
pressures measured with the calibrated Barocell had an absolute
accuracy of * 0.003 Torr. Unless noted otherwise the total
sample pressure corresponding to the irradiation temperature
was always 1000 * 10 Torr. Gravimetric checks (23, 4T) of the
total pressures were routinely carried out.

All organic materials had minimum purities of 98 mole %.
Apart from routine vacuum degassing, these substances were
used without further purification. Prepurified Ho (= 99.9%),
Extra Dry Oo (2 99.6%), High Purity Clz (= 99.5%), C.P. CHy
(= 99.0%), C.P. CoHg (2 99.0%4), Freon 116 CoFg (2 99.6%),
Genetron 23 CHF4 %2 98.0%), and I.G. SFg (= 99.9T%) were obtained
from Matheson Gas Products. The CgFg (= 99.0%) was provided by
Pierce Chemical Co.

Irradiations. Our standard irradiation procedure has also
been modified. Dedicated bombardments carried out at the
Crocker Laboratory chemical target facility have previously
employed 27.5 MeV (d,n) reactions on thick beryllium targets
(23, 48). During the past year parasitic irradiations have
been utilized in conjunction with the Crocker *Z®Xe isotope
production procedure, which has been based upon the 65 MeV
1271(p,5n)*2%Xe nuclear reaction (49). Protons emerging from
the Nal primary target were stopped in a graphite Faraday cup
located ca. 2 cm from the base of our sample oven. Fast neutrons
suitable for *®F production via the 1°F(n,2n)*®F nuclear re-
action were emitted from both the NaI and graphite targets.

These parasitic neutrons exhibited both a reduced intensity and
a different laboratory kinetic energy distribution relative to
the standard dedicated irradiation conditions. Since the para-
sitic distribution extended to 65 MeV, the relative production
rate of **C isotopic impurity was significantly increased.

The 11C activity was routinely reduced to the noise level of

the radiocassay through the use of extended irradiations and post-
irradiation delays (50).

An updated controlled temperature irradiator (51) in-
corporated an asbestos housing; multiple cartridge heaters
installed within an aluminum sample oven; individual ports for
a maximum of 31 samples; internally mounted thermistor sensor
and thermocouple monitor probes; an adjustable resistance bridge
Triac controller Qig) sensitive to * 0.005°K; and prior
calibration (* 0.05°K) as well as continuous monitoring (* 0.15°K)
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during the irradiation of the control point tempersture by means
of thermocouple potentiometry. Because of susceptibility to
radiation damage, each thermistor sensor was used only once. The
thermal contact between oven and glass ampoules was relatively
inefficient, so that 12 hour warmup periods were required in order
to insure satisfactory temperature equilibration. Measurements
with a Hewlett-Packard quartz thermometer demonstrated that the
temperature uniformity of the oven was within * 0.01°K. The
estimated absolute uniformity and accuracy of sample irradiation
temperatures was within + 0.25°K of the control point value.

Processing of Samples. Following a 0.5 hr radiation cooling
period, samples were partitioned into volatile organic, volatile
inorganic and non-volatile inorganic aliquots ng . Under normal
conditions the trace level H*®F product was quantitatively removed
from the gas phase through physical adsorption on the KG-33
sample vessel walls. After recovery of the gaseous sample con-
tents, the adsorbed H'®F was recovered for radiocassay by means of
a 0.3 hr continuous extraction with 0.2 molar K-COs; solution.

This separation technique has been employed in all of our previous
18F experiments as well as in analogous hydrogen abstraction
studies with nuclear recoil 22Cl (53-55), ®°1 and 34"c1 (36).
Kimble KG-33 glass was found to be more effective than fused
quartz for H'®F adsorption. Vycor type glasses are porous and
should probably be avoided (57). Provided that the KG-33 vessels
were chemically cleaned and preconditioned in vacuo through re-
peated slow (gg. 10 min) heatings up to the annealing temperature,
the H®F adsorption separation was both rapid and quantitative.

Sources of possible interference with this product analysis
procedure include glass passivation, heterogeneous isotopic
exchange or catalytic reaction, or the presence of other adsorb-
able labeled substances such as C1'®F, NO*SF or COF'®F, Sub-
stantial (= 90%) prevention of H*®F (26, 56) or NO*®r (58)
adsorption has been achieved through prior exposure of the glass
vessel to the products from slow in situ radiolysis of fluorinated
hydrocarbons. Adsorbed H22C1 on fused quartz was rapidly and
quantitatively displaced following the addition of dry gaseous
HC1 carrier. Similarly, the addition of dry Cl, was accompanied
by rapid heterogeneous isotopic exchange (54: 55). Although com-
parable gas phase experiments have not been carried out with
adsorbed H'®F, polar diatomics and reactive or exchangeable sub-
stances have been excluded from the 8F samples under normal
conditions. As discussed below, interference from adsorption of
another labeled substance was observed during the present moderated
CHF5/CsFe competitive experiments. Difficulty in eluting the
adsorbed H'SF was previously encountered with unmoderated Hp/CaFg
samples at irradiation temperatures in excess of 375°K (52).

Rapid recovery was achieved with 5% aqueous HF rinsing solution
under these conditions, and the problem did not arise when CzFe
or SFg moderator was present. Because the organic yield fractions
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were not affected in unmoderated experiments, we suspect that

the anomalous behavior may have been caused by radiolytically
initiated thermal CgFg polymerization leading to partial physical
entrapment of the adsorbed H8F,

Unopened samples were connected to the gas transfer apparatus
by means of 40 cm lengths of 1.11 x 0.80 em o.d. x i.d. Tygon
tubing, which were tightly packed with 10.0 g of 30/40 mesh
granular Kéco%-l.ngo held in place by means of Pyrex wool plugs.
Unadsorbed H'°F,t products from scavenging reactions of CpFan°F
radicals with 0o (25), inorganic substances such as
SiXs'®F[X = F, Cl, or alkyl radical] (56), and possibly also
F*8F (23) reacted rapidly and efficiently with the KoCOs stripper.
Iess reactive molecular halogens such as C1%%C1 did not react
under these conditions (ghz 55). Distilled water was percolated
through the recovered stripper column in order to insure the
extraction of all *BF activity for the radiocassay.

Over the years the stripper activities have demonstrated
systematic variations depending upon the exact procedures utilized
for reagent purification, %l&SS ampoule preconditioning and
sample degassing. Since ®F atoms are essentially unreactive
toward O (18, 19) and since large oxygen containing perfluocro-
organic molecules are not adsorbed on glass, these variations
have not interfered with the H®F kinetic analysis (26). It
is difficult to insure the rigorous exclusion of trace O from
the samples, particularly in the presénce of 77°K noncondensible
reagents, Cesium gettering has been employed for Hp, Do, CHy
and CD, reagent purification (26, 46).¥ Trace concentrations of
O- may also be introduced as a result of radiolytic degradation
of the KG-33 sample vessels, and we suspect that the observed
stripper yield variations have resulted from scavenging of
labeled aliphatic organic radicals by impurity Os.

Until the behavior of carrier free F15F under these
conditions has been better established, the previous speculative
assignment ggz) of stripper yields to fluorine abstraction
channels should be regarded as tentative. In recoil 38C1 ex-
periments with Hp/CoH,/CFoCly mixtures, neither C1%8C1 nor
F38C1 products were detected. The analogous C1'8F forming
chlorine abstraction reactions with chlorocarbons are thermallx
accessible (18, 19). Molecular halogens (61) including F» (18,
add to pi-bonded substances under homogeneous conditions. Such
additions to olefins have been observed to be both rapid and
quantitative for radiolabeled Brp (62) and I, (63, 64) species
in the presence of molecular halogen carriers. Few experiments

tIncomplete H*®F adsorption was observed in condensed phase
experiments carried out in small KG-33 capillaries (45, 47, 60).

#A1kali metal gettering cannot be used with halogenated
substances.
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have been conducted under carrier-free conditions, but radio-
bromine addition to olefins apparently does not occur at large
specific radioactivity (62, 65). Although we suspect that
carrier-free FL8F would not undergo efficient homogeneous addition
to olefins, further research is needed to settle this question.

Radioassay. The coincident gamma-~ray spectroscopic radio-
assay utilized a pair of identical Harshaw 16MB16/5A Matched Line
NaI(T4) scintillation detectors mounted coaxially within a lead
vault provided with four inch thick walls. The sample aliquot
preparation and handling methods have been described above and
elsewhere ﬁg@). Two different counting procedures were employed
in the recent experiments. A modernized version of the original
differential pulse height analysis system has been depicted
schematically in Figure 1. This highly automated device was
based upon a Nuclear Data Model 4410 multichannel analyzer pro-
vided with segmented memory, real time clock, cassette magnetic
tape program storage and data output, and fast paper tape punch
output. Raw signal data required external processing in order
for the ND-4410 to be utilized for coincidence measurements.

Its count rate response characteristics were markedly superior

to those of the original (23) ND-120 machine. The inactive

period associated with input-output transactions was also
drastically shortened, thus minimizing '®F radioactivity losses
during the analysis procedure. Simultaneous coincidence/non—
coincidence measurements of the full pulse height spectra pro-
vided continuous monitoring for isctopic impurities and for
counting efficiency variations. Pogt-irradiation decay corrections
were based upon the real time clock, which was automatically read
and recorded along with the radioactivity and sample identification
data for each sample. Although it was quite expensive to acquire
and maintain, the ND-4410 system was both convenient and ver-
satile.

In the confirmed absence of radioisotopic impurity compli-
cations, the routine measurement of detailed pulse height spectra
is not really required in experiments of the present type. The
ND-4410 proved to be subject to frequent failure - causing
the loss of costly cyclotron irradiations - and to excessive
maintenance costs. For these reasons a greatly simplified version
of this apparatus was developed, which has been employed in all
of the recent experiments. As shown in Figure 2 the optimizable
coincidence timing system was retained. However, the ND-4410
was replaced using parallel single channel analyzers together with
a multiple channel scaler/timer readout system that either
consisted of the listed buffered memory Ortec components or of an
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D1

PA

D2

PA

—— LA —TSCA—]
— LA TSCA+—— FC

[ DA LGS

l

PHA/RTC

PHA/RTC

Figure 1.

Schematic of coincidence/noncoincidence
y-ray pulse height analyzer. Key to symbols: DI, D2,
Harshaw 16MB16/5A detector; PA, Ortec 113 preampli-
fier; LA, Ortec 485 linear amplifier; TSCA, Ortec 551
timing single channel analyzer; FC, Ortec 414A fast
coincidence; DA, Ortec 489 delay amplifier; LGS, Ortec
442 linear gate and stretcher; PHA/RTC, nuclear data
pulse height analyzer with segmented memory and real

time clock.
D1 HH PA — LA FTSCA
D2 +— PA -[ LA —TSCAI—
S2 SCA DA S4
=
S3  SCA LG S5
l.____J
T S1 I—— FC

Figure 2. Schematic of coincidence-limited pulse
height analyzer with real time clock. Key to sym-
bols: SCA, Ortec 406A single channel analyzer;
T, Ortec 708 Buffered Memory Timer; SI-S5,
Ortec 707 buffered memory scaler; others as in

Figure 1.
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equivalent solid state device developed at this laboratory.T
Either data acquisition system was outputted through a standard
Teletype combination page lister and paper tape punch. Although
the buffered memory feature was not strictly required for the
present measurements, this same apparatus was also utilized for
radiochromatographic analysis (output channels S1 and S5, cf.
Figure 2).

The absolute efficiency of the optimized coincidence detec-
tor was only ca. 1% at 0.511 MeV under the present conditions of
inefficient counting geometry (50). The maximum response rate
for either scaler was ca. 15 MHz with <50 microsecond losses
between readout cycles. The linear response range of the single
channel analyzer system extended to ca. 1 MHz, which greatly
exceeded present requirements. The real time (S1), the integrated
coincident 0.511 MeV photopeak activity (S2), the integrated
coincident spectrum including the photopeak (S3%), and the non-
coincident total activity were monitored, usually for sufficient
30 sec counting cycles to yield 10,000 or more counts per aliquot
in channel $2.% These data provided the necessary bases for
post-irradiation decay corrections, for monitoring the photopeak
counting efficiency and for detecting the presence of gamma ray
emitting radioisotopic impurities. The paper tape output was
processed off line by means of a Wang Laboratories model T20C
programmable electronic calculator provided with model 703
accessory tape editor.

Results.
Thermal F-to-HF Reactions. In all of our thermal competi-

tive experiments *°F addition to CsFg has been utilized as
the standard reference reaction.

TThe latter apparatus consisted of a four-channel six-decade
buffered memory multiple scaler provided with optional coin-
cidence gating; with a readout interval timer preselectable
from 1 to 9.9 x 10° sec, which also served as a digital real
time clock; with a Teletype output format generator; with coded
oscillographic integrating rate meters, which served as backup
systems for the digital channels; and with internal power
supplies. Originally developed under the auspices of the U.S.
Air Force Office of Scientific Research (Contract AF-AFOSR-68-
lh95), the scaler can still be produced using existing printed
circuit diagrams., A standard teletype unit and strip chart
recorders are required for monitoring the digital and inte-
grated ratemeter outputs. Several such units have proven
essentially maintenance free during a ten year period of heavy
use,

FTypical background count rates in channels S2 and S3 were 15
cpm and 60 cpm, respectively.
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18p 4 RH(R,) =2~ HOF + R )
18F + CaFg(Ro) k2, CaFeteF (%)

At 1000 Torr in the presence of 95 mole % of CoFg or SFg modera-
tor, unimolecular loss of *SF following reaction 4 is unimportant
Qﬁés. All of the C3Fg'®F radicals are deposited in the volatile
activity fractions along with products from energetic *°F re-
aggions with the moderator. Plots of composition dependent

H F absolute yield data for CpFg moderated Ho, Do, CHy, CoHg
and CHF5; have been shown in Figure 3. Equation 5 follows from
the kinetic analysis for these systems.

(&) - () () - (°) ®)

Here T denotes the 0.86 * 0.01 fraction of the initially pro-
duced energetic °F atoms failing to undergo hot reaction (24~
26), Y; the absolute yield of H'SF, X, the mole fraction of
reactant R, ignoring the presence of the thermally inert moder-
ator, and kK. the corresponding thermal bimolecular rate constant.
Plots of (T/Y1) vs. (1/X1), which are predicted by Eq. 5
to be linear, have been shown in Figure 4. According to this
mechanism consistency test the Hp, Dp, CH, and CoHg competitive
systems were well behaved over the full range of investigated
mixture compositions and reaction temperatures. However, the
Eq. 5 plot for the CHF3/CsFe system exhibited pronounced non-
linearity at C3Fg mole fractions in excess of ca. 0.40. This
behavior, which accounts for the discrepancy in the published
CHF5; relative rate constant (25) noted by Foon and Kaufman (18),
has received further consideration in the discussion. The
present 308°K CHF3/03F6 absolute yield results, which cannot
be analyzed in the above fashion, have been listed in Table IT.

Comparison of Parasitic Vs. Dedicated Irradiation Tech-
nigues. Results obtained via the parasitic procedure were
evaluated through a series of ummoderated CHSCFS/CsFe experi-
ments conducted at 300°K. The systemization of results for
this nonthermal system was rather complicated to carry out
because of the number of available reaction channels.

18pk (18F) 4 CHoCFs(Ry) — 33— H8F(Py,) + CHCFy  (6)

Ko
~~=> Organic Products + F'8F + H'8F (7)

185" (18F) + C5Fs(Ra) BL-EN Organic Products + F8F (8)

Here the asterisk (*) denotes excess translational excitation.
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The phenomenological kinetic analysis, which has been considered
elsewhere (ﬁ;), required the inclusion of three composite reaction
channels. The present experimental method cannot differentiate
between corresponding energetic and thermal channels, which have
thus been included in composite nonthermal rate coefficients K,
(59). Very small pressure dependent H'SF yield contributions

were formed via secondary unimolecular decomposition following
energetic *®F organic product forming reactions with CH5CFs.

Table II. Averaged Absolute Yield Results For CoFg Moderated
CHF5/CaFe Competitive Experiments At 308°K and 1000
Torr Pressure.

Component a Absolute Yieldsb
Mole Fractions (%)
[ CHF5] [CaFe] CHF3/CsFe" CHF3/CsFe/ Ozd
0.9034 0.09%6 5.1k, 30.27
0.9001 0.0999 64.86, 31,07
0.8005 0.1995 5.30, 20,80
0.8001 0.1999 73.49, 21.13
0. 7003 0.2997 5.40, 16.91
0.69% 0.3004 78.27, 16.23
0.5981 0.4019 4,84, 12.63
0.5%4 0.40%6 8%.27, 10,02
0.5007 0.4993 81.85, 11.08
0.5000 0.5000 k.62, 11.61
0.3997 0.600% 81.92, 11.19
0.3994 0.6006 5.04, 10,40
0.3007 0.6993 k. ko, 9.43
0.2999 0.7001 8h.23, 5.31
0.2001 0.7999 k77, 8.92
0.1976 0.8024 85.41, 8.30
0.0999 0.9001 8,67, 8.63

a. Calculated including thermal competitors only.

b. Listed in the order Y;, Yo with Yy, = volatile organic, and
Y- = nonvolatile inorganic yields.

[CoFs] = 0.950 *+ 0,001 absolute mole fraction.

[02] = 0.0100 + 0.0001; [CoFs] = 0.940 £ 0,001 absolute
mole fractions. Total pressure 1010 * 10 Torr.

o
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The complete mechanism has been established for the energetic

18F ys. CHaCFz system throughout the range 0.1 < P/Z < 600 atm by
means of experiments that incorporated detailed organic product
analysis (4, 45, L7, 60, 66).t The integrated kinetic rate
expression for the unmoderated CHnCFs/CaFs system was as follows:

(%) - @) - (=5=) )

In Eq. 9 K17 and K, _ denote composite phenomenological rate
coefficients associated with reactions (6) and with total R,
processes. The quantity (1/¥11) exhibited direct proportiohality
;o loge(l/xl) for CHgCFs/CaFe mixtures containing up to 7O mole
b CaFes

(l—) = A log (1/%,) + 3B (10)
Y11 e
The significance of Egq. 10 has been considered elsewhere (&&).

The direct comparison of results from parasitic vs. dedicated
irradiations for the unmoderated CH5CFs/CsFe system has been shown
in Figure 5 and Table ITI. The quantitative agreement between
these data sets shows that no detectable kinetic differences
resulted from the use of widely different fast neutron distri-
butions. A less extensive comparison for the 273°K CoFg moderated
Ho/CsFe mixture system also yielded identical results for the
two modes of irradiation.

Table IIT. Equation 10 Regression Analysis Results For Unmoderated
CHsCFs/CsFS Experimen'ts B

Irradiation T

Type (°k) A B
Dedicated 297.5 2.24 £ 0,11 1.26 £ 0.07
Parasitic 300.0 2,18 + 0,32 1.17 + 0,02

a. 0.3 <X < 1.0

tIt is necessary to take account of gas imperfection over the
cited large experimental pressure range. The effective pressure
(P/z) was determined experimentally for each sample. Here Z
denotes the gas compressibility factor from the empirical
equation of state PV = ZnRT.
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Figure 3. Plots of composition-depend-

ent H®F absolute yield data. Key to sym-

bols: | = C:H;; ¢ = CH,; A — Hy;
V¥ —=D,; ® = CHF,.

Figure 4. Plots of T/Y; vs. 1/X,.
Key to symbols: same as in Figure
3.

Figure 5. Parasitic vs. dedicated irradia-

tions for the unmoderated CH;CF;/C;F;

system. Key to symbols: A, ——— — dedi-
cated; Y, —— — parasitic.
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Discussion.

Background. It was not our original intention to seek the
development of a universal method for high precision (kg/kl)
measurements. As shown in Table I, however, there are a number
of serious discrepancies among the available absolute rate con-
stants for thermal F-to-HF reactions. The achievement of a set
of accurate (kz/kl) values would greatly assist the task of
critical evaluation of available experimental procedures and
results.,

Because atomic fluorine reacts much more slowly with CHFs
than with hydrocarbons, reaction 11 (shown here for radiofluorine)
has been recommended for adoption as a reference standard(}§2

30, k2, 43).
18F 4 CHFy ——> H8F + (Fy (11)

The competitive technique is poorly suited for situations that
involve widely different reaction rates. Because of this factor
along with the other experimental difficulties that have been
enumerated below, the achievement of accurate (kz/kl) results

for CHF3/CsFg competitors using the radiotracer method has proven
to be unusually difficult.

Inadeguacy of the Two-Channel Model For the Moderated
CHF,/CoFs System. The application of a two-channel kinetic model
for the interpretation of thermal RH/CsFg competitive experiments
led to the Eq. 5 regression analysis procedure. As shown on
Figure L the data obtained for the CoFg moderated CHF5/CsFg
system were inconsistent with this method of analysis. The nature
of the discrepancy can be illustrated using a rearranged inte-

ated kinetic rate equation that permits the calculation of
%ig/kl) values from data measured for individual samples.

ko _ (T-v3 )% (12)
(kl) Yy (1% )
Intrasample results have been shown on Figure 6 for several
CoFe moderated RH/CyFg competitive systems.? The Eq. 12 (ko/k;)

values for Hp, Do, CHy and CoHg hydrogen donors were independent
of RH/C5Fg relative concentration. However, the corresponding

TBecause potentially severe error propagation accompanies the use
of Eq. 12, the Eq. 5 regression procedure has been preferred in
the past for obtaining (ko/k,) values in kinetically well behaved
systems (2L-26). Based upon more extensive experimental results,
this recommendation has now been modified (vide infra).
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two-channel results for CHF3/03F6 decreased monotonically with
increasing C3Fg concentration, actually vanishing in the modera-
ted pure CsFg limit! Similar behavior has also been noted for
CH5CF5, CHFSCHF, and CoHFs hydrogen donors, but RH/CsFe systems
containing alkane and cycloalkane competitors are well behaved.

The Eq. 5 regression procedure has been utilized for com-
petitive systems that involve nonpolar hydrogen donors. Its
inadequacy in experiments with fluorinated alkanes suggests the
possible importance of translational non-equilibrium effects
(18), of impurity reactions, or of other sources of mechanism
failure.

Non-Equilibrium Complications., Quantitatively identical
KIE Arrhenius parameters for F-to-HF reactions with methane and
molecular hydrogen have recently been reported based upon nuclear
recoil (24, 26) and conventional flow reactor (16, 22) methods.
This agreement between widely different techniques suggested
that energetic '8F reaction contamination was probably not
important in the nuclear recoil experiments. The unprecedented
sensitivity levels achieved in these investigations and the
pronounced reaction rate increases associated with translational
excitation (4, 59, 67) constituted compelling aspects of this
argument,

The present anomalous (kg/k;) behavior observed for the
CoFg moderated CHF3/03F6 system resulted from the failure of
the nonvolatile inorganic yield to vanish in the moderated pure
CaFg limit (cf. Figure 3). If the significance of the agreement
between experimental KIE results is discounted, then the assumed
importance of energetic reaction contamination could account for
qualitative decreases in (kp/k;) with decreasing CHFs/CaFe
relative concentration. For systems having true (ko/k;) values
larger than ca. 5, the H'®F yield from energetic contamination
would fall off more slowly with increasing CoFg concentration
than that from the corresponding thermal process. Composition
dependent apparent (kg/klg ratios would then result in qualita-
tive accord with the behavior shown on Figure 6.

The above analysis, however, has been misleadingly over-
simplified. The H'®F yields from both thermal and energetic
F-to~-HF processes must vanish at the moderated pure CqFg limit
(L4, 45, 59)t 1In the absence of pronounced second-order collision
density effects (45) non-equilibrium phenomena cannot account
for the large residual apparent H1®F yield observed in the
absence of CHF; reactant. A detailed analysis of the probable
magnitudes of non-equilibrium effects in experiments of this
type has been provided elsewhere (26).

Simple Chemical Impurity Models. Three-channel kinetic
models were derived in which RH and olefinic impurities were
included in the various sample components. Residual H*8F yields
were predicted at the C3Fg limit when impurity RH was included
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in the C3Fg or CoFg. Respective upper limiting Ho impurity
concentrations of ca. 2.0 and 0,2 mole % were assigned to these
reagents based upon comparisons between the experimental CsFg
moderated Hp/CsFs results (2L, 26) vs. computer simulations
generated for three-channel impurity models.t When combined with
literature k; data, the cited maximum impurity levels could not
account for the magnitude of the residual apparent H*®p yield
observed at the moderated CsFg limit. Even without this
additional constraint, neither three-channel model was capable
of reproducing the experimental results shown in Table IT and
Figure 3.

Spurious Apparent H*SF Product Formation in the Moderated
CHFs /CaFe System. An important insight followed from an in-
vestigation of moderated pure CHF; samples. In the absence of
CsFg competitor, the measured 0.910 * 0,007 nonvolatile in-
organic yield exceeded the reported 0.86 * 0,01 thermal reaction
fraction at 1000 Torr (24-26). A spurious contribution to the
apparent H*eF yield was thus indicated that must have originated
from the energetic *8F reaction fraction.

Further experiments were performed in order to corrocborate
the spurious yield hypothesis and to elucidate its kinetic
consequences. The inclusion of a constant 1.00 mole % concen-
tration of O scavenger in moderated CHF;/CsFs experiments at
1000 Torr insured the availability of an efficilent homogeneous
reaction pathway for labeled aliphatic free radical products.

As shown in Table II and Figures Tand 8, the measured non-
volatile inorganic yields were not affected by the inclusion

of O- in the samples, and the oxygen containing scavenged re-
action products were quantltatlvely recovered with the volatile
inorganic yields (2 23, r) These results demonstrate that the
spurious nonvolatile inorganic yield compcnent could not have been
formed from a labeled aliphatic free radicel precursor.

The H*®F yields shown in Figures T and 8 were not measurably
depleted by the presence of O, additive. No evidence has been
obtained to indicate that atomic fluorine undergoes bimolecular
reactions with O (18, 19). Systematic losses of *SF atoms
from the thermal reactlon fraction in the presence of 05 would
readily have been detected here with a sensitivity at the 9%
confidence level corresponding to an absolute yield of less
than 1%. The absence of such an effect in 5 mole % CHFs sca-
venged CoFg samples serves to establish the conservatlvely
estimated upper limiting rate constant value of ca. 6 x 10°
cm® mole ' sec™d for the 300°K thermal 8F + O, reaction. This
value, which is about one hundred fold smaller than previous
llmltlng estimates (18, 19) has been based upon the preferred

+The c1ted concentration limits were based upon an assumed 1.5 x
10'3 cm® mole ™ sec ™ impurity k,, corresponding to the recom-
mended 300°K value for Hs ( 18§
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Figure 6. Several C,Fg-moderated
RH/C;sF; competitive systems. Key
to symbols: — — — = previous Equation
5 analysis; = Equation 12 result;
others same as in Figure 3.

Figure 7. CHF;/C,F;/Cs;Fs at 1000
Torr and 308°K. Key to symbols: ] —
organic; ® — nonvolatile inorganic ac-
tivities; A — volatile inorganic activities.

Figure 8, CHF3/C3Fs/C.Fs/0; at 1010
Torr and 308°K. Key to symbols: same
as in Figure 7.

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



76 FLUORINE-CONTAINING FREE RADICALS

k; value for CHFs listed in Table I together with the assumed
absence of a catalytic cycle that would lead to the eventual
redeposition of 1®F atoms in the thermal reservoir.

Energetic '°F Reactions With CoFg. Within the present
experimental sensitivity, the volatile organic yields measured
in the presence of O, (cf. Figure 8) consisted exclusively of

stable molecular products from energetic 18F reactions with CsFs.

18pk 4 o Fg —> (CoFst8F)t + F (13)
— (cwstem)t + crs (1)

In Eqs. 13 and 14 the dagger (1) denotes that 0.66 * 0.05 and
0.30 + 0.05 fractions (4k, 68) of the F-for-F and F-for-CFs
primary products contained sufficient internal excitation to
induce secondary decomposition at low pressure.

(CZFSlBF)T + M —— CnglBF + M (15)
(CoF5t®F)t —— (CF28F)T + CFs (16)
‘C (CoF *8F)t + F (a7)
CoFs + 18F (18)
(crrer)t + M —— cral8F + M (19)
:CF18F + F (20)

(cFat8p)t —
:CF, + 18p (21)
(CoF 28r)t + M —— CoF,18F + M (22)
CoF5l8F + F (23)
CoFy + °F (2k)
(CF58F)t + M — CFR8F + M (25)

CFL28F + F (26)

CF5 + 18F (27)
Here the M notation symbolizes cascading deactivation sequences
that inhibit product decomposition through collisional energy
transfer to host gas molecules.

As determined from radio gas chromatographic product
analysis, the constant 0.049 * 0,003 organic yield measured at

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



3. MO ET AL. Thermal Hydrogen Abstraction Reactions 77

1000 Torr in the presence of O, was comprised of stabilized CzFs'®F,
CoF318F and CF5'®F from reactions 15, 2% and 25. Based upon
the reported 0.1L4 + 0,01 total hot reaction yield with CzFg at
this pressure, a constant 0.09 * 0.01 hot yield must have been
partitioned between the inorganic yield fractions.t This latter
quantity thus provides the source for the spurious apparent
H®F yield measured for CoFe moderated pure CHF5 samples.

The nature of this spurious process receives further con-
sideration in the following two sections. The reader who is
mainly interested in the final kinetics results may wish to omit
this material,

Pogsible Mechanigtic Origin of the Spurious Nonvolatile
Inorganic Yield. From the constagt organic gield behavior shown
on Figure 8, all of the (CoFs'®F) and (CF53*°F)T secondary
decomposition processes were unaffected by the CHF3/03F6 relative
concentration. Only :CF'®F forming reaction 20 could have
contributed to the spurious nonvolatile inorganic yield under
these conditions, presumably through stoichiometric process 28
(622 70), which does not represent an elementary reaction.

:CFL8F + 20, ——> COF18F (28)

Decomposition channels 19, 22 and 26 produce aliphatic radicals,
which were recovered with the volatile inorganic activity in the
presence of Oz, The *®F atom loss channels 18, 21, 24 and 27
simply contributed to the apparent thermalreaction fraction (gé).
The formation of :CHSF and :CF'SF following energetic &F
atomic substitution reactions in fluorinated methanes %%}:15)
and ethanes (44, 60, 66) has been well documented. ILindner
and Pauwels obtained direct evidence for COF*®F production in
unpublished recoil 18m experiments with fluoromethanes (Zh, 15).
Although :CF'8F was identified as the COF'S®F precursor through
competitive experiments with C3¥e scavenger, the detailed
mechanism for process 28 was not established.

:CF18F + C3Fg — CF5-~CF-CF18F (29)
CFs

Product analysis evidence has been obtained for reaction 29 (Eé,
T4, 75) as well as for amalogous olefinic additions with CpF4
and with C4 hydrocarbon olefins (72, T3, 76). With fluorinated
olefins such :CF'®F trapping reactions are much less efficient
than insertions into HI or HBr (72).

:CF18F + HX ——> CHXF:EF (30)

tThe total hot yield exhibits an apparent pressure dependence be-
cause of 18F loss decomposition channels 18, 21, 24 and 27.
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Extensive COF, formation has been reported, again by an un-
specified mechanism probably involving :CF», from the L00°K
pyrolysis of trifluoromethylfluorophosphoranes in the presence
of 0> (69, T0).

There is general agreement (77-81) that the electronic
ground state for :CF, is of the singlet A, type. The best
available theoretical values for the lowest lying singlet to
triplet energy separation in this species occur in the range
42 £ 5 keal mole > (78-80).%7 The rather meager existing quan-
titative kinetic information for A, :CFp has been summarized
elsewhere (76, 81).

Carbene chemistry tends to be rather complex, and the
chemical behavior of corresponding vibrationally cold singlet
and triplet species is difficult to establish with certainty
(77). Significant discrepancies (vige supra) have been noted
with respect to the reactivity of :CFs toward O under different
experimental circumstances. Oxygen should not interfere with
1A, :CFs reactions. Although quantitative kinetic data are
not available, 3B, :CF; is likely to be more reactive toward
O- than the vibrationally cold A, species (81).

Based upon the cited large A, -°B, energy separation,
collision induced singlet to triplet intersystem crossing would
be highly improbable for vibrationally cold :CF'8F. Although
the relevant physical details have not been fully elucidated
(ZI), photodissociation precursor processes often produce
vibrationally excited :CHs which is readily capable of under-
going intergystem crossing. Energetic 18F atomic substitution
reactions lead to the deposition of many eV of internal excita-
tion in the primary speciles whose secondary decompositions pro-
duce :CF18F, TFor example, roughly 50% of F-for-F produced CF5l8F
is detected at 1000 Torr as :CF'®F (56, 71, T2). This sequential
unimolecular process has a minimum endothermicity of 9.3 eV
(68, 82). It seems evident that nuclear recoil production
methods would lead to highly excited :CFL8F for which the
accessibility of intersystem crossing offers a plausible ex-
planation for COF'®F production via process 28.% Although the
need for further research is clearly indicated, we tentatively
conclude that :CF®F from reaction 20 was mainly scavenged
through CsFg addition reaction 29 in CoFg moderated RH/CsFg
experiments with nonpolar hydrogen donors, and that process 28

TThe cited TA,-2B; energy separation for :CF, may be subject to
further theoretical refinement. These computational methods
yielded 10-25 kecal mole ' for the corresponding :CHs energy
separation, Although this quantity has not been well established,
it is generally thought to occur within the range 1-10 kecal
mole ™ (77).

+A similaY proposal has been offered by Pauwels in order to
account for the extreme sensitivity of measured COFL8F yields

to the presence of I additive QZE .
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leading to adsorbed COF1®F took place to a significant extent
in the moderated CHF5/CsFe reaction system.

Further Tests ~ Detection of CoFg Impurity Reactions.
Additional experiments were conducted at 1000 Torr in which Cls
additive was included in the samples (cf. Table IV). Thermal
reaction 31 is believed to occur with a rate that approaches
the gas kinetic collision frequency (18, 19).

18p 4 (1, —> C18F + C1 (31)

At large specific radioactivity the C1'®F product was exclu-
sively recovered in the nonvolatile inorganic yield fraction.
The measured 0.862 = 0,005 yield from reaction 31 in 5-10 mole
% Cly scavenged CoFg provided an improved determination of the
magnitude of the thermal reaction fraction.

Insertion of :CF- into Cl, has been observed under con-
ventional reaction conditions (69, [O). The efficacy of this
:CF'®F trapping process has been confirmed in the present work
through radio gas chromatographic product analysis measurements
in which the disappearance of the spurious nonvolatile inorganic
yield in 5.0 mole % CHF; scavenged CsFg was accompanied by the
appearance of a quantitatively identical yield of CC1-FL5F.

:CF8F + Clp, ——> CCl.F18F (32)

The mixture composition dependence of the spurious apparent
H'8F yield must be precisely known in order to permit the de-
velopment of a modified kinetic analysis scheme. From Figure T
the 0,076 = 0.00L4 axtrapolated nonvolatile inorganic yield
corresponding to the moderated pure CzFg limit exceeded the
spurious apparent H'SF yield by 0.028 * 0.010. An additional
set of measurements was carried out in which the partial pres-
sures of CHF;, CsFg and O remained unchanged, but the total
pressure was increased to 10,000 Torr through the addition of
CoFs. The purposes for this experiment included the following:
The CoFg concentration was increased by roughly tenfold in
order (i) to enhance the possible importance of H18F producing
moderator impurity reactions, (ii) to diminish the likelihood
for energetic °F reaction contamination, and (iii) to suppress
the :CFL8F yield from reaction 20 through increased collisional
deactivation.
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Table IV. Absolute Yield Results for Scavenged CoFg Samples
At 273°K And 1000 Torr Pressure.

Component Absolute Yields® (%)
Mole Fractions Organic Nonvolatile
Inorganic
[CoFg] = 0.950 12,47 + 0,17 85.66 = 0,16
[012T = 0.050 11.53 *+ 0.15 87.01 + O.1L
11.84 + 0,14 86.7h + 0.13
11.67 + 0.1k 85.61 = 0.13
[CoFe] = 0.900 12.92 £ 0.25 85.51 = 0.30
[C1l.] = 0,100 12.79 * 0.28 86.49 = 0.32
Average Value® 12,20 * 0.60 86.17 £ 0.66
[CoFs)] = 0,940 L.73 + 0.11 91.46 £ 0.16
[CHF5] = 0.050 5.06 = 0,06 91.0% *+ 0,08
[02] = 0.010 5,07 + 0.10 91.%2 *+ 0.12
4,95 + 0.06 90.01 + 0.08
Average Value® 4,95 £ 0,16 90.96 * 0.66

a. Calculated Including Thermal Competitors Only.

b. Uncertainties Represent Radiocactive Statistics Standard
Errors.

c. Uncertainties Represent Standard Deviations From The Mean.

The 10,000 Torr results have been shown in Table V and
Figure 9. The nonvolatile inorganic yield at the moderated
CHFs limit decreased to 0.88 = 0.01. In the presence of Os
this change was accompanied by an equivalent increase in the
organic yield, which again exhibited the same value at all
CHF3/03F6 relative concentrations. The spurious nonvolatile
inorganic yield residue thus was significantly reduced at 10,000
Torr.

Detailed mechanistic investigations that incorporated
organic product analysis have been completed for the energetic
18F vs. CHaCFz and CHaCHFp reaction systems (L4, 45, L7, 60, 66).
The only secondary decomposition processes that were significantly
inhibited at 10,000 Torr were those analogous to reactions 20
and 26. The observation that four different primary reaction
channels of each of these types exhibited closely similar
phenomenological pressure dependences strongly supports the above
analysis based upon reaction 20.7T

TSecondary decomposition analogous to reaction 20 was not
observed following energetic F-for-oH substitution in CHgCHFs.
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Perhaps the most striking feature of the 10,000 Torr re-
sults is that the extrapolated nonvolatile inorganic yield
corresponding to the moderated CsFg limit increased to a value
of 0.18 £ 0,01. Based upon the observed 0.068 * 0,020 constant
organic yield and the cited thermasl reaction fraction, only
0.071 = 0.007 of the yield from energetic reaction sequence 13-27
was distributed between the inorganic yield fractions. In the
CsFe limit, therefore, most of the nonvolatile inorganic yield
residue must have consisted of H*SF formed from a trace impurity
contained in the CsFg moderator.

Table V. Absolute Yield Results For CoFg Moderated CHFg/CsFg
Competitive Experiments at 308°K and 10,010 Torr

Pressure.
Component a Absolute Yields
Mole Fractions (%)
[CHF5] [CaFel Organic Nonvolatile
Inorganic

0.9000b 0.1000 37.57 60.61
0.9000 0.1000 T.17 58.50
0.7T7999 0.2001 6.72 46.40
0.6995 0.3005 6.70 39.25
0.5999 0.4001 6.92 33,04
0.5011 0.4989 6.65 27.6h4
0.399% 0.6004 T7.00 25.88
0.2998P 0.7002 76 .41 20.62
0.2982 0.7018 6.98 23.71
0.2002 0.7998 6.71 22,02

a. Calculated Including Thermal Competitors Only. Unless
Noted All Samples Include [0p] = (1.00 + 0.01) x 1073,
[CoFg] = 0,994 % 0,001 Absolute Mole Fractions.

b. o O. Additive.

Modified Kinetic Analysis For The Moderated CHFs/CoFe System.
Provisions must be included in the revised kinetic analysis for
the spurious apparent H'SF yields that arose from energetic *°F
reactions with CoFg and from impurity reactions. The organic
yields measured for O, containing samples at constant (P/Z) did
not vary with CHFs5/CsFe relative concentration. The yield of
the precursor species that led via energetic reactions to the
production of spurious apparent H-°F was thus constant. Non-
volatile inorganic yields measured at constant (P/Z) and mixture
composition were insensitive to the presenceof O, additive,
suggesting that the energetic reaction contributions to the
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apparent H'®F yields were probably independent of CHFs/CsFg
relative concentration. The 0.048 * 0,009 magnitude of this
constant spurious yield at 1000 Torr was established as the
difference between the nonvolatile inorganic yield measured for
5 mole % CHF5 scavenged CsFg and the revised thermal reaction
fraction (cf. Table IV). The first step in the revised kinetic
analysis thus involwved correction of the measured nonvolatile
inorganic yields through subtraction of this experimentally
determined quantity.

The corrected total H'®F yields were then interpreted
using a three-channel kinetic model that included reactions 3
and 4 together with the CoFg impurity process. The integrated
kinetic rate equation was as follows:

Y+ ¥s X+ Xa (ka /X ) (33)
T X; + Xo(ko/ky) + Xa(ka/ki)

In Eq. 33 subscripts 1-3 designate reactions 3, 4 and the
impurity process, respectively. Since CoFg is thermally inert
26), its concentration has been omitted in these X. calculations.
~ From Figures T7-9 the apparent H'®F yields werelinversely
proportional to Xs throughout the range 0.50 = X = 1.00. An
0.028 + 0,010 experimental Y5 value followed from the usual
spurious yield correction applied to the 0.076 * 0,004 linear
regression analysis intercept corresponding to the CsFg limit
at 1000 Torr. Neither the identity of the impurity nor its
concentration were known a priori. A 0.0012 * 0,000k estimate
of its mole fraction in the CoFg reagent followed from the above
Y9 value together with the assumption that the impurity was Ho.t
This estimate, which corresponds to an Xz value of 0.022 * 0,008,
is consistent with the previously described impurity sensitivity
tests carried out for the moderated Hp/CsFg system.

A nonlinear regression procedure permitted the specification
of (kp/k;) from the corrected total H'®F yield results. The
impurity terms in Eq. 33 contain the quantity ksXs, which was
accurately maintained at a constant value throughout the present
exgeriments and which was evaluated from Y3 and ko (cf. Table
VI).*

O

koo * oy (34)

tThe k and ks values (cf. Tables I and VII) employed in this
calculation were 1.0 x 103 and 1.5 x 10*3 cm® mole * sec ?,
respectively. Corresponding concentration limits for other
impurity substances follow from Eq. 3L.

*The ksXs values calculated via approximate Eq. 3L were better
than 95% accurate.
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It would thus appear that the experimental determination of ksXs
could be utilized in order to reduce Eq. 33 to a pseudo two-
channel problem. Unfortunately, accuracy limitations precluded
the adoption of this procedure. The nonlinear regression tech-
nigque proved to be extremely sensitive to the assumed magnitude
of k3Xa within the range corresponding to the statisticall,
allowed limits on Yg. Based upon the available results, Y3

(and hence ksxs) could not be established with sufficient pre-
cision to permit an unambiguous assignment of (ko/k;).

Table VI. DNonlinear Regression Analysis Of Results For CoFg
Moderated CHFs/CsFe Competitive Experiments.®

Trial r.m.s.
(ko/%1) AYS variance
40 -0.300 0.88
50 -0.138 0.72
60 C.023 0.62
70 0.184 0.52
80 0.2% 0.49
82 0.312 0.49
8l 0.312 0.48
86 0.328 0.48
88 0.344 0.48
0 0.360 0.48
92 0.376 0.48
100 0.4k40 0.48
120 0.504 0.48
160 0.600 0.50
200 0.663 0.52

a. Temperature 308°K. Pressure 1010 * 10 Torr.
AYS = YS(trial) - Y3 (exp).

The nonlinear regression procedure was based upon a modifi-
cation of Eq. 12.

[T'(Y]_ + Yg)]X]_
o) = g aRT

(35)

Here the quantity (Y¥; + Y5) represents the corrected total H'®F
yields obtained as described above. In the absence of the
impurity process, G(X;) reduces to the invariant (ko/k;) relative
rate constant. For finite (ks/k;) G(X;) decreases monotonically
with decreasing X;, vanishing in the moderated CsFg limit. In
the present fitting procedure experimental G(X1) values were
compared against trial and error calculated results obtained from
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Eq. 33. In order to characterize the sensitivity and possible
uniqueness of this procedure, the calculations were optimized
with respect to both (ko/k;) and ksXsz. The full allowed range
of Y5 was included with an incremental Yg value of 0,0002, For
each trial ksXs value from Eq. 34, many trial (kz/k;) values
were utilized in order to predict the corresponding total H8F
yields via Eq. %3.T

Finally, the experimental vs. calculated G(Xy) results
obtained from Eq. 35 were compared with the aid of three fitting
criteria, thus serving to establish the preferred (kz/kl) valge.

(1) The best possible agreement with the experimental Ys
value was sought;

(ii) The experimental G(X;) were required to be randomly
distributed with respect to the calculated results; and

(iii) The r.m.s. variance between experimental and cal-
culated results was minimized. This procedure has been illustra-
ted in Table VI and Figure 10 in which each experimental data
point represents the average from four or more replicate deter-
minations. Based upon the minimum variance criterion, a single
preferred (kz/kl) value was obtained corresponding to each ksXs.
These optimized (kp/k,) results, which have been given in the
table, showed that on variance %rounds alone the data fits
could be eliminated for which Y5 differed by more than * 15%
from the experimental value and also for which (kp/k,) was
smaller than ca. 80. However, the fits corresponding to the
range 80 < (kz/k;) < 140 were roughly equivalent, serving to
establish the 99.5% confidence level range of possible values.
The preferred 84 * 10 (kp/k;) result was chosen in order to yield
both the minimum variance and the closest agreement with the
measured Y5.¥

Although this multiparameter procedure is rather complex,
it does not constitute an empirically optimized parametric "fit"
to an arbitrarily constructed mathematical model. The necessi-
ties for the utilization of nonvolatile inorgenic yield correc-
tions and of the present three-channel impurity kinetic model
have been experimentally established. Although the variance
minimization modeling criterion clearly is important, it has not
been employed to produce artificial a%reement with the 300°K
literature k, value for CHF3. Only Ys has been subjected to
parametric optimization, and the final value of 0.031 differs
negligibly from the measured 0.028 + 0,010 result. One of the
most important aspects of the regression procedure is that it
provided a quantitative basis for determining the standard
error of estimate for (ko/k;).

tThe regression calculations were based upon X; and Xp values
obtained directly from the sample filling data (i.e., the ca.
1072 magnitude of X5 was ignored).

*+The cited standard error of estimate for (kg/kl) corresponds
to the 68% confidence level,
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Figure 9. CHF,/CsFs/C,F:/0; at
10,010 Torr and 308°K. Key to sym-
bols: same as in Figure 7.

Figure 10. Minimized r.m.s. variance be-
tween experimental and calculated results.
Key to symbols: , (ke/ki) = 84,Y,° =
3.138%; - - -, (ky/ky) =60,Y;° = 2.810%;
———, (ko/ky) = 120, Y;° = 3.314%.
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A final consistency test for the present impurity kinetic
model requires an intercomparison of Y5 results at 1000 and
10,000 Torr. Based upon the above described procedure, the
0.16 + 0.02 10,000 Torr result for Y$ corresponded to an esti-
nated Hp impurity mole fraction in the CpFg of 0.0009 + 0.0001,
in semiquantitative agreement with the corresponding 0.0012 *
0.0004 1000 Torr result.

Relative Rate Constants. A variety of new techniques have
been developed for obtaining accurate measurements of relative
rate constants for hydrogen abstraction reactions by atomic
fluorine (7,16,18,19,22,24-27,8%5-85,87.88). Of principal present
interest are the HF chemiluminescence (84,85), H'®F product
analysis (24-26), and indirect *®F atom loss (87,88) procedures.

The availability of more extensive data for several com-
petitive systems that involve fast abstraction reactions has
necessitated modification of our previous data reduction pro-
cedure, The unweighted Eq. 5 regression method is very strongly
influenced by data points measured at large CsFg concentrations.
Our previous Eq. 5 regression analyses (21-26) included (1/X=)
weighting of the individual data points in an attempt to reduce
the significance of this type of bias. The alternative Eq. 12
sample-by-sample (ko/k;) calculation technique suffers from
extreme sensitivity to random error noise under conditions
corresponding to the extrema in either sample compositions or
measured H>2F yields. For competitive systems that involve
rate constant differences larger than ca. fivefold, pronounced
H1®F yield changes occur in the vicinity of a composition
extremum (gi, Figure 3). Throughout the remainder of the com-
position range the quantities (T-Y;) or Y, approach zero for
cases involving fast and slow abstraction reactions, respec-
tively. In a really difficult system such as CHF3/CsFs, it
becomes mandatory to minimize the effect of random error noise
through the processing of 5-10 identical samples under each
set of investigated conditions (cf. Figures 7 and 8). The
occasional spurious measurement can then readily be eliminated
upon statistical grounds.

A direct comparison of several data reduction techniques
has been given in Table VII and Figures 4 and 6., In Figure 6
the solid and dashed curves represent the Eg. 12 and the
previous Eq. 5 weighted regression procedures. From Table VII
the results obtained for Hp, Dz, CH, and CD, using these data
reduction methods generally exhibit semiquantitative agreement.
However, the intercomparison of results cbtained at different
temperatures reveals that the Eq. 12 rate constants are some-
what less reliable unless many data points have been utilized
for their determination. Although we now prefer the uniform
sample weighting provided by Eq. 12, the Eq. 5 weighted re-
gression procedure is the method of choice unless 10 or more
data points have been obtained at each temperature. Equation
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12 should always be used in order to facilitate the rejection
of spurious data. The number of data points required in order
to ensure the precise specification of (kg/kl) increases

rapidly as the competing reaction rates become more different.

N~ 15 + 2(ko/ky); ko > ky (36)
N~ 15 + 2(k;/ko); ko < kg (37)

Provided that the above guidelines are followed and that the
intrinsic reproducibility of individual measurements is com-
parable to that shown in Table IV, then the standard relative
error (68% confidence level) in (ko/k;) should be given approxi-
mately as (N)i/2,

With CoFg moderator :CFs corrections analogous to those
described above for CHF5/CsFe but much smaller in magnitude
have been found to be important for isotopic variants of Co
and neo-CsH;o reactants (83). Within the range 0.2 < (kp/ki) <
5.0 the neglect of these corrections could introduce 5-10%
positive systematic errors in the calculated (ko/k;) results.
This effect becomes even more serious outside of this range
because of the increased numerical importance of the exbrema in
Y, (vide supra). Sufficient data have not been obtained in
the present Hp, Do, CH,; and CD, experiments to permit the use
of Eq. 12 or the precise quantitative specification of :CFo
corrections. Accordingly, the preferred rate constants and
Arrhenius parameters for these substances have been based upon
weighted regression analysis via Eq. 5.

A comparison of 300°K relative rate constants obtained
using chemiluminescence and H'®F product analysis methods is
presented in Table VIII. The (ko/k;) values listed in column
three have been based upon the revised thermal reaction fraction
(g;. Table V), upon new sample data in many instances, upon
the modified data reduction procedures described above, and
upon the Arrhenius parameters listed in Table XII. These
updated results are intended to supplant the F-to-HF rate con-
stants reported previously from this laboratory (25).

The available chemiluminescence measurements (84,85) of
F-to-HF relative rate constants have utilized CH, as internal
standard.

F + CH, 88 HF + CH, (28)

A uyseful consistency test for the data listed in Table VIII
involves the intercomparison of calculated (ko/kgg) ratios.
With the exception of the single discrepant case of CHoFs
reactant, the results obtained using these markedly different
techniques exhibit good agreement., More complete H'®F product
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analysis measurements obtained for the moderated CHzCFs/CsFg
system revealed the occurrence of complications similar but
less severe in magnitude to those described above for CHFs5/CsFg.
The available results are not sufficiently complete to permit
application of the Eq. 35 nonlinear regression procedure, so
that an updated (kp/k;) value has not been assigned to CHsCFg.'

An analogous comparison has been given in Table IX between
283°K results obtained via the H®F product analysis and *°F
atom loss (87,88) methods.* In this instance the appropriate
consistency test involves intercomparions between calculated
(ko/kss) ratios.

18 | ooH, —B8 > (,H,18F (39)

Table IX. Intercomparison of H'®F Product Analysis Vs. *®F Loss
F~to-HF Relative Rate Constants at 283°K.

Substance (ko/k1) (kao/k1) (ko/kss)
(This Work)? Ref. (88) (Calculated)

CH5CFg 18.9 £ 4.3

Do 1.79 * 0.0% 12.5 £ 3,1 0.143 £ 0.6

Ho 0.85 + 0,01 T.1 * 1.0 0.120 = 0.017

CoHo 7.1 £ 3.6

CD, O.bo = 0,01 .1+ 0.7 0,119 + 0,021

HI 2,7 = 0.4

CH, 0.30 * 0.05 2.4 * 0.2 0.126 * 0.01k

HoS 0.77 * 0.05

CoHe 0.066 = 0,009 0.71 = 0.06 0,092 = 0,015

Nonmweighted Average (ko/ksg) 0.120 = 0,018

Weighted Average® (kp/kss) 0.115 + 0,008

Calculated® ksg (cm® mole™ sec™@) (9.2 £ 0.7) x 10*3

Literature? kgg (cm® mole™ sec™) 1.0 x 10%4

a. Temperature Corrections Based Upon Table XII.
b. Ref. (86).

c. Based Upon Weighted Average (ko/ksg).

d. Ref. (2_1_).

fBased upon a_comparison with results reported in Ref. (88) the
previog; (25) (ko/%;) value for CHsCF5 is probably in error by
ca. 300%.

+Because the preliminary (k;/kso) results reported in ref. (87)
were subsequently revised, only the updated values have been
quoted in Table IX.
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Table VIII. Intercomparison of H'®F Product Analysis Vs.
Chemiluminescence F-to-HF Relative Rate Constants At

Z00°K.
Substance (ko/kq) (kaa/k1) (ko/kss)
(This Work)® Ref. (85) (Calculated)
CHF5 88 £ 10 330 * 50 0.264 + 0,050
CHoF»o 2.05 * 0,22 > 33 < 0,062
CH5NOo 112
Ho0s 10 =2
HC1 7.7 £ 1.2
5.3 * 0.6P
Do 1.48 £ 0.02
CHoCN 5.3 + 1.7
Ho 0.73 = 0.01 2,7 = 0.4 0.265 * 0,040
CHgF 0.55 = 0.02¢ 2.1 £ 0.3 0.263 * 0,041
0.54 + 0.024
CD, 0.45 £ 0.01
CoHy 1.8 + 0.3
CHsC1 1.7 = 0.3
HBr 1.5 * 0.2
1.2 + 0.2P
HI 1.k = 0.2
0.8 * 0.07°
CHy 0.29 * 0,02 (1.00 = 0.15) 0.285 * 0.0Lk9
Cela .0 £ 0.2
CH5COCHs 0.6% % 0.09
CH,CHO 0.63 = 0.09
HoS 0.50 + 0.08
CoDe 0.117 * 0.007
cyclo-C3Hg  0.102 + 0,009 0.42 £ 0.06 0.245 + 0,043
neo-CsD;» 0,102 + 0,0024
CoHg 0.07k % 0.010 0.39 * 0.06 0.188 *+ 0.039
CH4 OCHg 0,37 £ 0.06
neo-CsHs » 0.063 * 0,005 0.22 = 0,03 0.28% + 0,047
cyclo-CsH, o 0.047 = 0,005
eyelo-CgH;» 0.045 %= 0,007 0.23 + 0.0k 0.19%3 = 0.040
GeHy 0.17 * 0.0
SiH, 0.15 * 0.02
Nonweighted Average (ko/ksg) 0.248 + 0,038
Weighted Average® (ko/ksg) 0.2k + 0,015
Caleulated® kyg (cm® mole™ sec™) (4.3 £ 0.3) x 10*°
Literature® kss (cm® mole™ sec™) .8 x 10'3
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Table VIII, Continued.

a. Temperature Corrections Based Upon Table XII,
b. Ref. (8L).

c. Temperature Correction Based Upon The Assumption That

= E "
Eonr = Tom,

d. 303 + 8°K.
e. Ref. (86).
f. Based Upon Weighted Average (ko/kss).

g. Ref. (18).
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Once again, the apparent agreement between these techniques
is essentially quantitative within the framework of the avail-
able standard errors.t

Absolute Rate Constants. The substances for which reliable
300°K absolute k; values are available include CHF5, HC1l, Hp
and CH, (18). A principal objective of the present study has
involved The development of accurate relative-to-absolute rate
constant scaling procedures based upon these standards.¥ The
relevant data have been summarized in Table X, The present
300°K (kz/ky) values for CHFs, Hz and CH, have been combined
with 14 independent k; measurements in order to obtain a
(1.06 = 0.0BS x 102 cm® mole ™ sec * absolute k.. This result,
which can be compared to a 1.2 x 10'2 cm® mole ™t sec t literature
estimate {g}), provides the necessary basis for (kg/kl) scaling.

From Table X the present temperature corrected results
exhibit semi~-quantitative consistency with absolute k; measure-
ments reported by Clyne and coworkers (59), by Wagner and co-
workers (32,39,43), and by various others (27-29,31,33,34,38).
Respective standard deviations from the mean calculated ko
obtained for these experiment groupings were 3%, 26%, and 30%.
The enhanced quality of the agreement with the results of Clyne
and coworkers suggests that their standard error assignments
may have been somewhat conservative and that the 300°K ko
value can now be regarded as established to an absolute
accuracy (99.5% confidence level) of ca. * 10%. Based upon
the number and variety of the experimental techniques repre-
sented in Table X together with the overall consistency of
the results, we further conclude that 300°K absolute k; values
for CHFz, Hy and CH4, have been established to absolute
accuracies of ca. * 30% or better,

Many additional scaling relations and calculated k; results
follow from the available relative rate constants. The 300°K
ko from Table X was utilized in Table VIII for the estimation
of ksg from the calculated average (ko/kss) ratio. An analogous
determination of kag at 283°K followed in Table IX from the
Arrhenius parameters for reaction L4 (cf. Table XII).¥

tBased upon comparison with a literature absolute k; result
for hydrogen abstraction from CgHz (cf. Table XI), the 18F
atom loss procedure is apparently subject to enhanced un-
certainty when the competing reactions hawve rate constants
that differ by more than tenfold.

*Owing to experimental complications (vide supra), HC1 has not
been investigated by means of the H*SF product analysis
technique.

FBecause the HF chemiluminescence (84,85) and *®F atom loss
(87,88) techniques have been less extensively calibrated
against the CHFz, HCl, Hy and CH, standards, calibrations
analogous to that shown in Table X have not been attempted
using data obtained via these methods.
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Table XI. Summary of Absolute Rate Constants For Thermal
Hydrogen Abstraction and Olefin Addition Reactions By

Atomic Fluorine.2

Substance Competitor Reference k;
(cm® mole™ sec™l) x 10718
CHF - (18) 0.012°
- (30) 0.012 + 0,018
- (13) 0.012 * 0.00%
CH, 85) 0.013 * 0.002
CaFg (This Work) [0.0120 * 0.001L]
CHC1,F - (18,89) 0.09
CHC1F, - (38) 0.15
- (18,89) 0.05
CHC1g - 30 [0.32 = 0.08]
CoHp - (19,90) [0.35 *+ 0,10]
ColHo (88, This Work) 1.3 * 0.TC
CHzNO CH, g§5) [0.39 * 0.06]
HoOo CH, %) 0.43 = 0.08
CHsCF5 CoHo (88) [0.49 = 0,12]
CHpF2 - (28) 1.1
CH, (83) 0.13 £ 0.02
CsFe (This work) [0.52 * 0.06]
CHoCls - (%o) [0.58 + 0,14]
Ho0 - (k2) 0.66
HC1 - (18) 0.65P
- (38) 0.73
- (18,89) 0.65
- (19,91) 0.55
CH, 184§ 0.8% + 0,10
CH, (85) 0.56 + 0.09
Average [0.66 £ 0,10]
Do - (29) 1.3
Colp (88) 0.7 * 0.19¢
CsFs (This Work) 0.52 = 0,04¢
CaFs (This Work) [0.71 + 0.04]
CH5C CH, (85) [0.82 + 0,1k]
CaFs Hp, CHyq, Collp (21) 1.2
Hp, CHy, CHF5; (This Work) 0.94 = 0,05¢
Ho, CHs, CHF; (This Work) [1.06 + 0.03]
CH5C1 - (30) [1.L + 0.4]
CH, §§5) 2.6 + 04
He - 18) 1.5pP
- (30) 1.5 + 0.8
Colo (88) 1.3 + 0,2¢
CsFe (This Work) 1.10 £ 0,06C
CH4 (85) 1.6 * 0.3
CsFg (This Work) [1.L6 + 0,07]
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Table XI. Continued.

Substance Competitor Reference ky
(cm® mole™ sec™™) x 10723
cre1=crc1d CoHo (21) 1.
CoHp (21, This Work) 1.5¢
CHsF - (38) 5.3
CHy (85) 2,1 £ 0.3
CaFg (This Work) 1.9 £ 0.1
Weighted Average (85, This Work) [1.91 * 0.10]
CDy CoHo (88) 2.2 = 0.4¢
CaFs (This Work) 1.9% * 0.08°
CsFs (This Work) [2.h = 0.1]
Colly CHy (85) [2.6 + 0.}4]
HBr - (%%) 4,0
CHy (8%) 3.8 + 0.6
CH, (85) 3.0 £ 0.5
Average (84,85,01) [3.6 = 0,5]
HI Colz € 3.+ 0,5
CH, (BL) 5.2 0,6
CHy 85) 3.2 £ 0.5
Weighted Average  (84,85,88) (3.8 £ 0.3])
CoHe CH4 8 (4.2 £ 0.7]
CH, - 18) 4,8
- (30) 3.6 = 3.6
CoHo (88) 3.8 £ 0,5¢
CsFe (This Work) 3.1+ 0,3C
CsFe (This Work) 3,7 = 0.3
Table VIII (85, This Work) [k.3 * 0.3)
CHsCOCHs CHy (85) [6.9 + 1.1]
CH5CHO CHy 85) [6.9 * 1.1]
CoHd CoHo (21) 8.4¢
CoHo (21, This Work) [T7.6  0.6]°
HS CoHa (88) 11.9 + 1.3¢
CHg (85) [8.7 + 1.4]
C=De CsFe (This Work) [9.0 * 0.6]
CoHal CH, (21) 10.2¢
Table IX (21, This Work) [9.2 * 0.71°
cHc1=cHC1d CH, (21) 10.2¢ .
RH, RD, CsFs (21, This Work) [9.2 % 0.7]
cyclo-CaHg CH,4 (85) 10.h * 1.6
CsFs (This Work)  10.4 * 1.0
Weighted Average (85, This Work) [10.4 % 0.8]
neo-CgD; o CsFe (This Work) [10.4k * 0.4]€
CH5 OCHg CHy 85) [11.7 % 2.0]
CoHe CsHa 88) 12.8 = 1.5¢
CsFe (This Work) 1.3 £ 2,0°
CHy (83) 13.0 £ 2,2
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Table XI. Continued,

Substance  Competitor Reference ky
(cm® mole™ gec *) x 10738

Collg (Cont'd) CaFe (This Work) 1.3 £ 2.0
Weighted Average (85, This Work) [13.7 * 1.5]
neO—C5H12 CH4 - (8 ) l9°5 * 3.2
CsFe (This Work) 16.8 £ 1.3
Weighted Average (85, This Work) [17.2 * 1.2]
cyclo-CgHy»  CH, (85) 8.7 3.1
CsFe (This Work) 23,5 * 3,5
Weighted Average (85, This Work) [20.8 t 2,3]
cyclo-CsHyo  CaFg This Work) [22.5 * 2.5]
GeH, CHy4 (85) [26.0 * 4,3]
SiH, CH, (85) [28.2 + 4.6]

a. 300°K Unless Noted Otherwise. Recommended k; Values

Enclosed in Brackets. Also cf. Table I,

b. Recommended Literature Survey Value.
c. 283°K.
d. Olefin Addition Rate Constant.

e. 303°K.
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A compilation of k; results including recommended values
has been presented in Table XI. Literature k; data have
generally not been endorsed in the absence of cited standard
errors. Reported rate constants exhibiting either serious
internal inconsistencies or gross disagreement with established
results have not been listed. Completeness has deliberately
been gacrificed here in the interest of providing a critical
data evaluation. Certain absolute k; techniques such as HF
chemiluminescence ( 8), electron spin resonance (thﬁs), and
laser pulse decay (27,92) have consistently yielded large
discrepancies vis-a-vis the other methods. More comprehensive
k; tabulations have been provided elsewhere (18,19).

With the exception of the single case of CH,, the present
procedure has yielded essentially quantitative agreement with
the standard k; values endorsed by Foon and Kaufman (18).
Thirty-six recommended values have been listed including many
reactions that are too fast to be accurately characterized
using presently available direct techniques. Although the
tabulated results include a few discrepancies, the consistent
agreement between scaled k; values indicates that an encouraging
degree of order has begun to emerge within this experimentally
difficult area of classical gas kinetics research.

Acknowledgement.

This research has been supported by the U.S. Energy Research
and Development Administration under contract number AT-(04-3)-3L,
agreement 158. The authors thank Professor W. E. Jones for pro-
viding a preprint of his review article (19) in advance of its
publication. —

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



100

=

.

O W3O\ = WP

ES

SR

D I
o

=
d

18.

19.
20.
21,

22.
25.

ok,
25.
26.
27.
28.

FLUORINE-CONTAINING FREE RADICALS

Literature Cited.

Schafer, T, P., Siska, P. E., Parson, J. M., Tully, F. P,,
Wor81g, Y. C., and Lee, Y. T., J. Chem. Phys. (1970), 53,
3335.

Farrar, J. M., and lee, Y. T., this volume.

Parson, J. M., and Lee, Y. T., J. Chem. Phys. (1972), 56,
46558,

Bender, C. F., and Schaefer, H. F., this volume.
Muckerman, J. T., J. Chem. Phys. (1972), ST, 3388.
Bogen, D., and Setser, D. W., this volume.

Persky, A., J. Chem. Phys. (1974), 60, Lo,

Klein, F. S., Ann. Rev. Phys. Chem. (1975), 26, 191.
Truhlar, D. G., and Wyatt, R. E., Ann. Rev. Phys. Chem.
(1976), 27, 1.

Weston, R. E., Science (1967), 158, 332.

Menzinger, M., and Wolfgang, R., Angew. Chem. internat.
Edit. (1969), 8, L38.

LeRoy, R. L., J. Phys. Chem. (1969), T3, 4338.

Greene, E, F., and Kuppermann, A., J. Chem. Ed. (1968),
45, 361.

Melton, L. A., and Gordon, R. G., J. Chem. Phys. (1969),
21, Shho.

Malerich, C. J., and Davis, D. R., J. Chem. Phys. (1971),
55, b1h1,

Ki_ein, F. S., and Persky, A., J. Chem. Phys. (1974), 61,
2472,

Goldanskii, V. I., Ann. Rev. Fhys. Chem. (1976), 27, 85.
Foon, R., and Kaufman, M., Progress In Reaction Kinetics
(1975), 8(2), 81.

Jones, W. E., and Skolnik, E. G., Chem. Revs. (1976), T6,
563 .

Appelman, E. H., and Clyne, M.A.A., this volume.

Rowland, F. S., Rust, F., and Frank, J. P., this volume.
Persky, A., J. Chem. Phys. (1973), 59, 3612, 5578.

Parks, N. J., Krohn, K. A., and Root, J. W., J. Chem. Fhys.
(19715, 55, 2690.

Grant, E. R., and Root, J. W., Chem. Phys. Letters (197h4),
27, u8k.

Manning, R. G., Grant, E. R., Merrill, J. C., Parks, N. J.,
and Root, J. W., Int. J. Chem. Kinetics (1975), T, 39.
Grant, E. R., and Root, J. W., J. Chem. Phys. (1975), 63,
2970.

Kompa, K. L., and Wanner, J., Chem. Fhys. Letters (1972),
12, 560.

Dodonov, A. F., lavrovskaya, G. K., Morozov, I. I., and
Tal'roze, V. L., Dokl. Akad. Nauk SSSR (1971), 198, 622;
Dokl. Phys. Chem. Eng. Trans. (1971), 198, L4LO.

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



3. MO ET AL. Thermal Hydrogen Abstraction Reactions 101

29.

30,
31.

32.

33

3L,

35.
36,

38.
39.
Lo,
L1,
Lo,

Lz,
Lk,

45,
16,
W7,
18,
k9.

50.

Igoshin, V. I., Kulakov, L. V., and Nikitin, A. I., Krakt.
Soobshich. Fiz. (1973), 1, 3; Chem. Abstr. (1973), 79,
14994k; Kvantovaya Elektron Moscow (1973), 50; Sov. J.
Quant. Electron. (1974), 3, 306.

Clyne, M,A.A,, McKenney, D. J., and Walker, R. F., Can., J.
Chem. (1973), 51, 35%.

Bozze;lli, J., Thesis (Princeton University, Princeton, N.J.,
1972).

Homann, V, K., Solomon, W. C., Warnatz, J., Wagner, H. G.,
and Zetzsch, C., Ber. Bunsenges. Fhys. Chem. (19703, T4,
5850

Kapralova, G. A., Margolina, A. L., and Chaikin, A. M.,
Kinet. Katal. (1970), 11, 669; Dokl. Pnys. Chem. Eng. Trans.
(1971), 197, 281; ibid. (1971}, 198, hs2.

Goldberg, I. B., and Schneider, G. R., J. Chem. Fhys. (1976),
65, 1hT.

Rabideau, S. W., Hecht, H. G., and Lewis, W. B., J. Magn.
Reson. (1972), 6, 38k,

My, L. T., Peyron, M., and Puget, P., J. Chim. Phys. (1974),
T, 377

Foon, R., and Reid, G. P., Trans. Faraday Soc. (1911),

67, 3513.

Pollock, T. L., and Jones, W. E., Can. J. Chem. (1973),

51, 2041,

Wagner, H. G., Warnatz, J., and Zetzsch, C., Anales Assoc.
Quim. Argentina (1971), 59, 169.

Fettis, G. C., Knox, J. H., and Trotman-Dickenson, A. F.,
Can. J. Chem. (19603, 38, 1643,

Fettis, G. C., Knox, J. H., and Trotman-Dickenson, A. F.,
J. Chem. Soc. (19603, 106k

Zetzsch, C., Ph.D. Dissertation (Goerg-August University,
Gottingen, 1971).

Wagner, H. G., private communication.

Manning, R. G., Mo, S. H., and Root, J. W., J. Chem. Phys.
(1977), 67, 636.

Manning, R. G., and Root, J. W., J. Phys. Chem. (1977),
81(21), 0000.

Grant, E. R., Ph.D, Dissertation (University of California,
Davis, 1974, University Microfilms No. 75-1543L4).

Manning, R. G., Ph.D. Dissertation (University of California,
Davis, 1975, University Microfilms No. T6-1795).

Iucas, L. L., and Root, J. W., J. Appl. Pnys. (1972), 43,
3886.

Wilkins, S. R., Shimose, S. T., Hines, H. H., Jungerman,

J. A., Hegedus, F., and DeNardo, G. L., Int. J. Appl.

Rad. Isotopes (1975), 26, 279.

Bennett, C. W., M.S. Thesis (University of California,
Davis, 1977).

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



102

51.
52.
55.
sk,
%2
57T.

58.
59.

60.
61.
62,
63.
6k,

65.
66.

6T,
68.
69.

T0.
.

T2,
3.
Th.

.
T6.

FLUORINE-CONTAINING FREE RADICALS

Werrt)e, G. S., M.S. Thesis (University of California, Davis,
1977) .

Pettijohn, R. R., Mutech, G. W., and Root, J. W., J. Phys.
Chem. (1975), 19, 207T.

Stevens, D. J., and Spicer, L. D., J. Chem. Phys. (1976),
ek, h798.

Stevt—;ns, D. J., Ph.D. Dissertation (University of Utah,
1976).

Stevens, D. J., and Spicer, L. D., private communication.
Grant, E. R., Knierim, K. D., Krohn, K. A.,, Little, F. E.,
Manning, R. G., Mathis, C. A., Mo, S. H., Pettijohn, R. R.,
and Root, J. W., unpublished results.

Root, J. W., Ph.D, Dissertation (University of Kansas,
Lawrence, 1064, University Microfilms No. 65-TO0L).

Welch, M. J., and Krohn, K. A,, private communication.
Grant, E. R., and Root, J. W., J. Chem. Pnys. (1976),

64, L1T.

Manning, R. G., and Root, J. W., J. Chem. Pnys. (1976),
64, 4926; J. Phys. Chem. (1975), 79, 1478.

Hudlicky, M., Chemistry of Organic Fluorine Compounds
(Pergamon Press, New York, 1961).

Gadeken, O. C., Ayres, R. L., and Rack, E. P., Anal. Chem.
(1970), k2, 110s5.

Ayres, R. L., Michejda, C. J., and Rack, E. P., J. Amer,
Chem. Soc. (1971), 93, 1389.

Ayres, R. L., Ph.D. Dissertation (University of Nebraska,
Lincoln, 1970).

Ayres, R. L., private communication.

Krohn, K. A., Parks, N. J., and Root, J. W., J. Chem.

Poys. (1971), 55, 5771, 5785.

Feng, D. F., Grant, E. R., and Root, J. W., J. Chem. Fhys.
(1976), 6k, 3h50.

Manning, R. G., Krohn, K. A., and Root, J. W., Chem. Phys.
Letters (1975), 35, Shk.

Seyferth, D., in Carbenes, vol. IT, Moss, R. A., and Jones,
M., Eds. (Wiley-Interscience, New Yark, 1975), pp. 1OLff.
Mehler, W., Inorg. Chem. (1963), 2, 230.

Tang, Y. N., Smail, T., and Rowland, F. 5., J. Amer. Chem.
Soc. (1969), 91, 2130.

Smail, T., and Rowland, F. S., J. Phys. Chem. (1970), Tk,
1866,

Smail, T., Miller, G. E., and Rowland, F. S., J. Fhys.
Chem. (1970), Th, 3L6kL.

Pauwels, E.K.J., Ph.D, Dissertation (University of
Amsterdam, 19713.
Lindrner, L., private communication.

Moss, R. A., in Carbenes, vol. I, Moss, R. A., and Jones,
M., Eds. (Wiley-Tnterscience New York, 1973), pp. 153ff.

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



3. MO ET AL. Thermal Hydrogen Abstraction Reactions 103

TTe
78.

%.
81,
82,
83,
aL,
85.
86.
87.
88,
89.
90,
9ql.

92.

93.
gk,

95.

Gaspar, P. P., and Hammond, G. S., in Ref. 69, pp. 207ff.
Takabe, T., Takahashi, M,, and Fukutome, H.,, Prog. Theor.
Phys. (1976), 56, 349.

Staemmler, V., Theoret. Chim. Acta (Berl.) (1974), 35, 309.
Harrison, J. F., J. Amer. Chem. Soc. (1971), 93, L112.

Hsu, D. Y., Umstead, M. E., and 1in, M. C., this volume.
McKnight, C. F., and Root, J. W., J. Phys. Chem. (1969),

B, 430,

Mo, S. H., Manning, R. G., and Root, J. W., manuscript in
preparation,

Jonathan, N., Melliar-Smith, C. M., Okuda, S., Slater, D. H.,
and Timlin, D., Mol. Phys. (1971), 22, S61.

Smith, D. J., Setser, D. W., Kim, K. C., and Bogan, D. J.,
J. Phys. Chem. (1977), 81, 898.

Meyer, S. L., Data Analysis For Scientists and Engineers
(Wiley, New York, 1975).
Williams, R. L., and Rowland, F. S., J. Phys. Chem. (1971),
15, 2709.

Williams, R. L., and Rowland, F. S., J. Phys. Chem. (1973),
77, 301.

Warnatz, J., Wagner, H. G., and Zetzsch, C., Report T-0240/
92410/01017 to the Fraunhofer Gesellschaft (1972).

Wolfrum, J., Ph.D. Dissertation (Georg-August University,
Gottingen, 1968).

Warnatz, J., Ph.D. Dissertation (Georg-August University,
Gottingen, 1968).

Pearson, R. K., Cowles, J. O,, Hermann, G. L., Gregg, D. W.,
and Creighton, J. R., I.E.E.E, J. Quant. Elec. (19753, 9,
879.

Foon, R., Reid, G. P., and Tait, K. B., J. Chem. Soc.,
Faraday Trans. I (1972), 68, 1131.

Jaffe, R. L., and Anderson, J. B., J. Chem. Phys. (1971),
Sk, 222k,

Jaffe, R. L., and Anderson, J. B., J. Chem. Phys. (1972),
6, 682,

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



4

Kinetics and Mechanism of the Addition of Fluorine-

Containing Radicals to Olefins

J. M. TEDDER and J. C. WALTON

Department of Chemistry, Purdie Building, University of St. Andrews,
St. Andrews KY16 9ST, Scotland

In spite of sophisticated theories to explain directive
effects in organic chemistry the factors which govern the
preferred site of attack to an unsymmetrical olefin by a free
radical remain obscure. A solution to this problem
represents in itself a considerable challenge to mechanistic
organic chemistry. There is however an important experi-
mental feature which makes any conclusions drawn from such
studies have a much wider interest, Free radical addition
reactions can be studied over a wide range of temperatures
entirely in the gas phase. Furthermore both the forward and
the reverse reactions are capable of investigation. The
complete absence of a solvent means that activation parameters
determined experimentally should be capable of direct theoret-
ical interpretation. Directive effects determined from such
studies represent effects either transmitted through the mole-
cule or through space and cannot be due, as so often in solution,
to change wrought by the substituent on the solvation of the
transition state. [Extensive gas phase kinetic data for a series
of radicals and a series of olefins will provide a real
opportunity to test theoretical approaches without the unknown,
and as yet uninterpretable effect of the solvent.

Sources of Fluoroalkyl Radicals

The first extensive studies of trifluoromethyl radicals
depended on the photolysis of trifluoromethyl iodide as the
radical source (1). Trifluoromethyl iodide is cleaved into tri-
fluoromethyl radicals and iodine atoms by the 253. 7 nm mer -
cury line and trifluoromethyl bromide undergoes similar
fission when frradiated by the 185 nm mercury line
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CF3I M.?’_'_Z.> CF3' + Ie ZP

CF ,Br by =185 CF, +Br ’p

[T

[T

These reactions are more complicated than many authors give
ciedit, since even if the iodine atom is electronically excited
("P1), the trifluoromethyl radical must be thermally excited.
The’excess energy in the photolysis of trifluoromethyl iodide at
250 nm is about 37 kcal mol~! while the excess energy in the
photolysis of trifluoromethyl bromide at 185 nm is 85 kcal mol ",
Fass and Willard have shown that in the former reaction most
of the excess energy appears as translation, whereas in the
latter process most appears as vibration, so that "hot" tri-
fluoromethyl radicals formed in the photolysis of trifluoro-
methyl iodide are less selective than the "hot'" radicals formed
in the photolysis of the bromide (2).

If the subsequent reactions involve the regeneration of tri-
fluoromethyl radicals by iodine abstraction, e. g. in the
reactions with ethylene;

CF3' + CHZ—CI—I2 —_— CF3CH2CH2'

2 + CF31 —_ CF3CH2CH21 + CF3'

the nature of the primary step is unimportant if the chains are
long. However, if there is no chain or the chains are short
the presence of thermally excited radicals can make kinetic
studies extremely difficult to interpret.

The most extensively used source of trifluoromethyl
radicals is the photolysis of hexafluoroacetone. The primary
process has been investigated in some detail by Kutschke and
co-workers. Two mechanisms of photolysis were observed,
one from thermally excited singlet and the other from the
lowest triplet state (3). The quantum yield is temperature
dependent, the activation energy for the decomposition of the
triplet being estimated at 16 kcal mol™". There is evidence
that the excited singlet hexafluoroacetone can undergo cyclic
addition with perfluoroolefins to form the corresponding
oxetane (4). This reaction involves addition of the triplet state
of the ketone to the electron deficient double bond of the
fluoroolefin(5).

CF3CH2 CH

0 —C(CF.)

3 3

[CF,COCF,]” + CF,CF=CF, > | |
CF,—CFCF,

2
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Another complication is that trifluoromethyl radicals are
capable of adding to hexafluoroacetone (6). Gordon found that
in addition to hexafluoroethane and carbon monoxide, the

h\) sk
.__...._.> .
(CF,),CO ——>(CF,),CO 2CF,- + CO
ZCF3 g C2F6
CF3- + (CF3)2CO <—> (CF3)3CO'
(CF,),CO- +‘CF, > (CF,),COCF,

photolysis of hexafluoroacetone by itself led to the formation
perfluoro(methyl-t-butyl)ether. He estimated the activation
energy for the addition step to be 9.7 - 0. 26 kcal mol-1 (for the
reverse step E = 30.6 T 1, 3 kcal mol~ ), this is within the range
for the addition of alkyl radicals to olefins so that this reaction
could be a serious side reaction in radical addition studies (é)
Hexafluoroazomethane has been less studied. Photolysis at
365 nm has a quantum yield of nearly unity at low pressures but
this falls with increasing pressure indicating quenching of an
excited state. To account for the experimental observations
two different modes of decomposition of the photoactivated mole-
cule have been postulated (7). Like hexafluoroacetone, hexa-
fluoroazomethane will add trifluorornethyl radicals:

CF,N,CF, hv —> CF,N,CF, > 2CF,* +N,
2CF," —> C,F,
CF,+ + CF,N,CF, ——> (CF ), NNCF,
CF,+ + (CF,),NNCF, —> (CF,),N,(CF,),

Recently Whittle and co-workers have developed hexafluoro-
acetic anhydride as a source of trifluoromethyl radicals (8)

(CF,C0),0 hy

3 255-165 nm . 2CF4 T CO 1 CO,

There is little evidence of quenching of electronically excited
anhydride molecules by added scavengers and unlike hexafluoro-
acetone and hexafluoroazomethane trifluoromethyl radicals do
not appear to add to the anhydride.

The higher perfluoroalkyl radicals C F . have mostly
been obtained by the photolysis of the corre spondmg iodides (9),
although the perfluorocarboxylic acid anhydrides, which are
fairly readily available, look a good alternative source (10).
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The fluoro-chloroalkyl radicals and the fluorobromoalkyl
radicals have both been produced by the photolysis of
appropriate iodides or bromides (11). The photolysis of di-
bromodifluoromethane has been investigated in some detail (12).
An alternative method of production of fluorochloromethyl and
fluorobromomethyl radicals has been the use of benzoyl
peroxides as an initiator (13). More recently di-t-butyl-
peroxide has been used in orientation studies (14).

Difluoromethyl radical has been produced using excited
mercury atoms as photosensitisers (15), but so far this

Hg + CF,HCl —> CF,H- + Cl + Hg (+HgCl)
method has not been used in kinetic studies.

The partially fluorinated radicals have been prepared by
photolysis of the fluoroalkyl iodides (16,17) and by the photoly-
sis of the appropriate fluoroalkyl ketone (e. g. CH,FCOCH,_F)
(18). Fluoromethyl and difluoromethyl radicals have also been
formed from the fluoroalkyl iodides using di-t-butyl peroxide as
initiator (16,17). Problems can arise in kinetic studies with
these radicals because the chain carrying step may involve
hydrogen as well as iodine abstraction. In practice this
only seems to be of major importance when electronically excit-
ed species are present,

Experimental Methods

In the addition of a radical source R _X to an unsymmetrical
alkene E there are two possible products formed from addition

to the least substituted end (kZ) and the most substituted end
(5):

RS/ +E —>RE (k,)

Re +E —> ERp (k)

RE +RX—>REX+R: (k)

ER, +R X —> XER _+R; (k})

It can readily be shown that the Orientation ratio OR defined as
' 3 i .
kz/k2 is given by:
OR = k'Z/k2 = [XERf]/[Rf]_E_X]
provided the chains are long and the addition steps are not
reversible.
Relative rates of addition of a given radical to series of

alkenes can be determined by means of the rates of consumption
of the alkenes, but in practice most studies have utilised
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product analysis, In a system such as the one described above,
where the main termination involves combination of R -, the
rate constant for addition to a given site in the alkene can be
measured relative to the rate constant for combination (k ) by

analysis of the products for the adduct and the dimer: N
1

iy = VR EX)VR R [E]

Alternatively, the rates of addition to a series of alkenes can be
measured relative to the rate of addition to one specific alkene
(usually ethylene) as a reference reaction. The relative rate
constants are then given by:

kz/kze _ V(ngx) [CH2=CH2]
V(R fCH2 CHZX)[E]

where k, represents the rate constant for addition to ethylene,
and the egua.tion applies for small percentage conversion of the
alkenes. If the addition steps are reversible the expression
becomes more complex:

V(R EX) K,[E] (1 +k_, [k, [RX])

V(R,CH,CH,X) k, [CH,=CH,] (I +k_,/k;[R X])

Ze[
and the ratio of the rates of formation of the two adducts depends
on the concentration of the radical source, the ratio of the rate
constants for decomposition to transfer (k 2/k ) for each adduct
radical as well as on the ratio of the rate Eonsga.nts for addition
to the two alkenes.

Szwarc and co-workers used another method for the measure-
ment of relative rates of addition of t rifluoromethyl radicals to
olefins, in which the olefin was mixed with an excess of a hydro-
carbon (usually 2, 3-dimethylbutane) and hexafluoroazomethane
was utilised as the radical source (19,20, 21)

CF3N2CF3 + hv 1——> ZCF3- + N2

CF.- +RH —%> CF.H + R
3 k 3

2
CF, +E —> CF,E

By comparing the ratio of fluoroform to nitrogen produced in the
absence of alkene with that in the presence of alkene the relative
rate constant ratio kZ/k could be determined. This technique
gives the overall rate ofia.ddition to an olefin, and cannot
distinguish between the two ends of an unsymmetrical alkene,
and it also relies on the assumption that radicals are lost only
in the addition step, although appropriate corrections can be
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made where side reactions are identified.

Non-stationary state techniques are required for the
determination of absolute rate constants and, almost invariably
in the field of free-radical chemistry, absolute rate determin-
ations have been made directly on combination reactions.
Ultimately, therefore, absolute rate constants for radical
addition reactions depend on a knowledge of the rate of addition
relative to the rate of combination of the radical involved.

Absolute Rates

The rate constants of radical combination reactions, which
form the basis from which absolute rates of addition reactions
are determined, have been the subject of a vigorous controversy
in recent years.. That of methyl radicals is well established at
2 x 10101, mo1- s'l, but for other alkyl radicals evidence has
been presented for both "low'" values and "high' values, and the
final outcome remains in doubt (22).

Ayscough's original value for the rate constant of
combination of trifluoromethyl radicals, (23) which was
measured by the intermittent photolysis of hexafluoroacetone,
has recently been challenged by several new determinations.
Ogawa, Carlson and Pimentel (24) using flash photolysis of
CF_I coupled with rapid scan infra-red detection found the
combination rate constant to be both temperature and pressure
dependant with values in the range 5.9 to 9. 2 x 109 1 mo1-1 s-1,
Basco and Hathorn (25) detected the UV absorption spectrum of
CF .- radicals and measured the rate constant as 3 x 109 1 mol-1
s=1”at 25°C from its second order decay. Hiatt and Benson,
(26) using the '"buffer" technique with CH,I and CF I, coupled
with thermochemical estimates of the equilibrium constant,
found the rate constant to be in the range 1.8 to 15 x 10? 1 mol1-!
s~1, depending on the thermochemical parameters. Okafo and
Whittle (27) have recently given an improved value for D(CF,-I)
and when this is applied to Hiatt and Bensons' data combination
rate constants at the lower end of the lr’a.n%e are obtained, An
average value of about 3 x 107 1 mol™" s~ ~ would seem to be
appropriate.

Combination rate constants for difluorochloromethyl
radicals (1.2 x 1010 1 mo1-! s'l) (1_2_8_) and chlorodecafluorocyclo-
hexyl radicals (3 x 108 1 mo1™" s-1) (29) are the only others
which have been measured for fluoroalkyl radicals. Since these
were determined by the intermittent illumination method they
obviously need checking by independent techniques.
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Sangster and Thynnes' absolute rate constant for the addition
of CF_. radicals to ethylene was obtained from experiments in
which'the radicals reacted competitively with ethylene and H,S
(30). The relative rate constant was then converted to an
absolute rate constant by use of Arthur and Gray's determin-
ation of the rate of abstraction of hydrogen from H,S by CF3*
radicals, (31) which was in turn based on Ayscough's rate
constant for CF _+ radical combination. The absolute value for
CF - addition to ethylene derived from Pearson and Szwarcs'
work (20) was also ultimately based on Ayscough's combination
rate constant (23). Values of the absolute rate constant of CF3'
addition to ethylene based on the data of these two groups of
workers, but corrected with the new value of the combination

rate constant of CF3 radicals are given in table 1.

Table I
Absolute Arrhenius Parameters and Rate Constants at 164°C
for Radical Additions to Ethylene

Radical logk log A E  as°* AH®  Ref.
(164°C) 1 mol-ls=! kcal  cal keal |
1 mol-ls~! mol~™" mol~ mol”
r-1
CH3' 4.7 8.52 7.7 -30.0 -25.5 (32)
CHZF [5. 5] [7.6] [4.3] -3l.2 [-27] (33)
CF3~ (1) 7.3 7.8 1.0 -35.3 -27.5 (20)
(2) 6.7 8.11 2.8 " " (30)
(3) 6.6 8.0 2.9 " " (34)
CFZBr- [6.5] [8.0] [3.1] (35)
CC13- 4.7 7.8 6.3 -34. 4 -17.4 (36)
Parentheses indicate estimated values. >I:Therrnochernica.l

data from J. A. Kerr and M. J. Parsonage, '"Evaluated Kinetic
Data on Gas Phase Addition Reactions' Butterworths, 1972

The rate of CF_* addition to ethylene has recently been
determined directly relative to the rate of CF _* combination
and the absolute rate constant deduced from this study is also
given in table I (34). This recent determination is in excellent
agreement with that of Sangster and Thynne, which enables the
following Arrhenius parameters to be recommended for CF3-
addition to ethylene: log A=8.0%0.3 1mol-ls~! E=2.9%0.5
kcal mol~".
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Absolute rate constants have been estimated for fluoro-
methyl radicals (33), and for difluorobromomethyl radicals (35).
The comparison of these rate constants in table I shows that the
pre-exponential factors are all equal, within the experimental
error (with the possible exception of the methyl radical),
irrespective of the nature of the attacking radical. Trifluoro-
methyl radicals are the most reactive species and the most
electronegative; the activation energies increase in a uniform
manner as hydrogen replaces fluorine in the radical.

Kerr and Parsonage have compared the addition rate
constants with the unimolecular decomposition rate constants of
the product radicals (32). These two rate constants are
related through the equilibrium constant which can be calculated
by thermochemical methods. The enthalpy and entropy changes
in the addition reactions, calculated by statistical mechanics or
estimated where necessary by the group aditivity method, are
given in table I. The absolute rate constants and the activation
energies appear to follow the trend in the enthalpies of reaction
(with the exception of trichloromethyl) i. e. the more exothermic
the reaction the lower the activation energy.

The Arrhenius parameters for the decomposition of n-propyl
radicals given by Benson and O'Neal: log (k_Z/s"l) =13.8 -
33.2/2. 3RT (37) together with the thermodynamic data yield a
calculated rate constant for methyl addition to ethylene given by
log ky; =8.9 - 8.1/2. 3RT, in good agreement with the experi-
mental parameters. More recent experimental data on the
decomposition of n-propyl leads to rather poorer agreement (38}
Experimental data for the decomposition reactions is lacking
for the other radicals, but in each case when the addition rate
constants are combined with the thermochemical data
""reasonable" values are obtained for the decomposition rate
parameters (32).

The A-factors for CF_- and CH_* radicals have been cal-
culated directly by Transition State Theory (39,40). The cal-
culated values depend critically on the chosen vibrational
frequencies of the transition states. They tend to show that
the transition state is loose, as expected from the exothermicity
of the reactions and as predicted by SCF-MO calculations, but
that association of the radical with one of the alkene carbons
and concomitant loosening of the alkene double bond is by no
means negligible. (see p.

Relative Rates
The difficulty in measuring absolute rates has limited the
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number of radicals for which activation parameters are avail-
able. Often however the orientation of addition to an unsymmet-
ric olefin and the relative rate of two different olefins is of more
interest than the absolute rates themselves. Table II shows the
ratio of the rate constants for the addition of CHj3*, CH,F-,
CFyH:, and CF3* to ethylene and tetrafluoroethylene.

Table II
The Relative Activation Parameters for the Addition of CH;-,
CHpF., CHF, and CF3: to ethylene and tetrafluoroethylene

( E in kcal mol-1)

Radical A(:2F4/Ae EC2F4—Ee kC2F4/ke(164°)
CH,- 0.34 -2.5 6.0
CH,F- 0.76 -1.3 3.4
CHF,* 0.83 -0.2 1.1
CF, 0.87 +1.7 0.1

At 164°C the methyl radical adds six times faster to tetrafluoro-
ethylene than to ethylene, while the trifluoromethyl radical adds
ten times slower. The table shows that this diverging behav-
iour in the relative rates of the two radicals is almost entirely
due to changes in the difference in the activation energies.
This kind of divergent behaviour is often interpreted in terms
of relative electronegativity, according to which picture the
methyl radical is "nucleophilic! when compared to the "‘electro-
philic" trifluoromethyl radical. We shall find a lot of evidence
to support the idea that '"polarity' plays an important part in
determining the relative reactivity of fluoroalkyl radicals,
Table II shows a regular progression in the activation energy
differences from the negative value for methyl radicals to the
positive value for trifluoromethyl radicals with fluoromethyl and
difluoromethyl radicals giving values in between.

Tables III and IV show the relative Arrhenius parameters for
the addition of a wide variety of radicals to fluoroethylene,
1, 1-difluoroethylene, trifluoroethylene and tetrafluoroethylene
taking the rate of addition to ethylene as standard [CF3- (39);
CHF- (16); CHpF- (17); CHj3 (40); CCls- (41,36);
CH,Cl- (14); CBrg(42); CHBrp- (42); CF,Br- (35); CFBry-
(43); C2Fs5 (9); (CF3),CF- (44); CF2I- (l6)]l. Table III shows
that the pre~exponential (""A") factors only vary slightly from
one radical to another or from one olefin to the next. The
smallest "A'" factor ratio is one tenth, the largest is forty.
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We shall see later that relative rates of addition vary by five
orders of magnitude (from 10x to 10-4x the rate of addition to
ethylene) so that it is clear that rate and orientation of addition
is principally governed by variations in activation energy.
Table IV, besides showing the wide variation in activation
energy differences (SE varies from -4.1 to +8. 2 kcal), shows
that only for methyl radicals are the activation energies less
for addition to the highly fluoririated olefins than they are for
addition to ethylene. This is another manifestation of the
methyl radical's '"'nucleophilic' character.

For every radical the activation energy is greater for
addition to CHF -end of vinyl fluoride than for addition to the
CH,- end, and in every case the activation energy for addition
to the CH>- end of vinyl fluoride is greater than that for
addition to ethylene, In other words radicals add preferentially
to the least substituted end of vinyl fluoride because attack at
this site is less deactivated than attack at the substituted end.
Not because attack at the CH,- end is activated. A single
fluorine substituent is deactivating to all radicals, including
methyl. This conclusion shows that simple resonance pictures
in which a substituent fluorine atom is supposed to stabilise an
adduct radical is not an adequate picture.

R+ + CH =CHF —> RCHZ'CH—:}%:

2 1

e o
RCHZ'C'H—;?j:

Addition to the CHF - end of vinyl fluoride and the CF_- end of
1, 1-difluoroethylene both yield adduct radicals with the un-
paired electron on a CH,* group as in the addition to ethylene
(R CH;CH, ; RCHFCH) and RCF,CH;). Table IV shows that
the activation energies increase substantially as the substitution
at the site of attack increases, and clearly resonance stabilis-
ation involving the substituent fluorines makes no contribution.
An alternative resonance type theory involves hyperconjugation
and could be used to explain the increasing activation energy of
the above series in terms of reduced opportunities for hypercon-
jugation. Examination of the activation energies for the
addition to the CHp- end of 1, 1-difluoroethylene, the CHF - end
of trifluoroethylene and to tetrafluoroethylene provides no
support for such a hypothesis, Indeed although the overall
results show a very consistent pattern there is no evidence to
suggest the results can be correlated in a simple resonance
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pictures involving either conjugation or hyperconjugation,

Table V shows the relative rates for addition at 150° and
most of the data comes from Tables III and IV. However two
radicals (CH,Cl* and CBrj. ) are included in this Table for
which no accurate temperature variation is available. The
general pattern of results confirms the picture built up from the
tables of relative Arrhenius Parameters. The relative rates
are the results of direct measurement and therefore probably
represent a more accurate summary. A very noticeable
feature of Table V is the low rates of addition of heptafluoro-iso-
propyl radicals to CHF - and CF,- sites, This strongly suggests
that classical '"steric hindrance' plays a significant role in free
radical addition.

The most comprehensive table of relative results is Table VI
in which the orientation ratios for the addition of an extensive
range of fluoroalkyl radicals to vinyl fluoride, 1, 1-difluoro-
ethylene and trifluoroethylene are listed. Although all radicals
add preferentially to the CH,- end of vinyl fluoride and 1, 1-di-
fluoroethylene, the orientation of addition to trifluoroethylene
depends on the radical. The "electrophilic' radicals adding
preferentially to the CHF - site and the nucleophilic radicals
adding preferentially to the CFZ- site. In the radical series
CF3-; CHF,- ; CHyF- ; CHj- the orientation ratios show a
progressive increase in attack at the most fluorine substituted
end of the olefin, This is in accord with a ""polar' picture in
which the more ""nucleophilic" the radical the greater the attack
at the fluorine containing site. However in the radical series
Crj3. , CFpBr. , CFBrZ- , CBr3' the orientation ratios show a
decrease in attack at the most fluorine substituted end of the
olefin, This series of radicals shows a smaller drop in electro-
negativity but CBr3- is appreciably less electrophilic than CF 3*,
so that the reverse trend in orientation ratios must be due to
steric hindrance. Even greater evidence for steric effects
come from the series CFj3+, CF3CF,*, and (CF3)2CF- . The
perfluoro-iso-propyl radical is the most selective radical in
table VI. It is important to note {see Table IV) that this
selectivity is primarily due to activation energy differences.

The A-factor ratios for the reactions involving perfluoro-iso-
propyl radicals are no greater than those for other radicals.
This is consistent with an "early' transition state for these
reactions.
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4.

Orientation Ratios (a:pB) for the Addition of Alkyl Radicals to
Vinyl Fluoride, 1, 1-Difluoroethylene and Trifluoroethylene

TEDDER AND WALTON

at 15090

Radical

CF3
CHF
CH,F
CH,

CCl
CH,Cl1

CBr
CHBr

CF
CFZBr
CFBr
CBr

CF3

CF?,CF2

(CF,),CF

CF‘3C17‘2

3(CF),
CF,(CF,),
CF ,(CF,),

CF ,(CF

CF,(CF

2)7

1
1
1

o
CH2=CHF

: 0,
: 0,
: 0.
: 0.

: 0.
: 0,
: 0,

: 0,054
: 0,050
: 0,050
: 0,049
: 0,043

In Fluorine-Containing Free Radicals; Root, J.;

Addition of F-Containing Radicals to Olefins

p

09
19
30
20

.07
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02

Table VI

o

p

CH2=CF2
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1
1

o O O o ©

. 0,
. 0,

: 0.
. 0,

: 0,
: 0.
: 0,

: 0.
: 0.
. 0.

15
44

01
14

03
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02

03
01
001

. 011
. 009
. 007
. 007
. 006

o

CHF=CF2

p

1:0.50
1:0.95

1
1

o O o o

o O O O o

: 2.
: 2.

o

(=]

(=]

04
10

.29
.03

.24
.31

. 50
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. 50
.29
. 06

.29
.25
.24
.23
.22
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Theoretical Treatment

Linear Free Energy Relationships The observation that
familiar polar effects influence the orientation ratios for radical
addition to olefins prompts the application of the well estab-
lished free-energy relationships. The orientation data can be
accommodated in a Hammett plot by assigning a polar constant,

o, to each radical (14). This is defined as the sum of the

Hammett sigma constants for the groups attached to the radical
centre, In practice, Taft ¢° constants have been used (45).

Good correlations were observed between log OR and the
values of the radicals for the data of table VI. This encouraged
us to apply to our results the "patterns of reactivity'" approach
utilised by Bamford and Jenkins for interpreting polymer
radical reactivities (46). A simple extension of the ''patterns’
approach leads to the equation (14):

log OR = log kz'/k2 =0 (a'-a) + (B' - B)

for the orientation ratio, where o characterises the radical,
and o, B are constants characteristic of one end of the alkene
and o', P' are constants characteristic of the other end. Values
of o'-a determined from the gas phase orientation data compare
very well with these from polymer reactivities in solution.
Correlation of log OR with o(a'-a) + (B'-B) gives an excellent
straight line with a gradient close to unity and a correlation
coefficient of 0. 98 (14).

The success of this modified ''patterns' treatment shows
that orientation of free-radical addition to olefins is governed
to a major extent by familiar polar forces which are given
quantitative expression by the Hammett equation. The
correlations indicate that both the polarity of the olefin and the
polar character of the radical are important,

Unfortunately, Taft steric substituent constants Eg are
available for only a few radicals (47), but for these few log OR
correlates well with E;. The diameters of the radicals were
calculated from the covalent atomic radii, and significant
correlations were found between radical diameters so calculated
and log OR for each set df results (42). So, besides polar
effects, radical orientation is governed to some extent by
classical steric hindrance.
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Secondary Deuterium Kinetic Isotope Effects

Addition of trifluoromethyl and methyl radicals (48), and
several other radical species (49) to deuteriated olefins gives
rise to an inverse isotope effect k_/k__ of between 1. 05 and 1. 20
depending on the radical and substrate. Earlier attempts to
interpret the significance of this isotope effect were based on
Streitwieser's suggestion (50) that its main cause was the fre-
quency increase in one of the C-H vibrations of the olefin when
the carbon atom was changed from spz to sp3 hybridization on
addition of the radical,

The transition state theory calculations of Safarik and
Strausz (49) (51) show that this simple interpretation is not
valid, They find that the most important contribution to the
isotope effect is the net gain in the isotope-sensitive normal
vibrational modes during passage from the reactants to the
transition state. For the addition of a polyatomic radical to
ethylene the gain in normal modes is six, of which one will
coincide with the reaction coordinate. From the remaining
five, at least one, the CH,_ twist, will always be isotope-sensit-
ive and will generate an appreciable isotope effect. In the
ethylene molecule there is a substantial barrier to the twist
motion, whichis considerably lowered in the transition state. The
results obtained with the model calculations showed that repro-
duction of the experimental isotope effect implied a significant
link between the radical and the olefin, and consequent deviation
from the planar ethylene structure in the transition state (51).

Model Calculations of A-factors by Transition State Theery

The A-factors for addition of CF,- (39) and CH3- (40) rad-
icals to fluoro-alkenes have been calculated by transition state
theory using the expression derived by Herschbach, Jchnston,
Pitzer and Powell (52):

A,=1.26x10"3T2exp( 25* /R) cm3mol-ls"]

The fundamental vibration frequencies of ethylene and its fluor-
inated derivatives are well established, and those of the two
radicals are known from matrix isolation studies, Two models
of the transition state were considered. In the first, the
vibration frequencies of the transition state were based on those
of the radical and alkene with a minimum interaction thus giving
a loose model. In the second, the vibration frequencies of the
transition state were based on those of the product radical which
were in turn estimated from fluoro-substituted propanes; thus
giving a tight model.

In Fluorine-Containing Free Radicals; Root, J.;
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The results of these calculations have already been referred
to, The calculations predict only small variations
in the A-factors, as is observed experimentally. Both models
predict the highest A-factor for addition to ethylene and lower
A-factors for addition to carbons carrying one or two fluorine
substituents, in agreement with experiment. Generally the
tight transition state gives a better agreement with the experi-
mental order of the A-factors, The implication being that
significant bond formation has occurred in the transition state,
accompanied by appreciable loosening of the alkene double bond.
This is essentially in agreement with the conclusions of
Safarik and Strausz from consideration of the secondary deuter-
ium isotope effect. Both models also predict higher A-factors
for addition to carbon in tetrafluoroethylene than to other doubly
fluorinated carbon atoms in unsymmetrical olefins. This is a
consequence of the relatively low entropy of tetrafluoroethylene,
due to its high symmetry number, and again agrees with the
experimental observations for both radicals.

Molecular Orbital Treatment

The experimental activation energies may be compared with
charge densities, q  , free valence indicies F,, and localization
energies L, calculated for each atom p of the olefin by HMO
theory. E}:)r all the radicals of table IV there is little corre-
lation with either free valence or charge density, but rather
scattered correlations can be observed for most of the fluoro-
alkyl radical activation energies with localization energy. The
activation energies determined by Szwarc and co-workers for
trifluoromethyl radical addition to alkyl-substituted olefins (20,
21l) also show a reasonable correlation with L, (53). Better
correlation with L. is to be expected since it represents an
attempt to model tﬁe transition state, unlike q, or ¥, which
simply refer to the ground state of the olefin. The chief draw-
back of these reactivity indicies is that they are calculated from
the properties of the alkenes alone, whereas the experimental
data clearly shows that the nature of the attacking radical is
also highly significant. In order to allow for the manifest
polar character of the reaction we tried including a term 6QH
which represents the net atom charge (54):

E(obs) = A(L.|~L + BSQH)
When B is set equal to 0,5 the correlations for CF3- , CC13- ,

i-C3F7* and other fluoroalkyl radicals are a marked improve-
ment over plots involving simple localization energies.
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However this type of expression can never account for the
reversal in orientation observed for the less electrophilic
radicals, Even if the constant B changes sign, the proposed
expression will still not give a good correlation with experi-
mental methyl radical activation energies.

More sophisticated calculations of the semi-empirical SCF
and ab initio types have been used to plot partial potential
energy surfaces for methyl radicals with alkenes (55) (56) (57).
They suggest that the lowest energy approach of the radical is
from above the plane of the alkene directly above one or other
of the carbons. The geometry of the transition state was found
to be little changed from that of the reactants, So far this type
of computation has not been attempted with fluoroalkyl radicals.
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Kinetics and Mechanisms of Reactions of CF, CHF, and
CF. Radicals

DAVID S. Y. HSU,* M. E. UMSTEAD and M. C. LIN
Chemistry Division, Naval Research Laboratory, Washington, DC 20375

This chapter reviews briefly methods for the production of
CF, CHF and CF,, and in more detail, the reactions of these in-
teresting and important radicals. Although a considerable, but
not extensive, amount of work has been done on the reactions of
CF,, little of the chemistry of CF and CHF is known. This chap-
ter also includes the preliminary results of some experiments
carried out in this Laboratory on the dynamics of some of the
reactions involving these radicals., These results were largely
arrived at through investigations of the degree of vibrational
excitation of the HF and CO reaction products, determined by HF
and CO laser emission and CO laser resonance absorption measure-
ments. The coverage of this review is restricted to the gas
phase chemistry of these radicals, and does not include their
addition reactions to olefins.

I. CF Radical Reactions

The presence of the CF radical often has been observed
spectroscopically in the dissociation of fluorocarbons in elec-
tric discharges and in the reactions of F atoms with organic
compounds (1-6). Jacox and Milligan (7) produced the radical
by the vacuum-ultraviolet (VUV) photolysis of CH4;F, and were
able to stabilize it in a nitrogen or argon matrix at 14°K in
sufficient concentration to obtain its infrared spectrum.

Simons and Yarwood (8,9) reported that the flash photolysis
of CHFBr, and CFBr; in thin-walled quartz tubes (A = 160 nm)
produced the CF radical. The presence of CF was detected by the
transient appearances in absorption of the xzﬂ - A’S transition.
They reported that the production of CF was greater from CHFBr,
than from CFBr;. 1In a similar experiment with the former com-
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pound carried out in a quartz tube by Merer and Travis (10),
however, CF was not detected, Additionally, we found no sig-
nificant difference between the vibrational population of the
CO formed in the flash photolysis of a CHFBr, -S0, mixture in the
UV and VUV above 165 nm. The CO formed in the CHFBr, - SO, sys-
tem was found to be considerably colder than that formed in the
CFBr; - SO, system either in a Suprasil or in a quartz tube
(see below).

Very little has been reported of the chemistry of the CF
radical. In a shock tube study, Modica and Sillers (11) meas-
ured the rate of the reaction

CF+F+M~-CF, + M (1)
and reported that ky; = 6,57 x 102° T 2%’m1® mole ’sec ! when
M = Ar. Schatz and Kaufman (12), in a study of chemiluminescence
excited by atomic fluorine, observed the emission of bands of
the Cameron system, a’n - X12+, of CO up to v = 5. They spec-
ulated that these might arise from the following reaction:

=2

O+ CF~CO+F (2)

On the basis of the known heat of formation for the CF radical,
AHf‘:298 = 59 £ 2 kcal/mole (13-16), the exothermicity of reac-
tion (2) is 126 £ 3 kcal/mole, which is 36 kcal/mole below CO
(a3ﬂ, v = 5),

Reaction (2) is believed to be responsible for the CO laser
emission observed in the flash photolysis of a CFBr; - SO, mix-
ture above 165 nm (17). Over 40 vibration-rotation lines between
2 * 1 and 14 = 13 have been identified. The laser output of
this system increases very rapidly with the S0, /CFBr; ratio and
reaches a peak value at SO, /CFBr; = 2, similar to that observed
in the analogous SO, - CHBr, CO laser system (18). However, un~
like the latter system, the power output of the former does not
decrease significantly with SO, /CFBr, ratios as high as 22,
indicating that the CF + SO, reaction is not as rapid. Addition-
ally, the laser output of the CFBr, system is considerably weaker
than that of the CHBr; system, although the energetics of the
two differ only slightly.

In order to understand the dynamics of the O + CF reaction
occurring in the SO, - CFBrj chemical CO laser system, we car-
ried out CO laser resonance absorption experiments to measure
the vibrational energy distribution of the CO formed in the
reaction, A detailed description of the flash-photolytic CO
laser-probing system can be found in reference (19). Experi-
ments were carried out using both Suprasil (A =2 165 nm) and
quartz (A = 200 nm) flash tubes for mixtures of CFBrj and SO,
with He as a diluent. With the Suprasil tube, 10-torr samples
of a 1:1:98/CFBr,:50; :He mixture were used, whereas with the
quartz tube 5-torr samples of both the 1:1:98 and 1:1:48 mixtures
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were used,

The initial relative vibrational populations were obtained
from the absorption traces using an extrapolation method de-
scribed in reference (20). The results are shown in Fig. 1.

In these experiments, the appearance time of the strongest ab-
sorption occurred at about 6 usec. Flash profiles taken with a
fast photodiode show that the flash is over within 5 psec. The
secondary vibrational excitation of the CO product that might
result from the X' - a’m absorption would therefore not occur
to any significant extent. This is supported by the fact that
the results obtained from both the quartz and Suprasil tubes
agree closely.

The vibrational population of the CO decreases monotonically
with a slight but distinct drop in population near v = 12, as
the vibrational energy of the CO increases. This is in sharp
contrast to the bell-shaped distribution observed in the O + CS
reaction (22-22), which could be accounted for by an impulsive
model (26) indicating the possibility of the absence of a
significant well in the triplet OCS intermediate, In the O + CF
reaction, however, the observed CO population was found to lie
close to that predicted by a simple statistical model (20),
taking the total available reaction energy, Etor = 126 + 2,5RT
2 128 kcal/mole. On the basis of this model, the relative vi-
brational population of CO can be estimated from the following
simple expression (20):

Ny ZP(Etot - Ev)
—_— — (1)
No EP(EtOt)

where Ey and Ny are the vibrational energy and population of

CO at the vth level, and ZP(E), the total energy level sum of
the FCO intermediate with both CO and CF stretches excluded.

The CO stretch corresponds to the mode of vibration leading to
the product CO vibrational excitation, and the CF stretch
corresponds to the reaction coordinate. Equation (I) can be
evaluated by either the direct-count method or the approximation
of Whitten and Rabinovitch (27):

st
Ny Etot - Ey + aEz

NO Etot + aEz (II)

= [1 - E¢/(Eror + aEz)] **

where E, is the zero point energy and s* is the effective number
of vibrations (s¥ = 3N-7 for a linear complex, and 3N-8 other-
wise), and "a" is a correction factor which has a value between
0 and 1, depending on the amount of energy, Etot - Ey. For
simple, very exothermic reactions, such as 0 + CF, Efot>aky,
and the classical expression (20):
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Ny (co)

Figure 1. Vibrational distribution of CO formed in
the flashed-initiated CFBr—SO, system. Open circles
— 1:1:.98/CFBr;:SO;:He mixture in a quartz tube,
flled circles — the same mixture in a Suprasil tube;
solid and broken curves = statistical distributions
based on Equations (11) and (I1I), respectively.
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Ny/No = (1 - Ev/Etot)S* = (1 - f.‘,)Sqt (111)

is adequate. This is shown by the results given in Fig. 1 for
the O + CF reaction. 1In this calculation, s¥ = 2 was used for
Eqs. (I)-(IM), assuming a linear F---CO dissociation complex.
The direct count method based on Eq. (I) predicted exactly the
same distribution.

The fact that the observed CO vibrational distribution is
nearly statistical, with partial inversion between all levels,
is not inconsistent with the presence of a rather deep well.

The depth of this well is about 30 kcal/mole based on AHf° (FCO)
= -34 kcal/mole (21) and about 60 kcal/mole according to the
value AHf° (FCO) = -66 kcal/mole(22). The latter seems to be
more in line with the observed CO distribution. The effect

of the stability of the FCO radical on the product CO vibrational
energy distribution will be examined in the future,

The cause of the slight decrease in population near v = 12
is not clear. The exothermicity of reaction (2) is insufficient
to excite either CO or F to higher electronic states, and the
slight energy difference between sz and 2P3,2 of the ground
electronic state of the F atom is not expected to affect dynam-
ically the production of CO from the reaction which proceeds
through a complex, It is thus quite likely that the appearance
of colder CO populationms at lower levels may arise from a side
reaction that generates vibrationally colder CO molecules. The
most likely candidate for this is O + CFBr — CO + BrF(or F + Br),
due to the incomplete photodetachment of the Br atoms from
CFBr;. The energetics of this reaction are not known, but are
probably much higher than those of the analogous reaction, O +
CF,, to be discussed later. Another possible reaction, O + CFBr,,
probably does not have enough energy to produce vibrationally
excited CO. The overlapping of a vibrationally colder popula-
tion from O + CFBr with that from reaction (2), a hotter, near
statistical distribution, could account for the deviation oc-
curring at the lower levels of the observed distribution.

The absence of a complete population inversion in the
flash~-initiated CFBr; - SO, system accounts for the weak CO
laser intensity, compared with that detected in the CHBr; - SO,
flash (18). 1In the CHBr; - SO, system, the primary pumping
reaction was assumed to be O + CH, which probably proceeds
through the HCO complex with a shallower depth of about 20 kcal/
mole, The dynamics of this highly exothermic reaction (AH° =
-176 kcal/mole) are now under investigation.

II. CHF Radical Reactions

Little is known of the chemistry of the CHF radical, large-
ly because of the lack of clean methods for its production.
Merer and Travis (1l0) obtained the absorption spectrum of CHF,
produced by the flash photolysis of CHFBr, in a quartz vessel,
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and made a rotational analysis of the bands. The spectrum con-
sisted of a single progression of complex bands in the region
430 - 600 nm. They concluded that the ground state of CHF was
a singlet, similar to that of CHCl. Although Simons and Yarwood
(8,9) reported the production of CF from the flash photolysis
of CHFBr, based upon its absorption spectrum, Merer and Travis
did not observe its presence. Other unidentified absorption
bands were seen, but none of these were attributed to CF.
Simons and Yarwood had no quantitative data for CF production,
and since the absorption spectrum of CHF was not known at that
time, its presence would not have been observed (28). It is
likely that CF is only a minor product of this dissociation.

Both the visible-UV and the IR absorption spectra of CHF
(as well as CF and CH,F) were obtained from the VUV photolysis
of CH4F in an argon or nitrogen matrix at 14°K by Jacox and
Milligan (7). They also found that the reaction of carbon atoms,
produced by the photolysis of cyanogen azide isolated in an
argon matrix, with HF trapped in the matrix, led to the forma-
tion of sufficient amounts of CHF for IR spectroscopic analysis.
Their results confirmed Merer and Travis' finding that the
ground electronic state of the CHF radical is singlet.

Tang and Rowland produced CTF radicals by the reaction of
energetic tritium atoms from nuclear recoil with fluorinated
compounds such as CH;FCl, CHF;, and CH,F, (29,30), and invest-
igated the reaction of CTF from CH,F, with olefins in the gas
phase (30):

T#* + CH,F, — CHTF,* + H
CHTF,* — CTF + HF
CTF + C,H, —[D<TF*

The reaction of CTF with olefins was found to be completely
stereospecific; the alkyl groups in the fluorocyclopropane
products maintained the same orientations to each other as were
present in the reacting olefins. In all cases where the forma-
tion of isomers was possible by the single-step addition of CTF,
the syn and anti isomers were found in equal quantities. This
complete stereospecificity, along with the insensitivity of
the presence of 0, and a large amount of inert gas on the reac-
tion, was taken as evidence that the reacting species was sing-
let CTF. From an experiment in which CTF reacted with C,H, in
the presence of excess 0,, it was found that the reactivity of
0, with CTF is < 0.2 times that of C,H,. 18

18 Rowland et al, (31,32) also preggred CH F, along with
CF F, by the reaction of energetic F atoms from nuclear recoil
with CHyF,, and studied its reaction with hydrogen halides (31).
The formation of the carbenes proceeded via a mechanism similar
to the aforementioned T-atom reaction., The reaction of CH 'F
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with HX was found to take place by a direct insertion mechanism:
cu'®F + HX - CH, °FX (3)

Evidence for the direct insertion was largely based on the fact
that the yield of CHzlsFCI was independent of the presence of
0,, while the yields of products arising from monoradicals were
strongly influenced by its presence.

It was estimated that the exothermicity of reaction (3) is
about 74 kcal/mole when X = I, and about 69 kcal/mole when X =
Cl. These values were based upon the estimation of AHf° for
CHF, which is not available, by taking the arithmetic mean of
the heats of formation of CH, and CF,: 25 kcal/mole. This value
is probably too low, as will be discussed later. A comparison
of these excitation energies with the assumed C-I and C-~Cl bond
energies indicated that CH,FCl should be completely stable a-
gainst C-Cl bond breakage, but that the excitation energy of
CH,FI was about 19 kcal/mole in excess of the activation energy
for C-I bond dissociation. This was found to be consistent with
the experimental results based on the production of CH318F (3D.

The reaction of the CHF radical with O('P) (33), 0, (34),
and NO (gé) has been shown to generate stimulated HF emissions.
In these studies, the CHF radical was produced by the successive
photodetachment of Cl atoms from CHFCl, in a Suprasil tube (33)
or Br atoms from CHFBr, in a quartz tube (10):

CHFC1l, + hu(A = 165 nm)— CHF + 2Cl
CHFBr, + hL(A = 200 nm)—- CHF + 2Br

The vibrationally excited HF molecule is believed to be formed
primarily by the following four-centered elimination processes
involving chemically activated intermediates:
0(’p) + cHF - HFco* - HFt + cot (4)
AH,° = -190 kcal/mole

CHF + 0, - HFCOO — FCOOH (5)
- urf + co,
AH° = -198 kcal/mole

CHF + NO — HFCNO - HFT + cNO (6)
AH6° b ?

where "t" stands for vibrational and "*" for electronic excita-
tion.

Neither the kinetics nor the mechanisms of these reactions
are known. The assumption that these reactions take place via
long-lived intermediates was based solely on the observed HF
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and/or CO vibrational energy distributions, with the aid of pro-
duct gas analysis. The exothermicity of reaction (6) is not
available due to lack of information on the CNO radical. Ac-
cording to the observed HF laser intensity and the vibrational
population of HF (see Fig. 2), AH4° is probably very close to
AH5°, which was estimated to be about -198 kcal/mole. The exo-
thermicities of reactions (4) and (5) were calculated using
AHf°(CHF) = 39 £ 4 kcal/mole, estimated from the theoretical
bond dissociation energies, De(CH-F) = 120 and De(CF-H) =
83 kcal/mole by Staemmler (36). These values are probably
reliable because a similar estimate with Staemmler's calculated
value for De(CF-F) gave rise to AHf°(CF) = 61 kcal/mole, which
agrees closely with the experimental value, 59 # 2 kcal/mole
given earlier., A lower value, AHf°(CHF) == 25 kcal/mole, eval=-
uated by taking the simple arithmetic mean of the heats of for-
mation of ground state CH, and CF, (31), is questionable inasmuch
as the ground electronic state of CH, is triplet, whereas CHF and
CF, are both singlet, The use of the singlet energy, which has
recently been established to be 8 £ 1 kcal/mole higher (37),
would increase the wvalue of AHf°(CHF) by about 4 kcal/mole. It
should be pointed out that the use of either value, AHf°(CHF) =
25 or 39 kcal/mole, varies the overall exothermicities of reac-
tions (4) and (5) by less than 10%, which does not affect our
conclusion on the dynamics of these very exothermic reactions.
The HF vibrational energy distribution was measured by
means of the appearance time of each vibrational-rotational
laser line selectively oscillating within a cavity consisting
of a grating and a highly reflective concave mirror (38,39).
Assuming that v-v relaxation before the appearance of laser
pulses is insignificant, the threshold times of various laser
lines can be correlated with the gains and thus the relative
vibrational population of the levels involved (22,&9). The
measured HF vibrational populations for reactions (4)-(6) are
presented in Fig. 2, employing CHFBr, as the CHF radical source.
For reactions (4) and (5), whose exothermicities could be
estimated, statistical models based on Eqs. (II) and (III) pre-
dict HF vibrational population distributions that agree closely
with the experimental ones., This result strongly supports the
proposed reaction mechanisms involving long-lived intermediates.
It should be emphasized that the results of these simple calcu-
lations are not sensitive to the structure or vibrational fre-
quencies of the intermediate assumed because the exothermicities
of these reactions are so large that E¢g¢ > aE,. This is in-
dicated by the close agreement between the value predicted by
Eq. (II) and that by Eq. (III). The number of active vibrations
for these non-linear intermediates was taken to be 3N - 8, with
one deleted for the reaction coordinate and the other for the
HF product vibrational excitation. On the basis of these sta-
tistical calculations, the HF molecule carries vibrationally
about 18% of the energy available in reaction (4) and 10% in
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Ny (HF)

° CHF +NO

oL I 1 1 1 1

Figure 2. Vibrational distributions of the HF ob-
served in reactions (4), (5), and (6)
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reaction (5). These are, of course, much less than the values
(>60%) observed in simple abstraction reactions such as F + CH,
(ﬂj}. A complex-forming reaction is therefore a less efficient
laser-pumping reaction (42-45).

In addition to the major primary product HF, small amounts
of F atoms were also believed to be produced from reactions (4)-
(6) (34,35,46). This was suggested by the observation of weak
DF stimulated emissions when D, was added to these systems. The
production of F atoms from these reactions is not unexpected in
view of the large excess of vibrational energies carried by these
intermediates. In reaction (4), for example, the HFCO inter-
mediate possesses as much as 185 kcal/mole of internal energy,
which is more than sufficient to dissociate either the CH (~90
kcal/mole) or the C-F (~120 kcal/mole) bond. On account of the
weakness of the DF emissions and the only slight attenuation of
HF emissions when D, was added (46), the contribution of the
secondary, but rather effective reaction, F + RH - urT + R (R =
CFCl, or CFBr,), to the HF emission is therefore not significant.
This is manifested by the observed near-statistical vibrational
distributions shown in Fig. 2.

The vibrational energy content of the CO formed in reaction
(4) has also been measured with the CO laser resonance absorp-
tion method discussed earlier. The results obtained from photo-
lyzing 10 torr of 1:1:98/S0,:CHFBr,:He and 1:1:20:78/S0, : CHFBr,:
H, :He mixtures in a Suprasil tube are shown in Fig. 3. In the
second mixture, H, was added to test the possibility of the pro-
duction of CO(a’") from reaction (4). H, has been shown to relax
co(a’m,v=0) very effectively &7. 1f co(a’m) is produced ini-
tially in significant amount, the addition of H, should be ex-
pected to change the population of the initial ground electronic
state CO noticeably. The results presented in Fig. 3, however,
do not show such an effect; this rules out the possibility that
co(a’m) is formed to any S1gn1f1cant extent in reaction (4).

The CO formed in the flash-photolysis of both mixtures men-
tioned above was found to be vibrationally excited up to v = 24,
which corresponds to about 127 kcal/mole of vibrational energy.
A similar statistical calculation based on Eq. (II) shows that
the observed vibrational population distribution is considerably
colder than the statistical., Although this seems to be incon-
sistent with the observed near statistical HF vibrational popu-
lation shown in Fig. 2, it is, however, not unexpected in view
of the presence of the other reaction channel leading to the
production of F atoms discussed previously. Since the ground
electronic state of the CHF radical is singlet, the spin-conser-
vation rule (if it is valid here) suggests the following two
possible reaction paths for the O(SP) + CHF reaction:
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Ny (co)

Figure 3. Vibrational distribution of CO produced

fromReaction 4. Open circles = 1:1:.98/CHFBr,:

SO,:He in a Suprasil tube, filled circles = 1:1:20:78/

CHFBry:SO;:H,:He flashed in the same tube; solid

and broken curves = statistical distributions based on

Equation (I11) forReaction 4a and Reaction 4b , re-
spectively.
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o(3p) + cur % ’grco*t

a
*grco*t > ‘mrcot - mFT + cot (4a)
AH, ,° = -190 kcal/mole

b
*urco*t = 1 + Feot - n + F + cot (4b)
AH,p° = -55 keal/mole

Because of the lack of information on the exact identity of the
HFCO molecule at such a high energy, we denote the triplet vi-
bronically excited HFCO molecule by ‘HFCO*' and the ground elec-
tronic vibrationally excited HFCO molecule by tgrcof.

If we assume that the 0 + CHF reaction takes place exclu-
sively via (4b), then Eq. (III) predicts a much colder distribu-
tion with vpax = 9, compared with the observed vgmax = 24. Evi-
dently, the observed distribution, which lies between the two
statistical distributions attributed to reactions (4a) and (4b)
as noted in Fig, 3, may actually result from the simultaneous
occurrence of these two reaction channels. This is consistent
with the presence of F atoms in the flash-initiated SO, -CHFX,
(X=Cl,Br) systems. If the production of HF from the secondary
abstraction reaction, F + CHFX,, does not take place signifi-
cantly before lasing, the measured HF population using the laser
emission method should represent primarily that of reaction (4a).
This is believed to be the case, inasmuch as the rate of F +
CHF, — HF + CF;, which is probably comparable to that of the
analogous F + CHFXZ_{'HF + CFX, reaction, was recently reported
to be only about 10~ times that of F + H, (48).

I1Y, CF, Radical Reactions

Formation of CFy. The CF, radical was initially detected
by means of its emission (49) and absorption spectra (50-52)
when fluorocarbons were passed through electrical discharges or
high temperature furnaces (53). It is also formed by the py-
rolysis at 600°C (54) or the flash photolysis (55,56) of
CF3COCF3, and its transient absorption spectrum has been ob-
served in the flash photolysis of CF,C1COCF,Cl, CF,ClCOCFCl,,
and CF3;COOH (56-58). The flash photolysis in quartz of the
difluorohalomethanes: CF,Br, (56, 58-60), CF,HBr (56,58),
CF,Cl, (58,59) and CF,HC1 (59) all lead to the elimination of
CF,. Of this series, CF, is produced most efficiently from
CF,Br, (358,59).

The first step in the pyrolysis of CF,HCl (61-64) and
CF,HBr (65) involves the elimination of HX to yield CF,. The
overall reaction proceeds as follows:

CF,HX @ CF, + HX (7,-7)
2 CF, = C,F, (8)
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The kinetics of the reaction have been measured by product anal-
yses in both flow and static systems, and the Arrhenius param-
eters are listed in Table I, along with those from a shock tube
study of CF3H decomposition (gg). The values listed in the
table from Reference (62) are probably too large (67,68).

Table I. Arrhenius Parameters for the Reaction:
CF,HX = CF, + HX

X T (°K) log A (sedt) E (kcal/mole) Ref,
cl 806-1023 13.84 55.8 62
Ccl 943-1023 12.36 £ 0,56 51,4 £ 2,5 63
cl 727-796 12.6 £ 0.44 52.8 £ 1,5 64
Br 710-796 14,33 £ 0,32 55,6 £ 1,1 65
F 1200-1600 11.42 47.0 66

Tetrafluoroethylene dissociates reversibly into CF, at
elevated temperatures, The kinetics of the dissociation, as
well as the equilibrium constant, have been measured in shock
tubes by Modica and LaGraff (69, 70) and by Carlson (71) Kushina
et al, (67) investigated the pyroly51s of C,F, at 550° - 670°C
and obtained an expression for the rate constant, The equilib-
rium constant has also been determined by mass spectroscopy (72),
but there is considerable disagreement among the reported values
(71). The Hg-sensitized photolysis (73-76) of C,F, as well as
its unsensitized photolysis in quartz (56,59,68) is an efficient
means of producing CF,. Absorption by CF, has also been observed
in the flash photolysis in quartz of CF,CFCl and CF,CCl, (77).

Higher fluoroalkenes and difluorocyclopropanes are also
sources of CF,. Dalby (59) obtained this radical by the flash
photolysis of perfluoropropylene. The kinetics of CF, formation
from the thermal decomposition of perfluorocyclopropane at
526° - 549°K were reported by Atkinson and McKeagan (78).
Birchall, Haszeldine and Roberts (79) investigated the thermal
decomposition of a series of gem-difluorohalocyclopropanes as
sources of CF,. The cyclopropanes studied were placed in the
following approximate order of decreasing stability toward CF,
elimination:

H, cl, Ccl, FCl F cl,
A>AN~AN>A~A > A
Fz FZ Fz Clz Fz FC]. Fz Fz Fz Fz Fz Fz

although the dlfferences between them were not great.
The reaction of 0(3P) with C,F, produces CF, in the pri-
mary step of the reaction (77, 80-86):

0(®*pP) + C,F, — CF, + CF,0 (9)
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In addition to chemical evidence for its presence as an inter-
mediate in this reaction, both its absorption (77 85) and mass
spectra (86) have been detected Absorption by CF, was also
observed in the reaction of O(’P) with CF,CH, (s), CF,CHCL (w),
and CF,CFCl (vw) (85). The symbols following the formulas refer
to the relative strength of CF, absorption.

Mahler (87) found that CF, can be produced conveniently by
the dissociation of trifluoromethylfluorophosphoranes at about
100° - 120°C., The elision of CF, occurs stepwise and reversibly:

(CF3)3PF, & (CF3),PF; + CF,
(CF3),PF; @ CF,PF, + CF,
CF3PF, @ PF; + CF,

These phosphoranes could be decomposed in the presence of other
reagents to study the reactions of CF,.

Another very convenient and exceptionally clean source of
CF, is the photolysis or pyrolysis of difluorodiazirine, reported
by Mitsch (88,89):

hv
-+
e g (R th

This process is very suitable for producing CF, for the study of
its reactions or for synthetic purposes, as the only other major
product of the decomposition is N,.

Cavell, Dobbie and Tyerman (90) found that the single step
elimination of CF, occurs in the flash photolysis of trifluoro-
methylphosphino compounds. The compounds (CF3)3P, (CF3),P-
P(CF3),, (CF3),PX and CF3PX, (X = F, Cl or H) all yielded CF,,
based upon their observation of its absorption spectrum.

Rowland and co-workers (31,32,91) prepared CF, at radioactive
tracer levels by the reaction n of energetic 18F atoms from nuclear
recoil with various molecules, including CF,, CHF;, CH,F,, and
C,F,, fo}%owed by secondary decomposition of the vibrationally
excited F-labeled precursors. The reaction with CH,F,, which
was useful for the production of both CF, and CHF, proceeds as
follows:

Y8F + CHpF, — CHF °FT + F
cH, F 8rt - cu'®F + wF
'8p 4 cH,F, = cHF, °Ft + H
CHF, ' ®Ft = cF'%F + uF
Electronic State of CF,. The CF, radical in its ground

state exhibits an unusually low reactivity compared to other
carbon diradicals, such as CH, and CCl,, due to the strong
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interaction of the electronegative F atoms with the free electon
pair. It has been shown spectroscopically (92,93) to have a
singlet electronic ground state, which is consistent with the
stereospecificity of its addition reactions with olefins (89).
Simons has estimated that the first excited triplet should lie
about 45 kcal/mole above the ground state (94). Staemmler de-
duced a value of 47 kcal/mole by ab initio calculations (36).

No direct evidence for the formation of triplet CF, has
been reported. All the previously mentioned processes producing
CF, appear to give rise to the singlet, with the probable ex-
ception of the o(’p) + C,F, reaction and perhaps CF, production
in a glow discharge containing CF, (95) Heicklen and coworkers
(80,83,84,95) have obtained 1nd1rect “evidence for the partici-
patlon of tr1p1et CF, in the o(’p) + C,F, reaction, which will
be discussed in more detail later. The Hg-sensitized photolysis
of C,F, apparently gives rise to singlet CF, only (74,76,95).
This is consistent with the energetics of the system. Thus the
following reactions reported for CF,, with the exception noted,
are believed to be those of the ground state singlet,

Reactions of CF,. It was noted early in the investigation
of the chemistry of CF, that the recombination of this diradical
took place extremely slowly (50). The kinetics of the recombi-
nation reaction have been investigated by several workers. Dalby
(59) and Tyerman (68) measured the recombination rates at 300° -
600°K by following the decrease in absorption of CF, produced
by flash photolysis as a function of time, Dalby obtained the
rate equation:

kg = (7.5)10°T exp(-1200/RT) ml molé' sec ,

and Tyerman:

kg = (5.0 % 1.0)10°T oxp(-400 £ 100/RT) ml molé'sec’.

Their results were generally in good agreement, although differ-
ent values for the activation energy were obtained. The dis-
agreement is apparently due to differences in the evaluation of
the extinction coefficient (&) for CF,. Tyerman attributed the
higher activation energy obtained by Dalby to his neglect to
take into account the variation of € with temperature. Edwards
and Small (62), by the analysis of products in the CHF,Cl Py-,
rolysis, reported a rate constant of 1.74 x 10 * ml mole' sect ,
with an assumed zero activation energy. This constant appears
to be much too large in comparison with other values.

Modica and LaGraff studied the C,F, -~ CF, dissociation in
excess N, behind incident shock waves over the temperature range
of 1200° to 1600°K (70). They found little temperature depend-
ence for the recombination reaction and obtained the rate law:

kg = (4.1)10°%T%%exp(-18,400/RT) ml® molé’ sed .
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The reaction of CF, with C,F,:
CF, + CyF, = cyclo-C3F (10)

was investigated by Atkinson (73) and by Cohen and Heicklen
(75,82) in the Hg-sensitized photolysis of C,F,, by Lenzi and
Mele (96) in the pyrolysis of C,F,0, and by Atkinson and McKeagan
(78) in the pyrolysis of cyclo-C3F4. In these studies, the rate
of CF, addition to C,F, was compared with its rate of recombi-
nation, and values of ky,/kg were obtained which agreed within

a factor of 2, These values have been compared by Tyerman (68),
who, by the use of his value for kg, obtained the following ex-
pression for kyg,:

Kio = 8.7 x 10"T2xp(-6400 £ 1300/RT) ml molé' sec .

Mahler noted that CF, adds to HCl to give CHF,Cl (87). The
kinetics of the reaction were measured in studies of the pyrol-
ysis of CHF,Cl (61-64), and the Arrhenius parameters obtained
are listed in Table II. Also listed are values found for the
analogous HBr reaction, obtained from the pyrolysis of CHF,Br
(65). The temperature ranges investigated

Table II. Arrhenius Parameters for the Reaction:
CF, + HX — CF,HX

X log A (ml/mole . sec ) E (kcal/mole) Ref.
cl 11.35 6.2 62
Cl 15£5 63
cl 11.33 12.1£2.7 64
Br 11.33 9.6£1.3 65

are the same as those given in Table I. Smail and Rowland (91)
studied the reactions of hydrogen halides with CF'®F produced
by reactions of energetic ®F atoms. They found that at 10° -
15°C, HI was about 70 times as efficient as HBr, which in turn
was about 50 times more efficient than HCl in scavenging cF' 8
from the reaction system.

The kinetics and mechanism of the reaction of CF, with NO
was investigated by Modica (97) in shock tube experiments. He
reported that the reversible reaction:

CF, + NO @ CF,NO (11)

took place below 2500°K, and above this temperature, the reaction
proceeded farther by:
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2 CF,NO - 2 CF,0 + N,
CF,NO + NO — CF,0 + N,0

An expression for the rate constant for reaction (11) was re-
ported. However, Burks and Lin pointed out that the activation
energy reported was unreasonably high, and that the relative
magnitude of the A factors for the forward and the reverse reac-
tions were not consistent (98). They proposed the following
mechanism, based upon a HF laser emission study and mass spectral
analysis of the products:

CF, + NO = CF,0 + N
CFp, + N — FCN + F
CF, + 0 — CO + 2F

with O being generated by the well-known N + NO reaction,
Biordi, Lazzara, and Papp studied the reactions of CF, in
CF3Br-inhibited methane flames, and reported some kinetic data
for radical reactions at flame temperatures (99).
The reaction of ground state CF, with O,,

CF, + 0, — CF,0, (12)

is slow. Dalby (59) reported an upper limit for k;, of 107 ml
molé' sec , since the lifetime of CF, in his experiments was
independent of 0, Eressureslto 1}0 torr. Tyerman deduced a
value of ~1.3 x 10" ml mole sec based upon the competition of
reactions (10) and (12) for CF, (77). Modica (69) studied the
CF, oxidation reaction in a shock tube and found it to be first
order in both CF, and 0,. The rate constant was given by:

kyp = 2,92 x IOIOTVZXP(—IB,BOO/RT) ml molé® sec’

Heicklen and co=workers in their investigation of the C,F, +
0(3P) (produced by Hg-sensitized N,0 dissociation) reaction,
observed that the yield of CF,0 was enhanced when 0, was added
to the reacting system (80), and that the yield of cyclo-C3Fg
increased under conditions in which it should have decreased

if singlet CF, ('CF;) were produced (95). They attributed both
these facts to the formation of triplet CF, (SCFZ) in the reac-
tion, as should be predicted by the spin-conservation rule.
However, it was also shown that the reactivity toward C,F, of
the CF, obtained was identical with that of 'CF, (82). It was
also postulated that 3CFZ could undergo self-annihilation:

23cF, — C,F,* — 2'cCF,. (13)
244

Mitchell and Simons (85) studied the 0(3P) + C,F, reaction
by producing the 0 atoms by the flash photolysis of NO, in Pyrex

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



5. HSU ET AL. Reactions of CF, CHF, and CF,. Radicals 145

and measuring the CF, absorption. They found only bands of 1CF2
in the ground vibrational state., No other transient species were
detected in the spectral range of 210-600 nm. There was no delay
in the appearance time of the CF, bands as compared with its un-
sensitized productlon from C,F, with light of = 170 nm, which
indicated that if >CF, is a primary product, its lifetime must

be not greater than 10 sec.

Tyerman (77) obtained results for this reaction that sup-
ported those of Mitchell and Simons. He also observed that in
the flash photolysis experiments, the singlet CF, appeared more
rapidly than triplet-triplet annihilation could account for. It
was proposed that the rapid formation of singlet CF, could be
explained 1f CFz is relaxed by NO, and NO at a rate greater
than 2 x 10'% ml molé! sed! (which is equivalent to 1/10 the
collision rate). Experlments with 700 torr 0, added sgave an
upper limit for the reaction rate of 3CF2 with 0, of 6 x 10% m1
mole secl, if less than 5% of the CF2 was scavenged in pro-
cesses not returning CF, to the gystem. gohnsfon and Heicklen
deduced an upper limit of 6 x 10° ml mole sec on the assump-
tion that reaction (13) occurred at every collision (84), and
the true rate constant may be much smaller (77)

We have investigated the reactions of 0( P) atoms with C,F,
by means of the CO laser resonance absorption method in an at-
tempt to elucidate the mechanism of this reaction. Although CO
has not been reported to be an important product of this reaction,
we believed, on the basis of the energetics and the appearance
of strong HF laser emission from the flash-initiated SO,-CF,Br,-
H, system, that the O + CF, reaction should generate F atoms,
accompanied by the production of CO. Since the following reac-
tions:

0o(®p) + 'cF, = CO + 2F (l4a)
BHy,, = -4 kcal/mole

- C0 + F, (14b)
AHy,p = -42 kcal/mole

0(®p) + %cF, = CO + 2F (14¢)
AHy 4. = =51 kcal/mole

= CO + F, (14d)
AHT,q = -89 kcal/mole

have largely different exothermicities, the vibrational energy
content of the CO molecule formed in the O + CF, reaction may
provide information on the identity of the CF, radical involved.
The exothermicities of the above reactions were calculated by
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taking 8H} ('CF,) = -44.5 kcal/mole (71) and AE (’CF, - 'CF,) =
47 kcal/mole (36).

In our experiments, 10-torr samples of a 2:2.7:45.3/C,F,:
NO, :He mixture were flash-photolyzed in a Pyrex reaction tube.
CO absorption was detected up to v = 12, corresponding to as
much as 69 kcal/mole of vibrational energy. The measured CO
vibrational distribution is presented in Fig. 4. The detection
of such a highly excited CO from the O + C,F, reaction, although
energetically tenable, is surprising in view of Mitchell and
Simons' failure to detect vibrationally excited CF, in the same
system (85). If the CF, is not vibrationally excited, only one
reaction given above, namely (14d), has sufficient energy to
excite CO up to v = 12. To examine this possibility, we compared
the observed CO vibrational distribution with those predicted by
several statistical models.

Assuming reaction (l4d) occurs via a CF,0 complex, with
Etor = -MHy,q + 2.5RT = 90 kcal/mole, Eq. (III) predicts a distri
bution which is colder than the observed one, as indicated by the
dotted curve I in Fig., 4. 1In this calculation, however, "CF,
was assumed to be vibrationally cold. If one assumes that the
53 kcal/mole of reaction energy from the primary reactiom:

0(*P) + C,F, = C,F,0% = CF,0T + cF, T

is statistically distributed among all vibrational modes of the
C,F,0 complex, then the CF, radical should carry 53 x (3NCF -6)/
(3chF40 6) or 11 kcal/mole of vibrational energy. This 1ncreases
the total available energy in reaction (1l4d) to a maximum of 100
kcal/mole. The use of this value for the total available energy
in statistical calculations based on Eqs. (II) and (III) gave
rise to CO vibrational distributions that agree closely with the
experimental data as shown by the solid and dashed curves, re-
spectively, in Fig. 4. A similar calculation assuming that vi-
brationally excited CF2 is involved in reaction (14b), with
Etot = 63 kecal/mole, led to a distribution that is much colder
than that observed, as_indicated by the dotted curve II in Fig.
4., In this case, the 1CF2 radical carried an additional 100 x
(3Nch-6)/(3NCZF40—6) = 20 kcal/mole of vibrational energy from
reaction (9).

On the basis of these model calculations, the reaction of
vibronically excited CF, (i.e. °CF,T) with 0(’P) atoms seems to
be the only process which has sufficient energy to account for
the extent of the CO vibrational excitation observed. In hind-
sight, this process also seems to be the most reasonable one if
the rate of this reaction and that of electronic relaxation
¢ CF, + M~ 3 + M by NO or NO,) are comparable and much faster
than that of 0( P) + CFZ. In this way on1y can the vibrational
as well as the electronic energy of the CF2 radical formed in
the primary O + C,F, reaction be effectively channeled into the
product CO. Our present results thus appear to support the
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Ny (CO)

3 Figure 4. Vibrational population of CO

. Loy observed in the O(°P) + C,F, reaction.

o.o1r ‘ Open circles — experimental data; solid

_ and dashed curves — statistical distributions

\ \ based on Equations (I1) and (1II), respec-

! tively, using E. — 100 kcal/mol ; dotted

. , o curves (1) and (II) =statistical distributions

o 2 based on Equation (II1) using E.,; = 90 and

4 6 8 o 12 14 63 keal/mol , respectively. Models em-

ployed in these calculations are given in
the text.
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assumption that triplet CF, radicals are indeed present in the
o(’p) - C,F, system. The "CF, radical, which may also be present
or formed initially in addition to 3CF2, does not react rapidly
to produce CO, according to our laser absorption results. The
production of F, in the O + 3CFz reaction does not preclude the
presence of F atoms because, energetically, the amount of avail-
able energy (100 kcal/mole) is more than sufficient to dissociate
F,. The molecular elimination of F, in this reaction, though
rather uncommon, is not surprising. The photodissociation of
Cl,CO at 125 nm, which corresponds closely to the amount of in-
ternal energy carried by the F,CO intermediate, has been demon-
strated to eliminate Cl, (100).
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Ion-Molecule Reactions Involving Fluorine-Containing

Organic Compounds

SHARON G. LIAS
Physical Chemistry Division, National Bureau of Standards, Washington, DC 20234

Since the mid-1950's the elementary chemical reactions of
charged species with molecules - so-called ion-molecule reactions
- have been extensively studied. Most of these investigations
have been carried out in the gas phase, in the ion sources of
various types of mass spectrometers where the ions are generated
by electron bombardment or by absorption of high energy photons.
Through the use of such mass spectrometric techniques as well as
other approaches, a large body of information about the chemistry
of ions has been generated during the last quarter of a century,
so that it is now possible to understand the factors which in-
fluence the chemistry of ions (1,2,3).

In classical organic chemistry, a common approach to inter-
preting patterns of chemical reactivity has always been to examine
the changes brought about in reaction rates and mechanisms when an
atom or group of atoms in a reactant species 1s replaced by some
other substituent. Within the past five years, a number of in-
vestigators have followed this approach in order to examine the
factors influencing the mechanisms of the reactions of ions. Of
particular interest have been the results obtained in fluorine-
substituted organic compounds. Such substitution changes the
electron density distribution within a reactant molecule, and
therefore, as organic chemistry would predict, can often direct
the site of attack of an approaching ion. Furthermore, it is
seen that in an ion-molecule complex, fluorine atoms are much
more reluctant to indulge in the rearrangements which are char-
acteristic of hydrogen atoms in analogous situations. For these
reasons, fluorine "labelling'" can lead to the observation of
reactions whose mechanisms are very specific, and therefore, are
particularly interesting for ascertaining the effects of molecular
structure, reaction enthalpy, or other factors on the course of a
reaction. In addition, it has been shown that fluorinated molecu-
lar ions have a tendency to be formed with excess internal energy
and to dissociate giving vibrationally excited fragment ions; the
elucidation of the reactions and collisional deactivation of such
specles 1s also of interest.
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This chapter presents a brief review of the reactions of
positively-charged polyatomic ions in fluorinated systems. The
results of many such studies have also provided information about
the thermochemistry of fluorinated ions which is also reviewed
here.

Reactions in Perfluorinated Alkanes

The ion-molecule reactions which occur in perfluorinated
alkanes have been investigated using ion cyclotron resonance
spectrometry (4,5), tandem mass spectrometry (6,7), high-pressure
mass spectrometry (8,9), time-of-flight mass spectrometry (6,7),
and radiation chemistry techniques (10,11,12).

Table T lists reactions observed between fragment ions and
parent molecules in CF,(9), C F6 (4,5,6,8,), C.,F, (5,7), and
c-C,F, (5), and the rate cons%ants $easured fofr these reactions.
The reésults show that except for CF ions, which undergo con-
densation reactions, F or F transfer reactions predominate in
these systems.

In Table I, we also estimate the probabilities that the col-
lisions between these reactant pairs lead to reaction. Except
for the reactions of CF, , we see that the F or F transfer
reactions observed in perfluorinated alkanes are extremely inef-
ficient, This low reaction probability is especially striking
when compared with the efficiencies of the corresponding reactions
in hydrocarbon systems (3). The methyl ion reaction with ethane
corresponding to reaction 4 occurs at every collision between the
reactant pair; the hydride transfer reactions from propane to
vinyl ions or ethyl ions, corresponding to reactions 6 and 7,
occur with efficiencies of about 0.5. These differences between
the efficiencies of ion-molecule reactions in fluoroalkanes and
alkanes can be explained in terms of the thermochemistry of these
systems, remembering that endothermic or thermoneutral ion-
molecule reactions are quite inefficient, and often can not even
be seen on the time scale of ion collection in a mass spectro-
meter. The highly efficient hydride transfer reactions observed
in hydrocarbon systems are all exothermic. In the fluorocarbon
sysiems, op the other hand, the F transfer reactions listed for
CF, , CZF , and C,F are actually slightly endothermic, as
demonstraged by thé ion cyclotron resonance technique known as
double resonance (5). This is a surprising result for those used
to thinking in terms of hydride transfer reactions in hydrocarbon
systems, where fragment carbonium ions can usually be assumed to
undergo efficient exothermic reactions with the parent molecule.
The thermochemistry of the fluorocarbon ions will be discussed in
more detail below.
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Table I. Ion-Molecule Reactions in Perfluoroalkanes.

k x 1010

F and F Transfer Reactions cm3/molecule—second kRn/kCollisiona

+ + b
(1) cF, +cr ocrteer, 2.7 0.36
+ + c
(2) CF)+C,F oG, +CF, 14.5+3 1.7
(3) cr. Y+, Forc 7 4oy (1.9)4
g FC3Fg7CqFy +CFy 0.27
+ d '
~CF 40 F, (0.86)
+ + d c
(4) Py 4C T aC T +CF, 0.6)%, 0.34 (0.06), 0.05
+ + d
(5) CFT4e, Foc T, tacr, (0.3) 0.04
+ + d
(6) C,F, 40 FooC,F t4C,F, (0.8) 0.10
+ + d
(7) C,F 40 ForC F t4e, F (0.086) 0.01
+ +
(8) C3F5 +c—C4F8—>C4F7 +C3F6 e
Condensation Reactions
+ + b
(9) CF'+CF,»C,F, 3.3 0.40
(10) CF++C2F6+[CBF7+]*+
CF3++c2F4 0.13)9, 1.9° (0.01), 0.20
(11) CF++C3F8+[C4F 1%
+ 9 d
cr.tec.F 0.32 0.03

3 736

k (collision) estimated with the Langevin-Gioumousis-Stevenson
equation, reference 13.

High pressure mass spectrometer, reference 9. Rate constant
for thermal ioms.

High pressure photoionization mass spectrometer, reference 8.
Rate constant for thermal ions.

Tandem mass spectrometer, reference 7. These rate constants
correspond to those for ions having 0.3 eV kinetic energy.
Observed in an ion cyclotron resonance spectrometer, reference
5.
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In several of the studies of fluorinated alkanes (4,5,6,7)
endothermic collision-induced dissociations of the reactant ions
were also observed. It was suggested (4,5,6,7,8) that when a
fluorinated alkane is ionized by electron impact, it undergoes
dissociation to give fragment ions containing internal excitation
energy. The observation of these endothermic reactions under con-
ditions such that the reacting ions have nominally thermal ener-
gies, also indicates that the fragment ions, if formed with excess
energy, are capable of retaining this energy for times as long as
milliseconds.

If indeed the fluorinated carbonium ions observed in these
investigations are reacting from an excited state, it would be
expected that the average rate constant of reaction would change
with pressure as the reactant ion is collisionally deactivated.
The effect of pressure on the rate constant for reaction 5 was
examined qualitatively in an ion cyclotron resonance study (5),
and it was found that the average rate constant decreases as the
pressure is increased, as one would expect for an endothermic
reaction.

In a high pressure mass spectrometric study (8)of reaction
4, it was shown that ,at pressures above about 0.5 torr, essent-
1ally all of the CF ions had reacted to form C,F_ . On the
other hand, the raté constants which have been repdorted (7,8) for
this reaction may be too high for collisionally deactivated ions,
since no reaction was seen between CF, and C2F undgg the con-
ditions of an ion cyclotron resonance experimeng (10 © torr, 0.5
sec. observation time) (1l4). From this latter result, it can be
estimated that for thermal reactant ions,_EEe rﬁte constant for
reaction 4 can not be greater than 5 x 10 cm” /molecule-second.
This corresponds to a collision efficiency of 0.0066. If the in-
efficiency of this reaction can be attributed to an energy bar-
rier, then the maximum endothermicity of reaction 4 is 3.0 kcal/
mole (0.13 eV).

In agreement with the high pressure mass spectrometric result
(8), there is also evidence that reaction 4 occurs in the radio-
lysis of C2F at pressures as high as two atmospheres (2319), or
in the liquig phase (11), since CF, is observed as a product under
these conditions, even in the presence of a free radical scaven-
ger. The formation of this product from the dissociation of

neutral excited C2F6 in the radiolysis:

*
12
C,Fg ~ CF, + CF, (12)
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can be excluded since CF, is not formed when bromine is added to
the system, and there is no reason to expect that small concen-
trations of bromine would have any effect on the primary decom-—
position of an electronically excited molecule. We can tenitive—
ly conclude (8) therefore, that ionic fragmentation of C,F to
form CF does occur at pressures as high as two atmosphereés, as
well as™in the liquid phase, and that the fragment ions undergo
reaction 4 under these conditionms.

Reactions in Perfluorinated Olefins

Table II shows the lon-molecule reactions which have been
observed in CZF4(;L_§_,_1_6_) and C3F6 3.

Table II. Ion-Molecule Reactions in Perfluorinated Olefins.

Reaction
+ +
C2F4 + C2F4 - C3F5 + CF3 (13)
+ +
C2F3 + C2F4 > C3F5 + CF2 (14)
+ +
CF2 + C2F4 > CZF4 + CF2 (15)
+ +
CF + C2F4 - CF3 + CZFZ (16)
CF + + C,F_ > C,F + 4+ CF 17)
3 376 35 4
+ +
CF + C3F6 > C3F5 + CF2 (18)

Results from references 5, 15, and 16.

In C,F,, it has been shown (16) that when ionization 1s ef-
fected by bombardment with 13 eV electrons, only the_garent c F4
ions are produced initially at pressures of about 10 = torr.

In the ion cyclotron resonance spectrometer (16) the parent
C,F ion undergoes reaction 13. The rate constanE]_Eor Ehis re-

action increases from a limiting yalue of 3.0 x 10 cm” /mole-
cule-second at 19Y1pre§sures (10 ~ torr) to a value of 1.0 (16)
or 1,5 (17) x 10 cm” /molecule-second at higher pressures

(10”7 torr). This was interpreted in terms of the reaction
scheme:

- 4% -

C2F4 + e - (C2F4 ) +2e (19)
+

2y

* 4. % +
) +C2F4+(C4F8) -+~ C,F. + CF (20)

( 35 3
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+ * + *

(CzFa ) + C,F, C,F, +CF, (21)
+ + +

CoF, + CoF, > C,Fg' > C,F’ + CF, (22)

The molecular ions formed initially by electron impact are con~
sidered to contain internal excjtation energy. Some of these

ions react to form product C.F. ions, while the others undergo
non-reactive collisions or résdnant charge exchange reactions with
the neutral C,F, molecules in the system, producing molecular ions
of lower internal energy. These moderated ions then react to form
products. It was_ found (16) that the rate constant observed for
formation of C_,F reaches a constant value after the parent ion
has undergone an~average of six collisions.

The bimolecular rate constant for the condensation reaction
13 is low relative to the rate constant for collision between
C F4 and C,F,. Approximately one collision in fifty leads to
t%e formation of products different from the reactants. In the
discussion below of condensation reactions in partially fluori-
nated ethylenes, it will be shown that the rearrangement which is
necessary for methyl radical elimination from a C (H,F)8 complex
is substantially inhibited by the presence of F-atoms in the
complex. This would explain the fact that the rate constants of
these reaction are considerably lower, and also more dependent on
the internal energy content of the reactants as compared to the
C2H4 - C2H4 reaction pair (18,19).

The decrease in reaction rate with increase in internal
energy can be rationalized in terms of the lifetime of the col-
lision complex. Rearrangements such as those involved in reac-
tion 13 may be expected to increase in probability when the col-
lision partners remain together for ‘a longer period of time.
Because the lifetime of the complex will be shortened by increased
internal or translational energy the rate coefficient of such an
exothermic reaction will also be reduced.

In the next section we wi&l present evidence that the inter-
mediate condensation ion (C,F in this case) formed in fluori-
nated ethylenes has the cyciogutane structure., It has been shown
(20) that cyclobutane ions formed with a large amount of internal
energy have a high probability of dissociating to give an ethylene
ion and ethylene molecule, while those formed with only a small
amount of excess energy dissociate by losing a methyl radical,
i1.e. through a process analogous to reactions 20 and 22.

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



158 FLUORINE-CONTAINING FREE RADICALS

The results given in Table II show that in perfluorinated
propylene, fragment CF and CF ions undergo exothermic F
transfer reactions with the pafent molecule. The only other
reactions observed in C,F, as well as in 2-C F8 (5) are endo-
thermic collision~-inducéd dissociation reactions.

Reactions in Partially Fluorinated Ethylenes

A number of studles have been carried out exploring the ef-
fects of fluorine substitution on the ion-molecule chemistry of
ethylenes (21,22,23,24,25,26,27). From results obtained in

C,H,, C H,F, CH CF,, cis-CHFCHF, trans~CHFCHF, C_F.H, and C,F

bl b ]
a%dAmix%u%es th%regf, a consistent picture of th% %eactions o%
fluorinated ethylene parent ions with fluorinated ethylene

emerges.

In general, when charge transfer is exothermic for a given
C (H,F)4 reactant pair, it predominates. The only other reaction
channel which is observed in nearly all systems is condensation:

+ +
cz(H,F)4 + cz(H,F)4 > C4(H,F)8 (23)

(where the two reactant species may or may not have the same em-
pirical formula and/or structure). The lifetime of the C4(H,F)
condensation ion is dependent on its internal energy content.
When the pressure is increased sufficiently, the C, (H,F) adducts
are colljsionally stabilized. The collisional staéiliza ion of
the C,H, 1on formed in ethylene, at pressures above akout 0.1
torr, has been well documented (28,29,30). The C4H6F2 ion

formed in vinyl fluoride:

+

+ +
CoHJF + C,H.F ~ C H.F, (24)

has been observed in a mass spectrgmeter at pressures in the range

0.01-0.3 torr (26), and the C,H,F, don formed in CF,CH,:
+ +
CH,CF," + CH,CF, ~ C,H,F, (25)
is stabilized aEGthe pregsures typical of ion cyclotron resonance

experiments (10 to 10 torr).

Two modes of dissociation are observed for the C, (H,F) +
condensation ions. One of these leads to the formation of a sub-
stituted ethylene ion and ethylene molecule having identities
different from those of the original reactant species. Because in
this reaction there is never any scrambling of H (or in deuterium
labelling experiments, D) and/or F species, it is called a "meth-
lyene switching reaction" and is assumed to occur from a
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condensation ion having the structure of a cyclobutane ion. Ex-
amples of methylene switching reactions which have been observed
(17) include:

. H,~CDF .
C,H,F' + CDFCDF + | “+| » CHFCDF' + CH,CDF (26)
HF-CDF
+ Hz" DF +
C.H.F' + cDFCF, » | %+| - curcr.” + cH.CDF (27)
23 2 2 2
HF-CF
2
CH..~CF
C.H.F' + CF.CF. + | 2+| 2 > curcr.t + CH.CF (28)
23 2%F 2 20F2
HF-CF,

An examination of these reactions as written here shows that
a symmetrical cleavage along the vertical axis returns the com-
plex to reactants or results in a charge transfer, while a
cleavage along the horizontal axis produces the "methylene switch-
ing" products. An isotopically mixed product is never produced,
even in small yield.

The other mode of dissociation of the C, (H,F) + complexes is
through the elimination of a methyl radical. Some examples of
methyl radical elimination reactions which have been observed in
fluorinated ethylene systems (17) are:

H,.—CF
cu.cr.t + corcr, -~ | 24| 2 > c.u.DF. ¥ + cF (29)
2CFy 2 iy 3H,DF, 3

2

+ HF-CHF .
CHFCHF' + CDFCF, ~ | +| - C,HDF," + CF (30)
27 e b 372772 3

2

*
+ HF-CHF ~ C3H2DF2+ + CDF, (76%)
cis-CHFCHF + tr-CDFCDF - + (31

+ L.
F~-CDF > C3D2HF2 + CHF2(24/0)

As in the methylene switching reactions, there seems to be little
scrambling of the H(D) and F atoms within the ion-molecule com-
plex, since in every case the observed products can be explained
by the shift of a single H(D) or F atom to another methylene
group followed by loss of the resulting methyl group from the
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ionic complex. It has been suggested that the mechanism of this
reaction is a 1,4-F shift in a linear tetramethylene ionic inter-
mediate (17) or that the mechanism predominantly involves a
1,2-H(D) shift in a cyclic ion intermediate (22). Assuming

either one of these mechanisms, it is possible to calculate the
statistical probability for transfer gf H or F to and from

C(H,F)2 groups in the (C2D4—C (d,F),) complexes studied by
Ferrer-Correia and Jennings (22). omparing the observed and
statistical probabilities of H(D) or F migration to CHF, CD,, or
CF, groups in these complexes, it can be seen that the probability
for F-migration to a CH (CD2) group 1s always very low, not more
than 20-30% of the stat%stical probability. The probability of
F-migration from one CHF group to an adjacent CHF group is
slightly greater than the statistical prediction, and the prob-
ability of F-migration to a CF, group is three times greater than
one would predict from statist%cal considerations (26). The
products formed in reactions 29, 30, and 31 are in agreement with
these predicted trends. It would seem from these results that

the migration of an F-atom in an ionic complex is activated by the
presence of the polarized C-F bonds on an adjacent carbon.

It is somewhat more difficult to generalize about the mecha-
nism of H migration in such complexes, but certain patterns do
emerge from the data reported by Ferrer-Correia and Jennings (22).
In a C,(H,F) complex in which two or more CH, groups are ad-
jacent, the probability of CH, elimination is greater than would
be statistically predicted. an the other hand, the H-speciles
have a very low probability of migrating to a CHF or CF2 group.

It is interesting to examine the chemistry seen in the
CHZCF system in the light of these predicted trends for prob-
ablli%ies of migration of H and F atoms in C, (H,F) complexes.
As mentioned above, the C,H,F complex_gormed ig Teaction 25 is
stabilized at pressures in the range 10 ~ to 10 ~ torr. This com-
pPlex does not undergo any methylene switching or methyl radical
elimination reactions. If this complex were ever formed with the

structure:
H,-CH
F,~-CF

2 2

one would expect to see some methyl radical $limination, since
such processes occur in the reaction of C,F, with C,H, where the
complex must necessarily have structure I, Thereforeé, the complex
formed in reaction 25 must have the structure:

H, ~CF
i 2+IH2 II
-

2 2
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as has been suggested before (17,22,26). This is consistent with
the observation that an H-species has a low probability of mig-
rating to a CF, group and that an F-atom has a low probability £or
migrating to a"CH, group. That is, the stability of the C,H F4
complex formed in“CH,CF, may result from the reluctance of the 'H
and F atoms to rearrangé in a structure such as II. Methylene
switching reactions could not be seen if the intermediate has this
structure.

Reactions in Partially Fluorinated Alkanes

Investigations of the ion chemistry occurring in fluorine-
substituted alkanes have demonstrated that protonated parent ions
and carbonium ions attack at the fluorine substituent to form a
dialkyl fluoronium ion intermediate:

R+ R'F > R-F-r'T (32)
RFH + R'F > R-F-R'" + HF (33)

Fluoromethanes. In methyl fluoride (9,31,32,33,34,35,36) the
parent ion reacts with the parent molecule mainly by transferring
a proton, although a small fraction of the ions undergo a conden-

sation reaction in which HF and H are displaced:

+ +
CH,F" + CH,F > CH,FH + CH,F (34)

> C.FH,” + HF + H (35)
2774
The protonated parent ion formed in reaction 34 reacts further
with methyl fluoride to generate a dimethylfluoronium ion which
does not react further:

CH3FH+ + CH,F > CH3FCH3+ + HF (36)
There is evidence that the structure of the protonated parent iomn
is as written, that is, that the protonation is on the fluorine
atom. When deuterium labelling is utilized, it is seen that a
deuteronated parent ion undergoes reaction 36 with no incorpora-
tion of deuterium in the dimethyl fluoronium ion product (31):

+ +
+
CH3FD CH3F > CH3FCH3 + DF (37)
The fragment ions formed in methyl fluoride are CH F+ and
CH, . Deuterium labelling experiments (32) have demonstrated
that the methyl ion initially formed by fragmentation reacts with
the parent CH3F molecule by F transfer:

cn,T + CH.F -+ (CD3FCH3+)* > cp.F + cu.t (38)

3 3 3 3
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The less energetic methyl ions formed as prgducts in riaction 38

react with the parent molecule to fo CH2F . +The CD3 ion reacts
to form nearly equal amounts of CH2F and CD2F :
*
D" + CHF » (D, FcH, D™ > cu,F + cpH  (53%)
3 3 3 3 2 3
+ (39)
> CD2F + CH3D (47%)

agai¥ suggesting a dimethyl fluoronium ion intermediate. The
CH,F ion is not seen to react with CH,F under the low pressure
conditions of an ion cyclotron resonante experiment, but in a
high pressure mass spectrometer (9) CH,F disappears slowly. The
suggested (9) reaction mechanism for this ion is:

H.F
+ + % +
CH,F + CH3F > (CH3FCH2F ) 3 (CH3)2F + CH,F, (40)

The ion-molecule chemistry observed (9,33,34,37) in CF H,
and CF,H follows the same pattern as described above for me%hyl
fluorige. The CF,H, parent ion reacts with the parent molecule to
transfer a proton:

+ +

CF2H2 + CF2H2 -+ CH2F2H + CF2H (41)
and the protonated parent molecule in turn reacts with the parent
molecule to form a difluoromethyl fluoronium product ion:

CH,FH' + CH,F, » (CH)F),F' + HF (42)
The abundance of the parent ion formed in CF,H by electron
impact is so small that it is not observed in the mass spectrum of
this compound. However, when a proton is transferred to CF,H from
some othe protonating agent (such as CH_ generated in exce3s
methane, for instance), the protonated parent ion is seen to
undergo a condensation reactfon with CF3H analogous to reactions
36 and 42 observed in CH3F and CH2F2:

CHF3H+ + CHF, - (CHF Fr o+ ur (43)

2)2
In a mixture of CH,F with CF2H , it yas seen (g;) that
initially the three haldgium ions (EH3)2F R (CHZF)ZF (reactions

36 and 42), and CH,FCH,F are formed:

3772
CH,FH' + CF.H. - CH.FCH.F' + HF (44)
3 272 3 702
+ +
CH,F H' + CH3F > CH,FCH,F' + HF (45)
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At suffi&iently high pyessures, however, the halonium ions
(CH,F) ,F and CH,FCH F disappear as a result of reactions with
CH3 , such as the second step of reaction 40 and:

+ +

(CHyF) ,F* + CH,F » CH,FCH,F' + CF,H, (46)
That 1s, reaction occurs to reduce the number of fluorine atoms in
the fluoronium ion products.

In attempts to establish information about the relative heats
of formation of various fluorinated methyl ions, studies (33,34,
38,39) have been carried out examining the directions of fluoride
and hydride transfer reactions between fluoromethyl ions and
various fluorinated methanes. Some studies (38,39) have also in-
cluded ions and molecules containing chlorine atoms. Although the
more quantitative aspects of this work will be covered in detail
later in our discussion of the thermochemistry of fluorinated
ions, it is interesting to examine here the relative importances
of competing reaction channels, shown in Table III. It should be
pointed out that at sufficiently high pressures, stabilization of
the dimethyl fluoronium ion intermediates of the reactions is ob-
served (9).

In reactlons of various ions with CH_.F, CF H2, and CF_H, it
is found that exothermic fluoride transfer reac%ions occur to the
virtual exclusion of hydride transfer, even when the latter re-
action channel is significantly exothermic. 1In reactions with
CFCl,, CF C12, CHFC1,, or CH,FCl it is seen that where chloride
transfer Is exothermic, it sgrongly predominates even when alter-
nate channels are more exothermic. Fluoride transfer does com-
pete with chloride transfer, but hydride transfer is never obser-
observed when the reactant molecule contains chlorine. Apparent-
ly it is not the strength of the bond broken in the reaction which
determines the preferred channel since the C-~F bonds are stronger
than the C-H bonds in some of these compounds. A likely inter-
pretation is that since these reactions all proceed via a di-
alkylhalonium ion intermediate the electrophilic reactant ioms
preferentially attack high electron density chlorine atoms in the
reactant molecules. Attack at fluorine atoms occurs with a sig-
nificantly lower probability, and attack at hydrogen atoms occurs
with a negligible probability. This is consistent with the
picture given below of the ion chemistry occurring in alkyl
fluorides, where reaction nearly always involves attack of the
jon at the fluorine atom.
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Table III. Relative Importances of Competing c1”, F, or H

Abstraction from the Halomethanes.

Mode of Reaction and Enthalpy (eV,kcal/mole)

Reactant Pair

CFC1

Cl Transfer

F Transfer

H Transfer

3
CF3++CFC13 90% 10%
(-1.60, -37) (~1.93, -44.5)
CF2H++CFC13 90% 10%

CF Cl++CFC1

(-1.37, -37.5)
99%

(~1.55, ~35.8)
17

2 3 (-0.93, -21.5) (-1.17, -26.9)
CF,C1,
CF3++CF2C12 80% 20
(-0.67, -15.5)  (-1.83, -42.3)
CF2H++CF2C12 86% 14%
(-0.43, -10.0)  (-1.46, =33.6)
CF H,
CF2C1++CHFC12 95% 5% 0%
(-0.03, -0.8)  (-0.88, -20.3) (-0.88, =-20.4)
CHFC1++CHFC12 0% 100% 0%
(0,0) (-0.66, -15.2) (=0.73, -16.9)
CH,FC1
CF3++CH2FC1 95% 5% 0%

CH,FT+CH, FC1

(-0.004, -0,1)

(-0.81, -18.7)

Major channel

(-0.78, -17.9)

Minor channel

2 (0,0) (=0.45, ~10.4) (-0.67, -15.5)
CH3F
+
CF3 +CH3F 100% 0%
(-0.01, -0.3) (-2.61, -60.6)
CF2H2
CH3++CF2H2 Major channel Minor channel

(-0.36, -8.3)
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Reactant Pair

CF2H2

+
CFzH +CF2H2

+
CF3 -l-CF2H2

CF3H

+
CH3 +CF3H

+
CHzF +CF3H

Table IIT (cont'd.)
Mode of Reaction and Enthalpy (eV,kcal/mole)

Cl™ Transfer ©F Transfer H Transfer
Occurs i
(+0.02, +0.4) (0,0)
100% 0%

(-0.37, -8.6) (-0.40, -9.2)

100% 0%
(-0.38, -8.7) (-0.78, -18.1)
100% 07%

(-0.02, -0.40) (+0.12, +2.7)

Results from references 38 and 39.
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Alkyl Fluorides. The ion-molecule reaction mechanism ob-
served in ethyl fluoride (31) is similar to that described above
for the CH,F system. The parent ion transfers a proton to the
parent molécule:

+ +
C,HGF + C,H.F > C,H.FH + C,H,F YD)

and the protonated parent ion reacts with the ethyl fluoride
molecule to displace HF:

+ +
C,HsFH' + C H.F > C,H.FC,H.' + HF (48)

and form the diethyl fluoronium ion. The fragment C2H4F+ ion
undergoes the reactions:

+ + -
CZHAF + CZHSF »> C2H5 + C2F2H4 (F transfer) (49)
+ +
> C2H5F2 + C2H4 (F transfer) (50)
- C4H7+ + 2 HF (Condensation) (51)

Of the ions generated in reactions 49, 59, and il, only C2§5+

reacts further with C H.F, giving C,H.FH , C,H. , and C H, "as
- 275 275 375 479

product ions.

A somewhat different pattern of ieactivity is observed in
CH3CHFCH (40). he parent CH,CHFCH, ion fragments to yield
CH3CFCH , CH,CHF , and CH CHFi as tge abundant primary ions, all
of whicg react with the pafent 2-fluoropropane molecule by F
transfer to yield sec-C3H as a product. The sec-C,H ion, in
turn, reacts with the 2—fzuoropropane molecule to regenerate
CH CFCH3 , probably through a dipropyl fluoronium ion inter-

meaiate:

-+
3),CF + CiHg
(52)

> C.H,, | + HF

613
(53)

sec—C.H.Y + cn, cuFcH, ~ (cH

+
3Hy 3 3 CHFCH(CH3)2 + (CH

3)2

. + . .
Since the CH_,CFCH 41on produced in reaction 52 will react to
regenerate sec~C ﬁ , a chain reaction occurs in this system.
The concentration of the chain carrier is attenuated, however, by

the occurrence of the alternate reaction channel 53.
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Reactions of Fluorinated Ions with Other Organic Compounds

Reactions with Alkanes. Figure 1 shows th$ probaRility tkat
a hydride transfer reaction will occur when CF, , CF,H , CF,C1,
or CC1,F undergoes a collision with the C,-C, lineafr alkanes
(1), 2 29

cx.t+cu +CXH+CnH+

3 n 2n+2 3 (54)

2n+1

Hydride transfer is the only available reaction channel for these
reactants.

Lo o

08—

03}

0.2 -

N L 1
o | 2 3 4 -] 6 7 8 9
n-ALKANE CHAIN LENGTH

0 i ] 1 1 !

International Journal of Mass
Spectrometry and lon Physics

Figure 1. Probabilities of a reactive collision be-

tween CF,H'(X), CFy/(®), CF,Cl{(), CCLFY(O),

and the linear alkanes. Probabilities are estimated

by dividing measured rate coefficients by the rate

coefficient for collision of the particular ion—mole-
cule pair.

It follows from Figure 1 that for each of these ions, the prob-
ability of a reactive collision increases with increasing chain
length of the n-alkane, Table IV lists the enthalpies of reac-
tion for each of these ions at a secondary site and a primary
site in n-butane; these values will give an indication of the
ordering of reaction enthalpies for hydride transfer reactions
of these ioms.
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Table IV, Enthalpies of Hydride Transfer Reactions of
Halomethyl Ions with n-Butane.

Enthalpy (e,V kcal/mole)

Reaction Secondary Site Primary Site
+ +
CF3 -l~n-—C4Hl0—>CF3H+CZ*H9 -2.0, ~46.4 -1.2, -28.4
+ +
CF2H +n—C[*H10—>CF2Hz+C4H9 ~1.6, -36.8 -0.8, -18.8
+ +
CF201 +n—C[*Hl0—>CF201H+C[*PI9 -1.4, -31.7 -0.6, -13.7
+ +
CFCL, +n-C,H, -+CFCL B+C, H -0.4, -9.3 -0.4, +8.7

It has been shown (3) that many ion-molecule reactions which
occur with a low probability are reactions of low exothermicity or
reactions involving reactant pairs for which reaction is endother-
mic at certain sites in the molecule. If we compare the relative
efficiencies of reaction with normal alkanes (Fig. 1) and the
relative exothermicities of reaction, (Table IV) we see that in-
deed, the ion which reacts with the lowest efficiency, CFCl does
not have an exothermic reaction channel available at the primary
sites in the lower members of the homologous series. Furthermore,
the next ion in order of increasing efficiency of reaction,

CF,Cl , is the i1on one would pick for this position on the basis+
of relative reaction enthalpies. However, the reactions of CF,H
are less exothermic than the corresponding reactions of CF3 but
are more efficient.

It has been suggested (41) that the reaction efficiency of an
ion-molecule collision will increase with an increase in the life-
time of the ion-molecule complex; there is evidence that the +
ordering of efficiencies of reactions of CF2H , CF, , and CF_C1l
is to a large degree, determined by the relative l%fetimes of the
collision complexes. The selectivity of reaction site in deuterium
labelled n-butane and propane of these three ions, as shown in
Table V throws some light on this matter.
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Table V. Positional Selectivity of Hydride Transfer
Reactions of Fluorinated Methyl Ions with Alkanes.

Percent Reaction

Reactant Molecule Statistical CFZCl+ CF3+ CF2H+
CD3CH2CD3
Secondary sites 25 83 52
Primary sites 75 17 48
CD3CHZCHZCD3
Secondary sites 40 84 64 56
Primary sites 60 16 36 44

Results from reference 41.

If collision duration is indeed a factor in determining the reac-—
tion efficiency, one would expect that the reactions associated
with longer-lived ion-molecule complexes would exhiblt less selec-
tivity of reaction site. TFrom the reﬁplts given in Figuie 1, we
would predict that the three ions CF, , CF2H , and CF_.C1 (all of
which undergo highly exothermic reacgions at every sife in the
alkan$s) fgrm co$p1exes with alkanes whose lifetimes are ordered
CF,Cl <CF3 <CF,H . This is also the ordering one would predict
from the posit%onal selectivity of these ions with CD3CH CD3 or
¢b,CH,CH CD3, shown in Table V. That 1s, CF,Cl shows t% most
se§e$%iv§ty (i.e. the shortest lifetime), fo%lowed by CF3 and
CFZH in that order.

Reactions with Alkenes, Cycloalkanes, and Alkynes, Tables VI
and+VII list ihe rate constants and modes of reaction observed for

CF and C F5 ,» respectively with alkenes, cycloalkanes, and
algynes (4%).

The results given in Table VI show that 50-90% of the reac-
tive collisions between CF3 and CZH4 or C3H4 consist of the HF-
elimination processes:

+ _ +. % +

CF3 + HZC-CHZ > (CSF3H4 )y - C3F2H3 + HF (55)
+ _ + * +

CF3 + CH3C=CH > (04F3H4 )y - 04F21{3 + HF (56)
+ + % +

CF3 + CHZ-—C—CHZ +(04F3H4 )y - C4F2H3 + HF (57)

In Fluorine-Containing Free Radicals; Root, J.;
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At pressures around 10_6 to 10_5 torr, the abundances of the inter-
mediate adduct ions were negligibly small (<1%). In each case, the
only other reaciion observed for these reactant pairs was hydride
transfer to CF3 .

It is interesting to contrast reactions 55, 56, and 57 and
the condensation reaction:

cF,’ + ¢, > C,F H," (58)

which accounts for ggout 95% of the reactive encounters between
CF, and C,H, at 10 ~ torr. However, only 10% of, the CF, -acety-
lene collisions lead to reaction. Thus, when CF, and acetylene
collide, the adduct has a high probability of simply falling apart
to regenerate the origjinal reactants. Depending on the structure
one assumes the C F3H2 condensation ion to have, it can be esti-
mated that its ingernal energy content will be 50-65 kcal/mole.
In the reactions of CF, with ethylene, propyne, and propadiene,
condensation ions with considerable excess energy are also formed,
but this energy is largely disposed of by elimination of HF
(reactions 55-57). It can be estimated that the overall reaction:

CF3+ + C2H2 > (C3F3H2+)* -+ HF + C3F2H+
is as much as 50 kcal/mole exothermic, and indeed, about 5% of the
produ&t ions formed in the reaction between CF and acetylene are
C,F,H . However, the low probability of this channel indicates
tga% the dissociation leading to HF elimination is not readily
available to the C,F_H condensatign ion. It is generally ac-
cepted that the stFfulture of a C,H ion is cyclic, and it is
reasonable to assume that the C3§ ﬁ+ analogue would also have as
its most stable structure, a cycl%c structure. The C,F H2 con-
densation ion would most likely initially be formed w%tg éither of
the two structures:

(59)

CF3C'HCH+ H(‘{(CH
Fy
11 v

Either of these intermediates would have to undergo some rear-
rangement in order to eliminate HF and form a product ion of the

structure:
R
F-UF
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In the case of reactions 55, 56, and 57, product ions of a stable
structure can be formed by elimination of HF from condensation
ions without the necessity for much rearrangement.

+ o
When CF, reacts with propylene or cyclopropane, 82-85% of
the reactive encounters result in a dissociation of the inter-

mediate ion to eliminate CHZCFZ:

+ + % +

CF3 + C3H6 - (C4F3H6 ) = C2FH4 + CHZCF2 (60)
The remainder of the reaction between these pairs is hydride
transfer:

+ +
CFy" + CgH, + CF,H + CiH, (61)

Essentially, the same pattern of reactivity is seen for the next
higher homologue of propylene, l-butene.

Insight into the mechanism of the CH,CF, elimination, has
been obtained by using cyclopropane-1, 1-d, and CH,CHCD,. If the
H's and D's are statistically distributed %h;oughout $he C F3D2H4
intermediates, one would expect to see C,FH, , C FH3D s ané
C2FH D2 product ions in the ratio 0.07:6.5é:0.46, while a mechan-
ism InVolving transfer of an unrearranged CH,(CD,) group would
result in a 0.32:0:0.67+distribution. In thé propylene experiment,
the ratio C FH4 :C,FH.D : C.,FH. D, was 0.08:0.49:0.43, which
corresponds to a sgat%sticai d%s%ribution, within experimental
error. In cyclopropane, the ratio of these ionic products was
15:35:49. This means that about 30% of the CF, -cyclopropane
condensation ions undergo dissociation process 60 through a clean
transfer of a methylene group, without any rearrangement.

+

+ g i

When CF, reacts with 2-butene, 907 of the reactive encoun-
ters are accdunted for by the exothermic hydride- and charge
transfer reactions:

+ +
CF," + C,Hy > C;H,  + CF.H (62)

CF," + G Hy > C Hg" + CF, (63)
which are of approximately equal importance (Table VI). The o¥1y
other product ion observed in a 2-butene-CF, mixture is C3F H3 .
This is the ion which would be formed if the product of an ﬁF—
elimination reaction had enough excess energy to dissociate fur-
ther by losing CZHA:

<+
CF, +C H8 > (C5F

+ *
3 4 )

scru T +ur+cH

37 oH3 oH, (64

3ty
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The isomeric cyclic alkanes, cyclobutane and methylcyclopro-
pane also undergo reactions 62, 63, and 64, although for these
compounds hydride transfer reaction 62 is of major importance.

The observation of C,H + ions in mixtures containing cyclo-
butane or methylcyclopropane is somewhat surprising, since charge
transfer from CF, 1is respectively, 38 and 22 kcal/mole (1.6 and
0.95 eV) endothetmic. To explain the formation of C,H, ions, we
must postulate that ring opening and rearrangement to the 2-butene
or isobutene structure occurs in the ion-molecule complex:

CF,* + (-G Hy or c—C3H5CH3)—>(C5H8F3+)*—>(2—C4H8+ or 1-C,Hg")

+ CF, (65)

which would make this reaction exothermic.

Table VII gives the reactions occurring between C2F + and
C, or C, alkenes and alkynes, as well ag the observed rages of
reaction. Again, as in the case of CF3+, hydride transfer is ob-
served when it is exothermic. The C,F. ion also undergoes a CF2
elimination reaction with these compouhds:

C2F5+ + M- CF3M+ + CF, (66)
which leads to the formation of a product ion of the same inden-
tity as the cgndensation ions of the CF reactions. However, un-
like the CF.M ions formed in condensation reactions of CF, , the
ions formed™in CF, elimination reactions of C,F do not undergo
further dissociatIon, because excess energy iS Tarried away by the
departing CF2 species.

+
This is substantiated by the reaction between C 5 and
C,H,, where the rate constant for formation of C_F.H is n$ar1y

an order of magnitude greater wgen the reactant ion Is C,F
(Table VII) than when it is CF3 . In the reaction of CZESi:
C.F.& + CH, > CF.c.H T + cF (67)
25 22 37272 2

the C,F_H + ion is formed with a maximum of about 13 kcal/mole
excess énéergy, while in reaction 58 the ion has about 50-65
kcal/mole excess energy, and dissociates with a high prob-
ability to give back the original reactants:
+ +

C4FgH, > CFy' + CoH, (68)
This dissociation is endothermic for C3F3H2+ ions formed in
reaction 67.
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Table VII. Rate Constants and Modes of Reaction of C2F5+
with Alkenes and Alkynes.

kg, x 107
Reactant Molecule cm3/molecu1e--second Products
C,H, 5.0 c3F3H2+ + CF,
C,H, 3.8 C,H," + C,F,H
C2P13F2+ + C2F3H
C4H,F," + CF,
cH ,CeH 6.5 C4H, " + CFcH
CH,F," + CF,
C5H3F4+ + HF
CH,CCH, 7.0 CyH, " + C,FH
C4H4F3+ + CF2

Results from reference 42.
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Reactions with Aromatic Compounds. In the reaction of fluor-
inated methyl ions with benzene and toluene, the most important
process 1s the HF elimination reaction (42,43). For instance,

CF3 reacts with these compounds as follows:

+ + * +
3 + C6H6 -+ (CF3C6H6 y - c-C6H5CF2 + HF (69)

+ + * +
CFy + c-CcHyCH, > (CF,C H CH,") - CH,C/H,CF,” + HF
(70)

CF

These reactions apparently proceed without any rearrangements
occu£ing in the ion-molecule complex, since in the reaction of
CH)F  with C.D, only DF loss is observed (43):

+ +

CFH2 + C6D6 - C6D5CH2 + DF (71)
An examination of the reaction between CF + and c—C6H5CD con~
firmed that the HF elimination process 2 involved only r%ng hy-
drogens rather than hydrogens from the methyl group (42).

For these aromatic compounds, the major competing reaction
channel is charge transfer, which accounts for 8 and 15% of the
reactive encounters between CF and benzene or toluene, respec-
tively. In toluene, the highly exothermic hydride transfer
reaction:

+

+
CF3 + c—C6H5CH3 > CF3H + c-C6HSCH2 (72)

accounts for only about 3% of the reactive encounters.

The C,F + ion also reacts with benzene to form a C6H5CF2+
product ion.” This reaction can be written:
C.F.t + C.H - C.HCF,  + CF.H (73)
2°5 676 652 3
When chlorofluoromethyl ions react with benzene or toluene,
it is seen that HCl elimination strongly predominates over HF
elimination in reactions analogous to 69-71.

Reactions with Oxygenated Compounds. A recent itudy (14,4i)
has reported on the reactions of CF_+, CF,cl , CC1,F, and C,F
with a series of organic molecules Containing a carbonyl func-
tional group. These ions undergo four-center reactions with such
compounds, which in the case of aldehydes and ketones lead to a
product in which the carbonyl oxygen of the reactagt compound has
been replaced by a F (or Cl1 ). For instance, CF3 reacts with
acetone as follows:

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



176 FLUORINE-CONTAINING FREE RADICALS

0...CF,1*
CF,*+R'COR—~ |RC...¥ | - CF,0+R'CFR* (74)
R’

+
The CZFS ion undergoes an analogous reaction:

C2F5+ + CH3COCH3 - CHSCFCH3+ + C2F4O (75)
but in the chlorine-containing ions, CF Cl+ and CFCl +, the product
ion contains Cl rather than F, When lafger aldehydes or ketones
are allowed to react with CF, , the monofluorinated carbonium ions
homologous to that formed in"reaction 74 are observed only in very
small abundances. Instead, the major product ions are usually the
ions corresponding to the loss of HF from the monofluorinated ions:
+

+, % _ +
CF3 + C2H5COCH3 > CFZO + (C4H8F )y -+ CFZO + HF + C4H7 (76)

+

*
CF3+ + ¢-C_H,0 + CF.0 + (CSH8F+) > CF.0 + HF + C (77)

stlg 2 2 sty
The extent of this dissociation is, not unexpectedly, governed by
the energetics of the reaction in which tke fluorinated iomn is
formed. It is in&_eresting that the C_H,F ion formed in the reac-
tion between CZFS and cyclopentanone?

C.F.T + c-C.H,0 + C.F,0 + C.HF

2F5 sty ¥4 sig (78)

does not undergo dissociation. It can be estimated that the four-
center reaction 78 is as much as 4 eV less exothermic than the
first step of reaction 77.

The reactions of these ions with acids and esters were also

examined. Reaction 79, a displacement involving cleavage of the
acyl-oxygen bond and the formation of acylium ion products:

o +
RCOOR'+CX,* » | R-C - RCO* +R'OCX, (79

|

g...cx3
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(where R and R' are H or alkyl groups) is important for many such
reaction pairs. 1In fact, when R is CH, (i.e. acetic acid, acetic
anhydride, methyl acetate), reaction 73 is the only channel ob-
served.

However, formic acid and all of the formates (all compounds
where R=H) which were investigated undergo alternate reactions to
a greater or lesser extent. An alternate reaction which is gener-
ally important is another four-center reaction, this one involving
breakage of the acyl-oxygen bond:

o +
f
CX,* +HCOOR - | H-C---X | | x 6r+1HCXO
g CX, (80)

(where R is H or an alkyl group). The prevalence of one channel or
another can be explained in terms of relative exothermicities. In
the case of the R=CH, compounds, reaction 79 is about 2.7 &V more
exothermic than the %our—center reaction analogous to reaction 80,
but when R=H, the four-center reaction is more exothermic. The
occurrence of reaction 79 and reaction 80 indicate that the halo-
methyl ions attack acids and esters at the acyl oxygen rather than
the carbonyl oxygen.

Reaction of fluoromethyl cations with ROH (R=H, CH3, CZHS)
have been examined (42, 43), and can be represented in 3 gemefal
fashion as:

C(H,F)3+ + ROH > C(H,F)2=0R+ + HF (81)
- C(H,F) 30H + R (82)
When R=C2H5, only the latter channel is observed.

Thermochemical Information about Fluorinated Species Derived from
Ion-Molecule Reactions

Under the usual conditions used to investigate ion-molecule
reactions, reactions which are strongly endothermic can not be ob-
served, and reactions which are close to thermonuetral, (AH=
0 + ~ 2-3 kcal/mole) occur with efficiencies such that less than
one collision in 10 is reactive. On the other hand, it can usually
be safely assumed that any reaction which is observed to occur with
a high efficiency is exothermic. Within the framework of these
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general observations, it is possible to derive upper and/or lower
limits for the heats of formation of particular ions or molecules
from the observation or non-observation of particular ion-molecule
reactions, More quantitative information about ionic heats of for-
mation can be obtained for systems in which an ion-molecule equili-~
brium:

st+sZct+p (83)

can be observed. The equilibrium constant observed leads to a
value for AG°:

-RTaneq = AG®° = AH - TAS (84)

If the temperature variation of the equilibrium constant is deter-
mined, or if some other means of estimating AS can be employed, a
value for the enthalpy of reaction is obtained.

In several recent studies, new or improved estimates of the
heats of formation of several fluorinated ions or radicals have
been obtained from such experiments involving ion-molecule reac—
tions. These results are summarized in Table VIII, 1In this
table and Table IX, for the sake of consistency with other dis-
cussions of the subject in the literature, we shall use as the unit
of energy kcal/mole; 1 kcal/mole corresponds to 4.18 kjoule or
0.04 ev,

In the case of uncharged radicals and molecules, it is well
known that the substitution of a fluorine atom for a hydrogen atom
results in a "stabilization" of the species, i.e. a lowering of the
heat of formation of the radical or molecule. This is illustrated
in Table IX, where the heats of formation of CH,, CHZF, CHF.,, and
CF, are listed (33,34,50,51). 1In the case of tge cofresponding
cations, it is interesting to examjne whether the decreased elec-
tronegativity difference between C and F (as compared to C and F),
and the increased double bond character of the C-F bond will cause
any differences in the "stabilization' effected by fluorine sub-
stitution in the ion as compared to the neutral species. A de-
tailed LCAO-SCF calculation in the INDO approximation (52) predicts
that in these fluorine-substituted ions, there is substantial
polarization of the carbon-fluorine n-bond toward the positively
charged carbon-atom, balanced by a polarization in the opposite
direction of the C-F ¢ bond., Thus, although the magpitude of both
the destabilizing o-polarizatiop and the stabiliz$pg 7 back-dona~-
tion increase in going from CF, to CF,H to CFH, , the net total
charge density on fluorine varies by only 0.089 iIn this series.
the energy required to effect ionization of the CFH,, CF. H, and CF
radicals is within the limits of error, the same for the three
fluorine-substituted species, That is, the degree of
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stabilization effected by substitution of one fluorine atom is,
within the limits of error of presently available data, not strong-
ly influenced by the presence of the positive charge on the carbon
except for the first substitution. §ignifica$t1y greater stabili-
zation is effected in going from CH, to CH,F than from CH, to
CH,F. Some authors (55,56) have degined thé "stabilization energy"
o% flugrine-substitution in these methyl ions as the difference in
the CH, -H bond energy and the corresponding CX, -H bond energy
(where™X is H or F). _These boEd energies are listed in Table IX,
along with the CX, -F and CX, -C1 bond energies. Here it can be
seen that althougﬁ considerabie "stabilization'" is effected by the
presence of F atoms in the methyl group, the number of F-atoms
present in the ion has, within the limits of error, little effect
upon the amount of stabilization. (This is just another way of say-
ing that the degree of stabilization per F atom varies in the same
way in the ion as in the corresponding RH, RF, and RC1 molecules.)
Earlier considerations of this subject (33,34,55,56) have usually
led to the conclusion that the substitution of F for H in CF,H
resulted in significantly less stabilization than the corresponding
substitution in CFH, , partly because until recently, the heat of
formation of CF, was taken as 99 kcal/mole (46), rather than
94.1 kcal/mole %&2) or 91.5 kcal/mole (47). The data listed in
Table IX show that the the presently available limits of error
on the heats of formation of these ions are such that small dif-
ferences in the degree of '"stabilization'" effected by consecutive
fluorine-substitution can not be discerned with certainty.

Anicich and Bowers (17) have reached a similar conclusion
about the stabilization brought about by fluorine substitution in
the fluorinated ethylene ions. They point out that 3 plot o_f_ the
experi$enta11y determined heats of formation of C.H, , C%H3F R

C2H2F2 R CZHF3 , and CZF4 fall on a straight line, as sho¥m in
Figure 2.
9
&
3
3
g9
g
-
<1
Figure 2. Plot of the heat of
formation (49) vs. the number
g of fluorine substituents in the
oy < o : C; Fr ion series Cy(H,F),’. Figure

CaHSF" CHFs from Reference 17.
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6. 1iAS Ion-Molecule Reactions 183

Each fluorine atom substituted for a hydrogen atom decreases the
heat of formation of the ion by ca. 44 kcal/mole.

Quantitative information about the heats of formation of the
C3(H,F) ions is not available, although a detailed theoretical
calculagion of the geometries and charge densities has appeared
(52). Anicich and Bowers (17), have reported maximum values for
the heats of formation of the ions in the series based on the ob-
servation of the reactions listed in Table VIII. They point out
that these upper limits correlate well with thg trends in the heats
of formation one would predict taking AHf(C H5 yas 216 kcal/mole
(49), and assuming that the stabilization e%fected by F-atom
substitution is -48 + 5 kcal/mole, as illustrated in Figure 3.

AH; (kcal /mole)
0 o~

CHs | 0
CsH4F'} e
CsHsFal P
CaHoFat Py
CsHF, | &

* -
C;F; 7

Figure 3. Plot of the heat of formation vs. the number of

fluorine substituentsin the ion series Cy(HF);*. Arrows and

bars note the upper limits to the heats of formation set by

reactions listed in Table VIII. Heat of formation of CsH ;" was

taken as 216 kcal/mol (49). The dashed line represents the

expected change in heat of formation with fluorine substitution
as discussed in the text.

In the earlier discussion of F transfer reactions in per-
fluorinated alkanes, we remarked upon the contrast between the
ion-molecule chemistry in fluorocarbon and hydrocarbon systems.
That is, hydrocarbon carbonium ions will nearly always undergo
exothermic hydride transfer reactions with alkanes having a larger
number of carbon atoms, but this is apparently not the case in
fluorocarbon systems. An examination of the thermochemistry of
these reactions explains these diifering trends.+ Table X contrasts
the gnergy gained in going from R to RH for CH, , CZHS , and sec-—
C3H » with the energy gained in going from R td RF In”the corres-
ponéing fluorinated systems.
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184 FLUORINE-CONTAINING FREE RADICALS

Table X. Energy Differences Associated with F Transfer and
H Transfer in Corresponding Fluorocarbon and Hydrocarbon

Systems.
Reactant-Product AH Reactant-Product AH
Pair kcal/mole Pair kcal/mole
cH, -CH, - 279 cF,t-cF, -317
C,HS " ~C,H, - 239 C,Fs ~C,F -319
sec=C,H,"~C o - 217 sec-CyF, " ~C ¥y <=317

These numbers show that in hydrocarbon systems, more energy
would be gained in goin& from CH3 to CH, than would be lost in
goi&g from C H6 to C H5 , 80 the hydride transfer reaction between
CH3 and C H, is exo%hermic, and so on, up the homologous series.
On”the othér hand, in the perfluorokanes, the energy change associ-
ated with F transfer to a given ion or from a given molecule does
not change significantly or possibly increases slightly over the
homologous series, and therefore F transfer reactions in these
systems will always be thermoneutral or slightly endothermic.

This explains the low probability that thermal fluorocarbon car-
bonium ions undergo F  transfer reactions with fluoroalkanes
(Table I).
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Crossed Molecular Beam Studies of Fluorine Chemistry

J. M. FARRAR and Y. T. LEE

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, and
Department of Chemistry, University of California, Berkeley, CA 94720

Fluorine atom chemistry has received significant attention
from chemical kineticists in recent years. Indeed, the present
volume bears testimony to the proliferation of activity in
this field. The molecular beam technique, which has come of
age during the past several years, has been applied with great
success to the chemistry of fluorine atoms and it is this
subject which we will address in the present article. The
crossed molecular beam technique (1) applied to problems in
chemical kinetics involves colliding well-defined beams of
atoms and molecules in a vacuum chamber; from the direct
measurements of results of two-body collisions, in particular,
angular and energy distributions of reaction products, one
attempts to visualize in great detail how the reaction occurs.
These dynamical features of chemical reactions, the favored
orientation of molecules, reaction intermediate lifetimes, and
product energy distributions are among the major concerns of
a crossed molecular beam experiment.

The experimental results which we will describe are
primarily those obtained in this laboratory but a few experi-
mental data exist which have been collected elsewhere. Our
experimental program in fluorine atom chemistry has been
motivated primarily by two facts which have also been important
to studies performed by other methods: (1) atomic fluorine
abstraction of hydrogen atoms from appropriate molecules has
been demonstrated to be an important class of reactions for
chemical lasers (2). 1In particular, the reactions of
F+Hy >HF + H and F + Dy > DF + D have been investigated in
great detaill by various theoretical and experimental approaches
(3-11); the latter reaction provides us with an example from
the general class of reactions of fluorine atoms with diatomic
molecules. (2) Substitution reactions of fluorine atoms with
unsaturated hydrocarbons involving the formation of C-F bonds
frequently are observed to proceed through a "complex'" which
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lives many rotational periods (12-19). Since the C-F bond is

the strongest single bond involving a carbon atom, these reactionms
are generally quite exoergic with cleavage of C-C, C-H, and C-Cl
bonds occurring readily. Since many of these reactions do
proceed through intermediates, the competition among various
modes of bond cleavage in the long-lived intermediate yields
valuable information on intramolecular energy transfer in the
complex prior to decomposition to products. Various studies of
reactions of fluorine atoms with hydrocarbons, both aliphatic and
aromatic, as a function of substituent placement and didentity,
chain length, and initial kinetic energy of the reactants thus
make the fluorine atom chemistry observed a very interesting probe
of unimolecular decay. Many of the first studies of unimolecular
decompositions from this laboratory were concerned with the
determination of product branching ratios and recoil velocity
distributions in olefins, aromatics, and heterocyclics at a fixed
collision energy. Certain characteristic features of these
reactions began to emerge in terms of the nature of the exit
channel, that is, whether the critical configuration corresponded
to a potential energy maximum or merely resulted from angular
momentum, and the nature of the group emitted. Additional work
on selected systems as a function of the initial collision energy
has led to a further understanding of the role of the potential
surface in unimolecular decompositions.

Experimental Method

The molecular beam technique, in general, is ideally suited
to the study of reactions of highly reactive species such as
fluorine atoms; since beam intensities and detector sensitivities
are limited even under the most favorable experimental conditions,
only for reactions with large cross sections and favorable
kinematic relations can one hope to measure both energy and
angular distributions of product molecules by crossing two well-
defined reactant beams at a given collision energy. Since the
internal states or the velocities of the reactants can be
selected, the initial relative velocity vector can be well-defined
in magnitude and direction and thus the measured quantities in a
molecular beam experiment, the angular and energy distributions
of scattered products, can be related to the mechanics of single
collisions. The differential cross section for chemical reaction,
which is the quantity most easily related to classical and quantum
mechanical models based on collision theory and from a knowledge
of potential energy hypersurfaces, is determined rather directly
in a beam experiment, although present experimental data yield
cross sections averaged to a great extent over initial impact
parameter and final internal state distributions. This situation
contrasts, however, with the much more highly averaged rate con-
stant of classical kinetics which is an average over the initial
Boltzmann distribution of the reaction cross section at a parti-
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7. FARRAR AND LEE Crossed Molecular Beam Studies 193

cular relative velocity weighted by the relative velocity. 1In
principle the beam technique provides the means for studying
state-to-state chemical kinetics on favorable systems, and highly
refined experiments employing two crossed beams with specified
internal states and relative velocities are definitely possible
in the near future.

In molecular beam experiments, all measurements are carried
out in a laboratory system of coordinates, but one wishes to
interpret data in terms of a coordinate system which moves with
the center of mass (c.m.) of the colliding system. The manner
in which this transformation is made is well-understood (20-23),
but the Jacobian involved in the transformation disterts certain
portions of the lab data; in addition, the lab-c.m. transfor-
mation is often not single-valued. In order to circumvent this
problem, data fitting routines have been developed which assume
c.m. angular and velocity distributions, averaging them and
transforming them back to the lab for comparison with the data.
When the initial velocity distributions are quite narrow, this
technique allows one to recover the c.m. distributions reliably.
A velocity vector diagram shown in Figure 1 illustrates the
nature of the transformation. The vector G, which points in
the direction of the c¢.m. determined by partitioning the initial
relative veocity vector according to conservation of linear
momentum, allows us to relate laboratory velocity, ¥, and
scattering angle, ©, to c¢.m. velocity, u, and angle, 0, through
the vector addition y + C = y. Since we determine y and we
desire u, we must deconvolute . If the initial conditions
create a substantial spread in vectors C, then the set of vectors
u which we determine to fit a measured v are not unique. 1In
fact, some experimental data have been interpreted incorrectly
by failing to account correctly for the spread in initial con-
ditions and also failing to use the correct Jacobian to relate
lab and c.m. fluxes. We refer the reader to an earlier review
(24) for further discussion of this point.

The development of a crossed molecular beam apparatus
capable of the detection of arbitrary molecular fragments
resulting from chemical reaction has been central to the advance-
ment of molecular beam kinetics. The first reliable and
sensitive apparatus of this sort employing electron-bombardment
ionization of reaction products in an ultrahigh vacuum chamber
followed by mass spectrometric detection became operational in
1968 (25) and a number of instruments of this type are now
employed in various laboratories. This so-called "universal"
detector together with the advent of free jet molecular beams (gfp
moved molecular beam chemical kinetics out of the "alkali age',
so named because surface ionization detection techniques used
previously limited the species to be studies to alkali atoms and
alkali halides. The general experimental arrangement employed
in a crossed molecular beam apparatus is shown in Figure 2.
Reagent atomic species formed by thermal dissociation in a heated

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



194

Figure 1. Velocity vector

Newton diagram showing

relationship among vectors
u, v, and C

Skimmer

Nozzle Chumber\

Olefin—&

1.8° FWHM—

FLUORINE-CONTAINING FREE RADICALS

=

2

13

\,Lrel

I @]

TO MASS
\ SPECTROMETER

Caoling Coil— 2.5° FWHM
Heater. 3em
4200 #rsec 5300 ¥sec
<107 Torr

Preceosy

1260 ¥sec
<10 Torr
2400 E/se

~10* Torr

La

A vy W

Gos Infet—

Figure 2. Experimental arrangement fo

E Water Cooled
Copper Electrical

tact
%/ Contac

r molecular beam studies of fluorine

atom chemistry

In Fluorine-Containing Free Radicals; Root, J.;

ACS Symposium Series; American Chemi

cal Society: Washington, DC, 1978.



7. FARRAR AND LEE Crossed Molecular Beam Studies 195

oven are collimated into a beam; separate beam formation,
collimation, and reaction chambers are used to insure that the
beams are well-defined and, depending on the nature of their
formation, do not present a large gas load to the collision
chamber. The details of halogen-atom beam formation are
discussed in greater detail below. The secondary beam of
reactant molecules is formed in a similar manner and intersects
the atomic halogen beam at 90° in a collision chamber maintained
at 107 torr by an oil diffusion pump. Collisions then occur

at the intersection zone of the beams; for measurements of
angular distributions, reactively scattered products are detected
in the plane defined by the beams as a function of laboratory
scattering angle, O, by a rotatable mass spectrometer detector.
This detector is comprised of three nested vacuum chambers, each
pumped with a separate ion pump (and cryogenic pumping in_the
innermost chamber) to achieve a pressure of less than 10~ torr
in the ionization region. An electron bombardment ionizer of
approximately 0.1% efficiency produces ions which are then
injected into a quadrupole mass filter. While the pressure in
the ionization region is ~10~ torr, the partial pressure of
reaction products may be as low as 10715 to 10"16 torr when they
reach ionization region. At such low signal levels, very careful
work must be done to extract meaningful signals, including
mechanical design to eliminate sources of background molecules
in the detector, elaborate cryogenic pumping, and beam modulation
techniques as discussed below. After the ions pass through the
mass filter, they are accelerated and collimated into a beam
which is directed to an aluminum coated cathode held at -30 kV.
Several secondary electrons are emitted per incident ion; these
electrons are accelerated in the same 30 kV potential to a Al coated
plastic scintillator which emits several photons per secondary
electron. The photon pulses are amplified by a photomultiplier
tube and counted using conventional techniques. As indicated
above, beam modulation is used for low-level signal recovery and
to effect this, the secondary (molecular) beam is chopped with

a tuning fork at 150 Hz. A signal from the chopper is processed
by a digital logic circuit which gates a dual scaler in syn-
chronization with the beam modulation. In this configuration,
one scaler counts signal plus background corresponding to the
beam open period; the other scaler collects background only. In
this manner, reactive scattering signals which generally range
from a few counts per second to several hundred per second can
be recovered.

The total energy of the system under study consists of the
initial relative and internal energies plus the exoergicity of
the reaction. This energy can be divided among internal degrees
of freedom plus relative translational energy of the products.
In our molecular beam experiments, we measure velocity distri-
butions of scattered products to infer internmal energy distri-
butions by conservation of energy. On the other hand, detailed
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state distributions for some simple diatomic product molecules
could be measured by using the molecular beam resonance method
(27,28) or laser-induced fluorescence (29,30).

Velocity distributions of the reactively scattered products
can be measured by time of flight (TOF) methods in which the
velocity of a particle is determined by measuring the time
required for the particle to traverse a known distance in the
detector. Although not indicated in Figure 2, a chopper with
very narrow slits chops the reactively scattered products as
they enter the detector at a frequency (1600 Hz, typically) which
is high compared to the secondary beam modulation frequency. The
burst of molecules then enters the detector at time t, and the
pulse spreads in time during transit through the detector in
accordance with the velocity distribution of molecules in the
pulse. A multi-channel scaler then records the distribution of
flight times of the products; signal averaging is accomplished
by minicomputer control of the TOF unit. Flight times of 100-400
usec through our detector (pathlength 17 cm) are measured quite
readily using this technique.

Having discussed in general terms how angular and velocity
distributions of reactively scattered products are measured
using a "universal" molecular beam apparatus, we mnow focus
attention on methods of beam production, in particular, tech-
niques for the production of stable, intense beams of fluorine
atoms. Since the bond energy of Fy is 36 kcal mole_l, thermal
dissociation of Fy in a heated nickel oven has been found to be
a successful method for fluorine atom production. The high
reactivity of fluorine atoms with various materials rules out
a great number of them for oven construction and we have found
that nickel affords the best readily available material. Thermal
dissociation of Fy in a nickel oven at a pressure of ~0.1 - 1.0
torr at 750°C can be accomplished with the degree of dissociation
approaching 50 - 907%. At such low pressures, beam formation is
determined by effusion through an orifice and the velocity
distribution of the atoms is the Maxwell-Boltzmann distributionm.
In the absence of velocity selection, such a broad distribution
of initial speeds leads to a very broad distribution of initial
kinetic energies, with the relative velocity vector and the
center of mass vector distributed over a large region of velocity
space. A slotted disc velocity selector (él) can be used to
reduce this spread in initial conditions and much of the work
discussed in this paper was performed with such a selector with
a full width half maximum (FWHM) velocity spread of 20%. Such
a small spread in the initial relative velocity of the reactants
enables the lab - c.m. transformation to be made more uniquely,
thus assisting us in the interpretation of the data.

The velocity selected fluorine atom source was the work-
horse for much of the work done in this laboratory, but recent
developments in seeded supersonic beam technology have led to
much more efficient means of halogen atom beam production. The
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expansion of a gas at a few hundred torr through a small orifice
into a vacuum has been shown to be an effective means for the
production of high intensity, narrow velocity spread atomic and
molecular beams. By mixing 1 to 2% Fy with a rare gas carrier
such as argon or helium and expanding the mixture at 500 torr
through an orifice (0.1 mm dia) in a nickel oven heated to 750-
800°C, fluorine atom beams were produced which were one to two
orders of magnitude more intense than velocity selected beams
and had velocity distributions which were somewhat narrower than
selected beams, generally with a 15% FWHM spread. Such a method
of beam production maintains the low partial pressure of halogen
to make the equilibrium favor atom production while providing

a high pressure expansion under hydrodynamic flow conditions
leading to a narrowing of the velocity distribution.

Under the hydrodynamic flow conditions of supersonic
expansions, species of different masses in a molecular beam
achieve the same terminal velocity which is related to the
average mass number of the expanding species. This technique
can be used to increase the speed of a heavy particle relative
to its thermal speed if a small fraction of the gas mixture is
the desired heavy species and the bulk of the mixture is a light
carrier gas. This technique has been used very successfully to
produce hyperthermal beams of Xe atoms formed by expansions of
mixtures composed of 1% Xe in 997 Hp. By varying the diluent
gas from argon to helium, high 2nergy beams of fluorine atoms
can be produced for reactions in the hyperthermal region (10-

40 kcal mole_l).

This technique of halogen atom production is not unique to
fluorine; in fact, the first halogen atom beam produced in this
laboratory was a chlorine atom beam produced by dissociation
of Cly, in argon buffer gas in a heated graphite oven (32). The
technique should be applicable to all of the halogen atoms and
a vast variety of scattering experiments can be initiated using
such sources.

The molecular beams in our experiments are also formed by
supersonic expansion. In addition to enhanced intensity and
narrow velocity distributions obtained in this way, the molecules
in such beams can generally be considered to be in their lowest
vibrational and rotational states. This '"freezing out" of
internal degrees of freedom is important in further defining the
initial experimental conditions. In understanding the mechanics
of collisions, one can obtain simplifications in interpretation
by knowing that reactant molecules are rotationally and vibra-
tionally "cold". This point will be discussed further in later
sections of this paper.

Examples of Experimental Results

I. F+ D2 > DF + D. The reaction of atomic fluorine with
molecular hydrogen containing molecules has been demonstrated to
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be the chief mechanism responsible for the HF chemical laser and
has received significant experimental and theoretical attention.
In addition to chemical laser (2,11,33,34) and infrared chemi-
luminescence (5,6) measurements on this system which have yielded
values for a number of rate constant ratios for production of
specific vibrational states of HF, the molecular beam technique
(3,4) has also provided significant data on this reaction, The

F + Dy reaction to form DF is exoergic by 31.5 kcal mole_l,
yielding enough energy in conjunction with translation to produce
DF in excited vibrational states up to v' = 4. The equal gain
and zero gain variations of the chemical laser technique (2)
allow for the determination of rate constant ratios kyrt/kyr.

for v' =1, 2, 3, and 4 where v' is the DF vibrational quantum
number and infrared chemiluminescence measurements allow for
determinations of this ratio for v' = 2-4. 1In contrast, the
crossed molecular beam technique is not very ideal for measure-
ments of relative state populations although, as we shall see,
some information of this type can be determined under favorable
conditions.

The laws of conservation of energy and angular momentum
play a very important role in determining what information is
contained in the molecular beam data on this system. A con-
sideration of rate constant data (35) for this system in
conjunction with the recognition that the rate constant is an
ensemble average of cross section weighted by relative velocity,
allows us to estimate the maximum impact parameter contributing
to chemical reactign. At 300°K, the cross section is <1 &2 so
bpax 1s roughly 1 A. For an impact parameter of 1 A and Vre}
~ 2 x 105 c¢m sec™l (for a collision energy of 1.7 kcal mole-l),
L = uvb or approximately 10h in magnitude. Since at room temper-—
ature, J, the rotational angular momentum of D, is no more than
2h, we can use the conservation relation, 9 L+J=L"+]J", to
allow us to conclude that J' is likely to be small also (10~ 12h)
Since the exit channel reduced mass is small, even if all of the
initial orbital angular momentum appears as product rotational
excitation, the rotational energy of DF will be approximately
3 ~ 5 kcal which is less than the vibrational level spacing of
8 kcal. Thus, by conservation of energy, only discrete regions
of product translational energy space will be populated and
"quantization" of the product velocity distribution should occur.
In a crossed beam experiment with well-defined beam velocities,
one thus expects significant structure in the product velocity
spectrum, Under very favorable kinematic circumstances,
particularly at low collision energies where the angle between
Vrel and Vp, is quite large, such structure should also be
observable in the angular distributions. Figure 3 demonstrates
this point clearly. Two discrete peaks are observable at both
the collision energies; the lower panel of this figure shows
Cartesian plots corresponding to these experiments. The signi-
ficant feature of both of these contour maps is that the DF
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product scatters predominantly in the backward direction in the
c.m, system, corresponding to net repulsive encounters; as the
collision energy is increased, the sharpness of the backward
scattering diminishes and products are formed scattered through
angles significantly smaller than 180°.

Experiments performed at higher collision energies continue
to show the trend toward more forward scattering, but the pre-
dominance of backward scattering is still in evidence. While
all of the experimental data show structure arising from
individual vibrational states of DF, determination of rate con-
stant ratios is very difficult since one must integrate flux
over c.m. velocity to assess these ratios. The 1/u“ Jacobian
singularity near the c.m. is most pronounced in calculating the
k4/k3 ratio and the centroid distribution, although narrow by
contemporary standards, is broad enough to introduce prohibi-
tively large uncertainties into calculations of relative
populations.

The observation of DF predominatly scattered into the
backward hemisphere at the collision energies studied here
suggests that the favored orientation for reaction is collinear.
Ab initio calculations of the potential energy surface for this
system (10,36) suggest that collinear approach of F + Hy is the
dominating geometry leading to chemical reaction. 1Indeed, the
backward scattered DF product is that which one expects from
low impact parameter collisions. One can thus conclude that
the beam data are consistent with a potential energy surface
with predominant collinear character. For simple systems
containing light atoms, the comparison between theoretical
studies and experimental results will provide further under-
standing of reaction dynamics from first principle in the very
near future.

II. Substitution Reactions of F Atoms with Unsaturated
Hydrocarbons.

A. General Remarks on Unimolecular Decompositions of
Chemically Activated Radicals. A major portion of the molecular
beam studies of fluorine atom chemistry (12-19,37) has been
concerned with a class of reactions characterized by the formation
of a transient species from bimolecular association of the
reactants and whose lifetime is long compared to its rotational
or vibrational periods. The formation of such a long lived
complex implies that the reactants experience a net attraction
and consequently the potential energy surface for the reaction
possesses a deep well; of course, the total energy of the system
is greater than that required to dissociate the intermediate,
either to reactants or products, so that in the absence of a
third body or relatively improbable photon emission (radiative
lifetime > 10-2 sec), the intermediate must decay prior to
detection. Under certain favorable conditions where a large
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number of internal degrees of freedom participate in the
redistribution of the excitation energy, the reactive inter-
mediate could live long enough to travel to our detector, but
none of the systems studied to date have exhibited this behavior.

The decay of a complex formed in such a bimolecular encounter
provides us with an example of the general class of reactions
denoted as unimolecular decompositions (38). Under circumstances
in which a long-lived complex decomposes to products, a vast
collection of questions can be asked regarding the dynamics of
the decomposition, including the extent to which the initial
excitation energy of the intermediate species is distributed
throughout the entire molecule before a sufficient amount
localizes in the bond to be broken as the products form. The
most widely accepted model of unimolecular decay, the Rice-
Ramsperger-Kassel-Marcus (RRKM) theory (38,39), states that a
quasiequilibrium between the complex and the initial configuration
is maintained through the reaction. This assumption is equivalent
to stating that energy randomization in the complex is rapid
compared to chemical reaction. The technique of chemical acti-
vation developed by Kistiakowsky (40) and extensively employed
by Rabinovitch and co-workers (41) has provided kineticists
with a large body of experimental data, the majority of which
lend support to the assumptions of RRKM theory. In this tech~-
nique, the complex is "synthesized" in a bulb reactor by a
bimolecular reaction and the ratio of the concentration of com-
plexes stabilized by collisions with background gas molecules to
products of decomposition is measured as a function of pressure.
Under these circumstances, the "clock" for these experiments
becomes the time between collisions and if one assumes that the
"strong collision" assumption is valid, that is that an activated
molecule (one with enough energy to decompose) can be deactivated
in a single collision with a buffer gas molecule, one can infer
whether or not the product yields are characteristic of a
statistical distribution of energy in the complex. Direct com-
parisons with RRKM theory can be made since this model is
concerned with complex lifetimes and rates of decomposition,
quantities which these conventional kinetic methods determine
directly.

Information of a different sort is obtained in a molecular
beam experiment, although the means for producing the species
undergoing unimolecular decomposition is also chemical activation.
Whereas the conventional kinetic studies yield reaction rates
for direct comparison with RRKM lifetimes, the beam technique
yields product recoil energy distribution which, in principle,
contain information regarding exit channel dynamics specifically
ignored in RRKM. Comparison of experimental results with RRKM
theory is indirect, requiring additional assumptions whose
validity must be determined. Fortunately, however, statistical
theories of a different sort exist which base their predictions
on asymptotic (and therefore measureable) properties of the

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



7. FARRAR AND LEE Crossed Molecular Beam Studies 201

products; these 'phase space" theories (42,43) will be discussed
in greater detail below.

Reactions studied using the chemical activation technique
in beam or bulb experiments yield important information because
the intermediate radicals have well-defined excitation energies;
unimolecular decompositions involving the formation of a C-F
bond have additional appeal because many competing channels for
decomposition open up and studies of branching ratios for C-H,
C-C, or C-Cl bond cleavage provide important chemical information.
In a statistical model, the rate for a particular channel is
proportional to the density of states at the critical configura-
tion; consequently, one expects that more exoergic reactions
should proceed with greater rates since more states are accessible
under such circumstances.

In the discussion of specific experimental systems which
follows, the bulk of our remarks will be limited to a discussion
of product recoil velocity distributions and the information
which such studies provide for us. An understanding of the
energetics of unimolecular decomposition and their relation
to product velocity distributions can be facilitated by referring
to Figure 4. The excitation energy of the complex, E*, is
determined by the initial translationmal and internal energy of
the reactants plus the well depth of the complex. Unimolecular
decomposition to products can occur when energy E, flows into
the reaction coordinate such that the barrier V,; is surmounted.
This barrier can include centrifugal energy plus potential
energy terms; whenever terms of the latter type are present,
the critical configuration is "tight", that is, incipient product
rotations are not free, but correspond to bending vibrations (44).
This potential energy barrier implies that the reverse association
reaction has a nonzero activation energy; the nature of this
barrier and its disposal as product translation and internal
energy is a vital factor in interpreting measured product recoil
distributions. The energy in excess of the critical configuration
barrier, Ep-V,, where ET = Etrans + Eint — ADg® is the total
available energy, is that quantity of energy which can be dis~-
tributed among the wvarious product oscillators plus the relative
translational energy of the separating fragments. If some
energy €' at the critical configuration is apportioned to the
coordinate which becomes product translation, then et should be
a lower bound to the translational energy of the products. The
manner in which the exit channel barrier releases its energy Vg
among product degrees of freedom is a dynamical consideration not
addressed by conventional RRKM theory, although recent efforts
to include these dynamics in a "tight'" transition state theory
have been made (45). In the case where thecritical configuration
is tight, the product recoil distributions cannot be predicted
by RRKM theory and any assumptions which one makes to connect
the energy distribution at the critical configuration with that
of reaction products must be assessed carefully. Certain

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



202

INTENSITY

{ARBITRARY UNITS)

0.5

00

FLUORINE-CONTAINING FREE RADICALS

F+D,— DF +D

i e e L o e o e T aan
. Ergy =080 keat/mol T Eyey * 1.68 keal /mo!
L 1 L B
- 1 m ]
C + /’,/’ 3 -
L T \ ]
A
ad -+ 1 —
L \ ) ]
F 1 F 4 2 X2 D,
: 25 4
(a5 L I B N k‘.J}{Q\g.|l$
\0 o ]
0 0 30 60 90

]
300 m/y

05

00

Figure 3. Upper panel: DF angular distributions at 0.80 kcal/mol and 1.68 kcal/mol
collision energy. Lower panel: Cartesian flux contour maps generated from these data.

E {kcal /mole)

201

10 A

04
-0 -
-204
-304
-40+
=501

[CzHeF]

Figure 4. Schematic reaction coordinate for
the system F + C,H, relating various ener-
gies of complex and critical configuration along

the reaction coordinate.

In Fluorine-Containing Free Radicals; Root,

J;

ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



7. FARRAR AND LEE Crossed Molecular Beam Studies 203

trajectory calculations (46) formulated to probe energy release
from such a repulsive force in the exit channel suggest that when
a light atom is emitted from a complex, such as during C-H bond
cleavage, most of the exit channel barrier V, appears in product
translational energy. While such an energy transfer mechanism

is valuable in interpreting our experimental data, we feel that
one should avoid using RRKM theory without considering the exit
barrier to predict product recoil energy distributions.

Other models have been formulated which predict product
recoil energy distributions, most notably the phase space theory
of Light and co-workers (42,43). This model possesses the
desirable attribute that cross sections are computed by evaluating
the volume in phase space which the products can sample which is
accessible from a statistical complex whose conserved quantum
numbers are given by the total energy, the total angular momentum
and its projection on a space-fixed axis. Thus the theory is
parameterized in terms of the observable properties of product
molecules; however, establishment of the limits on the formation
and decomposition of a strong-coupling complex frequently
necessitates considerations of intermediate geometry, particularly
when the rotational energy of the complex must become product
angular momentum under the dictates of an exit channel barrier.

A number of variations on the phase space theory have been
proposed and the literature can be consulted for details (16).

A comparison of RRKM and phase space theory indicates that
the degree and philosophy for parameterizing these models is
quite different. In the former case, the only constant of the
motion is the total energy of the system. Phase space theory is
appealing because two more constants of the motion corresponding
to angular momentum variables have been considered in the
derivation. The recent versions of transition state theory which
consider explicitly angular momentum in limiting cases where the
total angular momentum becomes either product rotational or
orbital angular momentum yield results in accord with phase
space theory (45). The various models for product recoil
distributions can be illustrated most fruitfully by consideration
of several systems to which we now turn.

B. F + CyH,. A system which has received substantial
attention in molecular beam experiments in this laboratory and
which provides us with an opportunity to discuss many of the
important features of unimolecular decay is the F + C2H4 reaction
(12,19). The reaction to form CoH3F plus a hydrogen atom is
exoergic by approximately 14 kcal mole~l and the stability of
the intermediate radical, CoH4F, is estimated to be ~50 kcal
mole™ with respect to reactants. A molecular beam experiment
performed as indicated in the previous section, then, reveals
the characteristic formation of the C2H3F product near the
direction of the center of mass of the system, as shown in
Figure 5. Velocity analysis of the reaction products confirms
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the symmetry of the product emission about Sc.m' = T/2 as expected
for a complex which lives many rotational periods. Initial
angular and velocity distribution measurements on this system
yielded valuable information on the c.m. angular and energy
distributions with the following notable points: the c.m. angular
distribution measured at the relative collision energy of 1.98
kcal mole™! was symmetric about m/2 as expected, but the distri-
bution was peaked at m/2 in the c.m. system. This peaking was
explained by considering the angular momentum disposal in the
chemical reaction: while the explanation has appeared in detail
in previous publications (18), we repeat the salient features
here. Recalling that the total angular momentum must be conserved
in a collision, we note that since the CoH; molecules are produced
in a nozzle expansion and are therefore rotationally '"cold", the
initial orbital angular momentum then becomes the total angular
momentum of the system and will be perpendicular to the initial
relative velocity vector. During the lifetime of the complex,
the total angular momentum is the rotational angular momentum
of the complex, which rotates in the plane defined by the heavy
atom C-C-F framework. As the C-H bond extends and breaks along
the reformed p, orbital on the sp2 hybridized carbon atom, the
emitted hydrogen atom is emitted along the rotational angular
momentum vector. This vector becomes the final product rotational
angular momentum since the emitted hydrogen atom cannot remove a
significant amount of orbital angular momentum. We thus see that
the products recoil along J' which is perpendicular to V, thus
producing the observed sideways peaking. A second notable feature
of the observed c.m. distributions is found in the c.m. energy
distribution: the shape of the distribution is quite wide and
yields an average product kinetic energy which is ~50% of the
total available energy, far in excess of statistical predictions.
The interpretation of this result at a single collision energy
is complicated by the fact that hydrogen addition to a halogenated
olefin on the end of the molecule where the halogen resides pro-
ceeds with an activation of energy of ~3 kcal mole™1 (47), there-
fore suggesting that the exit channel for the C,H;F decomposition
to CyH3F + H has a barrier. The manner in which energy is
released in descending this barrier then destroys the energy
distribution at the critical configuration which RRKM theory
predicts. A contour map of c.m. product flux as a function of
polar coordinates (u,8) is shown in Figure 6.

In order to provide further insight into the perturbation
of the critical configuration energy distribution by the exit
barrier, additional experiments on this system at higher collision
energies have been undertaken. The seeded beam technique can be
used to vary the collision energy from 2.2 kcal mole~l to 12.1
kecal mole'l, thereby increasing the total energy available to the
system from 16 to 28 kcal mole~l.

The determination of the initial collision energy dependence
of the unimolecular reaction dynamics can in principle, provide
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two kinds of information. Since the energy which can be
distributed amoung the various modes of the critical configu-
ration is the total available energy in excess of the barrier,
increasing this total energy should minimize the nonrandom
contribution of V5 to P(E') as Er increases. Thus, if a
statistical model is correct and requires corrections arising
from the specific dynamics associated with VL, then as the
collision energy is increased, P(E') should approach statistical
behavior more closely. This is the information which we seek

in the CoH4F system. In principle, information of a different
sort can be obtained from the initial collision energy dependence
of g(B8), the c.m. angular distribution function. When the
binding energy E, of the chemically activated intermediate
becomes comparable to the collision energy, the complex lifetime
should approach one rotational period and the g(6) function
should lose its symmetry about m/2. By then estimating the
rotational period of the complex, one can then infer the complex
lifetime. If one then knows accurately the stability, E,, of
the complex, model calculations to test statistical theories of
unimolecular decay can be made. This experimental handle on the
decay of a long-lived complex yields lifetimes which can be
compared directly with quantities to which RRKM theory addresses
itself directly. This desirable state of affairs is generally
not achieved in beam experiments on chemically activated
radicals; the large stability of the intermediate complex
(~30-60 kcal mole~1) compared to available collision energies

in our experiments does not allow us to use the rotational
period as a "clock'". The C,H,F system, however, does allow us
to use the first method for separating the role of the exit
channel barrier in the measured recoil energy distributions.

The experimental data obtained over the range of collision
energies 2.2 to 12.1 kecal mole™l are shown in Figure 7. Over
this range of collision energies, the reaction appears to
proceed through a long-lived complex, as evidenced by angular
distributions symmetric about m/2 in the center of mass
coordinate system. The sideways peaking noted in the earlier
work is observed at all energies here, suggesting that the
fractional partititioning of the total angular momentum into
rotational and orbital angular momentum remains constant. The
significant conclusion from these experimental data, however,
is that the recoil energy distributions maintain a rather
constant shape as a function of the initial kinetic energy,
channeling ~50% of the total energy into translation of the
products. A comparison of the measured average kinetic energy
of the products with calculations performed with various
statistical models is quite instructive. We have performed
phase space calculations of the recoil energy distributions
including the phase space volume associated with all of the
product vibrational modes and with a selected subset of product
vibrational modes; the former calculation, denoted "12-oscillator"
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model yields average kinetic energy releases which place a
smaller fraction of the total energy into translation as the
total energy increases. The latter phase space calculation

in which the phase space volume associated with 5 product
oscillators including only those modes expected to be active
based on gross geometry changes during the reaction yields
results in closer accord with experiment, but still somewhat
discordant. This model, which heuristically incorporates
partial activation of product oscillators, places a larger
fraction of the total excess energy in translation since

fewer oscillators share the energy, but again, the fraction

of the total energy appearing in translation decreases at
higher energies, in contrast to the 507% value observed at

all energies. A third model, recently proposed by Marcus (45)
accounts for the nature of the "tight'" critical configuration
by assuming that the quantum numbers for the bending vibra-
tions in the transition state which become product rotations
are "adiabatic on the average". This model then channels
additional energy into translation since the energy of a
bending vibrational quantum is greater than for a rotational
quantum, the deficit accounted for by translation; calculations
with this model yield results quite similar to the 12-oscillator
phase space calculation. The statistical models, then, yield
values of the average kinetic energy which are neither quali-
tatively or quantitatively correct. In all cases, the models
place too little translational energy in the products and the
fraction of the total energy appearing in translation decreases
with increasing collision energy. The 5-oscillator phase space
model yields results in closer accord with experiment, but

this model certainly cannot be correct because a calculation

of the complex lifetime performed using the density of states
of these vibrations yields lifetimes which are smaller than

one rotational period at all collision energies. Since the
experimentally observed angular distributions place a lower
bound on the lifetime of the complex of several rotational
periods, we can be sure that the CyH3F recoil energy distri-
butions cannot be explained by simple reduction of the number
of oscillators participating in the decomposition.

Rowland (48) has studied the CoH4F system by measuring the
pressure dependence of the stabilization~decomposition ratio
for CyH4F produced in the hot atom reaction of 18p + CoHy s
his results suggest that the lifetime of the complex is on
the order of 10~9 sec, a result which can only be explained
easily by including all of the complex's vibrations in a
lifetime calculation. An explanation of the lifetime results
and the recoil distributions must certainly require an explicit
treatment of the dynamics of intramolecular energy transfer
connecting the complex with the critical configuration. The
normal modes associated with formation of the CoH4F complex
are quite different from those required to form the products
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(49); slow energy migration between those two subsets of
oscillators might explain the long observed lifetime while

the participation of a reduced set of vibrational modes in

the decomposition may account for the disproportionately

large fraction of the total energy in product translation.

While the mechanical explanation for the large average

kinetic energy release in this system has not yet been developed,
the study of this reaction as a function of initial collision
energy suggests strongly that the exit channel barrier does not
account for the nonstatistical distribution of the excess energy.

C. The Effect of Potential Energy Barrier in the Exit
Channel. We have indicated in the previous section that exit
channel interactions can play a significant role in determining
the translational energy distribution of product molecules.

In the decomposition of CpH4F, we have demonstrated that to

a large extent, the effect of the barrier can be minimized by
studying the energy dependence of the product recoil distribution.
A number of important points can be made regarding the systematics
of the exit channel barrier by considering the decompositions of
substituted fluorobenzenes. Table I and Figure 8 show the
energetics associated with a number of these reactions and

Figure 9 portrays some of the recoil distribution results
graphically.

Table I

Energetics and Average Product Translational
Energies, Fluorine + Substituted Benzenes

Exoergicit Barrier <E'>

Reactants Products kcal mole™ kcal mole™ kecal mole”!
F + C6H6 C6H5F + H 13 ~4 7.7
F + toluene C7H7F + H 13 ~4 6.8
C6H5F + CH3 22 ~7.5 9.3
F + m—-xylene C8H9F + H 13 ~4 7.8
C7H7F + CH3 22 ~7.5 11.0
F + C6H5Cl C6H4C1F + H 13 ~4 8.2
C6H5F + Cl1 29 ~1 3.4

A number of conclusions can be reached from an examination
of these data. We find that average product translational
energy does not correlate well with reaction exoergicity. In
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the case of Cl emission, this very exoergic channel results
in only 3.4 kcal mole™l in translation whereas the less
exoergic H-atom emission reactions result in much higher
translational energy release. Higher still are the trans-
lational energy releases associated with CH3 emission which
are accompanied by very large exit channel barrier. One is
immediately led to the conclusion that the energy released in
descending the barrier is channeled primarily into product
translation; very high translational energy release is found
in CH3 emission where a large barrier is expected, whereas Cl
emission proceeds with very low translational excitation in
accordance with a very small exit channel barrier. Hydrogen
atom emission provides an intermediate case in which a 4 kcal
barrier releases energy into translation with <E'> lying
between values found for CH, or Cl emission.

One can therefore conclude that predictions of product
energy distributions from the decompositon of long-lived
complexes must first consider the height of the exit channel
barrier. Most reactions under consideration here have
exoergicities of 20 kcal or less; if the total excess energy
of the complex is distributed randomly, then only ~1-2 kcal
can be expected in the reaction coordinate if more than 10
vibrational degrees of freedom share the energy. Consequently,
a barrier of height 5 to 10 kcal could channel much more energy
than the statistical amount into product translation. For
different reactions with comparable exoergicities, one thus
expects that the higher the exit channel barrier, the "colder"
the products.

Angular momentum conservation plays an important role in
many of these unimolecular decompositions, particularly at
higher collision energies. 1In the case of decompositions
involving emission of a hydrogen atom from the collision
complex, the light atom cannot remove significant orbital
angular momentum and consequently initial orbital angular
momentum become product rotational excitation. Consequently
angular momentum conservation does not place kinetic energy
restrictions on the product energy partitioning and one expects
this kinematic freedom to hold at higher collision energies.

In the case of heavy particle emission, however, the con-
servation laws can play a very important role. Earlier in

this section we have discussed the conversion of exit channel
potential energy into translation; one should also note,
however, that when this energy is released along a line which
does not pass through the center of mass of the collision
complex, substantial product rotational excitation can occur,
particularly if the moments of inertia are large. Under these
circumstances product orbital angular momentum might be sub-
stantially decreased thereby removing restrictions on the
recoil energy distribution. Conversely, if significant orbital
angular momentum is carried away by the products, reduced masses
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and interaction potential ranges might require that a large
fraction of the rotational energy of the complex be carried
away as product translation such that recoil velocities
might be larger than one initially expects from simple
statistical factors. In particular, the "hot atom preparative
conditions" discussed by Bunker (50) regarding unimolecular
decomposition of species formed from translationally "hot"
reactants may play a very important role in decomposition
lifetimes and recoil energy distributions. If an activated
molecule is formed from high angular momentum reactants, its
decomposition may be significantly governed by conservation
laws; especially when the total angular momentum is placed
into final orbital angular momentum, we expect translationally
"hot" products to be formed. This situation should be parti-
cularly marked in cases where a slight activation energy for
the reaction causes the total cross section to increase with
collision energy. Under such circumstances, the initial
orbital angular momentum increases dramatically with energy
and its conversion into product orbital angular momentum
requires the mean velocity with which the products retreat
from one another to increase dramatically. The net effect

of the conservation laws then is to force the average fraction
of the total energy in translation to increase with collision
energy, in opposition to the usual statistical result. This
point is shown more clearly in the F + CH3I reaction discussed
in the section immediately following.

III. Other Examples.

A. F + CH3T » IF + CH3. This chemical reaction provides
us with an eéxampleé ol an abstraction reaction from an aliphatic
compound; three channels are open in this system as indicated
here:

F + CH3I -+ IF + CH3 AH = -11 kcal
- HF + CHZI AH = -35 kcal
> CH3F +1I AH = =53 kcal

The last reaction, while highly exoergic, has been found
by Tal'rose (51) to be of negligible importance in this system;
the second reaction is known to produce vibrationally excited
HF yielding laser action, but we have not studied this channel.
Tal'rose has also studied the reaction to produce IF using mass
spectrometric probing of fluorine flames and has measured a
rate constant k = 2 x 10~ em3 sec™l.

We have studied the IF production reaction (37) at two
collision energies, 2.6 and 14.1 kcal mole~l produced by Ar and
He seeded F atom beams; the laboratory angular distribution for
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IF at the lower collision energy in Figure 10 shows some
symmetry about the centroid, suggesting that the reaction
proceeds through a long-lived complex. The time of flight
data in conjunction with the laboratory angular distribution
data indeed confirm that the c.m. angular distribution is
symmetric about 8 = /2 as expected from decomposition of a
complex which lives many rotational periods. The angular
distribution in the center of mass system is of the form

(1 +a cosze), symmetric about T/2 but anisotropic, thereby
providing information about angular momentum partitioning in
the decomposition of the complex. In particular, the strong
forward-backward peaking at this collision energy indicates
that the complex is quiteprolate, which is not surprising
since CH3I is a highly prolate (cigar—shaped) symmetric top,
and that the complex rotational angular momentum becomes
product orbital angular momentum. This situation occurs, as
pointed out by Miller, Safron, and Herschbach (52), because
the creation of products with low rotational excitation in
conjunction with the azimuthal symmetry of L' about {' causes
the product V' vectors to map out a sphere and the intensity
of products "piles up" at the poles. This situation is
relatively common in alkali atom-alkali halide exchange reactions
in which long range forces created by dipole-polarizable atom
interactions make L and L' large; the F + CH3I case, however,
is unique in that the forces are relatively short range. The
disposal of angular momentum in this case is governed by the
highly prolate nature of CH3IF.

The recoil distribution for this system is rather inter-
esting; we find that the products are formed with ~30% of the
total energy in translation. This result is quite close to
statistical predictions and, in fact, the phase space volume
associated with the high frequency H-atom motions in the CHjy
fragment is so small that the experimental data do not allow
one to conclude the extent to which vibrational energy is shared
among the modes of the collision complex.

At higher collision energy the angular distribution in
Figure 11 shows quite dramatically the forward-backward peaking
mentioned previously. Now, however, the peaks are not of equal
intensity in the c.m. system; this result would be expected if
the collision complex lived only a fraction of a rotational
period. One can convolute the random lifetime distribution
expected for the decomposition with the classical angular
momentum form factors to relate the ratio of the forward-backward
intensities to the rotational period of the complex. This
"osculating" model (53) predicts that a forward-backward ratio
of ~1.5 corresponds to a complex lifetime of half a rotational
period. Based on estimates of the total reaction cross section,
we can compute the maximum orbital angular momentum quantum
number leading to reaction and compute a rotational period of
8 x 10712 sec. A comparison of this lifetime with RRKM theory
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indicates that the '"observed" value lies between predictions
based upon full activation of the CH3 vibrations and activation
of the v, mode only. However, this variation is less than an
order of magnitude and one must thus conclude that this system
does not allow us to make a sufficiently sensitive test of the
energy randomization hypothesis in RRKM theory.

Phase space calculations of the product recoil energy
distributions are shown in Figure 12 and yield much the same
conclusion regarding the role of high frequency vibrations in
determining these quantities. At the higher energy, however, one
does observe the effect of orbital angular momentum in that the
conservation law places a higher fraction of the total energy
in translation than at 2.6 kcal; examination of our data
indicates that the reactive cross section increases with
energy and places more energy in translation, with ~55% of
the total energy in translation. Contour maps in the c.m.
system for IF production are shown in Figure 13.

The observation that the CH4IF "molecule" must be stable
with respect to the reactants F + CH3I is somewhat surprising
initially. That the complex lives several rotational periods
at a collision energy of 2.6 kcal mole™ tells us that it is
bound by at least 20 kcal mole™l. 1In a separate experiment (54),
we have observed the production of CH4IF in the endoergic
bimolecular reaction F; + CH3I + F + CH3IF. The energetics
of this process and the corresponding reaction of atomic
fluorine are shown in Figure 14. The energy scale which locates
the stability of CH3IF with respect to both reactions has been
determined by integrating the differential cross section for
CH3IF production as a function of initial kinetic energy. Such
measurements indicate that the threshold for CH3IF formation is
~11 kcal, thus suggesting that the radical is stable with
respect to F + CH3I by at least 25 kcal. Knowledge of the
"well depth" of a "sticky'" collision of this kind is generally
unavailable and this technique of endoergic bimolecular synthesis
appears to be of generality. In the final section of this paper,
we discuss further development of this method for observing
hitherto unknown free radical species.

B. A New Synthetic Method for Fluorine - Containing
Radicals. The CH3IF radical produced in the endoergic reaction
of Fo + CH3I is only one example of transient species produced
in reactions of F) with other molecules. More recent work on
similar systems involving trihalogens IIF and Cl1IF and the
pseudo-trihalogen HIF has been performed (55,56), yielding
information on the endoergic reactions

F2 + 12 > IIF + F

F2 + IC1 - C1IF + F
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F2+HI -+ HIF + F.

The IIF radical is of some importance in understanding
the macroscopic reaction mechanism in the Fyp + I, system,
particularly in view of predicted stabilities of trihalogen
molecules from molecular orbital calculations (54), termole-
cular recombination work (58) and matrix isolation (59).

One must realize that the reaction

F, + XI > XIF + F (X = H, C1, I)
can only yield observable XIF product if the decomposition of
XIF into IF and X is endoergic. By measuring thresholds for
the above reactions for X = H, Cl, I, we find values of 11,
6, and 4 kcal respectively and, further, the predominant products
formed are XIF and F. The dissociation of XIF into IF + X at
higher collision energies becomes important first for Fp + Iy
at 7 kcal, and then for Fy + ICl; the dissociation of HIF is
an inaccessible channel for the collision energy range of these
experiments.

In_the Fy + ICl sgstem, no product mass peaks at m/e
56 (C137F) or m/e (C13°F) were observed and no m/e 20 (HF)
peak was observed for the Fy + HI reaction. These mass spectral
results indicate that the trihalogen and pseudo-trihalogen
species formed involve bonding schemes such as ClIF and HIF with
the more electropositive atom in the center of the molecule as
predicted by Walsh's rules (60,61).

Figure 15 shows a contour map for the Fyp + IC1 system which
is typical of all the data. Very forward peaked angular distri-
butions for the products suggest that abstraction of an F atom
from F, by XI proceeds through a somewhat bent geometry, i.e.,
F-F~-I or F-I-X angle less than 180° in the system F-F-I-X.

Aside fromthe unique chemical identity of these trihalogens,
the stability of the I)F molecule is of importance in elucidating
some features of the kinetics of the Fp/I system (62). First
of all, it is important to note that the gas phase generation
of F atoms in F9 and I, mixtures only requires 4 kcal of relative
kinetic energy between F9 and I through the Fy + Ip = I9F + F
reaction. A recent study of this system indicates that electron-
ically excited IF is formed as evidenced by chemiluminescence
observations. The four center exchange reaction Fyp + Iy » 2IF
is exoergic by 60 kcal, more than enough to produce electronically
excited IF, but our crossed molecular beam experiments have shown
that at low energies collisions between Fy + I produce I»F + F
or IF + I + F, but not 2IF. If IoF were not stable, only the
F+ Ipand I+ Fy reactions would be exoergic and then only by
30 kcal, too little to account for the chemiluminescence.
However, the reaction F + IoF + 2IF is exoergic by 64 kcal and,
in view of the beam measurements of IF stability and the ease
of production, could account for the observed chemiluminescence
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in Fy and I, mixtures.
Abstract

A summary of work in fluorine chemistry as determined from
crossed molecular beam studies of reaction dynamics is presented.
Special emphasis is given to studies of unimolecular decay of
long-lived complexes formed from bimolecular association of
fluorine atoms with unsaturated hydrocarbons. The experimental
results are discussed in terms of statistical models for energy
randomization in the complex as well as the role of the exit
channel potential energy barrier in determining the product
translational energy distribution.

Experimental results on recent studies of reactions of Fjp
with a variety of species are also presented, with special
attention to the utility of the method of endoergic bimolecular
reactions in "synthesizing" unstable radicals such as trihalogens
gnd pseudotrihalogens. Results are presented for Fy + Ip +
I,F + F, Fp + HI »~ HIF + F, Fp + CH3I - CH3IF, and Fp + ICl
FIC1l + F.
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Molecular Beam Studies with F' Tons

WALTER S. KOSKI
Department of Chemistry, The Johns Hopkins University, Baltimore, MD 21218

There have been very few beam studies of reactions involving
F" dions. In recent years, however, there has been an increasing
number of publications of detailed studies gf 3 atom-ion-
molecule reactions of the type A° + BC ~ AB + C involving
hydrogen molecules and+e1ements of the second row of the
Periodic Table. The F 1ion has been included in some of these
studies. The main objectives of such studies has been to shed
1ight on the details of the collision process and on the
distribution of energy in the ionic product. The reactions are
frequently classified as direct or proceeding through persistent
comp]g¥2formation. The rotational period of the system
(~ 10 sec) offers a convenient kinematic clock. The symmetry
of the velocity distribution of the ionic product in the center
of mass coordinate system can be determined from the measured
angular and energy distribution of the product ions. If the
projectile ion interacts with the target molecule for a time
longer than the rotational period of the system the velocity
distribution is symmetrical about a 1ine passing through the
center of mass and perpendicular to the projectile ion direction.
Such a distribution suggests that the reaction is proceeding
through a persistent complex formation. On the other hand if
the distribution is forward of Bhe center of mass and consequently
asymmetric relative to the £ 90~ direction the projectile and
target molecule have an interaction time less than the
rotational period of the system then reaction is classified as
direct. Obviously, other criteria can be used for direct and
complex formation mechanisms. However, the above is a
convenient experimental approach.

In beam experiments the amount of available energy that
has gone into internal energy of the ionic product is simply
determined from the difference of the kinetic energy of the
products and reactants. The distribution of internal energy
between the rotational and vibrational degrees of freedom of the
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jonic molecular product is not easy to determine due to
Timitations of instrumental resolution. However, the current
state of the art permits a surmounting of this obstacle so that
in the near future one can expect to be able to see vibrational
structure in the energy spectra of the ionic products. At
present one can infer the information from Tine widths in the
energy spectra or from optical emission in those cases where
such emission can be observed.

In this presentation we will report on the+tota1 reactive
cross section measurements of the reaction of F with molecular
hydrogen and its isotopic variants, on some charge transfer
processes and on the angular,and energy variation of the FD
products from the reaction F (D,,D)FD . Somg prel iminary cross
section measurements for some réactions of F' with CH4 will also
be mentioned.

+

Experimental

The cross section measurements were made with an apparatus
described previously (1). The instrument consists of a primary
mass spectrometer (PMS) in tandem with a secondary mass
spectrometer (SMS). The PMS is a 1 cm radius of curvatyre
2500 G permanent magnet mass analyzer. The SMS is a 60" magnetic
sector instrument with an 8 in. radius of curvature. The
detection of product ions was made by counting ions with a 17
stage electron multiplier. The gas pressure in the reaction cell
was measured with an MKS Baratron differential pressure gauge.
For reactions proceeding by direct mechanisms the instrument was
calibrated with the reaction Ar (Dz,D)ArD (2).

The spectrometer used for reactive scattering measurements
has also been described elsewhere (3). Briefly, the instrument
consists of two quadrupgle mass filfers and two hemispherical
analyzers in tandem. F  jons were formed by electron bombardment
of CF, in a source chamber. The ions were then extracted and
focuséed into the primary quadrupole mass filter. The ion beam
is then decelerated into the first electrostatic analyzer. From
the analyzer, the ions are accelerated and focussed into the
reaction cell which contains the target gas. The cell consists
of two concentric cylinders, with the inner 8y1inder being
capable of rotation through an angle of * 45 . The reaction cell
is the center of the axis for the angular movement of the
detecting system. The detection system moves in a planar
direction, pivoting the inner cylinder as the system is moved by
a mechanical feed through. The ions leaving the reaction cell
are_energy and mass analyzed in the detecting system by another
180~ electrostatic analyzer and by the secondary quadrupole mass
filter respectively. After this the ions proceed to the
electron multiplier where they are counted., Pulse counting
techniques are used to collect and store the data gathered from
the angular and energy distributions for both the reactant and
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product ions.

Results and Discussion

Electronic State of Projectile Ion.

The F+ ions were produced by electron bombardment of CF,.
In general, under such conditions one expects the resulting
beam to be composed of ions in more than one electronic state (4).

In order to determine the beam composition the attenuation
of the beam was studied in a suitable gas. If a single
electronic state is present the beam attenuation can be
represented by a simple exponential expression I = I exp(-nol),
where I is the beam intensity when the number densit9 is n and
I_is the corresponding intensity when n = 0, o is the total
cPoss section for all processes leading to attenuation, and 1
is the reaction path Tength. A semilogarithmic plot of I/I_ vs,
pressure gives a straight Tine. If two states are present he
attenuation is given by the sum of two exponentials I = I exp
(=no 1) + 1 (1-f)exp(-n021), where f is the fractional
abun&ance of the excited“state. A semilogarithmic plot now gives
a curved Tine which can be resolved into its two simple
exponential components and the abundances of the two states can
be determined. Figure 1(a) gives typical results obtained for
electron bombardment of CF, with electrons of various energies.
It is clear that the fractQOna1 abundance of the upper state can
be varied by varying the electron energy. However, in Towering
the electron energy there is a concomitant decrease in the
yield of the F' djon, a situation which is frequently not
tolerable. In some instances (5) one of the states could be
eliminated by simply raising the gas pressure in the primary ion
source. This approach was not succe§sfu1 here presumably
becaus? the ground state of F' is a “P and the first excited
state 'D and to deactivate the excited state to the ground state
would involve a singlet triplet transition which is forbidden.
In such instances (6) the addition of a paramagnetic impurity
accomplished the desired result. In Fig. T(b) one has the
attenuation results when 30% NO was added to the CF,. To within
experimental error the slope is a straight Tine ind4cating the
presence of only one electronic state.

By studying the variation in abundance of the excited state
with electron energy and then plotting the abundance vs
?1ectron energy one can identify the excited state of F as the

D state from the appearance potential. The electron energy

scale was calibrated using neon.

Charge Transfer Reaction F+(Ne,F)Ne+.

Probably the simplest reaction of a gaseous positive ion is
charge transfer. Fig. 2 gives the cross section measurement of
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Figure 1. Upper figure: attenuation curves for F* produced
from CF, by electron bombardment. Neon was the attenuating
gas. The ion source pressure was 20 u and the F* ion energy
was 15 eV. The electron energy was 100 eV (©), 80 eV ([J),
60 eV (A), and 50 eV (/). E represents the attenuation of ions
in the excited state. Lower figure: atenuation of F* in neon
when the F* ions are produced by electron bombardment of a
70%-30% CF,~NO mixture. All other parameters were the

same as for the upper figure.
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the charge transfer reaction between Fr and Ne (7). The curve
in Figure 2 represented by the circles was obtained by measuring
the charge transfer reaction with F produced by electron
bombardment of a CF, + NO mixture which judging ;rom the,
attenuation curves 6ives only the ground state (“P) of F'. This
charge transfer cross section curve supports the fact that the

F" ion is in the ground state since the use of the ground state
reactant ion would be expected on the basis of thermodynamic

data to give a reaction threshold of 8.4 eV which agrees with

the experimental observation. The cyrve in Fig. 2 represented

by the triangles was obtained with F obtained from 70 e
$1ectron bombardment of CF,. In this case a mixture of “P and

D states exists but the béam composition is given by the
corresponding attenuation data. By subtracting the contribution
of the ground state and norma]izing gne obtains+the cross

section behavior of the reaction F ('D)(Ne,F)Ne . The
appearance potentia1 measurements referred to above showed that
this state was the 'D state of F and the charge exchange results
are consistent with this. Both of the charge exchange reactions
are expected to be endothermic. The cross section curves
consequently go through a br?ad maximum as a function of energy;
however, the excited state ('D) reaction is the one which has a
smaller energy defect and its maximum occurs in a lower energy
region as expected.

Reaction of the F' With Molecular Hydrogen.

The next simplest reaction of F* is the reaction with
molecular hydrogen and its stable isotopic variants. A typical
result is givgn3in Fig. 3 Yhere the cross sections of the
reaction of F (7P) and F ('D) are plotted vs. center of mass
kinetic energy assuming that the reaction is proceeding by a
direct mechanism involving one atom of the diatomic molecule.
The measurements indicate that the cross sections corresponding
to the two states are about the same at the higher energies
but diverge measurably at the lower energies. The fact that a
divergence between the two states is to be expected is borne out
by statistical phase space calculations the results of which are
illustrated by the dashed 1ines in the figure. The calculated
cross sections are too high but the shapes of the curves are
consistent with experimental observations as is the fact that
the two cross sections diverge at lower energies. The following
considerations illustrate the factors that contribute to this
behavior. Use of Shuler's (8) adiabatic correlation rules
indicates that the following reactions are permitted in our
energy domain:

F+(3Pg) + 1,y > P (%n) + H(ng) MM = -2.78 eV (1)
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Figure 2. Charge exchange cross sections for the
reaction F*(Ne,F)Ne'. °P state, ©; °P + 'D states,D>;
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Figure 3. Cross sections for the reactions of F*(°P) + H, (®) and F*(°P) 4+ D, (V) and
F'(D) with H, (M) and D, (A). The dashed curves give the corresponding results as-
suming the phase space theory of ion—-molecule reactions.
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i

F+(3Pg) + H2(1z+) > (%) + H(ng) AH
Fr('og) + Hy('s") > B (%) + %) o
F*(‘Dg) + H2(1z+) > FHT (%) + H(ng) AH

+0.35 eV (2)

-5,37 eV (3)
-2.24 eV (4)

The gis§ociation energy (9) of FH+(2H) is 3.59 eV and of
FH (“z) 0.45 eV. The heats of reaction are obtained from known
thermochemical data (10). +1

For reactions involving the excited state F' ('D_) statistical
phase space thgogy predicts a higher cross section tHan for the
ground state F (°P_) reaction because of the Tower exothermicity
of the Tatter reacfion. From the conservation of energy we
can write down (11)

Ey = Ep + E(ng) + [N (Mg + DRZ1/2L, + Qs

where E, is the total energy, E. the relative energy of the final
productE, M. the rotational quaxtum number of the final diatomic
product, If the two body moment of inertia of the final product,
and Q.4 is the exothermicity of the reaction.

Furthermore, the requirement that the strong coupling complex
be able to dissociate over the final state orbital angular
momentum barrier restricts Lf by

Le(Le + DRZ < quct/?n/3e12,

where L. is the orbital angular momentum quantum number.

So for the same diatomic products and the same total energy,
if Qf. is increased, the conservation of energy requires that Ef
will'tend to become smaller; and, hence, L. will be smaller and
the orbital angular momentum barrier will ge Tower and the cross
section correspondingly higher. This is the situation at the
Tow energy.

As the translational energy increases, more energy goes into
internal energy and the factor En_. increases so increasing in
does not cause as much Towering o? E. as in the Tower energy
case. Therefore, this fact9r+as we1f as the probability that the
dissociation energy of the “z” product will be exceeded Teading
to dissociation tends to make the two cross sections converge
as the projectile kinetic energy increases.

Finally, as far as cross section measurements are concerned,
mention should be made of the isotope effect in the reaction of F
with molecular hydrogen (7). Typical results are sum@arized
in Fig. 4 where the cross section; as a function of F kinetic
egergies are given for FH and FD products for the reaction of
F' with HD. It is clear that at Tow +
energies (below 8 eV) the production of FD' is favored and above
this enerqy FH 1is favored. It will also be noted that the
isotope ratio becomes rather large at the higher energies. Yuan
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Figure 4. Cross sections of F* ion kinetic energy for the reaction F*(°P) + HD: FH(O)
and FD* (A).

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



230 FLUORINE-CONTAINING FREE RADICALS

and Micha (12) have used such isotope effects with considerable
success to elucidate,the co11i§ion dynamics of stripping
reactions iuch as A; (H,,H)ArH . Corresponding studies of the
reaction F (H,,H)FH arg in progress.

The 1attér reaction is an Tnteresting {on-molecule reaction
from a mechanistic point of view since the H,F ion has been
observed (lFl as a stable ion arising from tﬁg reaction
HF (HF,H)H,F' . The existence of the ion, H,F , shows that there
is a deep potential well for the F' - H, syStem; hence, the
interesting possibility of a persistent“complex formation exists.
However, without detailed knowledge of the potential energy
surfaces it is not clear whether this potential well is
available to the reacting system or if the system can exist in
such a well for a time Tonger than the rotational period. In
order to get answers to such questiops Wendell et al. (14) have
studied the reactive scattering of F in D,.

Dynamics of the Reaction F+(DZ,D)FD+.

In this study the energy and angular distributions of the
ionic produgt, FD , were measured as a function of the kinetic
energy of F . This Taboratory data was then reduced to a center
of mass coordinate system and is presented in Fig. 5 as a
contour map of the FD' jon velocity distribution in Cartesian
coordinates in the center of mass system for several
barycentric energies. If a persistent complex is formed and
Tives for a number of rotational periods then the distribution
would be expected to be symmetrical about a Tline passing
through the center of mass and perpendicular to the beam
direction. It is clear that for all three cases the peak of
the velocity distribution is forward of the center of mass. In
the case of the Towest energy (0.21 eV) there is a high degree
of symmetry to the distribution but the peak is slightly forward
of the center of mass. This indicates that there is a strong
interaction between all three particles involved in,the collision.
This interaction does not last much more than ~ 10 sec. As
the F' kinetic energy increases the center of the distribution
occurs progressively further from the center of mass and the
reaction is proceeding by a direct process which is
approximated by a stripping+mechanism. In this model of the
reaction mechanism as the F approaches, the D, is strongly
polarized and as the distance further decreaseg there i§ an
electron jump to the F° followed by reaction to form FD"(12).
The process proceeds in such a manner that the neutral D atom
experiences very Tittle momentum change and hence acts as a
"spectator.”

Another type of information that can be obtained from these
measurements is Q the translational exoergicity (which is the
difference between the translational energy of the products and
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Figure 5. FD* ion velocity distributions shown in Cartesian coor-
dinates in the center of mass system for barycentric energies (a)
0.21 eV, (b) 0.39 €V, and (c) 0.91 eV. (), system’s velocity of the
center of mass; (X), most probable velocity of the ideal spectator
stripping product at 0°. (@), most probable values of Q — —0.20,
—0.26, —0.55 for (a), (b) and (c) repsectwely (©), the spectator
stripping values of Q = —0.12, —0.21, —0.50 for (a), (b), and (c),
respectively. The single contour lznes to the right of each product
distribution correspond to the 50% intensity profile of the primary
ion beam.
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reactants). From the definition of Q and the application of

the principles of conservation of energy and momentum one can
relate Q to the masses and the kinetic energies of the projectile
(E;) and product ions (E,). For the case where the product ions
are proceeding in the prgjgct11e iop beam direction the
expression for Q for the F (D2,D)FD reaction is

my + 2m m](m] +m) - 2m2

m E3 * (m] + 2m)m E]

Q +

m](m] + m) E]E3]1/2
m

where m; is the projectile ion mass and m is the mass of the D
atom, aonservation of energy also permits the following
relation for Q

Tp* Ug = 8H = T+ U

Q UR - Up - AH

T and U represent the translational and internal energies of
the reactants (R) and products (P), respectively and AH is the
heat of reaction. The last expression indicates that Q reaches
a limiting value when the internal energy reaches the bond 2
dissgciation energy of FD', The dissociation energies of the "I
and “r states of FD have been accurately determined by
Berkowitz (9) as 3.46 eV and 0.46 eV respectively. Coupling
this information with AH as determined from known thermodynamic
data (10) one obtains a minimum value Ef Q of2-9.68 eV and
-0.81 eV for reactions to form FD' in “m and “z” electronic
states respective1¥. Fig. [ gives the translational exoergicity
for the reaction F (D,,D)FD  as a function of primary ion energy.
Q appears to reach a Timiting value corresponding to
approximatg]y 0.8 eV and one isztgmpted to conclude that the
product FD' is being formed,in “z  state. However, information
such as the width of the FD' Tine in the energy spectEum and
careful cross section measurements indicate that the "y state fis
not formed to a significant degree. This apparent conflict is
currently being investigated in the author's laboratory and the
preliminary indications are that the observed Towering of the
apparent value stems from the, presence of a dynamic rotational
barrier to dissociation of FD' which results from the rotational
excitation of the FD' ion product during the course of the
reaction.

There is another interesting feature to the plot in Fig. 6.
Q has been measured for a number of three atom systems and it
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Figure 6. Translational exoergicity for the reaction F'(D,, D)FD* as a
function of primary ion energy in the laboratory system. Arrows indicate
energies at which contour maps were made.
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approximately obeys the relation (15)

Q= Q0 - BT
where T is the projectile ion kinetic energy and Q0 is the value
of Q at T = 0. For an ideal stripping reaction Q_“= 0. For many
jon-molecule reactions involving hydrogen molecul8s Q_ has been
reported to have positive values of about 0.15 eV (16). It is
clear from Fig. 6 that Q remains negative down to energies
<0.7 eV in the Taboratory system and that its Timiting value
at T = 0 appears to be zero. This suggests that at low primary
ion energy, assuming that the reactants are in their ground 2
states, that the bulk of the heat of reaction to produce FD (
is converted into internal energy of the product ion and a
negligible amount is converted in product ion translational
energy. Since aH = -2.78 eV and the dissociation energy is
3.46 eV and the product ion Tine width is only 0.285 eV at a
projectile energy of 1.30 eV and width of 0.067 eV (FWHM) it
appears that AH is deposited+into a relatively few high lying
vibrational Tevels of the FD' ion and the vibrational
population in the product ion is highly inverted.

Reaction of F' with CH, -

)

As far as the author is aware there have been no reports of
F' ion beam studies with complex target mo]gcu]es with the
exception of some prg]iminary work on the F° + CH, reaction.

Using ground state F* Jones et al. (17) have made some

observations on the production of CH3+ and HF+ from these

02
. . +
reactions. The cross section for CH

formation was 0.39 A
at 2.5 eV and fell with increasing F gpergy and about 20 eV

the curve flattened off to about 0.09 A remaining flat to 60 eV
which was the highest energy studied. It is of interest to
compare this reaction to the corregaonding C* reaction where (18)

at 2.5 eV CH s formed with a 7 A cross section and it falls
with kinSEic energy and then flattens out at cross section of

about 3 A ., Both of these similar reactions probably proceed by
hydride ion abstraction at Tow energy and dissociative charge
transfer at the higher energies. The differences in the cross
sections and the position of tge plateau are probably due to the
greater exothermicity of the F' reaction. This results in a
greater internal energy deposition in the intermediate with
corresponding greater fragmentation into simpler products.

The reaction 1nvolving the formation of HF' is very similar
to the corresponding C* reaction. The F' reaction cross sectiong
is essentially constant from 9 eV to 60 eV at a value of 0.07 A.
The C reactiﬂg also gave approximately a constant cross section

up

$f aboyt 0.3 A, to 200 eV, _These reactiops verﬁ likely arise
rom dissociative charge transfer processes but other mechanisms
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are possible.
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Abstract

F" jon beam studies using simple atomic or molecujar
targets are sugmarized. The charge transfer between F' and Ne,
the reaction F' with molecu]ar hydrogen and its stable isotopic
variants, dynamics of the F (D,,D)FD" reaction and some reactions
of F' with methane as a functign of projectile ion kinetic energy
are covered and examined for the information that they give on
reaction mechanism and internal energy of the product ion.
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Energy Disposal in Reactions of Fluorine Atoms with
Polyatomic Hydride Molecules as Studied by Infrared

Chemiluminescence

DENIS BOGAN*
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Understanding reactive collisions at the microscopic level
is a long standing goal of chemical kinetics. The potential
energy is the cause of chemical change and is responsible for re-
arrangements of chemical bonds and for the energy states of the
product molecules. Through study of the energy disposal, i.e.,
the partitioning of energy to the various possible quantum
states of the products, properties of the potential energy sur-
face can be inferred. The principal experimental methods for
measuring energy disposal have been crossed molecular beams (1,2),
laser emission or probing (3,4), and infrared chemiluminescence,
The basis for infrared chemiluminescence experiments is the anal-
ysis of the infrared emission emanating from vibrationally ex-
cited molecules. The results and interpretations of infrared
chemiluminescence studies of the reactions of F atoms with poly-
atomic hydride molecules are reviewed and discussed herein.

The infrared chemiluminescence technique has been pioneered
by J. C. Polanyi (5-21). The University of Toronto group has
concentrated on three-body reactions and more recently on reac-
tions with vibrationally and translationally excited reagents
(14-21). At Kansas State University attention has been directed
to reactions of F atoms with polyatomic hydrides (22-33): a
large body of data has been obtained and information theory has
been used for interpretation (31,32). Other groups working in
the HF infrared chemiluminescence field are those of Jonathan
(40,41), (University of Southhampton), McDonald (34-39),(Uni-
versity of Illinois) and Y. K. Vasiljev (42), (Academy of
Sciences, USSR). Interesting work with CO infrared chemilumi-~
nescence has been done by Smith (43,44) and others (38,45).

*Postdoctoral fellow, Kansas State University, 1972-1974;
National Research Council Associate, 1974-1976; Staff Scientist
from 1976 at Naval Research Laboratory.

© 0-8412-0399-7/78/47-066-237$10.00/0

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



238 FLUORINE-CONTAINING FREE RADICALS

HF is particularly amenable to infrared chemiluminescence
studies for the following reasons:

a) it has the largest transition probabilities of any dia-
tomic molecule,

b) the large vibrational and rotational energy spacings
facilitate the assignment of vibrational and rotational distri-
butions,

c) the activation energies for F atom reactions are low (46),
0~2 kcal/mole; hence, the reactions are fast giving strong IR
emission,

d) fluorine atom reactions are highly exothermic and give
strongly non-Boltzmann HF product distributions.

There also are practical needs for understanding the dynamics of
reactions producing HF, since this knowledge may facilitate
selection of better fuels and optimization of operating condi-
tions for HF lasers.

McDonald and coworkers (34,36,37) have studied infrared
chemiluminescence from polyatomic product molecules formed by
addition-displacement reactions of the type

F + CH,=CHX ~ CH2=CHF + X (X =H, CH Cl, Br), (1)

2 3°
as well as reactions with benzene and substituted benzene mole-
cules. Valuable insight into the energy distribution in poly-
atomic product molecules from unimolecular reactions has been
obtained from this work (47).

Basics of the Infrared Chemiluminescence Technique

The experiments involve mixing fluorine atoms with a hydride
reagent with observation of the emission from the resulting HF
product.

F+HR - HFf_ + R (2)
vJ

Fluorine atoms usually are produced by a microwave discharge
through CF, or SFg. Figure 1 shows a schematic diagram of a
vessel with liquid nitrogen cooled inner walls that has been used
for "arrested relaxation" experiments. Such a vessel arrests
vibrational relaxation and partially arrests rotational relaxa-
tion. The maximum fraction of the surface should be cooled for
arrested relaxation studies with HF because collisions of HF$J
with warm surfaces result in some relaxation with subsequent re-
entry of those molecules into the cone of sight of observation.
Mirrors usually are placed inside the vessel to more efficiently
collect the infrared radiation.
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Infrared radiation is observed under steady state condi-
tions, and the following equations can be written for each vibra-
tional (as shown) or rotational level (6).

d[HF])
0 = —gr— = ky[RHI[F] + ZApr Nyt + Zky yroylyt = Zhyoymlly
v v v
- EkZ,V‘V"NV - kpNV (3)
v
Ny = [HFi] = concentration of HF in state v

ky[RH][F] = rate of formation of HFi from the chemical
reaction

Ay'_yNy' = radiative rate into state v from v'
kz,v'-yNy' = collisional rate into state v from v'
Ay-y"N,, = radiative rate out of v into v"
kz,v-v"N, = collisional rate out of v into v"

kpNV = rate of removal by pumping of HF$

The steady state expression for [HFi] is

ky[RH][RF] + ZAy1_yNy' + Tky 4 'oyNy!
v' v
Kp + TAy—y" + Ik, y oyt
v v

[HE]] = (4)

If the rate of removal by pumping is significantly greater than
any of the radiative or collisional terms then the steady state
becomes

ky[RH] [F]

[HFf] = ————— . (5)
v kp

With proper design of the reaction vessel and with adjustment of
flow rates, it is possible in practice to cause ky[RH][F] and k
to dominate the steady state expression (eq. 5). Since [HF]] a
I,, the measured emission intensity from level v, then ky a I,
for such experimental conditions. A similar analysis can be
derived for the rotational populations of a given v level. Unfor-
tunately, some rotational relaxation is always present, even in
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the best experiments. For the arrested relaxation apparatus,
with molecules other tham Hy, CH, or SiH,, the principal pumping,
under typical conditions, is cryopumping by the liquid nitrogen
cooled walls.

Since the HF' emission intensity is weak under arrested re-
laxation conditions, good light collection optics and a low
f/number spectrometer must be used. For work at Kansas State
University, the apparatus consisted of a Welsh cell light collec-
tion system (48,49) within the cold wall vessel, a 0.25 meter
f/4.3 grating monochromator, HR-8 lock-in amplifier and cooled
(77°K) PbS photo-conductive detector. The alignment procedure
for the Welsh cell has been described (29). In our work the
optimization of alignment was done using a flame simulator con-~
structed of nichrome wire wrapped on a glass cane framework and
placed in the reagent mixing region. The absorption due to at-
mospheric water was minimized by enclosing the fore-optics and
spectrometer in a plexiglass box which was continuously swept
with pneumatically dried air.

Some work also has been done using the "measured relaxation"
technique (lghgéﬁég’él) which can give initial vibrational dis-
tributions and relative total rate constants for different RH
molecules. This technique usually involves a flowing afterglow
apparatus with bulk flow velocity in the 100 m sec 1 regime
(33,40,41). 1In these experiments the reactants are mixed at
various distances, which can be converted to times, upstream of
an observation window. The observed rotational populations are
relaxed to a Boltzmann distribution; however, the vibrational
relaxation can be followed as a function of time and can be ex-
trapolated to obtain the initial populations at zero time.

The HFT intensity from a given v',J' level is given by (51).

rog voge
IX":J" = [HF;’;lJ']AX":J"; (6)

A = Einstein coefficient for spontaneous emission, the primed and
double primed quantum numbers refer to the upper and lower states
of the radiative transition, respectively. The photon flux (in-
tensity) associated with each rotational level is obtained from
the observed intensity after correction for the variation of the
spectral slit function and the overall spectrometer response with
wavelength. The spectral slit function is often given by the
spectrometer manufacturer and can be determined experimentally
(along with wavelength calibration) by scanning mercury lines in
higher orders. The spectral slit function is triangular, i.e.,

a discrete line is observed as a triangle with width at half-
height of S.¢f, which is the effective spectral slit width. The
spectrometer response function is determined from a calibrated
black body source; for an ideal black body the energy

incident upon an aperture of 2w
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steradians is (52):

23 dw

Rodw = 2mhe’ v —————— (7)
[exp (35 -1
and the photon radiancy is
RS - jii - 2ncw2dw . (8)
B exp By -1]

h = Planck's constant, ¢ = speed of light and w = frequency in
em™. Since determination of relative populations is equivalent
to relative number of photons, N is used. For a spectrometer
with a triangular slit function a continuous source, such as a
black body, gives a signal at a fixed w, that is proportiomal to
the square of the slit width. For a line spectrum, such as a vi-
bration-rotation spectrum, the intensity at a fixed w has a first
power dependence on the slit width. The above experimental obser~
vations can be understood from a detailed analysis of the effects
of spectral slit width on radiation of line and continuum charac-
teristics (52). If the spectral slit width of the instrument
changes with w, these considerations must be included in acquir-
ing the response curve.

The Einstein coefficients, A, of equation 6 were calculated
from (9).

v',J'" _ 64ﬂ4w v',J' 2
A l n Jnl

A L YN AR5 D] =l ©

L &

AN s s . i1
Mv":J" is the electric dipole matrix element for the vibration-
rotation transition and can be separated into two terms;

2
2 v »J'
l " Jnl lI\,n[ vt " (10)
’
]

where Rzn = < v'|p|v" > is the vibrational transition matrix
element, |m| = J" + 1 for R branch (AJ = ~1) transitions and J"
for P branch (AJ = +1) transitions, Fvuﬁin = the vibration-rota-

tion interaction factor. , We used the tabulated Yalues of Herbelin
and Emmanuel (53) for Rx"’ and calculated the Fvn values from
Herman, Rothery and Rubin (54). For room temperature experiments
with Boltzmann rotational populations, the simple two term Fvn’gn
expression of Herman and Wallis is adequate (55). The Herman and
Wallis expression begins to deviate from the Herman, Rothery and
Rubin expression at J ¥ 12 and the difference becomes increas-
ingly serious with increasing J. Because of the w3 dependence of
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A, accurate line positions are important and were calculated
from the Dunham expression (56). Appendix I contains a summary
of the Einstein coefficients and line positions for the av=l and
Av=2 HF transitions originating from levels up to v'=5, J'=18.
For the analysis of low resolution HF spectra, the above
information is used to obtain HF¢J relative populations via
iterative computer simulation of the observed spectrum. The
computer program accepts estimated vibrational-rotational distri-
butions, and then

i) applies the A coefficients to obtain line strengths,

ii) performs the convolution of spectral slit and spectro-
meter response functions,

iii) computes the resultant spectrum as a sum of individual,
triangular peaks, and

iv) plots the spectrum.

The computed spectrum is compared to the observed spectrum and
adjustments in the relative populations are made, and this proc-
ess is repeated until a satisfactory fit is obtained. Many
vibrational-rotational bands are overlapped, and the use of the
effective spectral slit width in the calculation leads to a fit-
ting of peak areas. The final set of HF relative populations is
the result of fitting fundamental and first overtone spectra and
averaging of several spectra. A least squares criterion, on peak
height, was used to determine when the iterative simulation proc-
ess had converged. An example of the agreement of experimental
and simulated spectra is shown as Figure 2, For higher resolu-
tion spectra in which the rotational lines are resolved, the sys-—
tematic conversion of the area of each rotational line (corrected
for spectrometer response) to relative populations is tedious but
straightforward.

Vibrational Energy Disposal

In order to specify the energy disposal the mean energy
available,

<E> = -AHS + E, + <E¢p>, (10

in a reactive collision is required; AH; is the standard enthalpy
change at 0°K, E_ is the activation energy and <Eip” is the mean
thermal energy of reactive collisions (57). The vibrational
energy in the polyatomic molecule is assumed to be unavailable for
disposal to HF*, thus <E¢p> = 5/2 RT for a diatomic or linear tri-
atomic reagent and 3 RT for a polyatomic reagent. The activation
energy was set at 1.0 kcal/mole for olefinic and aromatic C-H
bonds and 0.5 kcal/mole for other hydrocarbons and reactive
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reagent * microwave
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Figure 1. Schematic of an arrested relaxation re-

action vessel used at Kansas State University, taken

from (24). See (11) for a drawing of the reaction
vessel used by the Toronto group.
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Figure 2. HF emission spectrum from the F 4+ H,CO reaction showing the match
between the low resolution experimental spectrum from the monochromator and the
computer-simulated spectrum, taken from (32)
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hydrides. The values selected by Perry and Polanyi (20) were
used for H,, HD and D,. If available, standard bond energies
were used for D§98(R—H); these were corrected to Dg(R-H) by sub-
traction of 1.4 kcal/mole, Dg(H-F) = 135.4 kcal/mole (58).

This calculation of <E> assumes that reaction is from the
F(2P3/2) ground state, and that the F(ZPl/z) state, which is 1.15
kcal/mole higher in energy can be ignored. The observation (59)
of Br(ZPl/z) as a product channel from the F + HBr reaction sug-
gests that formation of the upper spin-orbit states can be impor-
tant. The Br(ZPl 2) state may be formed from the reaction of the
F(ZPl/z) state, but further work is required to prove this. Two
recent theoretical papers bear on this subject. Tully (73) pre-
dicted that 2Pl is only 0.14 as reactive as 2P3/2 at 300°K; and
this, combined with 300°K Boltzmann factor, predicts that only 2%
of reactive trajectories will originate from 2Pl 9+ Both Tully
(73) and Jaffe et al. (J4) predict facile crossgvers between the
two surfaces in the entrance valley at r > 2A. Uncertainties
in bond energies are as great as the l.lg_ﬁcal separation between
the F atom states and ascertaining the presence of F(ZPl/z) from
the highest observed HrT energy would be difficult.

A summary of the HF vibrational distributions, <E>, <fV(HF)>
and the highest observed HF energy from F + HR reactions is given
in Appendix II. The column labelled thermochemical available
energy was calculated from (11). The column labelled observed cut-
off is the energy of the highest observed HF vib-rotational state.
Data from different laboratories and from deuterated molecules are
included in order to facilitate quantitative comparison. No
attempt has been made to assess the quality of the data except to
omit work known to be suspect or to add comments as footnotes.

The v=0 populations, given for some entries, were obtained from
surprisal plots (62) or from rule-of-thumb estimate, as described
in the original publications.

In general, the HFT vibrational distributions have the form
of a bell shaped curve with a maximum at fy ~0.5; i.e., v=2 for
4100 kcal/mole R-H bonds and v=3 or 4 for weaker R-H bonds;
fy = Ey/<E>. In almost all cases, there is an absolute inversion
between the v=1 and v=2 levels. The <fy> values are remarkably
constant, ranging from 0.45-0.70 in virtually all cases. This
indicates that the polyatomic radicals, which have greatly vary-
ing numbers of internal states, have little effect on the HF
vibrational energy disposal; hence, little of the available
energy is partitioned to the radical products. The obvious infer-
ence is that the radical can be treated as a structureless par-—
ticle for vibrational energy disposal. However, on closer
inspection, subtle differences appear. For example, F + Hy and
F + CH, have similar <E>; but, the relative population of v=3 is
markedly lower for CH, and <fy> is consequently lower, 0.70 vs
0.60. The thermochemical energy and the observed energy cutoff
coincide for Hy; however, E(cutoff) falls “2 kcal/mole short of
E(thermo) for CH,. These two differences presumably indicate (24)
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that some energy is retained in the CHy group as it relaxes from
the tetrahedral geometry of methane to the planar geometry of
methyl. The effect is a conformational stabilization of CH
occurring late in the exit channel. Since the H atom is rapidly
transferred from the C to F, such an effect is maximized. For
some reagents, much larger effects arising from this feature have
been observed. The best examples are F + toluene (égmgl) and

F + propene (35). In these cases, the effects are much more pro-
nounced because of the much larger resonance stabilization energy
of the benzyl and allyl radicals.

Dynamical complications can obscure the simplicity of the
above interpretation. These include complex encounters, where the
separation of HF,; from R is slow enough to permit exchange of
vibrational energy between them and delayed secondary encounters
where HFT. collides with R following a direct reaction (63,64).
Complex and secondary encounters seem not too serious for vibra-
tional energy disposal for simple polyatomics, such as methane,
substituted methane, and formaldehyde; however, they appear to
become increasingly serious with increasing bulkiness of the poly-
atomic radical, for example in the series CH4 (slight), CH3CH3
(more serious), C(CHB)4 (severe) (31).

Models for Vibrational Energy Disposal

At this point it is appropriate to ask: what models exist
for understanding the dynamics of hydrogen abstraction by fluorine
atoms (or the similar case, Cl1 + HI (65)). The dominant feature
of the three-body dynamics is the rapid transfer of the H atom to
the attacking F (64), which results in simultaneous change in the
R, ., and coordinates and a high degree of mixed energy re-
lease giving a high fraction of HF vibrational energy. Since the
light H atom cannot transfer much momentum, the momenta of both
heavy atoms, one of which is now incorporated in the newly formed
HF, remain nearly the same as their values prior tg the H trans-
fer (66). After the transfer of the H to F the HF continues to
approach the donor atom; the subsequent scattering resembles hard
sphere elastic scattering (65)., During the scattering, consider-—
able interaction between the HF+ and the polyatomic fragment can
occur, To the extent that this model applies, the products will
have relatively small amounts of translational energy, for thermal
reactants, and the reaction exoergicity must be partitioned pri-
marily to vibration and, to a lesser extent, rotation of the pro-
duct HF. Some discretion must be exercised in applying this model
to F + polyatomic reactions because internal degrees of freedom
of R can take up energy; nevertheless, it is clear from the ob-
servation of similar <f_> and the inverted vibrational distribu-
tions that three-body behavior frequently dominates the energy
disposal of the F + polyatomic reactions. The F + HCl and HBr
reactions provide "standard" three-body systems of bond energies
of ~103 and 88 kcal/mole, respectively, for comparison to the
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polyatomic systems.

Product distributions can be obtained via classical trajec-
tory calculations on semi-empirical, potential energy surfaces
(63). ‘''Computer experiments" are performed on the surface using
selected distributions of reactant states. For comparison with
experimental data, the classical product energies are 'requan-
tized" by dividing the classical continuum of HF vibration-rota-
tion states into bins which correspond to the known v', or J'
energy states. Comparison of the calculated and experimental
energy distributions reveals the appropriateness of the trial
surface and adjustments can be made to develop a more correct
surface. Extensive trajectory calculations have been done for
F+H, (67-71), F + HC1 (17) and C1 + HI (65) which is similar
to F HC1l. A representative (not optimized) LEPS surface for
F + HC is shown in Figure 3. The results from such a surface
are in moderate accord with the vibrational energy disposal for
F + CH_X reactions. Although the surface is of the very repul-
sive type, a large fraction of the exoergicity is released as
E,, because of the mixed energy release characteristic of the
F-H-C mass combination. Trajectory calculations for F + HC1 (17)
are in good agreement ¥ith experimental vibrational and rotation-
al distributions of HF . For F + HCL and Cl1 + HI the trajectory
calculations and the experimental data show considerable inverse
correlation between E! and E' (vide infra).

Trajectory calchations provide detailed microscopic insight
for three-body reactions. However, such calculations for larger
systems are much more difficult, as well as costly. Another
approach is the use of information theory, particularly surprisal
analysis. These methods have been developed by Levine, Bernstein
and coworkers for three-body reactions (62,72,73) and we have ex-
tended the analysis in order to deal with polyatomic radical pro-
duct (31). Surprisal analysis is a quantitative framework for
comparison of an observed distribution to a reference (prior)
distribution. A natural and convenient reference is the statis~
tical phase space distribution (74). Accessible states are those
formed by trajectories which conserve energy and angular momentum.
The limitations to the product states allowed by angular momentum
is difficult to evaluate (75,76). Fortunately for fast reac-
tions, the large impact parameters contribute a large amount of
orbital angular momentum to the reactive collision and this per=-
mits the neglect of the angular momentum constraint in the com-
putation of the prior distribution (32).

The surprisal associated with the observation of a given vi-
brational level is (62)

I(fy) = -1n P(£)/P° (£ (12)
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where P° is the prior distribution and P is the observed distri-
bution. The surprisal is a local measure of the difference be-
tween the experimental and prior populations. The surprisal will
be zero if the experimental and prior populations are in exact
agreement. For an experiment with fixed available energy E,
P°(f_) is defined by
\ vk
P(E,) = o (v,E)/Z p(v,E) 13
v=0

The maximum accessible v is v* and p(v,E) is the density of pro-
duct states at energy E, with v quanta fixed in HF vibration.
The density of HF + R product states is (31)

E - E L (HF)

’
p(v,E) = £(23+1) [ o (E)py(E-E_ (HF) - E;) dE;- (14)
J E_=0
I

The rotational degeneracy of HF in state J is 2J + 1, p_(E.) is
the internal state density of R at energy E_ and p_(E ) is the
translational state density for E_ = E~-E J_é . Thé evaluation of
(14) can be done at several levels of co%ple%emess. We have

chosen 3 prior models, identified by the Roman numerals below
GD.

I. The three-body model, where R is treated as a structure-
less particle. 1In this model pI(EI) = 1.0 and EI = 0,

ITI. The three-body model extended to allow R to acquire ro-
tational but not vibrational energy.

III. A complete model allowing all internal degrees of free-
dom of R to acquire energy. For substituted methanes, it
was useful to employ a reduced model III, named III-R,
in which large molecules were treated as a six-body
system, CH3X, with X a structureless atom of appropriate
mass.

The evaluation of (l4) was done numerically for models III and
III-R (31l). For models I (62) and II (31l), integration over J
yields results which are in excellent agreement with exact summa-
tions and permits equation (14) to be reduced so as to give par-
ticularly simple expressions for the prior distributions.

. _ 32,V . \3/2
R3E) = @ - £ p_ @ - £ s)
3 V¥ 3
PII(fV) = (1 - fv) /§=O(l - fv) (16)
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In many cases, vibrational surprisals have been found to
be linear functions of fV (62). That is,

I(£) = A, + Ay (17)

Thus, the experimental distribution can be expressed in terms of
the parameters Ao’ AV and the prior distribution P°(fv)

P(fv) = P°(fv) exp [—(ko + kav)] (18)

The surprisal analysis has proven particularly useful in study-
ing trends within a similar series of reactions., Some conclu-
sions (31) are:

i) The surprisal plots tend to be linear for all three
prior distributions unless dynamical restrictions are
present. Then surprisal plots for I and II become non-
linear. Extrapolation of the surprisal plots to £ = 0
facilitates assignment of the relative v=0 population.

ii) The vibrational energy disposal for the CH.X(X = F, C1,
Br, 1) series are all characterized by the same A_.
This is illustrated in Figure 4 (note the comment in
the figure caption concerning new results).
iii) The CH4, SiH4, GeH4 series show the same AV as the CH3X

series,
iv) The pairwise members of the series (CH, - HCl), (SiH, -
HBr), GeH, - HI) have very similar vibrational energy

disposal as measured by <f_ > and A, using model I as the
prior. The bond energy of each pair is similar.

These conclusions show that three-body behavior dominates the vi-
brational energy disposal of the CH_ X systems, as well as SiH4
and GeH,. The —AV values found for“the above reactions are:
model I, (4.7 + 0.7); model II (10 + 1) and model III (15 + 1).
Thus, with the aid of surprisal analysis, the product vibrational
distributions for all of the above systems can be compactly ex-—
pressed, within the experimental error, by the parameters X and
A,. The fact that the same vibrational disequilibrium is ob-
tained in the above cases confirms, via information theory, that
all reactions follow similar dynamics.

The population of the highest accessible level, v*, is very
sensitive to sglight variations in <E>; i.e., a small decrease in
<E> because of an increase in DJ(R~H) markedly lowers P°(v*).
Surprisal plots (with all models) confirm this sensitivity, in
that reduction of the energy causes the I(f *)point to rise above
the line formed by the I(fy) points, v<v¥* Cﬁ;). The model I sur-
prisal from the ¥ + toluene reactiun, using the full thermochemi-
cal energy, showed a very serious deviation of this sort. Since
the benzyl radical is resonance stabilized, we reasoned that F +
toluene might obey the three-body model if the available energy
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Figure 4. Vibrational surprisal plots for models I, 11, and II1
for F 4 CH,X reactions, taken from (31). Recent work suggests
that the v — 3/v — 2 and v = 2/v — 1 ratios may be somewhat
higher than those used in making this plot. The general conclu-
sions (31) based upon the surprisal analyses would be un-
changed; but the —\y values may be increased slightly.
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was reduced by the resonance stabilization energy in calculating
P°(fv). This energy adjustment did linearize the model I plot
giving A, = -4.5 in excellent agreement with plots for CH.|X,
SiH, and GeH,. (31) Other reactions yielding large radicals
that have stabilization energies show a similar effect. (31,32)
The reactions F + ethane, neopentane, and other large hydro-
carbon molecules do not give satisfactory model I surprisal plots
even with adjustment of energy (31). This has been interpreted
as evidence for the role of complex and delayed encounters, which
are expected to be important when R is a bulky group. A further
difficulty, which surprisal analysis can help to reveal, is the
existence of more than one reaction channel. The rather flat
vibrational distribution from F + CH,CN has been attributed (31,
44,45) to the existence of an additidn - elimination channel as
well as direct abstraction. Although formaldehyde could undergo
an analogous three-centered elimination process, the surprisal
analysis suggests that it does not (32).

Rotational Energy Disposal

Rotational relaxation of HF is only partially stopped even
in the best "arrested relaxation" experiments. In order to esti-
mate the initial rotational distributions, some correction for
relaxation is necessary. There is experimental (77,78,32) and
theoretical (79) support for collisional deactivation transition
probabilities of the form,

P., = Ag. exp [~-(E.-E,)/RT]. (19
15 = A8y exp [~(E,~E,)/RT] )
The probability of deactivation from level i to level j in a
single collision is P, g. is the rotational degeneracy of level

j. Detailed balanc1ng3was used to obtain the upward transition
probabilities. In order to simulate experimental results, the
master equation for relaxation is solved starting with an esti-
mated initial distribution, transition probabilities from eq. 19
and a specified average number of deactivating collisions. Iter-
ative simulation of the observed steady state distribution per-
mits an estimation of the initial distribution. Because of the
exponential dependence of the deactivation probability on the
energy separation between states, the relaxation for J > 10 is
inefficient. In our experience, reactions producing apprec1able
populations in the J > 10 levels show steady-state rotational
distributions having a high J component, which is the residual of
the initial distribution, a minimum at intermediate J, and a low
J component having a 200-300°K Boltzmann shape.

Two examples of steady-state distributions are shown in
Figures 5 and 6. The data for CH OCH were deduced from the low
resolution spectra obtained with ghe spectrometer (32) and simu-~
lation of the relaxation, as described above, was used to esti-
mate the initial rotational distributions. The F + HC1 reaction
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Figure 5. Steady state and initial rota- S| . L L
tional distributions from the F +4 HCl O 4 Vo1(0.28)
reaction. The steady state distributions  § “[” o
were obtained from high resolution inter-
ferometric recording of the spectra (70). ol
The initial distributions were obtained
from the truncation method; agreement ,
with the initial distributions of (17) is O

good.
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mated by simulation of the relaxation (see text). 7 = the average number of

collisions.
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recently has been studied (80) using an interferometer to observe
the emission. The ether reaction also has been reinvestigated
with the interferometer and, within experimental error, the
steady-state distributions of Figure 5 have been confirmed.
Thus, an important point is that under essentially_ identical
reaction conditions the steady-state rotational HF__ distribu-
tions can differ dramatically for reactions with similar avail-
able energies. The steady~state distributions from F + HCl are
sufficiently close to the initial distributions that the trunc-
cation method (77,11) gives a satisfactory estimate of the
initial rotational distributions.

Rotational surprisal analysis has been developed (81,62,72,
73,32); however, applications are rare because of the lack of
reliable initjal distributions. The rotational surprisal is
conditional upon fixed values of fV and E, and is given by,

I(fp|£) = -In P(fR]fv)/P°(fR[f ) (20)

\'f

The value of PJ__ can be obtained numerically from eqs. (13)
III
and (14).

III lf ) = p(E,v,3)/0(E,v) (21-a)

As before, simple approximations to P2 and P°_ can be obtained

within the RRHO approximation, I I
B _ 1/2,,. . \3/2 _
PI(lefV) = (23D (- -£) 7" 7/ (1-£) (21-b)
P (£ |£.) = (20+1) (1~f £ )2/ (1-£)° (21-c)
IIVR'V VR v

Because I(f If ) is conditional upon v and E, the proper reduced
variable for rotational surprisal plots is 8g = f /(l £,). By
convention, values of P°(f ?f ) often are expressed wltgout the
(2J+1) factor. However, 51nce experiments do not resolve the

M. states of given J, for practical applications the prior must
include (2J+1)(§%ngs12)- For many reactions the surprisal val-
ues are near zero and there is little rotational disequilibrium.
The surprisals generally are not linear, but it is impossible

to decide whether this is a problem with the estimated "initial
distributions or whether the plots are truly non-linear. There-
f%re, analysis in terms of the most probable rotational level,
J"", has been adopted. The calculated values of g "P for models I
and IT are 0.5 and 0.2, respectively. The gmp for III is always
less than 0.2 and is inversely related to the number of internal
modes of the radical R.
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The above analysis (hereafter the subscripts and super-—
scripts are dropped and §(Fxp), £(I), &(II) and (III) are used)

three-body reactions:

F + HCL » HF +Cl g(Exp) = 0.50
ClL+HI ~ HBCl+ I §g(Exp) = 0.45 (22)
F+H, > HF +H 2(Exp) = 0.21

Within experimental error, the first two reactions give @(Exp) =
§(I), for all v levels, and there is little rotational dis-
equilibrium. The F + H, reaction has different mass re-
lationships (H + LL) ana dynamics than the F + HR (H + LH)
cases. For this reason, only the first two reactions are suit-
able three-body references for comparison with F + HR reactions.
Figures 7-8 show the triangular gontour plots for the de-
tailed relative rate constants for HF formation from F + HC1,
and (CH,),0. For the three-body caseY the contour plot identi-
fies thée vibrational, rota;ional and tranlational energies
associated with a given HF state, providing that the atom is
formed in a unique electrotic state. However, for the polyatomic
case the residual energy, <E> - (HF) - E_(HF), can be in inter-
nal energy of the R fragment,as well as translation. The (CH3),0
reaction is an example. The absence of emission from v=4 and fhe
failure for any of the vibrational-rotational levels to reach to
the thermochemical limit is attributed to the CH OCH2 radical
stabilization energy. This energy which apparengly is not avail=-
able to HF', displaces the contour plot away from the diagonal
line connecting f, and f,, = 1.0. There are obvious differences
between the contour piot for F + HCl and that of the polyatomic
case which seem to be well beyond the uncertainties involved in
extrapolating to the initial J distributions. The important
differences are: a) The values of g(Exp) for the polyatomic
cases are 0.2, with the values for v=1 being somewhat less than
for the other v levels. Thus, the strong inverse correlation be-
tween vibrational and rotational energy, found for the three-body
F 4+ HC1 reaction, no longer seems to hold. b) For £ ¥ 0.4 the

HF_ _ distribution usually does not extend to the energy limit
deXdted by the diagonal line.

Plots of f-F vs (1-f,) tend to be linear and yield a mean
value of g(Exp) from the slope. For the CH30CH and CH,0 reac-
tions (32), g(Exp) was ~0.2 which is the theoregical va%ue of
g(IT) (32). This suggests that the avajlable rotational energy
is partitioned statistically between HF__ and R. This can ex-
plain observation (a) above. A possiblg explanation for (b)
can be obtained from consideration of the angular momentum con-
servation equation,
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Figure 7. Contour plot of the detailed rate constants for
formation of HF in a given v,] state for the F + HCl reac-
tion. The 0.5 contour has been omitted for sake of clarity;
the dotted contour is the 0.05 value. Based upon a sur-
prisal analysis, the relative population of v = 0 is ~ 0.10.
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Figure 8. Contour plot of the detailed rate constants for formation of HF

in given v,] states for the F 4+ (CH,),0 reaction, from (32). The failure of

HF?; to acquire energy up to the thermochemical limit is attributed to the

presence of the CH,OCH; stabilization energy which is retained in the radi-

cal. This stabilization energy displaces the contour plot from the dotted
diagonal line.
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f+3=f‘+31'ﬁ,+31'{, (23)

f = orbital and 3= rotational angular momentum; the primed quan-
tities denote products. The measured total rate constants (46,
33) yield the thermal reaction cross section, o, which can be oy
converted to L (62). Typically-i > 20h corresponding to ¢ R, 20A,
however, J at 300°K is also large, 8h for methane, 19h for
ethane and 27h for (CH )20. Since J' is only about 2h less than
¥ (at 300°K for both Rﬁ and R), the rotational energy acquired
by HF could be limited by the angular momentum (although E_(R)

is low because of the large moments of inertia) of the polyatomic
R. This could constrain E _(HF) 40 less than (<E >-Ey), par-
ticularly in the lower vib¥ational levels. It must be stressed
that the currently available data for rotational energy disposal
are quite limited (32). These conclusions may be modified as
better data are accumulated (80).

R-H Bond Dissociation Energies

Bond dissociation energies, and hence, AH2(R) can be ob-
tained by setting the energy of the highest observed HFv vibra-
tion-rotation state equal to <E> of eqn. 1ll. The accuracy of
bond energies obtained from chemiluminescence is dependent upon

a) the pregence of a measurable level of chemiluminescence
from HFv 3 levels near the limit imposed by <E>,
b

b) the correctness of the assumed activation energy,

c) the energy spacing between J states in the cut-—off
region,

d) the absence of a sizeable radical stabilization energy.

0f course, normal precautions of chemical purity must be
exercised. The absence of a radical stabilization energy, and
also the absence of impurities (defined as two or more types of
R~H bonds) and multiple reaction channels, can be inferred from
a linear vibrational surprisal plot within the three-body model
(I) (31,32). Requirement b, is not serious because all acti~
vation energies are nearly zero and fall in the range 0-1.5
kcal/mole (ié)' The rotational energy spacing increases as
J(J+1) and the spacings exceed 1 kcal/mole — at J X 9. 1In
favorable cases bond energies, accurate to 1-2 kcal/mole, can
be obtained by this method. This approaches the accuracy of the
best alternative methods (82). The chemiluminescence method
actually gives upper limit bond energies and this is a useful
check on less direct methods. Table I summarizes some of the
bond energies that have been obtained from chemiluminescence
data.
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Many values have been reported over the years for the bond
energies and associated AH2(R) for benzene, ethylene and formal-
dehyde. Our values of thesSe quantities tend to confirm the
values recommended by Benson and coworkers (§g). The CH bond
energy of ethylene oxide has not been reported previously. For
comparison, the chemiluminescence and literature values for
cyclopropane, which ought to have a similar conformational stabi-
lization effect (if any) are shown. The reactions of F + phos-
phine, silane and germane are very fast and give strong IR
emission with good signal to noise ratio. The values reported
in Table I use the convention defined in Section C for the
thermal reactive collision energy, and the bond energies should
be accurate within 2 kcal mole ~, i.e., approximately twice the
J state spacing in the cutoff region. These values for PH3, SiH
and GeH, are preferred over others currently available.

As 'discussed in Section C, the dynamics of F + RH reactions
are very favorable for the separation of the radical stabili-
zation energy from the remainder of <E>, Based upon this fact,
we have estimated a lower limit to the_Eenzyl radical resonance
stabilization energy of 10.7 kcal mole (31). The problems
associated with this estimate have been summarized (30). Never-
theless it should be noted that this is one of the few intrinsic
measurements of this quantity i.e., it does not depend upon com-

parison of Dg(C6HSCH2-H) to a standard reference compound.

4

Energy Disposal with Excited Reagents

Experiments recently have been done using reactants with
nonequilibrium energy distributions, permitting information to
be obtained on selectivity of reagent energy consumption as well
as specificity of product energy release (12,21). Particularly
elegant experiments have been done by the fluorescence depletion
technique (16,17). The technique involves steady-state formation
of HC1(v) from a reaction such as C1 + HI - HC1 + I and the in-
troduction of a pulsed flow of a different atom, e.g., Br which
reacts, with strong preference, for HC1(v) molecules having
sufficient vibrational energy to overcome the endoergicity (16).

Br + HC1 (v>2) - HBr + C1 (24)

Information on reagent energy consumption is obtained from the
depletion spectrum of HCl in the presence of Br, and information
on the product energy release is obtained from the HBr chemilum-
inescence gpectrum. Predictions of microscopic reversibility
derived from the forward (exothermic) reactions are being tested
and, in general, confirmed (17-21). The general results are that
vibrational energy is highly effective in promoting endothermic
reactions which have the barrier in the coordinate of separa-
tion, while translational energy is less effective. For exo-
thermic reactions, with the barrier in the coordinate of
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approach, the reverse is true. Rotational energy has less effect
on both forward and reverse reactions.

Energy Disposal from Unimolecular Reactions

The majority of unimolecular processes yield polyatomic
products. Furthermore the energy randomization question makes
the internal energy distribution of the larger R fragment of
interest. Analysis of the infrared chemiluminescence from vi-
brationally excited products ought to yield a great deal of
information about the dynamics of such reactions. McDonald and
coworkers have had notable success in this very difficult field
(34,36,37). Polyatomic vibrational. transitions have Einstein A
coefficiints on the order of 1 sec ~, compared to approximately
200 sec for HF, and the frequencies of these transitions lie in
a region where detector sensitivities are <0.1 of the PbS detector
used for HF., In addition to the above, one must work at near
single collision conditions in order to insure that the ob-
served populations will be unaffected by vibrational relaxation.
These very formidable experimental problems have been overcome
by an apparatus (36) having the following essential features.

a) The reagents are mixed via crossed diffuse beams in an
aluminum reaction chamber where all walls are maintained
at liquid nitrogen temperature.

b) A Fourier transform Michelson interferometer, having a
100 fold advantage in sensitivity over a grating in-
strument, is used to observe the emission. The entire
instrument is cooled to 95°K; giving a further ca. 1000
fold improvement in signal to noise via reduction of
statistical fluctuations of the background black body
radiation emanating from the surfaces within the field
of view of the detector.

Using this apparatus, McDonald and coworkers have studied
addition-elimination reactions of halogen atoms with substituted
ethylenes and substituted benzenes (34,36,37); see eq. 1. Many
of these reactions also have been studied by the crossed molecular
beam technique (2,89-93). The distribution of vibrational energy
among the internal modes of the vinyl fluoride product from F +
C H4 was found, by chemiluminescence, to be non random. This was
aiso true for F plus propene giving C2H F + CH3. Durana and
McDonald have suggested that products wﬁich initially are formed
with non—equilibrated internal energy can retain their non-equili-
brium distributions until they are observed, provided that the
initial excess enepgy is loy, and that the density of states at
that energy is <10  per cm (37). The reactions of F with ethyl-

ene and propene and Cl with C2H3Br differ from others such as
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F + C2H3Cl - C2H3F + Cl1

F + C2H3Br > C2H3F + Br
in that the vinyl fluoride from the latter have greater internal
energy and this energy was found to be equilibrated at the time
of observation. The energy is thought to have randomized after
the reaction. Support for this view is provided by the observa-—
tion of non random distributions in C H3C1 from C1 + C2H3Br which
has a smaller amount of energy. Altﬁough the F + C_H
and CH3CHCH reactions have exit channel barriers, the’
Cl+¢C H3Br reaction does not.

Tﬁe consensus opinion (37,47,90) is that forces, resulting
from the shape of the exit channel potential, and angular momen-
tum play an important role in determining the energy disposal in
these reactions. Theory appears to give an adequate representa-
tion of the average rate of decomposition for C,H,F, but not the
energy disposal. The exit channel effects can Cause non-
equilibrium product energy distributions even if the energy was
equilibrated at the transition state. These studies of internal
energy distributions in polyatomic molecules have opened a whole
new field and many important discoveries can be expected in the
future.

Infrared chemiluminescence from the HX product has been used
to infer the dynamics of three- and four-centered elimination
reactions (94,95). Three-centered elimination has been observed
from chemically activated halomethanes (94) which were produced
by recombination of an atom and a radical. The radical was the
product of an abstraction process. Thus in the F + CH,C1
system, the following reactions 1leading to three-centered elimi-
nation of vibrationally excited HCl were observed;

(25)

+
F + CH2C12 > HFV,J + CHCl2 (26a)
* +
F + CHC1 - CHFC1 -+ HC1 + CFC1
2 2 veJ

where * denotes vibrational excitation arising from the exoergici-
ty of the activating reaction. Similarly, the reactions of H
atom with CC13Br and CF3I allow the observation of;

CX, +H > CXE* ~ I-D(:’J +CX, (X=CL,F).  (26b)
In all three reaction systems, the v=1 level had the greatest re-
lative populations (v=0 could not be observed). There is little
potential energy release in these three-centered elimination re-
actions and the observed distributions are roughly consistent
with statistical distributions. The total vibrational energy
released to the carbene fragments (:CC1CH,Cl or :CFCH,F) recently
has been measured (96,97) and the magnituae of the avérage energy

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



9. BOGAN AND SETSER Energy Disposal in Reactions of Fluorine 269

and the breadth of the distribution are consistent with statis—
tical predictions.

The CH3CF3 reaction,

CH3 + CF3 > CH3CF3* > H_F:’J + CHZCF2 27)
is an example of a four-centered elimination from a chemically
activated molecule. In this case there is a significant po-
tential energy release since the activation energy of the reverse
reaction (HF + CH, = CF2 > CH3CF ) is 42 kcal/mole endoergic.
The energy of the CH,CF formed by the radical recombination
places the system 30 kcal/mole above the exit channel barrier.
The HF product was excited up to v=4, (42.4 kcal/mole) showing
that some of the potential energy, associated with the reverse
reaction,was partitioned to HF vibration. Chemical laser experi-
ments (g) have confirmed the HF vibrational distribution measured
by infrared chemiluminescence. The energy contained in the ole-
fin fragment has been assigned (98) by observation of the uni-
molecular rate constant, k_, for isomerization of methylcyclo-
butene in the following sequence.

k
CH3 CH3* 2. \___fand —\_\
N\

R o —
c + lyy [M] -
—
HCl CH,

The <f_(methylcyclobutene)> was 0.57 which corresponds to only
28% of the potential energy, assuming that the energy in excess
of the threshold energy was partitioned statistically to
methylcyclobutene. For the CF_CH, reaction <f_ (HF)> was 0.13
which corresponds to only a small fraction of Xhe potential
energy. By difference a large fraction of the potential energy
is released as translational energy. Recoil energy measurements
(99,100) for HCl elimination from chloroalkane ions support this
conclusion. Discussion of the dynamics of the 1IX elimination
reactions is given elsewhere (101,102).
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APPENDIX I, Radiative Transition Probabilities for HF

The Einstein coefficients, eq. 9 and 10, for HF vibration-
rotation transitions can be expressed as twovquﬁgtities Av“, the
pure vibrational Einstein coefficient, and F _,) the vibra-

" 1y
v,J
tion—-rotation interactign factor, plus other terms depending upon
J' and J". Values of A ,, from several different workers are

reported in Table II.

Table II. Einstein Coefficients for HF Vibrational Tramsitions

A
-1
vi-v" Az" (sec ™)
reference (103) (53) (104) (51)
1-0 189 189 189 216
2-1 324 320 323 385
3-2 410 398 406 513
4-3 453 430 446 602
5-4 460 421 450
2-0 23.6 23.4 22.9
3-1 66.2 67.9 65.4
4-2 124 131 124
5-3 193 207 195

In determining relative v',J' populations from iterative simula-
tion of the spectra, relative transition probabilities are requirec
since transition probabilities having a constant systematic error
will give the same result as the correct absolute values. The
published results from the gyoup at KSU including (27) and all
others prior to 1974 used A ,, valyes,calculated from the method
of Heaps and Herzberg (51) and FV,,’ n values from Herman and
Wallis (55). Beginning with (_g_Q_Y and (30) all work reported
from KSU, with the exc3ption of (27), used AV,, from Herbelin and
Emmanuel (53) and F:’I_,,’J,. from Herman, Rother§; and Rubin, (ili)

’
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Table ITI. Einstein Coefficients for Spontaneous Emission
for HF Fundamental and First Overtone Transitions

v = 1-0 R Branch

Tyt - [EX} -
J! J" Aann (sec l) wann (cm 1)
1 0 61.3 4001
2 1 71.6 4039
3 2 74.4 4075
4 3 74.6 4110
5 4 73.6 4143
6 5 71.8 4174
7 6 69.6 4203
8 7 67.1 4231
9 8 64.4 4256
10 9 61.5 4280
11 10 58.4 4302
12 11 55.3 4321
13 12 52.2 4339
14 13 49.0 4355
15 14 45.8 4368
16 15 42.6 4380
17 16 39.5 4389
18 17 36.5 4396
v =1~-0 P Branch

1 1
SARS L\
0 1 193 3920
1 2 131 3878
2 3 120 3834
3 4 116 3788
4 5 114 3742
5 6 113 3694
6 7 113 3644
7 8 112 3594
8 9 112 3542
9 10 111 3490
10 11 110 3436
11 12 109 3381
12 13 108 3326
13 14 107 3270
14 15 106 3213
15 16 104 3155
16 17 102 3097
17 18 100 3038
18 19 98.2 2978
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v = 2-1 R Branch v = 2-0 R Branch

A 1] 1] 1 t A L 44
I A W 3t AT W
1 0 106 3827 1 0 7.66 7789
2 1 125 3864 2 1 9.03 7824
3 2 132 3899 3 2 9.49 7856
4 3 135 3932 4 3 9.64 7884
5 4 136 3964 5 4 9.65 7910
6 5 135 3994 6 5 9.58 7932
7 6 134 4022 7 6 9..46 7951
8 7 132 4048 8 7 9.31 7966
9 8 129 4072 9 8 9.14 7979
10 9 126 4095 10 9 8.95 7987
11 10 123 4115 11 10 8.75 7993
12 11 120 4134 12 11 8.54 7995
13 12 116 4151 13 12 8.33 7993
14 13 113 4166 14 13 8.11 7988
15 14 109 4178 15 14 7.88 7980
16 15 105 4189 16 15 7.66 7968
17 16 100 4198 17 16 7.43 7953
18 17 96.3 4204 18 17 7.21 7934
v = 2-1 P Branch v =2-0 P Branch
0 1 322 3750 0 1 23.8 7710
1 2 216 3709 1 2 16.1 7666
2 3 195 3666 2 3 14.7 7619
3 4 186 3623 3 4 14.2 7569
4 5 181 3578 4 5 13.9 7516
5 6 178 3531 5 4 13.8 7460
6 7 175 3484 6 7 13.7 7402
7 8 172 3435 7 8 13.7 7341
8 9 169 3385 8 9 13.7 7278
9 10 167 3335 9 10 13.7 7212
10 11 164 3283 10 11 13.7 7143
11 12 161 3230 11 12 13.7 7072
12 13 158 3177 12 13 13.7 6999
13 14 155 3122 13 14 13.6 6924
14 15 152 3067 14 15 13.6 6847
15 16 148 3012 15 16 13.5 6767
16 17 144 2955 16 17 13.4 6685
17 18 140 2898 17 18 13.3 6602
18 19 136 2841 18 19 13.2 6516
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v = 3~2 R Branch v = 3-1 R Branch
1 A} A Y ¥ 1 A A}

J' J" Azlljll :,’llj" J‘ J” lej” :,’"j"
1 0 129 3659 1 0 22.4 7448
2 1 149 3694 2 1 26.7 7482
3 2 154 3727 3 2 28.2 7512
4 3 154 3759 4 3 28.9 7539
5 4 150 3789 5 4 29.2 7564
6 5 146 3818 6 5 29.3 7585
7 6 140 3845 7 6 29.2 7603
8 7 134 3870 8 7 29.0 7617
9 8 127 3893 9 8 28.8 7629
10 9 120 3915 10 9 28.4 7637
11 10 113 3934 11 10 28.1 7641
12 11 105 3952 12 11 27.7 7643
13 12 98.0 3968 13 12 27.3 7641
14 13 90.6 3981 14 13 26.9 7636
15 14 83.4 3993 15 14 26.4 7627
16 15 76.3 4003 16 15 25.9 7615
17 16 69.4 4011 17 16 25.5 7599
18 17 62.7 4017 18 17 25.0 7581
v = 3=2 P Branch v = 3~1 P Branch

0 1 410 3584 0 1 68.5 7372
1 2 280 3544 1 2 46.0 7329
2 3 258 3504 2 3 41.7 7284
3 4 250 3461 3 4 39.9 7236
4 5 247 3418 4 5 39.0 7185
5 6 246 3373 5 6 38.4 7131
6 7 246 3328 6 7 38.0 7075
7 8 245 3281 7 8 37.7 7016
8 9 245 3233 8 9 37.4 6955
9 10 244 3184 9 10 37.2 6891
10 11 243 3134 10 11 36.9 6825
11 12 242 3083 11 12 36.7 6756
12 13 240 3031 12 13 36.4 6685
13 14 238 2979 13 14 36.1 6612
14 15 235 2925 14 15 35.8 6537
15 16 232 2872 15 16 35.4 6460
16 17 228 2817 16 17 35.0 6381
17 18 224 2762 17 18 34.6 6300
18 19 219 2706 18 19 34,2 6217
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v = 4=3 R Branch v = 4-2 R Branch

1 0 138 3494 1 0 42.1 7116
2 1 158 3528 2 1 48.7 7148
3 2 162 3560 3 2 50.3 7177
4 3 160 3590 4 3 50.1 7204
5 4 155 3619 5 4 49.2 7227
6 5 148 3647 6 5 47.8 7247
7 6 141 3672 7 6 46.3 7264
8 7 132 3696 8 7 44.5 7277
9 8 124 3718 9 8 42,7 7288
10 9 115 3739 10 9 40.9 7295
11 10 106 3757 11 10 39.0 7299
12 11 97.4 3774 12 11 37.1 7300
13 12 88.7 3789 13 12 35.2 7297
14 13 80.2 3801 14 13 33.3 7291
15 14 71.9 3812 15 14 31.5 7282
16 15 63.9 3821 16 15 29.7 7270
17 16 56.2 3828 17 16 28.0 7254
18 17 49.0 3833 18 17 26.3 7235
v = 4=-3 P Branch v = 42 P Branch

0 1 445 3422 0 1 135 7043
1 2 307 3384 1 2 92.6 7002
2 3 284 3345 2 3 85.8 6958
3 4 277 3304 3 4 83.9 6912
4 5 276 3262 4 5 83.6 6862
5 6 276 3219 5 6 84.0 6811
6 7 277 3175 6 7 84.8 6756
7 8 278 3130 7 8 85.6 6699
8 9 279 3084 8 9 86.5 6640
9 10 279 3036 9 10 87.4 6578
10 11 279 2988 10 11 88.2 6514
11 12 278 2939 11 12 89.0 6448
12 13 277 2889 12 13 89.6 6379
13 14 275 2838 13 14 90.1 6308
14 15 273 2787 14 15 90.6 6235
15 16 270 2735 15 16 90.8 6161
16 17 266 2682 16 17 91.0 6084
17 18 262 2629 17 18 90.9 6005
18 19 257 2575 18 19 90.8 5925
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v = 5-4 R Branch v = 5«3 R Branch

1 0 134 3333 1 0 66.0 6792
2 1 154 3365 2 1 75.7 6823
3 2 157 3396 3 2 77.1 6851
4 3 153 3425 4 3 76.0 6876
5 4 148 3453 5 4 73.6 6898
6 5 140 3479 6 5 70.6 6916
7 6 132 3504 7 6 67.3 6932
8 7 124 3526 8 7 63.8 6945
9 8 115 3547 9 8 60.2 6955
10 9 105 3566 10 9 56.6 6961
11 10 96.2 3584 11 10 53.0 6964
12 11 87.1 3599 12 11 49.4 6964
13 12 78.2 3613 13 12 46.0 6961
14 13 69.6 3625 14 13 42.6 6955
15 14 61.3 3635 15 14 39.4 6945
16 15 53.4 3643 16 15 36.2 6932
17 16 46.0 3649 17 16 33.2 6916
18 17 39.0 3653 18 17 30.4 6896
v = 5-4 P Branch v = 5-3 P Branch

0 1 438 3264 0 1 216 6722
1 2 303 3228 1 2 150 6682
2 3 282 3190 2 3 140 6640
3 4 276 3151 3 4 138 6595
4 5 275 3110 4 5 139 6548
5 6 276 3069 5 6 140 6498
6 7 278 3026 6 7 143 6445
7 8 279 2983 7 8 145 6390
8 9 280 2938 8 9 147 6332
9 10 282 2892 9 10 150 6273
10 11 282 2846 10 11 152 6210
11 12 282 2798 11 12 154 6146
12 13 281 2750 12 13 156 6080
13 14 280 2701 13 14 158 6011
14 15 277 2651 14 15 159 5940
15 16 275 2601 15 16 160 5867
16 17 271 2549 16 17 161 5793
17 18 267 2498 17 18 162 5716
18 19 262 2446 18 19 162 5638
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The experimental values of Sileo and Cool closely agree with
the semi-empirical calculations of Meredith and Smith (104) and
of Herbelin and Emanuel (53). The Einstein coefficients of Sileo
and Cool, which were published during the preparation of this
review, are based on a large data base and a straightforward com-—
putational procedure and their results are recommended. Sileo
and Cool present an excellent discussion that places their work
in perspective to previous studies.

|

The use of the new Av" values in reanalysis of data reported
prior to 1974 would not cﬁange the v=1-4 vibrational distribu-
tions beyond the experimental limit of error. However, for re-
actions yielding very high vibrational levels, such as H + F,,
the relative populations are altered significantly (53,18), gy
the new transition probabilities,

For J % 12 it is not possible to simultaneously fit both the
P- and R-branch line intensities for the same v level if the
vibration-rotation interaction factors of Herman and Wallis (55)
are used, The problem becomes especially severe in the region
of the head formation of the R-branch. As the degree of relaxa-
tion was reduced by improvement of apparatus and technique, this
problem prompted us to switch to the Herman, Rothery and Rubin
(54) formulation. The resulting transition probabilities are
listed in Table III. These were calculated using a computer
program written by Johnson and Bogan (105). The original paper
of HRR (54) contains several typographical errors in the
equatlon « however, the graphical display of the numerical values
for M N is correct. The values of the vibration interaction
factots’ éerived from Table III, differ at high J from the values
of Figure 2 in ref. 54, because we have used a more accurate
value of 6§ =M /M. r ; i.e., the ratio of the first two terms of
the dipole momént expansion divided by r, = 0.917 A. HRR (54)
used 6 = 1,18, we used 8 = 1,32, Sileo afd Cool (103) give
6 = 1,287 (Table V).
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During the past decade, there has been a genuine explosion
of interest in the reactions of atomic and molecular fluorine and
hydrogen. As is usually the case, experimental studies have led
the way, due in considerable measure to the tremendous impact of
the HF laser. In addition to traditional kinetics (1), the most
successful experimental techniques have been infrared chemilumi-
nescence (2), chemical lasers (3), crossed molecular beams (4),
and laser-induced fluorescence {5). This experimental research
has yielded a great deal of important information concerning these
elementary reactions. 1In addition, this work has stimulated a
keen interest in the detailed understanding on the molecular Tevel
of how these simple reactions occur.

Given the above background, it is hardly surprising that
there has been considerable theoretical activity directed toward
fluorine hydrogen systems. From a theoretical viewpoint, the
understanding of such reactions has two components: first, the
potential energy surface {(or surfaces) on which the pertinent
reaction occurs, and secondly, the dynamics which occur given the
potential surface(s). The amount of detailed experimental infor-
mation now available for fluorine hydrogen reactions is suffi-
cient to challenge the most sophisticated theorists of both the
electronic structure and dynamics schools. Since dynamical con-
siderations are taken up in a different chapter of the present
volume, we will be concerned here with the potential surface half
of the theoretical problem. Clearly, however, we must keep in
mind the essential complementarity of these two pieces of the
puzzle,

TThis work was performed under the auspices of the U. S. Energy
Research and Development Administration under contract No.
W-7405-Eng-48.
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284 FLUORINE-CONTAINING FREE RADICALS

In an interdiscip]inary volume such as the present, it does
not seem appropriate to give any sort of detailed coverage to the
theoretical methods currently in use (6,7). It must be noted,
however, that the Hartree-Fock or Self-Consistent-Field (SCF)
method remains at the core of electronic structure theory. Al-
though SCF theory is sometimes adequate in describing potential
energy surfaces, this has turned out more often not to be the
case. That is, electron correlation, which incorporates the
instantaneous repulsions of pairs of electrons, can have a quali-
tative effect on the topology of fluorine hydrogen potential sur-
faces.

Without further introduction, it seems appropriate to proceed
to a discussion of specific systems for which ab initio potential
surface features have been predicted. In the present paper,
special emphasis will be placed on the relationship between theo-
retical predictions and experimental observations.

F+Hy > FH + H

Three progressively more reliable potential surfaces have
been reported for this key reaction, which has become the focus of
an enormous amount of scientific research. In the first (8), a
double zeta (DZ) basis set was adopted. This notation implies
that two basis functions are used to describe each orbital of the
separated atoms That is, for fluorine 1s, 1s', 2s, 2s', 2py,
2pX , 2p 2pz, and 2p,' functions are adopted Such a ba-
sis is c¥ear1y twice as large as the traditional minimum basis
used in qualitative discussions of electronic structure.

Using the DZ basis and both SCF and configuration interaction
(CI) methods, the results in Table I were obtained. It seems
reasonable to conclude that the SCF results obtained with this
basis are in poor agreement with experiment, while the CI results
are much improved but even yet in only fair agreement. This con-
clusion was initially a surprise to us, since such techniques
often yield rather reliable results, for example, in the predic-
tion of equilibrium molecular structures (9)

The most obvious (in 1ight of previous research (6,7) in this
area) extension of the DZ basis is the addition of polarization
functions, i.e., a set of d functions on fluorine and sets of p
functions on each H atom. The basis thus obtained is labeled
DZ + P and the ensuing results are summarized in Table I (10).
There we see once again that the SCF approx1mat1on yields a bar-
rier height much larger than experiment. And in fact even if one
goes to a complete set of one-electron functions, the Hartree-Fock
1imit barrier height will be ~25 kcal larger than the true barrier.
This inherent inability of the SCF approximation to even qualita-
tively describe repulsive potential surfaces must be viewed as one
of the most important developments of our research to date.
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Fortunately, the judicious use of CI yields a chemically
reasonable DZ + P surface for F + H, (Figure 1). In particular,
the predicted classical barrier height of 1.66 kcal is in fortui-
tously close agreement with the experimental activation energy.
Further, the exothermicity of the BOPS surface is ~3 kcal greater
than the experimental value. Thus, the primary significance of
the BOPS CI surface was that it appeared to be the first qualita-
tively correct ab initio surface for a chemical reaction more com-
plicated than the prototype (15) H + H, system.

The earliest indication of the qualitative correctness of
the BOPS surface came from the classical trajectory studies of
Muckerman (11). Muckerman varied several features of the London-
Eyring-Polanyi-Sato (LEPS) surface for F + H, to get the best
agreement between predicted and experimental (2,3) FH vibrational
energy distributions. Although this work was done completely
independent of the BOPS ab initio study, Muckerman’'s "best" semi-
empirical surface (his surface V, summarized in Table I) has a
saddle point position essentially indistinguishable from the BOPS
surface. Since the saddle point position is probably the most
critical surface feature not directly accessible to experimental
determination, this concurrence was especially significant.

Perhaps the next important development was the fitting of
the BOPS surface to an LEPS form by Polanyi and Schreiber (12).
It should be noted that this fitting was carried out against the
present authors' advice, our feeling being that the BOPS surface
was not sufficiently accurate to be used without adjustment in
dynamical studies. Nevertheless, Polanyi and Schreiber fit the
232 collinear points to the LEPS form with an ensuing rms devia-
tion of less than 1 kcal per point. This exercise in itself is
rather striking confirmation of the LEPS form, which has only
seven adjustable parameters. The most obvious weakness of the
BOPS-FIT surface was a spurious 0.4 kcal attractive well in the
entrance valley. In addition, of course, the BOPS-FIT surface
incorporated the known 3 kcal BOPS error in the predicted exo-
thermicity.

Collinear classical trajectory studies were then performed
using the BOPS-FIT surface. By comparing with the experimental
vibrational distribution, Polanyi and Schreiber (PS) concluded
that although the BOPS surface was qualitatively reasonable, it
does have a rather serious failing. That is, PS concluded that
the BOPS surface drops too rapidly from the "shoulder" into the
exit valley. 1t was noted, of course, that the known error of
3 kcal in the exothermicity is a major factor in this rapid drop.
Our current feeling is that while this criticism of the BOPS sur-
face may well prove to be at least partially valid, the use of
classical (rather than quantum mechanical) dynamics and one
(rather than three) dimension detracts from the strength of the
PS conclusion.
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Figure 1. Chemically reasonable DZ - P sur-
face for F + H, resulting from CI use.
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Polanyi and Schreiber also suggested a "best" adjusted LEPS
surface, their SE-1, and this surface is also summarized in Table
I. There it is seen that the SE-I surface has its saddle point
position somewhat later than either BOPS or Muckerman V. Never-
theless, it seems clear that the primary features of all three
surfaces are rather similar. Both Muckerman (11) and Polanyi and
Schreiber (12) have argued that the agreement between their best
surfaces and the ab initio BOPS surface supports their use of the
generalized LEPS form. We concur.

In an attempt to resolve some of the controversy arising
from the BOPS surface, we decided in 1974 to attempt to determine
an ab initio surface of sufficient reliability to be used direct-
ly or, with modest amounts of scaling, in dynamical studies.
Recent developments (16) in the fully quantum mechanical treatment
of A + BC reactions were another motivation for this research.
However, one of us (CFB) discovered very quickly that apparent
improvements in the quality of wavefunctions used led to a dete-
rioration of the predicted FH, potential energy surface.

After an interval of contemplation, this research was con-
tinued in collaboration with Steven Ungemach and Bowen Liu (IBM,
San Jose). Their conclusions have been presented (13) at the
latest General Discussion of the Faraday Division of the Chemical
Society (September 1976). Using a basis set more than twice as
large as DZ + P and very large CI, USL predict a barrier of 3.3
kcal, with a suggested error of no more than one kcal. Thus, it
now appears that the true barrier height is notably greater than
the experimental activation energy. This idea is qualitatively
supported by USL's additional prediction that there may be as
much as 1.5 kcal less zero point vibrational energy at the saddle
point than for separated F + H,. Finally, it is worth noting
that the USL saddle point geometry is about halfway between the
Muckerman V-BOPS results and the PS SE-I prediction.

It should be clear from the above that the F + H, potential
energy surface is Tikely to remain the source of much controver-
sy for years to come. More generally, it seems apparent that the
closer one looks at a particular problem, as both theoretical and
experimental techniques become more sophisticated, the more fine
structure comes to Tight.

H + FH > HF + H

As mentioned above, efforts to develop the HF chemical laser
as a practical device have contributed greatly to the interest in
elementary fluorine hydrogen systems. In this context, essen-
tially every process leading to vibrational relaxation of HF must
be precisely characterized. One of the simplest such processes

H + FH(v') > HF(v) + H

In Fluorine-Containing Free Radicals; Root, J.;
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has been the subject of several studies, both experimental (5)
and theoretical (17). Clearly, the barrier height or activation
energy for this simple exchange reaction will play a critical

role in the dynamics.

Since semi-empirical potential surfaces have been so success-
ful in describing the F + H, dynamics, it is not completely
unreasonable to assume that the same LEPS surfaces might be suit-
able for H + FH. After all, the latter reaction merely corre-
sponds to a different channel of the FH, surface. And, in fact,
this is precisely the procedure adopted by Thompson (17) and by
Wilkins in their classical trajectory studies (18) of H + FH.

Table II summarizes the predictions of a number of semi-
empirical FH, surfaces for the H + FH barrier. The final entry
indicates that rather reliable CI calculations (19), using a
better than double zeta plus polarization basis set, predict a
barrier of 49 kcal. BGS concluded in their paper (19) that the
true collinear barrier is no less than 40 kcal. Thus, it is seen
that the two "best" semi-empirical F + H, surfaces, Muckerman V
and Polanyi-Schreiber SE-I, fail miserably for the collinear
H + FH channel. This is perhaps the strongest evidence to date
for the importance of ab initio information in potential energy
surface calibration.

Two very recent (yet unpublished) papers support the qualita-
tive conclusions of BGS. Using a very large basis, Meyer (20)
has predicted a collinear barrier of 45 kcal/mole for H + FH »

HF + H using the coupled electron pair approximation. Attempts to
estimate the true barrier via error analysis lead to a value of
~40 kcal. Secondly, Winter and Wadt (21) have found that the use
of diffuse basis functions yields a surface which is quite "flat"
with respect to the HFH bond angle. In fact, the true saddle
point may occur for a bond angle less than 180° and yield a bar-
rier as Tow as 35 kcal. However, this conclusion must be consid-
ered tentative at the present time.

The primary physical (or chemical, according to one's
preference) conclusion is that at energies below 35 kcal the atom
exchange mechanism cannot be a significant contributor to the
vibrational relaxation of HF by hydrogen atoms. This conclusion
seems to be given remarkable support by the recent experiments of
Heidner (5). Specifically, he finds that the cross section for
vibrational relaxation increases enormously between v = 2 and
v = 3. It seems more than coincidental that the v = 3 state of HF
has enough internal energy to surmount the hypothesized barrier of
35 kcal/mole.

H+F,and F + HF

Polanyi and coworkers (22) have made truly impressive infra-
red chemiluminescence studies of this highly exothermic reaction.
They find that the ratios of populations of the HF product vibra-
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tional states (v =1 up to v = 9) are 12:13:25:35:78:100:40:26:
<16.

Electronic structure theory has been applied (23,24) in a
manner analogous to the first four columns of Table I, and these
results are summarized in Table III. A significant difference
between these H + F, results and the earlier F + H, studies (8,10)
is that the DZ CI barrier is lower than that obtained with the
more relijable DZ + P CI. Since {for reasons discussed above) it
is difficult to determine the true barrier, it must be concluded
that both methods yield barriers roughly compatible with the
experimental activation energy. However, the superiority of the
DZ + P basis does become apparent with an inspection of the cal-
culated exothermicities.

Both the F + H, and H + F, surfaces were found to be in
harmony with the LEPS model in their angular characteristics.
That is, the true saddle point does occur for a collinear geomet-
rical arrangement. It is worth noting (8,23) that the two sur-
faces become repulsive at about the same rateas the angle of
approach is bent away from 180°. For the F + H, system, e.g., it
is found (8) that constraining the F-H-H angle to be 90° yields a
barrier 11 kcal higher than that obtained for e{F-H-H) = 180°.

Another part of the HF, surface which has been carefully
explored is the collinear F + HF exchange reaction. This is
another process of vital importance for an adequate understanding
of the HF chemical laser. The results of 0SB (25) are summarized
in Table IV. There it is seen that the most reliable predicted
barrier height is 24 kcal. On this basis, the true barrier was
estimated to be > 18 kcal. This result is much greater than the
6 kcal predicted (26) by the BEBO method. However, good agree-
ment is found with Thompson's LEPS surface (27) calibrated for
use on the H + F, reaction dynamics. The primary conclusion one
can draw from these results is that the atom exchange mechanism
is unlikely to contribute to the vibrational relaxation of the
v = 1 state of HF. However, v = 2 relaxation could be greatly
enhanced by atom exchange.

A final surface worth mentioning is that for the HF dimer.
Among many theoretical studies, the most complete is that of
Yarkony and coworkers (28). Although only the non-reactive part
of the surface was considered, this portion is very relevant to
the laser-related problems of rotational and vibrational energy
transfer. The HF-HF surface has been fit to an analytical form
by Alexander (29) and is being used in several dynamical studies
in progress.

Concluding Remarks

It should be apparent that ab initio electronic structure
theory is capable of genuine contributions to the understanding of
simple fluorine atom reactions. This research is by no means a
closed book, and an example from our current research should make
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Table IV. Summary of theoretical potential energy
surfaces (25) for the F + HF ~ FH + F
exchange reaction,

Surface Sadd1$ ?aggf geometry B?EE;?;mg$;?ht
DZ SCF 1.087 53.8
Dz CI 1.126 21.8
Dz + P SCF 1.083 53.7
DZ + P CI 1.099 23.9

In Fluorine-Containing Free Radicals; Root, J.;
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this clear. We have just begun the study of the CH; + F radical
reaction for which several products are possible:

CHs + F > CHsF
CH, + HF
CH,F + H
CHF + H,

This research is being done in conjunction with crossed molecular
beam studies by Professor Y. T. Lee and should provide a rather
detailed picture of this simple but multi-faceted reaction.

Abstract

Ab initio molecular electronic structure theory has now
progressed to the point where it is capable of making genuine con-
tributions to the understanding of simple chemical reactions.
Especially noteworthy examples are the elementary fluorine hydro-
gen reactions pertinent to the HF chemical laser. The present
paper discusses the reactions F + H, ~ FH + H, H + FH >~ HF + H,
H+ F, > HF + H, and F + HF -~ FH + F, with particular emphasis on
the relationships between ab initio theory and experiment. Direc-
tions for future research are suggested.
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Thermochemistry of Fluorocarbon Radicals

ALAN S. RODGERS
Department of Chemistry, Texas A&M University, College Station, TX 77843

It may seem, at first glance, somewhat incongruous that a
paper about the thermochemistry of fluorocarbon free radicals
should appear in a volume nominally devoted to the kinetics of
these radicals. However, for an elementary reaction such as (1)

CFy + CF, = CFp === CF5CF,CF, (1)

the rate constants for the forward, ki, and reverse, k-, reac-
tions are related though the equilibrium constant XK,. 1If, as is
usually the case, the rate constants are expressed in units of
liters, moles and seconds, but the equilibrium constant is refer-
enced to a standard state for gases of an ideal gas at 1 atm
pressure, then

Ki/kez = Ky (RT)7AD
and
In (ki/k.1) = ASP/R = AHP/RT - AnTuR‘T (2)

R” = 0.082 latm K~' mol-* while R = 1.99 cal K-! mol-! or 8.314
J K-! mo1-! as may be appropriate. Consequently, if AS? and AH;
for reaction (1) are known or can be reliably estimated, then
one needs only measure one of the two rate constants and the other
may be calculated. This, more often than not, can prove quite a
convenience as one of the two coupled rate constants may be more
easily measured than the other. Indeed, in the example shown, k;
has been measured (1), while measurement of k., would present
serious experimental difficulties. We will, in the course of this
paper, estimate ASp and AHy, and thus determine a value for k_;.
In addition to providing an alternate route to the determi-
nation of experimentally difficult rate constants, the analysis of
the thermochemistry of free radical reactions can also provide
help in selecting reaction mechanisms. In a recent example from
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11. rooGers  Thermochemistry of Fluorocarbon Radicals 297

our work (2), we had determined that the rate of reaction (3) was
given by; -d[Br,]/dt =

CH, = CF, + Bry ————— CH,BrCF,Br (3)

3 3
k[Br,1 /2[CH, = CF,1; and that log(k/M™ /2s=') = (7.8 £ 0.1) -
(17.8 £ 0.3)/0. MWe suggested the following mechanism for this
reaction:

Bro + M —=— 2Br +M KBrz
Br + CH, = CF, <= CF,CH,Br (4)
Br, + CF,CH,Br <—==—=">CF,BrCH,Br + Br (5)

1
from which k = ksKB éz(ku/k_u). From the known entropy of disso-
ciation of Br, and fhe estimated entropy change for reaction (4),
we could calculate As = 109-2 M-!s-!, which was in good agreement
with similar reactions. In addition, the activation energy lead
to AHp(298) = -6.8 kcal/mol from which we derived a value of 62.5
+ 1.5 kcal/mol for the pi bond dissociation energy in CF, = CH,
(2). This value has recently been confirmed from independent
measurements (3) so that both entropy and enthalpy calculations
are consistent with the proposed mechanism. Such thermodynamic
caluculations still do not assure the uniqueness of the proposed
mechanisim but it does provide additional pieces of evidence that
must fit the mechanistic puzzle.

Thermochemistry of Fluorocarbon Radicals

The ideal gas thermodynamic functions (S°, Cp°, H°-H3, etc.)
for free radicals can only be determined by statistical thermo-
dynamics (4) as the species are much too reactive for extended
calorimetric measurements. We will calculate these functions in
the ridgid rotor, harmonic oscillator approximation (5) and treat
hindered, internal rotations by Pitzer's (6) semiclassical approxi-
mation. This approximation has been shown to give quite satis-
factory agreement with exact calculations (6,7). These calcula-
tions, however, require detailed structural and mechanical data
for the free radical; thus, the molecular weight, product of the
principle moments of inertia, rotational symmetry, normal vibra-
tional frequencies, reduced moments of inertia, barrier heights
and symmetry for internal rotations, and ground state electronic
degeneracy are all required; and this assumes that there are no
low 1ying electronic states! Very little of these data are
usually known, though difluoromethlylene (¢F,) and trifuoromethyl
(CFa) are exceptions, so that much must be estimated. 0'Neal and
Benson (4) have suggested the "difference method" or what I would
call “bond subtractivity" as one technique for the estimation
of the needed data and have discussed the sensitivity of these
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208 FLUORINE-CONTAINING FREE RADICALS

functions to uncertainities in the estimation. They have shown
that the largest sources of uncertainity in the thermo-functions
have been in the estimation of the symmetry of radical (i.e., is
the carbon bearing the odd electron planar or non-planar?) and in
the estimation of the barrier to internal rotation about the C-C
bond. Fortunately, for the radicals considered here, both the
structure and barrier to internal rotation have been established
by spectroscopic methods (see each radical for references) so that
the major source of uncertainity in these calculations will arise
from the estimates of the normal vibrational frequencies, and
even here, there are experimental data for CF, and CF;. However,
in the absence of experimental data the normal frequencies and
bond Tengths will be estimated by the difference method (4). In
this technique, the vibrational assignments for a radical R.« are
estimated from the assignments of the corresponding molecule, RfH
from which the three frequencies (one stretch and two bends)
associated with the C-H bond have been subtracted. The assign-
ments for trifluoromethyl are known experimentally (see text).
Table I compares these experimental assignments with those esti-
mated from CF3H from which the C-H stretch at 3036 cm~! and two
HCF bends at 1372 cm™! have been subtracted.

Table I

Comparison of Estimated and Experimental
Vibrational Frequencies for Trifluoromethyl.

Estimated Experimenta]a
cm™?! degeneracy cm! degeneracy
1117 1 1085 1

700 1 702 1
1152 2 1251 2
507 2 510 2

a) see Table IV

It is quite clear from Table I that bond subtractivity works
well for trifluoromethyl and it is particularly pleasing to note
the accuracy with which the Tow frequencies were estimated (gener-
ally the bending modes), as these are the ones that make up the
bulk of the vibrational contribution to the thermo-functions
below 1500 K. We shall assume (hope?) that this estimation proce-
dure is equally applicable to those radicals for which there is,
as yet, no experimental data.

The enthalpies of formation have been obtained either from
equilibrium data, as for difluoromethylene, or calculated from
kinetic determinations of bond dissociation energies (generally
the Re-H bond) via eq. (6).
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BHZ(R(,9,298) = DHO2g5(Rg-X) +

AH;(RfX,g,298) - H;(X,g,298) (6)
The current, critical evaluation of the ideal gas thermody

namic data on the fluoromethanes (8) and fluoroethanes (9) will

be particularly appropriate to the reduction of C-H bond dissocia-

tion energy data. Additional data on the enthalpy of formation

of fluorine containing compounds will be recalculated (if neces-

sary) to reflect the recent, direct determination of AHZ(HF-nH;0,

298) of Johnson, Smith and Hubbard (10). The data for %he refer-

ence states, C(graphite), H.(g) and F,(g) are the same as those

used by Rodgers et al. (8).

Difluoromethylene (CF,): The microwave spectrum of CF, has
been determined by Powell and Lide (11) and most recently, and in
greater detail, by Kirchhoff and Lide (12). They found that
de-F = 1.303 = 0.0001 A, LFCF = 104.78 = 0.02°, and that the
ground electronic state was a singlet. This latter is in agree-
ment with the reactivity data of Mitsch (13). The analysis of the
microwave spectra was consistent with the vibrational assignment
Vi = 1222, V, = 668 and V3 = 1112 cm~* which is in excellent
agreement with the measurements (infrared) of Lefohn and Pimentel
(14) and Snelson (15).

Modica and LeGraff (16) measured the equilibrium constant
for reaction (7)

CF, = CFz(g)<;I:::::5 2 CF, (7)

from 1200 to 1800 K in a single pulse shock tube with argon as
diluent. They determined the concentration of CF, by u.v. absorb-
tion spectroscopy at 2536A. The extinction co-efficient was
determined at temperatures at which dissociation was essentially
complete and then extrapolated to experimental temperatures. In
a later investigation (17) additional values of the extinction
co-efficient were obtained and the combined data resulted in,
€cF, = (1.25 £ 0.1) x 10°cm?mo1-*, constant over the whole tem-
perature range. We have recalculated their earlier equilibrium
results (16) using this value of €cf, and reduced the resulting
values of Keq to AH2(298) using the fi3rd Law" method with Gibbs
energy functions for CF, from this work and CF, = CF, from the
JANAF Tables (18). This gave AH°p(298) = 67.9 + 0.5 kcal/mol
for reaction (7) and AH¢°({CF,,q, 298) = -44.7 + 0.5 kcal/mol.
Carlson (19) has also studied reaction (7) using the same
experimental technique as Modica .and LeGraff (16) but measured
the concentration of CF, at 2620 A (&¢F 1.60 x 10%cm?/mo]l
from 1200 to 1600 K) and obtained AH %298) 68.4 = 0.5 kcal/mol,
in excellent agreement.

Imbov, Uy and Margrave (20) studied reaction (7) in a
Knutsen cell using mass spectrometric detection for UF, and CF, =
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300 FLUORINE-CONTAINING FREE RADICALS

CF2 between 1100 and 1200 K. Their results recalculated on the
same basis as those of references (16) and (19) gave AHC(298) =

75.2 + 0.5 kcal/mol for reaction (7). This corresponds to a much
smaller value (about a factor of 30) for Keq for reaction (7)

than found by Modica and LeGraff (16,17) or by Carlson (19); and
suggests that equilibrium conditions had not been reached in their
Knutsen cell.

Farber, Frish and Ko (21) have studied the reactions of
fluorine with graphite in the range 2000 to 2500 K using a Knutsen
cell with mass spectrometric detection of F, CF,, CF; and CF,.
Thus, using the thermo-functions presented_here and those of
Rodgers et al. (8), one can calculate AH2(CF,,9,298) by the "3rd
Law" method from their equilibria data fgr reactions (8) and (9).

(8)

Cs) * 2F(g) === ‘Fz(q)

FrigT=—=""Fe() 2 Flg) )

g)~——
These calculations gave AH2(CF,,9,298) = -41.7 = 0.5 and -44.0
1 kcal/mol for reactions (g) and (9) respectively.

We have adopted a value of AHZ CFz,g 298) = -44.6 kcal/mol
from the data of Modica and LeGrafF (16,17) and of Carlson (19).
This yields values of the equi]ibr1um constant for reaction (8)
with in a factor of two of those calculated from the data of
Farber et al. (21), which is certainly within the accuracy of both
the experiment and the 1imits of the rigid-rotor, harmonic oscil-
lator approximation at 2000 to 2500 K (5). The physical and
thermochemical data selected here are summarized in Table II and
the ideal gas thermodynamic functions calculated to 1500 K from
these data are summarized in Table III.

Table II

Selected Physical and Thermochemical
Data for Difluoromethylene (CF,).

Molecular Weight/gm mol1~! 50.01
Symmetry 2.0
Degeneracy, ground electronic state 1.0
Structural Parameters:
C-F/10~%cm 1.303
LFCF/deg 104.78
Product moments of Inertia/amu’A® 1.071x10%
Normal modes (degeneracy)/cm~! 1222(1);
1112(1)
668(1).
Enthalpy of Formation 298K/kcal mol~} -44.6

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



11.

RODGERS

Temp
K

100.00
150.00
200.00
273.15
298.15
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00
1100.00
1200.00
1300.00
1400.00
1500.00

TABLE III

Thermochemistry of Fluorocarbon Radicals

Ideal Gas Thermodynamic Functions for
Difluoromethylene (CFZ)_

Cp°  5° -(G°-H3)/T  H°-HS -MHe  -pg°¢  log
cal K']mol-] kcal mol’

7.96  48.40  40.45  0.79  45.33 48,12  105.
8.09 51.65 43.68 1.19 45,13  49.55 72.
8.40 54,02 45.98 1.60  44.95  51.05 55.
9.05  56.73  48.51 2.24 44,68  53.33 42,
9.30 57.53  49.23  2.47 44,60  54.12 39.
9.32 57.59  49.28  2.49 44,59 54,18 39.
10.29  60.41 51.72  3.47 44,24  57.43 31
11.10  62.80 53.70  4.54  43.89  60.77 26.
11.71  64.88  55.40 5.68 43,54  64.18 23.
12.16  66.72 56.88 6.88  43.20  67.64 21.
12.50 68,36 58.22 8.1 42.85 71.16 19.
12.75 69.85  59.43  9.37 42,52  74.7 18.
12.95 71.20  60.54 10.66  42.18  78.30 17.
13.10 72.45 61.56 11.96 41.85  81.94 16.
13.21  73.59  62.52 13.28  41.52  85.59 15.
13.31  74.65  63.41 14.60 41.19  89.28 15.
13.38  75.64  64.25 15.94  40.88  92.98 14.
13.45  76.57 65.04 17.28  40.56  96.72 14,

In Fluorine-Containing Free Radicals; Root, J.;
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Trifluoromethyl (CF3): The infrared spectrum of trifluo-
methyl has been observed in matrix isolation by Mi]]igan and
Jacox (22) and by Snelson (15). Their results were in excellent
agreement and an average of their reported fundamentals have been
summarized in Table I. Comparison of the fundamentals for 128F,
and 13CF; in valence force field calculations support a pyram1da1
geometry for the CF3 radical in agreement with esr studies of
Fessenden and Schuler (23). We have adopted a C-F bond distance
from CF3H (8) and a 4FCF = 112°; which yields an out of plane
angle (ang]e between plane of F atoms and the C-F bond) of 17°.

The analysis of the kinetic data on the forward and reverse
reactions of the type:

CFsH + X ——= CF, + HX

with X = C1, Br and I (18) yields DH®,45(CF,~H) = 106.5 * 0.4
kcal/mol, wh11e Ferguson and Whittle (24) suggest that 106.7 = 0.5
kcal/mol is the best value. We adopt this latter, which, combined
with AHL(CF3H,q, 298) = -165.7 + 1 kcal/mol (8), leads to AH%
(CFs.9,598) "= 2111.1 + 1 keal/mol

These data are summarized in Table IV and used to calculate
the ideal gas thermodynamic functions for trifluoromethyl which
are summarized in Table V.

Table IV

Selected Physical and Thermochemical
Data for Trifluoromethyl.

Molecular weight/g mol™! 69.005
Symmetry 3.
Degeneracy, ground electronic state 2.
Structure
C-F/10-%cm 1.33
LFCF/deg 2.
Product moments of inertia/amu3A® 2.100x10°
Enthalpy of formation 298K/kcal mol1-! 111.1
Normal modes (degeneracy)/cm™! 1251(2), 1085(1),

702(1), 510(2).

Pentafluoroethyl (CFaéFz): The fundamental modes of penta-
fluoroethyl have not been determined experimentally so that these
will be estimated from the assignments of pentafluoroethane (9)
using the difference method (4); thus the modes at 3008, 1393 and
1359 cm™" in the assignment, of CF3CF,H have been substracted to
yield the assignment of CF4CF,. wh11e the bond distances and
angles for pentafluoroethyl have not been measured, Meakin and
Krusic (25) have studied the esr spectrum of this radical over
a broad temperature range and concluded that the radical site was
pyramidal, as in trifluoromethyl, and that there was a barrier to

In Fluorine-Containing Free Radicals; Root, J.;
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Temp
K

100.00
150.00
200.00
273.15
298.15
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00
1100.00
1200.00
1300.00
1400.00
1500.00

Ideal Gas Thermodynamic Fynctions for
Trifluoromethyl (CF3).

TABLE V

Thermochemistry of Fluorocarbon Radicals

cp° s° -(G°-H3)/T  H°-H3  -AH -AG¢
cal K 'mo1”! kcal mol~

8.09 52.97 45.00 0.79 110.69 109.86
8.79 56.36 48.25 1.21 110.82 109.42
9.81 59.03 50.62 1.68 110.93 108.93
11.41 62.32 53.33 2.45 111.06 108.17
11.93 63.35 54.12 2.75 111.10 107.91
11.97 63.42 54.18 2.77 111.10 107.89
13.81 67.13  56.97 4.06 111.21 106.80
15.23 70.37 59.33 5.52 111.28 105.69
16.27 73.24 61.41 7.09 111.33 104.57
17.02 75.81 63.29 8.76 111.36 103.44
17.58 78.12 65.00 10.49 111.39 102.31
17.99 80.22 66.58 12.27 111.41 101.17
18.31 82.13 68.04 14.09 111.43 100.02
18.55 83.89 69.40 15.93 111.45 98.90
18.75 85.51 70.68 17.80 111.47 97.75
18.90 87.02 71.88 19.68 111.50 96.60
19.03 88.43 73.01 21.58 111.53 95.45
19.13 89.74 74.08 23.49 111.57 94.30
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rotation about the C-C bond of 2.85 kcal/mol. As indicated in
the introduction, this is the important structural information in
regard to the ideal gas thermodynamic functions. The bond dis-
tances and angles for CF3CF2 have been taken from the structure
of CF3CF,H (9). The enthalpy of formation of CF CF2 has been
determ1ned by Wu and Rodgers (26), who obtained AH;(CF3CF2,9,298)
= -213.0 £ 1 kcal/mol

These data are summarized in Table VI and the ideal gas
thermodyanimc functions for pentafluorcethyl calculated from
these data are summarized in Table VII.

Table VI

Selected Physical and Thermochemical
Data for Pentafluoroethyl.

Molecular weight/g mol-! 119.014
Symmetry 3.0
Degeneracy, ground electronic state 2.0
Structural Parameters

C-F (CF, )/10-%cm 1.335

C-F (CFz)/10‘ cm 1.345

c-C /10-%cm 1.52

LFCF (CFa)/deg 108.14

LFCF ({F2)/deg 109.3

LFCC (CF,)/deg 109.6
Product moment of inertia/amu3A® 6.926x10°
Reduced moment of inertia/amu A2 32.7
Barrier to internal rotation;

Vi/kcal mol1-! 2.85
Torsional mode/cm~! 67.
Enthalpy of formation/kcal mol-! -213.0
Normal modes/cm™! 1309, 1218, 1111,

867, 725, 577, 523,
361, 246, 1198,
1145, 508, 413, 216.

2,2,2 Trifluoroethyl (CFsCH,): The fundamental modes of
2,2,2 trifluoroethyl have not been determined experimentally so
that these will be estimated from the assignments of 2,2,2 tri-
fluoroethane (9) using the difference method (4); thus the modes
at 3035 and 1443(2) cm~! in the assignment of CF3CH; have been
eliminated. The esr spectrum of this radical has been studied
over a broad temperature range (27,28) and its spectrum was found
to be essentially invariant both with regard to line widths, as
well as coupling constants. Consequently, they concluded that
the radical site was planar and that there was essentially no
barrier to rotation about the C-C bond. The LHCH has been taken
as 120° and the balance of the structural parameters estimated

In Fluorine-Containing Free Radicals; Root, J.;
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Temp
K

100.00
150.00
200.00
273.15
298.15
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00
1100.00
1200.00
1300.00
1400.00
1500.00

Thermochemistry of Fluorocarbon Radicals

TABLE VII

Ideal Gas Thermodynamic Functions for

Pentafluoroethyl (CF3CF

2)'

€7 57 -(6°-H3)/T  Ho-HQ  -8H® 4647
cal mo1” ¢! keal mol™!
12.24 63.13 53.35 0.87 212.52 208.61
15.21 68.66 57.56 1.66 212.76 206.60
18.05 73.43  60.94 2.49 212.90 204.52
21.67 79.61 65.13 3.95 212.99 201.44
22.75 81.56 66.43 4.51 213.00 200.30
22.83 81.70 66.52 4.55 213.00 200.31
26.40 88.78 71.22 7.02 212.94 196.08
28.96 94.96 75.37 9.80 212.82 191.88
30.78 100.42 79.10 12.79  212.66 187.71
32.07 105.26 82.49 15.93 212.49 183.56
33.00 109.61 85.62 19.19 212.32 179.44
33.69 113.54 88.50 22.53 212.15 175.34
34.22 117.12  91.19 25.92 211.98 171.24
34.62 120.40 93.70 29.37 211.81 167.21
34.94 123.43 96.50 32.85 211.66 163.14
35.19 126.23 98.27 36.35 211.52 159.11
35.40 128.85 100.36 39.88 211.40 155.06
35.56 131.30 102.34 43.43 211.29 151.05
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from CF3CH; (9). The enthalpy of formation of 2,2,2 trifluoro-
ethyl has been determined by Wu and Rodgers (29), who obtained
2(CF,4 CHz,g 298) = -123.6 £ 1 kcal/mol. These data are summa-
r1§ed in Table VIII and the ideal gas thermodynamic functions
calculated from these data are summarized in Table IX.

Table VIII

Selected Physical and Thermochemical
Data for 2,2,2 Trifluoroethyl.

Molecular weight/g mol1-?! 83.036
Symmetry 6.0
Degeneracy, ground electronic state 2.0
Structural parameters
C-F/10-%cm 1.335
C-H/10"%cm 1.085
C-C/10-%cm 1.53
LFCF/deg 107.9
£CCH/deg 120.
LHCH/deg 120.
Product moment of inertia/amu3A® 8. 122x10
Reduced moment of inertia/amu A? 1.74
Barrier to internal rotation;
Ve/kcal mol~? 0.0
Enthalpy of formation/kcal mol-! -123.6
Normal modes (degeneracy)/cm=! 2975, 1408, 1280,

830, 602, 3035,
1233(2), 970(2),
541(2), 365(2).

1,1-Difluoroethyl (CHaéFz)z A temperature dependent study
of the esr spectrum of 1, 1- difluoroethyl (28,29) has indicated
that the radical site geometry is pyramidal in this radical as in
trifluoromethyl (23) and pentafluoroethyl (25), and an analysis
of the 1ine widths has indicated a barrier to rotation about the
C-C bond of 2.2 kcal/mol. The fundamental modes have been esti-
mated from 1,1-difluoroethane (9) using the difference method
(4). The modes at 3001, 1460 and 1360 cm~! were eliminated. The
bond distances and ang]es have also been estimated from those of
1,1-difluoroethane (9). The enthalpy of formation of 1,1-
d1f1uoroethy1 has been determined by Pickard and Rodgers (30)
from kinetic and thermochemical data. They obtained AH2(CH3CF,,
g,298) = -72.3 + 2 kcal/mol and showed that this value fead to a
pi bond dissociation energy in 1,1-difluoroethene of 62.5 = 2
kcal/mol (3) in excellent agreement with a previous, independent
determination (2).

These data are summarized in Table X, and the ideal gas
thermodynamic functions, calculated from these data, are given
in Table XI.
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Temp
K

100.00
150.00
200.00
273.15
298.15
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00
1100.00
1200.00
1300.00
1400.00
1500.00

Thermochemistry of Fluorocarbon Radicals

TABLE IX

Ideal Gas Thermodynamic Functions for
2,2,2-Trifluoroethyl (CF3CH2).

Cp° S°  -{G°-H3)/T He-H3 -AHf° -AGf°
cal K 'mo1™! kcal mol™ !

9.65 57.65 48.58 0.90 122.40 119.58
11.39 61.87 52.33 1.43 122.74 118.09
13.46 65.43 55.17 2.05 123.06 116.49
16.45 70.07 58.55 3.14 123.47 114.02
17.43 71.55 59.58 3.57 123.60 113.14
17.50 71.66 59.65 3.60 123.60 113.08
20.96 77.19  63.36 5.53 124.02 109.50
23.68 82.17 66.63 7.77 124.33 105.84
25.78 86.68 69.60 10.24 124.44 102.12
27.41 90.78 72.34 12.91 124.71 98.36
28.7 94.53 74.88 15.72 124.83 94.59
29.77 97.98 77.26 18.64 124.90 90.80
30.65 101.16  79.49 21.66 124.94 87.00
31.38 104.12 81.60 24.77 124.95 83.24
32.38 106.88 83.59 27.94 124.94 79.42
32.52 109.46  85.48 31.17 124.92 75.63
32.97 111.89 87.28 34.44 124.89 71.83
33.36 114.18 89.00 37.76 124.85 68.04
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Table X

Selected Physical and Thermochenpical
Data for 1,1-Difluoroethyl (CH,CF,).

Molecular weight/g mol~?! 65.044
Symmetry 3.0
Degeneracy, electronic ground state 2.0
Structural parameters

C-F/10-%cm 1.345

C-H/10"%cm 1.100

C-C/10"%cm 1.540

LHCH/deg 110.2

LCCF/deg 109.4

LFCF/deg 109.2 s
Product moments of inertia/amu3A® 2.723x10
Reduced moment of inertia/amu A2 3.06
Barrier to internal rotation;

Vs/kcal mol-! 2.2
Torsional mode/cm? 182.
Enthalpy of formation/kcal mol~! -72.3
Normal modes (degeneracy)/cm™?! 3018, 2978, 2960,

1460, 1414, 1372
1143, 1129, 868,
571, 470, 1171,
930, 383.

Discussion

While these data are limited, they can be combined with group
additivity (4,31,32), to form the basis for the estimation of the
thermochemistry of several classes of free radical (4,31). Some
caution must be exercised, however, when this estimation proce-
dure is applied to compounds with groups of very different polar-
ity as here. Thus, the entropy and heat capacity of CF3CH; is
satisfactorily approximated by group additivity (9,32), but the
enthalpy of formation is in error by nearly 8 kcal/mol (33).

With this in mind then, one should expect the thermgchemistry

of the free radicals; RfCFZCFz, RfCFZCHz, and R,CH,CF, (R, =
perfluoroalkyl and Ry = alkyl) to be satisfactoﬁi]y estimgted by
equations 10, 11 and 12.

P(RCF,CF,) = P(CF4CF,) +

G(Re) + C(C)2(F)2 - C(C)(F)s (10)
P(ReCF,CH,) = P(CFslH,) + G(Re) +
C(C)2(F)2 - C(C)(F)s (1m)

In Fluorine-Containing Free Radicals; Root, J.;
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TABLE XI

Ideal Gas Thermodynamic Functions for
1,1-Difluoroethyl (CH3CF2),

Ig%g _§5 ?; -(?;-HZ)/T H°-HS -AH¢ = ~AG;__ log Kf
cal K ' mol kcal mol
100.00 9.62 55.76 47.28 0.84 71.06 68.86 150.504
150.00 11.24 59.96 50.83 1.36 71.37 67.69 98.637
200.00 12.90 63.42 53.56 1.97 71.69 66.42 72.582
273.15 15.25 67.80 56.80 3.00 72.15 64.42 51.547
298.15 16.03 69.17 57.78 3.39 72.30 63.70 46.697
300.00 16.09 69.27 57.85 3.42 72.31 63.65 46.369
400.00 19.04 74.31 61.35 5.18 72.85 60.67 33.152
500.00 21.55 78.84 64.40 7.21 73.31 57.58 25.168
600.00 23.61 82.95 67.15 9.48 73.68 54.39 19.814
700.00 25.32 86.73 69.68 11.92 73.99 51.15 15.971
800.00 26.74 90.20 72.03 14.53 74.23 47.87 13.079
900.00 27.95 93.43 74.23 17.27 74.41 44 .57 10.823
1000.00 28.97 96.42 76.31 20.1 74.53 41,23 9.012
1100.00 29.85 99.23 78.26 23.06 74.62 37.93 7.535
1200.00 30.61 101.86 80.12 26.08 74.57 34,57 6.296
1300.00 31.26 104.34 81.89 29.18 74.70 31.23 5.250
1400.00 31.82 106.67 83.58 32.33 74.72 27.86 4,350
1500.00 32.3 108.89 85.19 35.54 74.71 24.52 3.573
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P(RyCH2CF2) = P(CH3CF,) + G(Ry) +
€(C)2(H)2 - C(C)(H), (12)

In these equations, P { ) is the particular propoerty of interest,
G(R) the group contribtuions for the alkyl substitent, and C(C),
(F)2, etc., the specific group values. One must bear in mind
that intrinsic entropy (S*) is given by the group additivity (32)
and that S° = S* - RIn o/n; where o is the rotational symmetry
number and n is the number of optical isomers of the particular
compound or radical.

The group contributions for perfluorocarbons have been deter-
mined from enthalpies of formation (34) recalculated using the
most recent value for AHZ(HFenH,0) (10); and from the entropies
and heat capacities of CE3CF3 (9) and CF3CF,CF; (35,36). The
group values thus obtained are summarized in Table XII and differ
slightly from those given in reference (32).

Table XII

Group Values for the Estimation of the
Thermochemical Properties of Perfluorocarbons.

Group AHZ(300K) S*(300k)2 5/calk-mol™?

kcal/mol cal/K='mo1-! 300 400 500
C(C)(F)s -160.45 42.6 12.7  15.0 16.7
C(C)o(F), -97.5 16.5 10.0 11.5 13.0

c(C)s(F)  -44.0

a S* = intrinsic entropy = S° - RIn o/n

Using eq. (10), one can estimate for CF3CF,CF,, AH§(300K) = -310.5
kcal/mol; S°(300K) = 98.5 cal/K mol, C5(300K) = 32.8 and C2(500K)

= 37.9 cal/K mol. The thermochemistry of reaction (1) can"be
1 *
CF; + CF, = CFzg;:::£; CF4CF,CF, (1)

=1

obtained by combining these estimates with the data for CFsy given
in Table V and that for CF, = CF, from reference (18); thus,
AH®(300K) = 42.0 kcal/mol, AS2(300K) = 36.7 cal/K mol and ACp =
0 La1/K mo1 from 300 to 500 KT Tedder and Walton (1, 37) have
summarized the kinetic data on reaction (1), from which one can
obtain log(k,/1 mol-'sec™) = 7.94 - 4.6/0 at a mean temperature
of 440K. When this result is combined with the above thermo-
chemistry via eq. (2), one obtains a value for the unimolecular
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decomposition of the perfluoropropyl radical, reaction (-1),
namely 1og(k ./sec™') = 13.9 - 45.6/0. This is the rate constant
alluded to in the Introduction, and one which we have chosen to
illustrate the advantages of thermodynamic data to kineticists.
The estimate obtained here should be reliable to 0.3 in the logA
and £1.5 to 2.0 kcal/mol in the activation energy.

There is a second path for the unimoleculor decomposition
of the perfluoropropyl radical which is also of some interest,
namely reaction (13), the decomposition to difluoromethylene.

CF3CF,CF, === CF,(F, + CF, (13)

For this reaction, we can estimate AH;(300K) 52.9 kcal/mol,
AS°(300K) = 40.8 cal/K mol, and ACB = 1.0 cal/K mol from 300 to
505 K; thus, 1og(A;s/A-13) = 7.0 and Ey3-E-y3 = 52.1 kcal/mol at
440 K with units of liters, moles and second for A. For this
mode of decomposition, there are no exper1menta1 measurements for
either rate constant, however, 1og(k15/1 mol-!sec~!) = 9.5 (38,
39,40) and log(k,e/1 mol1~! sec™!) = 8.4 - 1.6/0 (41), so that a
reasonable estimate for the rate constant of reaction (-13) would

CFs + CF; —— CoFe (15)

CF, + CF, ——— CF,=CF, (16)

1 1
be log(k-13/1 mol” sec” ) % 9.0 - 1/6., This and the above ther-
mochemistry then yields; log (k,s/sec” ) 16.0 - 53/0.

Each of the rate constants for the two paths for decomposi-
tion of the perfluoropropyl radical has an uncertainty associated
with it due to the estimates for this radical. Much of this
uncertainty will cancel out if one compares the ratio of the
rate constants for these two paths. Thus, log (k./k; 3) =
-2.1 + 7.4/6, This indicates that the rate constants are equal
at 770K, with reaction (13) dominating at higher temperatures.
However, for larger, linear, perf]uoroak]y] radicals the enthalpy
of decomposition to tetrafluoroethylene is, reduced to,

AHR(300K) = 37.6 kcal/mol, because AH%(CF;CFz) - AHf(CFa) = =102
kcal/mol, less than the -97.5 kcal/mol for the group contribution
(C-(C),(F)2). Thus for butyl and larger radicals, with other
things being equal, decomposition to CF,=CF, would be predicted
to dominate up to 1200 K.
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Chemistry of High Energy Atomic Fluorine: Steady
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EDWARD R. GRANT,! DA-FEI FENG, and JOEL KEIZER
Department of Chemistry, University of California, Davis, CA 95616

KATHLEEN D. KNIERIM,* and JOHN W. ROOT
Department of Chemistry and Crocker Nuclear Laboratory,
University of California, Davis, CA 95616

As reviewed elsewhere in this volume (l;g) considerable
recent progress has been achieved with respect to our under-
standing of the dynamics of atomic fluorine reactions. A
central objective of chemical dynamics research involves the
elucidation of coupling mechanisms by which various forms of
energy affect reaction rates (2). Vibrational excitation has
been shown to promote certain bimoleculer processes (&). In
cases that involve mode selective reagent excitation, the rate
enhancement may be sufficient to provide a basis for isotope
separation (5). Reactivity and energy transfer characteristics
of novel electronically excited species have also been investi-
gated (6-8).

Transient hot atom or hot radical momentum distributions
arise in many nonequilibrium kinetic situations. Some examples
include flash photolytic, combustion (9), explosion (10),
chemical laser (11,12), radiolytic, photochemical recoil,
nuclear recoil (]3-15), and thick-target accelerated ion or
atomic beam (16) experiments. Principally because of limita-
tions in the available methodology, the separate consideration
of translational excitation in non-ionic systems has received
comparatively little attention. Molecular beam experiments
have provided much of the available information pertaining to
collision energy effects in reactive scattering QEZ). However,
the beam technique can be successfully utilized only for systems
that involve large reaction cross sections (1), and the ener
range characteristics of available beam sources are limited 18).

Atomic recoil experiments offer an alternative procedure
for investigating the chemical effects of translational ex-
citation (19,20). Thermal (21,22) and energetic gas (23-25)
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and liguid phase (26,27) nuclear recoil !8F studies have recently
been reported. Photochemical recoil techniques (13,2&) have not
yet been utilized for the study of hot fluorine atom reactions,
and translationally excited non-ionic polyatomic reagents have
been investigated only to a limited degree (28-30).

The potential content of atomic recoil experiments has
recently been shown to include useful dynamical information
(13-16,19,23-27,31,32). A central interpretive difficulty,
however, follows from the need for unique and accurate specifi-
cations of the reactant non-Boltzmann momentum distributions.

In the present work brief reviews are given of the theoretical
progress achieved thus far toward the resolution of this problem
and of those aspects of the steady state hot atom kinetic

theory (13) that are pertinent to modeling calculations. De-
tailed modeling results are presented for nuclear recoil 18y
atoms reacting with Ho (15,31,33-35) in order to illustrate

the level of dynamical uﬁﬁé?E%EEHIEg that can be obtained.
Specific topics treated include the nature and significance of
microscopic time dependent phenomena, the nature of the coupling
between reactive cross section structure and energy ranges for
hot atom reactions, and perturbations of hot reactive energy
ranges by inert additives in mixture experiments.

Background Theory.

The remainder of this article is mainly concerned with the
theoretical analysis of nuclear recoil hot atom chemistry experi-
ments. Under typical laboratory conditions the recoil species
are generated consecutively through irradiations having much
longer duration than the characteristic hot atom mean free
lifetime (23-27). It is not unusual for the individual recoil
events to be isolated in real time. On this basis the early
hot atom kinetic theories utilized stochastic formulations for
independent recoil particle collision cascades occurring in
thermally equilibrated molecular reaction systems.

In a pioneering effort (36-38) Estrup and Wolfgang (EW)
adapted classical hard sphere neutron cooling theory in order
to obtain a time independent stochastic kinetic treatment of
hot atom reactions. The primary hot reaction yield followed
from the Miller-Dodson equation (24,27) as the integral of the
center~of-mass reaction probabilit TP(E)] over the collision
density distribution function [N(E)]. Because of the explicit
neglect of time dependent relaxation processes, stochastic
approaches of this general type cannot yield dynamical information
(;&). In most EW-theory applications classical central force
descriptions for elastic scattering have been adopted in order
to facilitate the evaluation of N(E). In the absence of reac-
tive perturbations, such treatments lead to N(E) aistributions
having the general form (1/oE). For classical hard spheres
the logarithmic energy loss constant o follows from the hot
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atom and reservoir particle masses (36,37). For classical soft
spheres the basic (l/aE) form for N(E) is preserved, but o must
be determined from the repulsive part of the intermolecular
potential £§§). For more realistic scattering descriptions
and potentials and for collision energy regimes in which re~
actions occur, this simple classical description for N(E) re-
quires modification.

Although Wolfgang often likened it to a nonequilibrium
counterpart of the Arrhenius equation, the EW-theory does not
treat temperature coupling phenomena. In fact, until rather
recently (15315:22221 temperature insensitivity has been
accepted as a general daracteristic of well behaved hot atom
systems Qég). The principal application of EW-theory has in-
volved the empirical analysis of absolute hot yield data
measured for two component systems. Individual reactants are
typically studied at progressively increasing dilution using
inert gas additives under conditions of uniform sample size,
total pressure, temperature and nuclear recoil production
method (19,20).%  The reported investigations of this type are
too numerous to be catalogued here. Reactive mixtures have
also occasionally been studied (37,41,42). The EW-theory data
analysis involves reduced plotting procedures, which are sup-
posed to yield information pertaining to integrated hot re-
action cross sections, reaction energy range effects and re-
active shadowing.¥

Refined cascade models have been incorporated in several
modifications of the original EW-theory. Kostin and coworkers
examined some of the basic relaxational assumptions using a
mathematical model for a static collision density maintained
at steady state by a constant source term (43-45).F

TPotentially serious experimental complications that can arise
at large moderator concentration include excessive recoil

loss (40) and incomplete recoil ion charge exchange. Recoil
loss enhances radiolytic sample degradation and reduces the
available radioactivity, thereby leading to diminished ex-
perimental accuracy. The severity of these effects could be
controlled through the technique of increasing the sample size
in order to accommodate the addition of moderator.

*Shadowing interpretations have often been employed in multi-
channel reaction systems in order to account for relative
product yield veriations with sample composition. Reactive
additives "shadow" (deplete) yields from lower energy processes
through energetic cross section components that selectively
intercept the cascading hot atoms.

FThis more conventional use of the term steady state, which
simply connotes time-independence for N(E s 1s fundamentally
different from the dynamical definition that arises in the
steady state hot atom kinetic theory (13,1lL).
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Collision densities computed for more realistic molecular poten-
tials have supported the general applicability of EW-theory
with the proviso that the energy loss parameter o must be
allowed to vary with collision energy. Porter's integral re-
action probability (IRP) stochastic formulation utilizes genera-
lized momentum transfer cross sections (h6-h9). In photodisso-
ciation recoil experiments the nonequilibrium reagent is injected
directly within the hot reactive collision energy zone. A de-
tailed IRP-theory analysis of this situation suggests that de-
convoluted reaction cross sections can be derived from accu-
rate hot yield measurements carried out over a range of initial
collision energies. However, this attractive procedure for
characterizing the reactive cross section energy dependence has
remained controversial (50-54). Other specialized extensions
of stochastic hot atom kinetic theory have also appeared (55,56).

Stochastic hot atom kinetic treatments have demonstrated
varying degrees of utility with respect to the systemization of
experimental results, cont-ibuting to the partial characteri-
zation of nonreactive energy loss. Although classical elastic
scattering models have been generally recognized as seriously
oversimplified, no more complete treatment for nonreactive
collisions has yet appeared ggé). A common feature of these
theories 1s the notion that an approximate description for hot
atom moderation can be incorporated into an interpretive model
which then allows the characterization of reactive energy range
and shadowing effects from measured product yields. However,
Feng et al. have questioned the validity of this approach (5}),
and EW-type theories have been shown to be insensitive to the
failure of underlying assumptions concerning nonreactive col-
lisions (55-61). These reservations are compounded by other
conceptual difficulties including the neglect of temperature
coupling and microscopic time dependent phenomens. Post hot
reaction unimolecular effects (19,25,62,63) constitute a poten-
tially serious practical problem (vide infra) that has often
been ignored in moderator experiments with polyatomic sub-
stances. Because the primary hot reaction yield (2&,27) follows
from the Miller-Dodson equation, all open secondary decomposition
channels must be directly monitored. Other effects that can
mask the significance of measured results include unimolecular
collisional energy transfer (64-66) and collision induced dis-
soeiat%on of internally excited primary hot reaction products
(671.68) .t

In summary, recent theoretical calculations have supported
the empirical utility of the reduced data plotting procedures
proscribed by EW-theory. However, the quantitative significance

tRecent unpublished quasiclassical trajectory calculations
suggest that collision induced product dissociation may be of
minor importance in the nuclear recoil *H vs. Hp reaction

system (ég) .
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of derived kinetic parameters is uncertain. In addition to
these fundamental reservations, it also seems apparent that

an adequate level of detail has generally not been provided

in hot atom moderator experiments (vide infra). Reasonable
agreement has recently been achieved between theoretically and
experimentally derived relative integrated reaction probabilities
for the nuclear recoil ®H vs. Ho(Ds) system (56). Even though
a rather large number of such claims have appeared in the
literature, we seriously question whether definitive a priori
information pertaining to hot reactive collision energy distri-
butions can be obtained from this type of kinetic analysis.

The Steady State Hot Atom Kinetic Theory.

In order to elucidate the dynamical features of a hot atom
reaction, the microscopic time dependent collision cascade must
be modeled. Provided that the required reactive and nonreactive
cross section data are available, this can be accomplished using
the steady state hot atom kinetic theory (13). This section
contains a brief introduction to.the mathematical apparatus.
Later sections describe the modeling procedure and results ob-
tained for nuclear recoil 1°F atoms reacting with pure (70)
and inert gas moderated (71) Ho. These reaction systems have
been chosen for study because of the availability of quasi-
classical trajectory reaction cross sections ( 1% together with
results from thermal (21,72) and nonthermal (é%} nuclesr recoil
experiments.

The steady state theory begins with a fictionalized re-
presentation of the hot atom cascade in which the entire col-
lection of atoms is assumed to be present initially. This
mathematically convenient model is also rigorously applicable,
provided that the recoil atoms are mutuelly non-interacting and
that they are produced with very small total concentration and
with spatial uniformity throughout the host reservoir.

The time dependent relaxation of the hot atom momentum
distribution is followed with the aid of the Boltzmann equation.
We begin with the formulation of the laboratory momentum distri-
bution for hot atoms (A) undergoing relaxation in a bath of
pure reservoir molecules (R) that are in thermal and mechanical
equilibrium with each other and with their surroundings. For
simplicity the reservoir species are assumed to be initially
present in a single quantum state designated by subscript j.

The generalization to systems of greater complexity is given
later. The equilibrium and time %ﬁ) dependent non-equilibrium
momentum distributions for species R and A are denoted 5 (PR)
and g (EA,t). The time derivetive of the hot atom momenttm™
densi%y is given by the Boltzmann equation modified for the
inclusion of intermal states (73).
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TR o (0 [a fap, os/x) (o) Telel, - 6,25 ]
= = . a fapy o(3/x) (/) [gptpr - 8TRy
- 1, (¢) /dQ/ng o*(3) (P/u) g, f;d (1)

InEg. 1 n (t) denotes the number density of the hot atoms; P
and p the scalar center-of-mass momentum and reduced mass;
o(j/k), the total cross section for elastic scattering and in-
elastic scattering to final quantum state k; o%*(Jj), the detailed
state specific total reactive cross section; and the primed
terms designate energy restoring collisions, The second term,
which accounts for hot atom depletion due to reactions, can be
integrated over EA to yield a time dependent chemical rate
eguation.

dnA

= = -nA(t)/dn/ng /dgA o*(3) (P/u) g, fﬁj
= - nA(t) k(t) (2)

The rate coefficient [K (t)] integral in Eq. 2 is time dependent
through the momentum distribution function g,.

Equation 1 relates the changing hot atom momentum density
to the distribution functions and the cross sections for elastic,
inelastic and reactive scattering. We next require an explicit
expression for g,. The rate of collisional relaxation away from
the initial anisotropic laboratory vector momentum distribution
is extremely rapid. The spatial part of this distribution is
quickly randomized, so that the average vector laboratory momentum
becomes vanishingly small after only a few collisions.t 1In the
spirit of the Chapman-Enskog treatment of nonequilibrium trans-
port processes (ZE), a zeroth order approximation for g, after a
very small number of nonreactive encounters is given by a Gaussilan
distribution centered about the value zero.

gy (Byst) = [2MmykT,] 3/ exp( -B,*/2m, kT, ] )

Here the quantities k, m, and T, denote Boltzmann's constant,
the hot atom mass and the time éependent hot atom temperature.

TDepending upon the experimental method, the initial hot atom
laboratory vector momentum distribution may or may not be aniso-
tropic. The ®He(n,p)%H and ordinary ultraviolet photodissociation
techniques produce isotropic distributions, whereas *°F(n,2n)L8F
and polarized light induced photodissociations do not.
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This result is essentially equivalent to the Chapman-Enskog

local equilibrium approximation, which has proven quite successful
for the theoretical representation of irreversible transport
processes for real gases. Reasoning by analogy, the physical
basis for Eq. 3 involves the simple notion that translational
relaxation occurs isotropically and much more rapidly than other
relaxation modes, notably including nonthermal chemical reactions.

The validity and limitations of Eq. 3 are of central im-
portance to the remainder of this discussion. The steady state
theory represents a fundamental departure from the stochastic
methodology that has been widely accepted by workers in non-
equilibrium chemical kinetics (1k). We therefore digress briefly
to consider the nature of limitations and possible improvements
for Eq. 3 along with the ratiomale for steady state theory
modeling calculations. The appropriateness and utility of the
local equilibrium approach follow from the recognition that non-
thermal chemical reactions can be meaningfully described as time
dependent relaxation processes that principally compete with momen-
tum transfer. It is the detailed balancing between these effects
that comprises the core of a dynamical theory.

Equation 3 represents a good approximation for situations
in which momentum relaxation takes place considerably faster
than nonthermal reaction. The local equilibrium model becomes
increasingly inadequate as these rates approach one anocther, so
that the present form of the steady state theory will be least
accurate for systems that involve very rapid reactions. Higher
order Chapman-Enskog solutions of the Boltzmann equation, which
provide successive degrees of refinement, could be incorporated
into the theory. Such modifications would introduce additional
mathematical structure in Eq. 3, which is probably not needed
except for the descripjion of systems that closely approach true
steady state behavior. This does not occur for any of the cases
of present interest (vide infra) or, indeed, for any known nuclear
recoil reaction system. For this fundamental reason and also
because of the crude level of approximation involved in our treat-
ment of nonreactive collisions, the further refinement of Eq. 3
has not yet been considered to be worthwhile.

A paramount advantage of the above formulation for g, is
conceptual. Ag illustrated below, a single intuitively meaningful
parameter, the hot atom temperature, provides a suitable basis for
characterizing all of the salient dynamical attributes of hot atom
reactions through standard nonthermal rate coefficient formalism.
We feel that the principal and possibly unique value of steady
state theory modeling is to provide definitive qualitative descrip-
tions for hot atom dynamical phenomena such as reaction energy

TIn the present context steady state signifies that the reactive
and nonreactive relaxation rates exactly balance, so that both
8y and TA cease to vary with time.
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range effects, reactive shadowing, nonthermal kinetic isotope
effects, internal state coupling (13,23), and other ambient
temperature coupling mechanisms ﬁ;ﬁ . At the present stage of
theoretical development, we believe that the calculated results
have semiquantitative numerical significance and that the in-
formation content of the modeling calculations has surpassed
those of all but the most sophisticated hot atom experiments.
A limitation of the theory is that it is not useful for direct
data manipulation. Even so, the comparison of modeled vs.
measured results can strongly influence the interpretation of
nonthermal experiments,

Returning now to the development of mathematical apparatus,
we next consider the important characteristics of the hot atom
temperature. Equation 3 is Maxwellian, so that the average
instantineous hot atom leboratory kinetic energy (EA) is given
by Eq. 4.

i ). 4

E,(t) = 2 1,(%) ()
Multiplication of this result by the total number of hot atoms
[NA(t ] yields an expression for the total kinetic energy (E,)

b
which can be solved for T, and differentiated in order to ob%ain
g definition for the rate of TA relexetion.

2oslp@aee o
3k NA dt 2 n, dt

The quantity (aE,/dt) follows from averaging [P,%/2m,] over
g and then taking the time derivative via the ﬁoltzmann equation.

aE, (€)
= = () (g (6) + £ (8)] °

Subscripts r and n in Eq. 6 denote the reactive and non-reactive
terms, which follow directly from the equivalent energy expression
to Eq. 1.

D> ]dQ J ar, (,2/em,) a2 o(3/) (/) Tefely - gyt2] (1)
k

£ - _fdndePA (EAz/zmA)deR *(3) (P/w) gAf;;j (8)

The hot atom density derivative in Eq. 5 is obtained from Eq. 2.

dTA

T - e @) v e () Zrm () €(s)] (9)
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The significance of the terms in Eq. 9 has been considered
elsewhere (13). The quantity £ (t) describes the rate of cooling
of the E, distribution induced gy elastic and inelastic collisions.
The other terms describe the relationship between T, and the
average energy of reaction [<e >]. For <¢_> values smaller than
l.SkTA, the combined reactive terms have a’net heating effect.
For systems characterized by the abrupt onset of highly efficient
reaction over a narrow T, interval, it is possible in principle
for the cooling and heating rates to become exactly balanced.

The derivative (dT,/dt) then vanishes, corresponding to the
establishment of & true steady state hot atom momentum distribu-
tion. As noted above, no real physical system has yet been
identified that is believed to fulfill this condition. However,
many nuclear recoil systems probably exhibit sufficiently en-
hanced reaction rates that the inhibition of cooling leads to
quasi steady state behavior (13,15,23,%1,32-34), The nonthermal
18F vs. Ho(Do) cases are of this latter type. In general, quasi
steady state (time independent) nonthermal rate coefficients can
be anticipated to be useful for the analysis of data obtained for
such systems.

The time dependence in Eq. 9 originates exclusively from the

momentum distribution 8> which in turn depends upon TA.

d?A

T = F(T,) (10)
This single valued, unique relationship can be inverted in order
to describe the coupling between differential time and ?A inter-
vals.

at = 7 (1) ar, (11)

The integrated form of Eq. 11 specifies the elapsed time for a
particular TA change gzg)-

£
fTA -2 (

M = A F (TA) at, 12)
Ta

Here the i and f superscripts denote initial and final conditions.
For multicomponent systems the only required formalism change
involves the inclusion of additional cooling and heating terms.

aT KT
A2 A (13)
& " EEZ Xle * & v 5 )
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Here the index i specifies identity and X. denotes component
mole fraction. Further generalization to allow a more complex
initial quantum state dependence requires the inclusion of
population distribution corrections and an additional summation
over index j. For reactive additives all 3 terms in Eq. 13
must be evaluated, but only the cooling term contributes to
(dTA/dt) for inert moderators.

Steady State Theory Model Calculations.

The simulation procedure first requires the detailed spe-
cification of the system to be modeled including sample com-
position, total pressure, ambient temperature, molecular con-
stants, reactive cross sections and a set of T, values.T
Equation 9 is then evaluated at each T, based Upon suitable
approximate representations for Eqs. 2, 7 and 8. The energy
dependent elastic and inelastic cross section data required
for use in Eq. 7 are not available, Accordingly, in our initial
calculations Eq. 7 has been approximated by combining derived
expressions for hard sphere elastic energy loss and hot atom
vs. equilibrium Maxwellian reservoir particle collision fre-
quency. An ad hoc zeroth order correction for restoring col-
lisions, which prevents T, from relaxing below ambient tempera-
ture (T3, has been incorﬁ%rated in Eq. 7 through replacement
of T, by the quantity (T,-T).

Although restoring collisions should be relatively un-
important at energies substantially larger than kT, the above
treatment of nonreactive energy loss represents our most drastic
assumption, The present description of hot atom moderation is
similar to those previously employed in the EW-theory (36,37)
and in Monte Carlo model calculations by Koura (15). Classical
trajectory calculations constitute the most probable future
source for total inelastic cross sections. Available approxi-
mate treatments account for the collision energy dependence
of elastic cross sections over narrow energy ranges Qzé).

To some extent, for polyatomic substances the errors associated
with our incomplete descriptions of elastic and inelastic energy
loss are internally compensating. At moderate to large col-
lision energies the elastic cross sections have been overestimated,
while the inelastic values have been underestimated.

The average energy transfer [<AE>] between a hot atom with
large average energy %% ) and a stationary reservoir particle
is given by Eqs. 1k and®15.

2u

<DE> = - E (14)

TThe use of reservoir density reduced time units permits a
simplified pressure independent representation of the primary
hot atom reactions and momentum relaxation processes,
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Eg - %kTA (15)

The hot atom collision frequency (Z,,) follows from integration
of the hard sphere elastic cross seé%ion over the distribution
functions for n; and nm, (33,34).

-3 /2
Zag :8Tﬁm.RcAR[2TTuk.TA]_5/2 [Hi N %] / 62 (16)
M MT

In Egs. 14-16 M denotes the total mass of colliding particles
and 8 is given by Eq. 1T7.
kT kTA ,

[HL%_J
kT kT

A

(17)

In units of temperature the single component result for En(t)
follows from Eqs. 14-17:

£,(8) = - 2 5 1 (18)

Hard sphere elastic cross sections [o 1 have been cbtained
from averaged molecular force constants as determined from ex-
perimental equation of state and transport property data (76,77).
The 24.2 A2 value for *°F represents the self-collision elastic
cross section for Ne. The mixed values for I°F vs. Hap, Ar and
Xe then follow as 25.9 A%, 30,1 A% and 36.6 A%, respectively.

Reactive cross sections suitable for the simulation of
energetic reactions through Eqs. 2 and 8 have been calculated
via quasiclassical trajectory methods (78). In a preceding
paper Feng et al. (31) demonstrated that knowledge of the
potential energy surface topology (79) for the FHH collinear
configuration is sufficient to determine reactive cross sections
to the presently desired level of accuracy. The quantitative
validity of this model for describing epithermal collision
processes has been severely curtailed by the approximate formu-
lation for £ (t). For this reason it has not been necessary
to obtain refined reactive cross sections corresponding to
thermally accessible collisions. These simulations have utilized
reactive cross sections computed for Muckerman's optimized IEPS
surface V (80). Anslytical equations have been fitted to the
trajectory cross section data through nonlinear regression
analysis,

The final result for gr(t) is given by Egs. 19 and 20.
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3/o[MR  Tal /2
gr(t) = = {8TTLLI]_R6 [QTTP,RTA] [DT_ + M—FA‘]
x /“ E2 c*(j) exp(-—eE) dE
(o]
offun_ KT m p /2
(S s - ]
x/ E 0%(3) exp(-8E) dE} (19)
o]
o _ a8
d217kTA5
o, eu(TA -T) umA(TA -T)2 (20)
- my (mRTA + mAT) + (mRTA + mAT)2 2
Similarly, k(t) follows from Eq. 2.
K(t) = {8ﬁunR[2ﬂukTA]-5/2
032
% [:;_R + %] / E o*(j) exp(-8E) d.E} (21)
A
o]

Equations 16-21 permit the evaluation of Eq. 9 at each desired
T, value. The result is then inverted and inserted into Eg.
Ié followed by numerical integration over the desired T, range
in order to characterize the time dependent relaxation of the
hot atom momentum distribution,

The Pure H- Reaction System.

Calculated T, relaxation results obtained at 300°K ambient
temperature have been shown in Table I and Fig. 1. In order
to remove an artificial dependence upon the reservoir pressure,
density reduced time units [(t.n.), molecule sec cm™ ] have
been employed throughout the present discussion., As shown in
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Table I, Reaction Rate Coefficients and T, Relaxation Results
for Pure H, at 300°K Ambient Temperature.

a 0
K .
Ty (TA) t

o = -1 = - =
(°K) x 10~ (cm® molecule ™ sec ) x 10° (molecule sec em> ) x10™°

10000 - -
9000 0.077 0.0215
8000 0.090 0,0470
7000 0,107 0.0780
6000 0.131 0.116
5000 0.164 0.167
4000 0.216 0.235
2000 0.299 0.338
2000 0,452 0.517
1000 0.763 0.949

500 0.970 1.55
400 0.985 1.76
300 0,964 2,05
200 0.876 2.48
100 0.658 3,33
50 0.448 I ho
4o 0.%88 L. 84
30 0.318 5.46
20 0.23%6 6.47
10 0,134 8.79

5 0.076 12.1

L 0.064 13.5

3 0.052 15.5

2 0,040 18.9

1 0.028 26.5

0.5 0.022 38.6

a. The initial value corresponding to each tabulated final TA
is given by the preceding entry.
b. Cf. Fig. 2.
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Fig. 1 T, exhibits an initially rapid decrease for pure Hp,
levelling off at values below 10°°K for relaxation times
longer than 5 x 10° molecule sec em 2. The T, relaxation
results for mixed Ar/H2 systems are considereé in the following
section.

The reduced time formulation for the nonthermsl reaction
rate is given by Eq. 22,

dnA
= - K(t) nA(t) (22)

which can be integrated in order to obtain the time dependence
of the hot atom density.

t
nA(t) = n; exp [-f (t) dt] (23)

(o]

Time dependent rate coefficients calculated via Eq. 21 (gg,Fi . 2)
are numerically integrated using Eq. 23 in order to obtain n %t).
Reaction rates, which then follow from Egq. 22, are integrateé

in a similar fashion in order to produce time dependent hot

yields [Y(tf)],

T
t
) = [ k) m ) e (21)

o

The time dependent hot atom densities, reaction rates and yields
depicted in Figs. 3 and 4 reveal that nonthermal reaction com-
mences almost immediately in pure Hy because of the large mag-
nitude of the high energy cross section. The maximum reaction
ra§g occurs at an elapsed time of ca. 1.0 x 10° molecule sec
em ~, corresponding to a real relaxestion time of ca. 30
picoseconds at 300°K and 1000 Torr pressure. Ninety percent of
the hotsyield is produced at times shorter than 3 x 10° molecule
sec cm , and the reaction has nearly cegsed following an
elapsed time of 5 x 10° molecule sec cm

A 99.8% calculated total hot yield follows somewhaf arbi-
trarily by truncating Eq. 24 at a total elapsed time (t)
value of 2.65 x 10° molecule sec cm . From Table I this Y(t¥)
cu%off corresponds to an equivalent final hot atom temperature
(T,) of 1000°K. In agreement with the range of plausible
values deduced from experiment (23), the thermalized °F atom
fraction in pure Hp is negligibly small. Because the present
t (t) model exaggerates the efficiency of cooling processes at
lgrge T., this calculation tends to overestimate the fraction
of the initial 8F atom distribution that fails to undergo
nonthermal reaction.
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Figure 1. Relaxation time behavior of
the hot atom temperature. Key to curves:
A, Pure H,; B, 50 mol %; C, 99 mol % 103
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Figure 2. Time (curve A) and T, (curve B)

dependent nonthermal rate coefficients for

the *F 4+ H, reaction at 300°K ambient
temperature
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From Figs. 2 and L the rapid decline in n,(t) at large time
effectively determines the width of the reaction rate distribu-
tion (g{. Eq. 22). A problem of central importance in hot atom
chemistry concerns the characterization of nonthermal reactive
collision energy ranges. TFigure 1 and Eqs. 10-12 show that
the relationship between T, and time, while strongly nonlinear,
is single-valued and unique. Thus, as shown in Fig. 2 and
Table I, the time dependent rate coefficients can also be ex-
pressed in terms of equivalent T, dependences. In a similar
fashion the temperature dependen% yields and the fall off in
hot atom density for the relaxing distribution have been shown
in Fig. 5, and the corresponding reaction rate data in Fig. 6.
Since the average '°F laboratory kinetic energy is simply
1.5kT, , these results clearly contain reactive collision
energy dependence information. However, their precise quan-
titative significance is somewhat uncertain because the cal-
culated reaction rates and yields represent the behavior of
relaxing Maxwellian distributions of '®F atom laboratory kinetic
energies., In order to specify the corresponding center-of-mass
reactive collision energy distributions, the coordinate trans-
formation and distribution unfolding problems must be solved.
This has been accomplished analytically for the case of small
mass hot atoms reacting with large mass reservoir species (13).
Neither analytical nor numerical solutions are yet available
for the *®F vs. Hy system. A slight additional ambiguity
arises from the intrinsic nonlinearity of the T, vs. relaxation
time relationship, which gives rise to exaggera%ed relative
weighting of low temperature reaction processes in TA dependent
reaction rate or yield plots.

A simple procedure for illustrating the significance of
the T, dependent results has been shown in Fig. 7. The
quantity -(dY/dLogT,) follows _from direct numerical differen-
tiation of the calctlated Y(TL) results. Integration of this
distribution over any interva& on the Log T, scale gives
the fraction of the hot yield corresponding to the specified
TA range,

Tzin
Y(Tl’fin) - / ar_\dLog T, (25)
" <dLogTA
Ty

Plots of -(dY/dLogT,) vs. Log T, thus clearly reveal the nature
of the average '°F laboratory kinetic energy dependence of
the hot yield. This data presentation technique is especially
useful for the analysis of results obtained for multicomponent
and multichannel reaction systems,

We next consider how closely the nuclear recoil 18 vsS.
H-. system may have approached true high temperature steady state
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conditions. An essential prerequisite to the establish-

ment of & time invariant momentum distribution is that the
reactive collision efficiency must be sufficlently large to
allow dynamical balancing between heating and cooling effects.
Some T dependent collision efficiencies have been shown in
Table The ca. 25% maximum efficiency corresponds to a

TA of roughly 10°°K and exceeds the 300°K equilibrium value
by only fivefold. Detailed analysis of the cooling and heating
terms in Eq. 9 provides a more critical test for the existence
of a steady state. For nuclear recoil 18F reacting with pure
Ho the combined heating rates never exceed 20% of the cooling
rate,

Table II. Hot Atom Temperature Dependent Collision Frequencies
And Reactive Collision Efficiencies.

T, () <'<_)
(°k) x 10°® (cn® molecule ! gec 1) x 10'° ZpR
(%)
1.00 89.0 8.6
0.50 6%.0 15.4
0.100 8.5 3.1
0.050 20,4 22.0
0.0100 10.0 1514
0.00500 7.8 9.7
0,00100, 5.4 5.2
0.000%0 k.9 .1
0. 000% ¢ - 4.8

a. Rate coefficient values have been taken from Table I.

b. Obtained by integrating the reactive cross section over
Maxwellian hot atom and reservoir particle distributions.

c. Experimental result. Ref. (21).

Koura (15) has investigated the poss1b1e formation of high
temperature steady states in the nonthermal *°F + Ho system
using a Monte Carlo numerical procedure for solving the time
dependent Boltzmann equation. Reactive cross section data re-
ported from this laboratory were employed together with an
energy dependent hard sphere model. Time dependent momentum
relaxation, reaction rate and yield results were obtained for
a variety of assumed initial hot atom momentum distributions.
The momentum relaxation results are particularly revealing.
Since the Monte Carlo distributions can be reasonably well
represented by the local equilibrium model, these results
corroborate the essential validity of the present calculational
procedure. To the extent that direct comparisons can be carried
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out, the Monte Carlo and local equilibrium results exhibit
good agreement. Both methods predict essentially 100% hot yield
in pure Hy together with the failure to establish a high tempera-
ture steady state under nuclear recoil conditions. A
surprising and rather remarkable Monte Carlo result is the
indication that changes in the initial hot atom momentum dis-
tribution can significantly affect the reaction dynamics.
For highly energetic multichannel systems characterized by
large total hot reactivity (22—2[:62), it follows that different
irradiation techniques may conceivebly lead to different product
distributions.

The present pure Hs calculations illustrate the sigaificance
of non-Boltzmann rate coefficients for hot atom reaction
systems. Suince K(t) is a strongly varying function, Eq. 22
cannot be approximated by a first order linear differential
rate expression. The mean hot atom reactive lifetime is given
by Eq. 26.

+F
—L: t k(%) nA(t) at

T = <t (26)

B T
[ ) n ) a
[o]

To the extent that ¥(t) is constant throughout a time interval
that is comparable to T, then the correct time dependent rate
expression can be replaced by an approximate quasi steady
state analog. Even in the absence of a true steady state,
certain features of an average rate coefficient formulation
will continue to be applicable (23,25,27,31,32). This con-
clusion is insensitive to the present assumptions concerning
nonreactive scattering. It would be strengthened by the in-
clusion of a more realistic representation of the energy de-
pendent nonreactive cross section, since a relative reactivity
increase would lead to compression of the time and TA ranges
sampled by nonthermal reaction.

Moderated H-o Reaction Systems.

Two component mixture calculations have been carried out
via Eq. 13 for inert gas moderated nuclear recoil °F vs,
Ho systems (71). Care must be exercised in setting up multi-
component simulations in order to insure that the composition
dependent relaxation times and reaction rates can be directly
intercompared. Unless density reduced time units have been
utilized, the modeled systems must correspond to conditions
of constant total pressure. The T, relaxation results shown
in Fig. 1 demonstrate large cooling rate increases accompanying
the addition of inert moderator. Time dependent reaction rates
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and yields have been shown in Figs. 8-10 for 50 mole % Ar and

99 mole % Ar and Xe moderated Hn, respectively. Total hot
yields, which have been summarized in Table III, followed from
numerical integrati?n of the reaction rates to an equivalent T
of 1000°k. The Y(t") data shown in Figs. 8-10 have been plotted
as fractions of the tabulated total yields obtained for 300°K
ambient temperature.

The total yields exhibit pronounced negative dependences
upon moderator concentration similar to those observed in actual
experiments. The expected sensitivity to moderator efficilency
is also ggparent. The rationale for simulating the non-
thermal ~ F + Ho reaction at different ambient temperatures
is considered below.

Table III. Moderator Concentration Dependence of Total Hot Yields.

Total Hot Yield (%)

Moderator
Concentration b e b
(Mole %) Ar Ar Xe He
0.0 99.5 99.0 99.5 99.5
10.0 93.5 9T7.l 98.9 99,0
30.0 9.3 90.3% 9.4 9%.8
50.0 81.1 75.8 89.7 91,0
70.0 58.6 52.4 3.1 5.7
90,0 23,2 19.8 3,5 37.1
99.0 2.5 2.1 .1 k.5

a. Hard sphere average logarithmic energy decrements QZQ)
for Hp, He, Ar and Xe toward *°F atoms are 0.208, 0.385,
0.675 and 0.251,

b. 300°K ambient temperature.

c. 10°K ambient temperature.

We next examine the hot reaction rate perturbations caused
by the presence of inert moderators. For specified values of
the nonthermal rate coefficient and hot atom density, the re-~
action rate is directly proportional to the H, concentration.
In order to obtain information pertaining to reactive shadowing
effects, it is necessary to isolate the rate changes that re-
sult from variations in the hot atom density. This can be
accomplished in a qualitative fashion by scaling the calculated
absolute rates to conditions of uniform Ho density (n. ).

The scaled rates shown in Figs. 8-10 represent absolut€ values
multiplied by the correction factor (1/xH ). Comparison with
the pure H, results shown in Fig. 4 revea®s the occurrence of
large scaled rate increases accompanying the addition of
moderator. In conventional terminology these changes reflect
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the importence of Hp reactive self-shadowing, which results
from the rapid and efficient depletion of the hot atom den-
sity at large colligion energy in the absence of moderator.

The nonthermal reaction rates exhibit significant time
dependence variastions associated with the presence of inert
moderators. From Figs. 4, 8 and 9 the addition of 99 mole %

Ar to Ho causes the maximum reaction rate to be established
roughly twofold more quickly. Presumably as a result of the
rough similarity in moderating efficiencies between Hs, and
qu%gi. Table III), a similar effect does not occur in 99 mole %
Xe moderated Ho. This shortening of the nonthermal reaction
induction period seemg primerily to reflect large total cooling
rate increases.

Table IV and Figs., 4 and 8-10 show that the progressive
addition of moderator also causes the reaction rate curves
to become increasingly skewed to longer relaxation times.

The tabulated T values were cbtajned from Eq. 26 with a t
cutoff corresponding to 1000°K T,. A convenient measure of
the rate distribution width is provided by <t=>.

o
_/. +2 & (t) nA(t) at
<> =2 pe3 (27)

.I. k(t) nA(t) at

[e]

As revealed by these T and <t®> results, the skewing of the
rate distributions is strongly enhanced for Xe relative to Ar.
As the total yield falls off with increasing moderator con-
centration, the hot atom density survives to sample the rate
coefficient at longer relaxation times than is possible in
pure Ho. Since rapid cooling through the epithermal region
limits the effectiveness of these "slow" reactions, the
skewing effect is less pronounced for Ar in comparison with
Xe. We conclude that in efficiently moderated systems the
length of the induction period required to establish the
meximum reaction rate decreases, whereas the average reactive
lifetime T increases.

The analysis of T, dependence results reveals the physical
basis for the above nd%ed changes in the hot atom reactive
lifetime distributions, including the ambient temperature
effects shown in Tables IIT and IV. The T, dependent scaled
reaction rates, yields and -(dY/dLogT,) distributions have
been plotted in Figs. 11-13. The rate data have been scaled
as noted previously. Yields have been plotted as fractions
of the total values calculated for the respective 300°K re-
action systems. The -(dY/dLogT,) distributions then follow
from direct numerical differentiation of the scaled yields.

The most probable -(dY/dLogTA) velues generally exhibit dis-
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Table IV. Properties of Time Dependent Nonthermal Reaction
Rate Distributions at 300°K and 10°K Ambient Temperatures.

Argon Anbient Temperature

Concentration 300°K 10°K
(Mole %)

T <t2> T <t2>

(molecule sec em°) x 1079

0.0 1.68 0.59 1.64 0.51
10.0 1.80 0.78 1.70 0.60
30.0 2.15 1.23 1.85 0.76
50.0 2.53 1.65 1.99 0.86
T70.0 2.85 1.97 2.07 0.89
90.0 3,10 2.17 2,10 0.88
99.0 3,19 2.22 2,10 0.87
99,08 5.32 6,24 3.47  2.36

a, Xe moderator.

placement to reduced T,, showing that the average 8F laboratory
kinetic energy sampledAby nonthermel reaction decreases with
increasing moderator concentration. At Ar concentrations

below 50 mole % this effect is accompanied by simultaneous
increases in the -(dY/dLogT,) distribution widths relative

to the respective most probable T, values.

As noted above we have not yet attempted to calculate
average reactive collision energies in the center-of-mass
coordinate system. The closest present approximation to this
quantity follows from the most probable hot atom temperature
[<T,>] obtained for each -(dY/dLogT,) distribution. These
<T é-results have been expressed as equivalent average '°F
la%oratory kinetic energies [1.5k<T,>] and center-of-mass col-
lision energies <e> in Table V. As estimated in this fashion,
the most probable reactive collision energy varies from 9.7
eV molecule ' in pure Ho to 1.2 eV molecule * in 99 mole % He,
Ar or Xe moderated Ho., Reactive collision energy distribution
widths at half maximum, which have been estimated in an
analogous manner, increase by more than threefold accompamying
the addition of 99 mole % He, Ar or Xe to pure Hp. The above
results clearly reveal the nature of the reaction energy
range changes that take place in moderated nuclear recoil
hot atom chemistry experiments. In situations characterized
by broad ¥ (T,) functions and large intrinsic reactivity, the
addition of moderator increases the relative width of the
reactive collision energy distribution and diminishes its
average magnitude.
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Teble V. Properties of -(dY/dLogT,) Distributions at 300°K
Anbient Temperature.

k .
Moderator <$R> %_<:R> <> € glz?zl_
(Concentration, - - E'étg
Mole %) (°x) x 10 (evV Molecule ) .
Ar(0.0) 7.48 %.7 9.7 22,2
(50.0) 3,07 k2.3 k.3 15.2
(99.0) 0.89 11.5 1.2 9.4
Xe (99.0) 0.89 1.5 1.2 9.k
He (99.0) 0.89 1.5 1.2 9.k

Another characteristic of the -(aY/dLogT,) distributions
that we believe to be general for systems of %his type follows
from Figs. 12 and 13, These distributions approach a pure
moderator limiting form that is independent of moderator iden-
tity. The average reactive collision energy thus does not de-
crease indefinitely with increasing moderation. For the non-
thermal *SF vs. Ar/Hy system it achieves an essentially con-
stant value at Ar concentrations in excess of ca. 90 mole %
(cf. Table IV). The form of the limiting -(dY/dLogT,) distri-
bution is controlled by ¥(T,), which thus governs thé effec-
tive collision energy resoliition that can be achieved in
moderated hot atom chemistry experiments. Within the framework
of the present nonreactive collision model, in the complete
absence of reactive shadowing the limiting distribution should
be the same for all inert moderators.

We now consider the upturn in -(dY/dLogT,) observed at
small T, values for highly moderated 300°K am%ient temperature
systems. The increases that occur for T, values below
5000°K indicate the onset of contamination by epithermal re-
actions. Both the £ (t) and hot atom collision frequency
(z,,) models include ad hoc zeroth order corrections for trans-
la%ional restoring collisions. The calculated low energy re-
action yields can be reduced --though not eliminated--through
removal of the restoring correction term from £ (t). How-
ever, a more effective suppression technique inYolves reduction
of the ambient temperature to 100°K or below. From Table IIT
and Pig. 12 the epithermal contamination approaches 20% of
the total hot yield at 300°K and 99 mole % Ar concentration.
In order to illustra%e the quantitative importance of this
effect, the 10°K Y(T;) and -(dY/dlogTl,) results shown in Figs.
11-13 have been scaled relative to theé corresponding 300°K
y(T ) values. Because of the limitations inherent in the pre-
sent theoretical model, the numerical significance of
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these calculated epithermal yields is uncertain. However, the
qualitative indications are valid (i) that epithermal reactions
may cause interference in moderated hot atom chemistry experi-
ments, (11) that the epithermal yields will be strongly de-~
pendent upon the ambient temperature, and (iii) that these
conclusions have general applicability except for situations
that involve thermally inaccessible hot reactions. Energetic
3H and 8F atomic substitution processes, for example, have
center-of-mass threshold energy requirements of 1.5 eV or

more (2L4). The efficacy of competitive reaction techniques for
controlling epithermal contamination will be determined in
future model calculations.

An important consequence of the results shown in Table V
involves the possible significance of hot yields measured in
moderator experiments with polyatomic reactants. For nonthermal
reactions that sample broad k(T,) under conditions of large
total hot reactivity, the relative decrease in the average re-
active collision energy at the moderated limit may approach
one order of magnitude. The secondary decomposition behavior
of a polyatomic primary reaction product would then likely
exhibit a marked dependence upon the moderator concentration.
The present results therefore demonstrate that such experiments
must include the characterization and monitoring of all open
secondary decomposition channels under the full range of in-
vestigated conditions.

Finally, we briefly consider the physical significance of
the T, dependent scaled reaction rates shown in Figs. 6 and
11-1%, Accompanying the addition of inert moderator, the
scaled rates consistently increase at all T, values below
107°K. This effect simply reflects the fact that the hot atom
density is not significantly depleted during the relaxation
process at large moderator concentration., It is particularly
dramatic at small T, values that do not contribute appreciably
to the hot yield in pure H,. However, relative to pure Hy even
the most probable scaled rate exhibits a twofold increase in
the presence of 99 mole % Ar. These results provide a useful
basis for elucidating the qualitative nesture and role of re-
active shadowing effects in single-channel nonthermal reaction
systems. More complex situations can best be analyzed in terms
of the dynamic interplay between the hot atom density and the
available nonthermal rate coefficients.

In future research we plan to seek the development of
improved models for elastic and inelastic scattering and to
apply the local equilibrium steady state theory for additional
simulations of nuclear and photodissociation recoil ®H, *°F,
and 38C1 reaction systems.
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Electron Spin Resonance Studies of Fluorine-Containing

Radicals in Single Organic Crystals

LOWELL D. KISPERT
Chemistry Department, University of Alabama, Tuscaloosa, Alabama 35486

Electron spin resonance {(esr) studies of
fluorine-containing organic free radicals in X~ and ¥-
irradiated single crystals has enabled an experimental
measurement to be made of the isotropic and aniso-
tropic hyperfine splittings and direction cosines for
fluorine as well as for other nuclei containing a non-
zero magnetic moment. From such data, the structure of
fluorine~containing radicals has been deduced, the un-
paired electron density in the 2prm-orbitals has been
calculated, the intramolecular motion exhibited by sub-
stituents of the radicals has been determined and the
reaction coordinates measured for the decay and forma-
tion of radicals in oriented matrices.

Since a large body of information is known, it is
the purpose of this chapter to review the important
structural features of fluorine-containing radicals
oriented in irradiated single crystals. It will also
be demonstrated that these radicals undergo a dynamic
motion over a wide range of temperatures, that oxygen
can diffuse into a number of these irradiated crystals
forming peroxy radicals and that a complete radical
formation and decay mechanism for oriented fluorinated
radicals is not known.

Historically, the first complete esr study of a
fluorine-containing radical in a single crystal, that
of the °*CF3CONH; radical, was reported by Lontz and
Gordy (l) in 1962. This was followed soon after by a
study of the -CFHCONH; radical by Cook, Rowlands and
Whiffen (2). From such studies it is readily apparent
that the fluorine hyperfine splittings are characteri-
zed by large anisotropy varying from approx. 200 to 0
Gauss. In contrast, similar studies of radicals exhibi-
ting only proton hyperfine interactions show that the
hyperfine anisotropy varies from 30 to 10 Gauss and is
due to the dipolar interaction between the electron and

© 0-8412-0399-7/78/47-066-349$10.00/0

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



350 FLUORINE-CONTAINING FREE RADICALS

the nucleus of the attached proton (3). For an,a-pro-
ton of a m-radical with C-H bond length of 1.08A, this
hyperfine anisotropy amounts to approximately 0, -10,
and +10 Gauss; perpendicular to the radical plane, per-
pendicular to the C-H bond and parallel to the C-H bond
respectively. 1In contrast, similar calculatlons in
which the longer C-F bond length (~1. 35A) is substi-
tuted by the C-H bond length reduces by approximately
1/2 rather than increases the magnitude of the aniso-
tropic fluorine-electron dipolar contribution (1).

Thus the observed large anisotropy is not due to such
an interaction.

A breakdown of the o-fluorine hyperfine splitting
tensor into components due to different orbitals is
given in Table I for the *CF2C00~ radical at 300 K in
irradiated CC1F2COONa (4). It is apparent from Table
I that the main contributor to the hyperfine aniso-
tropy is due to approximately 10% of the unpaired elec-
tron density residing in the fluorine 2pm orbital. The
lack of cylindrical symmetry for the fluorine tensors
is attributed to a competition between the dipolar in-
teraction of the unpaired electron in the carbon 2pm
orbitals and the fluorine nucleus (item 1, Table ITI)
with a contribution from the spin polarization of the
fluorine 2po orbital (item 3, Table I). Since the
signs of the -CF3C00~ radicals are known, (5) the iso-
tropic hyperfine splitting can be deduced by calcula-
ting the average of the principal hyperfine splittings
along the X,Y,Z directions. In Table II are listed
the experimental fluorine hyperfine splitting tensors
for all radicals which have been reported to date, the
irradiated crystal in which the radical was observed,
the isotropic hyperfine splitting calculated from the
observed hyperfine splitting tensor, the largest compo-
nent of the anisotropic contribution 2B (F) due to the
unpaired electron density in the fluorine 2pm orbital,
and the temperature at which the radical was studied.
If no attempt was made to determine the signs of the
hyperfine splittings, the most likely choice is given
first in Table II with a possible alternate choice
listed in square brackets. The value of 2B(F) was
deduced by subtracting the sum of the contributions of
the carbon 2prm (item 1, Table I), the fluorine 2pgo
orbital (item 3, Table I) and the fluorine 2s orbital
from the observed tensor. The remainder along the
direction perpendicular to the radical plane (or
largest value) is given as 2B(F). Since the deviation
from cylindrical symmetry is fairly consistent through-
out Table II, the same values of the C 2pr and F 2po
contribution as given in Table I were used throughout.
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TABLE I. An Estimation of the Unpaired Spin Population in
Various Orbitals and Their Contributions to the
Fluorine Hyperfine Splitting Tensor (in Gauss) of
the *CF,C00™ Radical (4) at 300 K. (a)

Item Orbital Poéﬁigtion AL plane iﬁlpggge A” C-F
1. C 2p7 (+0.75)b -2.4 -5.4 +7.8
2. F 2pT +0.094 108.0(¢)  -54.0 -54.0
3. F 2po (-0.011)P +7.0 +7.0 -14.0
4. F 2s 0.005 +73.5 +73.5 +73.5
total 186.1 +21.1 +13.3
observed 185.7 20.6 14.3

(@) phe type "c" radical observed in irradiated CClFCOONa
(ref. 4).

(b)Czpﬂ = 0.75, F2pg = -0.011, and Fpg = 0.005 are estimated
assuming the theoretical values of the anisotropic fluorine
couplings given in Ref. 2. Fjpg = 0.094 has been deduced
by assuming the fluorine hyperfine splitting for an unpaired

electron localized in a 2pz fluorine orbital equals 1080
Gauss.

(€)This value is referred to as 2B (F) throughout this chapter.
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It is important to note that the a-fluorine
isotropic splitting for those radicals containing one
a-fluorine generally varies between 50 and 65 Gauss;
the isotropic fluorine splitting for radicals contain-
ing two fluorines varies between 72 and 76 Gauss, while
the isotropic fluorine splitting for radicals contain-
ing three fluorines varies from 144 to 152 Gauss. The
increase with the number of fluorine substituents has
been shown (4, 13) to be due to an increase in the non-
planarity of the radical at the o-carbon. This has
been substantiated from measurements of the carbon-13
isotropic hyperfine splittings in solution for the
radicals °"CHoF, *CHF,, and *CF3 where a(l3C) equals
54.8, 148.8 and 271.6 Gauss, respectively (1l7). As-
suming that the angle, 8, between the CF bond and the
normal to the axis of the 7 orbital for a planar radi-
cal is related to the isotropic carbon-13 splitting
a(13c) by the following expression:

a(13c) = ao(13c) + 1190(2 tan? 8) (1)

where ao(13C) = 38.5 Gauss, the value for a planar
radical, results in the following values for 6. For
*CHQF (6<5°), +CHF,(6=12.7°); -CF3(6=17.8°): The
complete carbon-13 tensor cannot_be obtained with
certainty from natural abundant 13¢ satellite lines for
the radicals listed in Table II. However an estimated
value of the isotropic splitting can be deduced from
the observed A,,(13C), (the largest tensor value),_and
a reasonable value of the anisotropic part of the 13C
tensor (see Table III). If the anisotropic portion of
the 13C tensor is taken to be 2B, -B, -B where 2B345
Gauss, then for <CFHCONH; (6=0°), reference 2;
*CC1FCONH (6=0°), reference 9; -CF,C00~(6=8°),
reference 4; and -CF3(6=18°), reference 13.

Table III. Carbon-13 Hyperfine Splittings for Selected
Fluorine-Containing Radicals.

Radical Azz(l3c) Temp. Ref.
-CFHCONH? 85.0 Gauss - - 300 K 2
-CC1FCONH, 90.6 - - 200 K 9
*CFoCONHj 147.5 - - 77 K 13
+CFCONH> 130 67.6 66.1 300 K 13
-CF3 318 - - 77 K 13
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In Table IV are given the B-fluorine hyperfine
tensors for the fluorine-containing radicals in irradi-
ated crystals that have been reported so far. From the
limited data one notes that the magnitude of the iso-
tropic B-fluorine hyperfine splitting for the three
equivalent fluorines of the CF3CFCONH2 radical (10) is
smaller than that of the B-proton splitting usually Oob-
served for three equivalent B-protons. The reason for
this has been recently discussed (20, 21). Briefly, it
is a result of the hyperconjugation mechanism (by which
the B-fluorine atoms obtain spin density) being less
effective for R-fluorines than for B-protons. Such an
effect occurs for B-fluorines of a CF3 group because
the CF3 group orbital of 7 symmetry which interacts
with the unpaired electron orbital is lower in energy
than the corresponding protonated analogue. The over-
lap of the carbon p-orbital and the pseudo p-orbital of
the CF3 group is therefore less likely and the effect
of hyperconjugation reduced.

Hyperconjugation is not the only mechanism which
is responsible for the observed fluorine B-hyperfine
splittings. The large anisotropic component [2B(F)] of
54.5 Gauss observed for one of the B-fluorines of the
CO2- CF2CFC02 radical at 77 K indicates (4) direct
overlap of the p-orbital on the B-fluorine with the pm
orbital of the a-carbon. Analysis of the direction co-
sines for the B-fluorine tensor suggests that the px-
orbital of the B-fluorine overlaps with the py (pn}
orbital of the a~carbon at the point of maximum un-
paired electron density. This introduces unpaired
electron density in the B-fluorine py-orbital and thus
large anisotropic and isotropic fluorine splittings are
observed. The other B-fluorine pyx-orbital overlaps the
pz-orbital of the a-~carbon along its nodal plane and
thus with little unpaired density in the orbital both
the anisotropic and isotropic fluorine couplings are
small.

Inspection of Table IV also shows that the aniso-
tropic components of the a- and B-fluorine tensors for
some radicals vary with temperature. For instance,
the 2B(F) value for -CFpCONH; at 300 K equals 103
Gauss (13, 5) while at 77 K it equals 122.1 Gauss (5).
Furthermore the 2B (F) value of C02‘CF2CF002 varies
from 78.8 Gauss at 300 K (ll1) to 143.0 Gauss at 77 K

(12). A temperature dependence is also observed for
the anisotropic components of the B-fluorine splittings
(12). Such variations with temperature will be shown

in the next section to be due to one or more of the
substituents of the radical undergoing an internal
motion causing a portion of the hyperfine anisotropy to
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be averaged out at high temperature (rapid reorienta-
tion rates).

One last feature of Table II and IV is worth
noting for radicals at 77 K. The 2B(F) value for the
planar radicals (usually those containing one fluorine
nucleus) equals ~130-140 Gauss which decreases to 120
Gauss for radicals with two fluorines (CF2CONH2) and
to ~110 Gauss for those with three fluorines. This is
a direct result of an increase in the nonplanarity of
the radical with an increase in the number of fluo-
rines.

Molecular Dynamics

The appearance of temperature dependent hyperfine
splittings as found in Tables II and IV is commonly
found not only for fluorine-containing radicals but for
others as well (22). 1In fact, double resonance studies
such as electron-nuclear double resonance (endor) and
electron-electron double resonance (eldor) have shown
(23) that a large number of radicals exhibit molecular
motion over a wide range of temperatures including
some that occur at 4.2 K. The presence of molecular
motion is easily detected by esr studies when the
radical contains a-fluorine nuclei as even a small
variation of the large fluorine hyperfine anisotropy
results in a measurable shift. Because this is such a
common occurrence, it is important to know how to
properly analyze the temperature dependent esr spectra
in terms of structural parameters which characterize
the radical. For this reason, a description will be
given of the methods used to correctly treat the situa-
tion where the hyperfine splitting is temperature de-
pendent, where the esr line width is dependent on Mr1,
and where a g value shift occurs. The first two
temperature dependences will be demonstrated by the
results recently reported for the -CF,CONH2 and
-02CCFoCFCOy~ radicals (5, 12, 24). 1In these examples
one (CF2) or two groups (CFy and -CF) of atoms
respectively undergo intramolecular motion. The pres-
ence of a large g value shift will be established by
analysis of the temperature dependent spectra of the
*OOCFCONHy radical (25).

The *CF>CONHy Radical. The 35 GHz esr spectrum of
the -CF2CONH; radical at 300 K consists of three
allowed lines with an intensity ratio 1:2:1 (lines A,
Figure 1) due to the appearance of two equivalent
fluorines along the (-cos 24°, o, sin 25°) crystal
direction. The 1:2:1 spectrum denoted by the letter A

In Fluorine-Containing Free Radicals; Root, J.;
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Journal of Chemical Physics

Figure 1. 35 GHz ESR spectra of -CF,CONH, at 290°K (upper) and 77°K
(lower) in irradiated crystals of CF;CONH,. The center line at 290°K
separates into a resolved doublet of doublets at 77°K owing to the freezing
out of the torsional oscillation of the CF, group. A, B, and C identify the
AM; — 0, AM; = +1,and AM; — =2 transitions, respectively. The large
difference in heights of the low and high field A lines at 77 °K relative to the
central A line doublets is caused by an alternating line width effect caused
by a rapid in-phase motion of the CF, group above and below the CON
plane. From Reference 5.
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is also observed for all other crystal directions at
300 K providing that the spectrum has been corrected
for second-order effects (5). This feature alone sug-
gests the presence of intramolecular motion as the two
fluorines would not be equivalent for all crystal
directions of an oriented -*CFCONH; radical. Neverthe-
less, the appearance of intramolecular motion for a
fluorinated radical in a crystal is always assured if a
change in the hyperfine splitting or spectral line
width occurs as a function of temperature. Indeed as
shown in Figure 1 for -CF,CONH; such things do appear
as the temperature is lowered to 77 K. Notice that the
central line of the 1:2:1 pattern observed at 300 K
splits into a doublet of doublets at 77 K. This has
been shown to be due to small resolvable N-H proton
splitting {(partially resolved at 300 K) split further
by a larger doublet due to the presence of two non-
equivalent fluorines. In addition, the line width of
the high and low field esr lines is greater than that
of the two central lines as evidenced by the lower
height of the outer high and low field second-deriva-
tive esr lines. Furthermore as the temperature is
lowered, the hyperfine splitting increases when the
crystal is mounted along the a* axis (Figure 2) and de-
creases along the b axis (Figure 3). It should also

be pointed out that little change in hyperfine split-
tings occurs below 77 K. The resulting changes in the
principal hyperfine splittings and direction cosines
from 300 K to those at 77 K are given in Table II.

To account for this variation with temperature,
one proposes that a torsional motion of the CFj group
occurs through an angle 6 since the observed principal
fluorine hyperfine splittings do not equal approxi-
mately 110, 110, 20 Gauss, values typically observed
for a CFy- group rotating freely about the C-C bond in
-CF,CONH,. Assuming this to be the case, the torsion-
ally averaged fluorine hyperfine splittings must be
calculated. As noted in Table I, fluorine hyperfine
anisotropy occurs largely due to roughly 10% of the
unpaired electron density occupying the fluorine pz-
orbital. Since the fluorine pjz-orbital anisotropy in
the absence of motion varies as (1-3cos26) it is only
necessary to calculate the torsionally averaged value
of cos26 (< cos26>) as a function of temperature (5).
Knowing the average value of cos26 at each temperature,
a hyperfine tensor based on a new average value for
(1-3 cos28)can be constructed from which the hyperfine
splitting at each crystal angle _can be calculated. 1In
general, a calculation of <cos?9> can be difficult if
an exact quantum mechanical solution is required.
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Figure 2. Plot of twice the experimental (©) and the calculated (—)

hyperfine splitting in Gauss along the A, principal hyperfine and the a* refer-

ence axis as a function of temperature for -CF,CONH,. The splittings in the

A, and a* direction decrease as a function of increasing temperature. From
Reference 5.
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Figure 3. Plot of twice the experimental (©) and the calculated (—)

splitting along the b crystal axis. The hyperfine splitting increases with

temperature because of the onset of classical reorientation. From Refer-
ence 5.
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However since a solution in this case is sought for
temperatures above 120 K and a relatively high barrier
to rotation is present, it has been shown (5) that a
classical treatment will suffice. In such a treatment
the value of <cos28> is obtained from equation (2).

T T
Jr cosz(a+80)e‘v(a)/de$<jﬁ e’v(a)/dea (2)
- =T

where V(o) = XE (1 - cos 2a); o is in the angle of

2
rotation and 6, is the equilibrium dihedral angle be-
tween the C-F bond and the Cppp—orbital. A value of
8, can be obtained from an INDO molecular orbital cal-
culation of the minimum energy conformation of -CF,CON-
H,. Such a calculation gave 85 = 76.5°.

Based on the calculated value of the hyperfine
splitting as a function of temperature, a reasonably
good fit occurs along the a* and b axis between the calk
culated (solid lines) and the experimental (@) split-
tings as shown in Figures 2 and 3 respectively (5). A
value of 3.1 Kcal is used for the potential V5. As
expected for a torsionally averaged tensor, the split-
ting along the principal Ay axis (a direction parallel
to the p-orbital axis) and the a* axis which lies near
the A; axis decreases with increasing temperature. On
the other hand an increase in the hyperfine splitting
occurs along the b axis. This increase is expected as
the torsional averaging process decreases the fluorine
anisotropy. This implies that the two smaller princi-
pal fluorine splittings of less than 20 Gauss must
approach the isotropic splitting which normally equals
~70 Gauss. Since one of the splittings lies near the
b axis, an increase in the observed splitting with in-
creasing temperature along that direction must follow.

Thus in general the presence of a torsional rota-
tion for an alpha substituted CF2 group is easily
recognized as a decrease in hyperfine anisotropy along
a crystal direction near to the maximum hyperfine split-
ting and an increase in the hyperfine splitting in an
orthogonal direction.

The presence of an alternating line width at 77 K,
but not at higher temperatures which are independent of
magnetic field suggests an additional motion is also
present. Proper analysis of the line width effect
shows that it is largely dipolar in nature and requires
the motion of two fluorines to be in-phase with one
another (26). The particular type of motion which the
radical undergoes has been suggested by an INDO
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molecular orbital calculation (5) which predicts that
two possible potential minimum configurations of the
CF,CONH, radical exist; these being where the CF2

plane makes a dihedral angle of 9° with respect to the
CON plane either above or below the CON plane. This
further suggests that a librational motion between
these two conformations would at least be energetically
favored. Additional support for an in-phase libra-
tional motion is based on the availability of hyperfine
anisotropy data as a function of angle and temperature.
If the temperature dependence can be largely explained
by torsional motion about the C~C bond then the addi-
tion of a librational motion should not affect the
calculated fit to the exprimental data.

In fact, the suggested librational motion causes
little change in the calculated splitting above 77 K.
This, along with the line width variation, implies that
the librational motion may be very fast above 77 K and
therefore difficult to detect except at low tempera-
tures.

One word of caution should be given. A classical
treatment is usually sufficient to describe the change
in the esr spectrum of a radical in a single crystal as
a function of temperature. However, in some instances
certain features will not easily be predicted. For
example, the temperature dependence of the separation
between the two central esr peaks of the -CF,CONH,
spectrum cannot be accounted for by using just a clas-
sical treatment. This is because the classical treat-
ment does not take into account any time dependence of
the magnetic resonance parameters. In general the ob-
served positions of all esr lines of a radical in a
single crystal will shift by a few Gauss whenever the
internal molecular motion causes a time dependence of
the axis of quantization of the spin system relative to
the external reference axes to occur. To carry out an
accurate time dependent calculation requires that the
density matrix formalism be used. This is usually a
reasonably complex calculation which is done only when
absolutely necessary to understand all shifts in A
values as a function of temperature (5).

The ‘OgCCFgéFC07‘ Radical. The torsional oscilla-
tion of individual radical substituents such as occur-
red for CF,CONH; is known to exist for a number of
different radicals. However, if more than one substi-
tuent in a radical undergoes torsional oscillation, the
motion can be coupled. Such is the case of the orien-
ted radical -0,CCF2CFCO2~ in an irradiated crystal of
“0CCF)CF2C0,~ where the torsional oscillation motion
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of the CF, group does not occur independent of the
torsional motion of the CF group (12). 1In addition,
measurement of the anisotropic fluorine hyperfine
splittings and the corresponding direction cosines makes
it possible to determine the type of bonding necessary
for a coupled torsional motion to occur for fluorina-
ted radicals.

As expected for any radical undergoing torsional
oscillation, the fluorine hyperfine splitting of
~0pCCF,CF,C0,~ decreases with increasing temperature
along a direction near to the axis of the p-orbital
containing the unpaired electron. In Figure 4, this
direction corresponds to the b axis. On the other
hand, an increase in splitting is observed along the
a* axis, a direction near to the nodal plane of the p-
orbital (Figure 4).

An additional motion is also suggested by the
appearance of a variation in the line height of the
four high field or the four low field second-derivative
esr lines at 300 K as shown in Figure 5a. Since the
second-derivative presentation has been recorded, the
line height variation is a very sensitive measure of a
line width change. Using this feature one should note
that the largest line width occurs for line k while
the narrowest occurs for line i where the four high
field lines are labelled i, j, k and 1 respectively
with increasing magnetic field. Upon cooling the
crystal to 77 K (Figure 5b), an eight-line pattern
also occurs, however all lines possess the same line
width and are narrower than those at 300 K. Careful
inspection of the data will show that the eight-line
spectrum at 77 K is actually a superposition of the
spectra due to two radicals denoted as I and II in
Figure 5b. Furthermore, it is noted from angular
rotation of the crystal that the spectra of I and II
each contain three nonequivalent fluorines due to a
~“05CCF,CFCO,~ radical however with tensors different
from those measured at 300 K. Significantly, the a-
tensor is made up of a larger 2B(F) term (Table II)
than observed at 300 K while the B-tensors no longer
possess nearly identical isotropic splittings of 34.7
and 40.5 Gauss but rather consists of one large iso-
tropic value (69 Gauss) and one small isotropic value
(2.5), respectively (Table III).

To explain the line width variation at 300 K, it
is necessary to assume (12) that the transitions
occurring for radical I and II are averaged according
to the scheme given in Figure 6 for the crystal direc-
tions H// b and H/[ c. Notably, at 300 K lines i, j, k
and 1 can occur at the magnetic field observed, only if
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Figure 5. (a.) The second derivative ESR spectrum of irra-

diated sodium perfluorosuccinate at 300°K with H/ /b show-

ing the eight lines caused by the average conformation of

"0,CCF,CFCO,". (b.) The same crystal orientation as above

but cooled to 77°K; the assignments of lines to corgorma-

tions I and II of the radical "O,CCF,CFCO, is indicated
by the stick diagram. From Reference 12.
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Figure 6. Diagram correlating the four transitions at high magnetic
field in the 77°K ESR spectra of radical conformations I and II with
those for the average radical conformation at 300°K. The small doubling
of the lines for H//b is not experimentally resolved because of the small
F(B,) splitting, however this same splitting is resolved for H//c. If the
transitions in (a.) are averaged according to the scheme shown, the four
lines shown in (b.) are obtained. These agree with the experimental
300°K spectra shown in (c.). From Reference 12.
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transitions 1 and 3; 2 and 5; 7 and 4; and 6 and 8 are
averaged together. Furthermore, this specific averag-
ing scheme also gives rise to the observed line width
of lines i, j, k and 1 as the largest and the smallest
magnetic field separation is between transitions 3 and
7; and transitions 3 and 1,respectively. If a density
matrix calculation is carried out assuming the correla-
tion diagram given in Figure 6, the calculated line
width is in good agreement with the observed variation
(24). From the direction cosines of the a and B-
fluorine hyperfine splittings it appears that the
averaging process results from a counterclockwise ro-
tation by 70° of the direction normal to the plane of
the radical while the CF5,(B) group moves about 30°
clockwise. This type of motion has also been suggestead
by an exact density matrix analysis of the motion (24}.
Besides this torsional motion results in two alternate
bonding schemes as depicted in Figure 7. In one con-
formation (II) the Px;—orbital on the Bl—fluorine
directly overlaps with the a-fluorine P, -orbital while
the Py-orbital on the Bp-fluorine lies in the nodal
plane of the a-fluorine Pz-orbital. In conformation
I, the roles of B; and By are reversed. A molecular
orbital calculation of —OCCF,(FCO)~ shows that these
two conformations represent an energy minimum. The
reason for the apparent correlated motion of the B-
fluorines is now clear. As the torsion motion rotates
the CF, group between the two conformations, the Pyx'-
orbital of the By~fluorines switches from a direct
overlap with the a-fluorine p-orbital to an overlap at
the nodal position of the a~fluorine p-orbital, thus
causing one very large and one very small p-fluorine
isotropic splitting. The large R-fluorine anisotropy
indicates that approximately 5% of the unpaired elec-
tron density occurs in the B-fluorine Pxr-orbital.

In the previous two examples, the g tensor varia-
tion with temperature and crystal orientation was not
discussed since such a measurement has not been
reported. Nevertheless, as expected for any radical
undergoing internal motion, the g value did vary with
temperature along selected orientations. Because the
g anisotropy is small even for the rigid form of the
radical, quite careful measurements are required if the
data is to be used to identify the particular type of
motion which occurs. This is usually not done as the
fluorine hyperfine anisotropy variation is usually
large and provides the most sensitive measure of the
internal reorientation.

The °*OOCF5 Radical. On the other hand this is not
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the case when a study is carried out for peroxy
radicals of the type "OOCF,R. The unpaired electron
density in radicals of this form is localized largely
on the 2pr oxygen orbital of the peroxy group and

thus exhibits no hyperfine structure. Instead a large
g anisotropy exists due to the spin-orbit interaction
of the oxygen. This g anisotropy is sufficiently
large that any internal motion exhibited by the radi-
cal over a given temperature range can be easily de-
termined by a measurement of the g tensor at some low
temperature such as 77 K where the radical exhibits

no motion on an esr time scale and also at a higher
temperature (300 K) where rapid internal motion exists.

The formation of peroxy radicals in irradiated
perfluoro-substituted crystals is a rather common
occurrence if the irradiated crystals are exposed to
air. It has been observed (27) that for irradiated
crystals of CF3COONa, CF3CFZEFZCOONa, and their cor-
responding amides, oxygen from the air can diffuse in-
to the irradiated crystal and react with the forerun-
ner radical -CF3R, producing the °OOCFoR radical over
a period of time dependent largely on the diffusion
rate of oxygen in the crystals. If the diffusion of
O2 is stopped before all of the *CF2R has reacted, the
esr spectrum will appear similar to that given in
Figure 8a for irradiated CF3CONH,; crystals at 300 K
(25). In addition to the usual three line spectrum of
1:2:1 intensity at 300 K due to -CF,CONHp, a single
down-field line due to :OOCF3R occurs when H/fa".

Upon cooling the crystal to 77 K (Figure 8b), a shift
in g value of -0O0CF3R to smaller value is noted sug-
gesting the presence of molecular motion at 300 K.

Angular rotation of the crystal at 77 K and 300 K
results in the principal hyperfine splitting and the
corresponding direction cosines given in Table V for
-O0OCF2R. Because only a single line occurs for the
peroxide, a classical treatment of the motion is
sufficient.

To deduce a model for the molecular motion exhi-
bited by the peroxy radical several features of the
data in Table V must be noted. First it is known (28)
that the direction of the largest g value for a rigid
peroxy radical lies parallel to the 0-O bond direction
From the esr data at 77 K (supposedly the rigid form
of the radical), this would be the direction of g5.
Secondly, the direction of the half-filled 2pn—or%ital
on oxygen at 77 K is given by the direction of gj.
Thirdly, if rotation of the peroxy radical takes place
about some axis at 300 K, then partial averaging
results in an axially symmetric tensor. This is
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Figure 7. Newman projections along the C,—Cy bond in

"0,CCF,CFCO;" showing conformation 1I and I which are stable

below 130°K on an ESR time scale. Above 130°K, rapid exchange

(on an ESR time scale) between conformation 11 and I leads to

the average conformation observed at room temperature. The

location of the a*, b, and ¢ axes are given relative to the o-fluorine
P, orbital. From Reference 24.
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Figure 8. ESR spectra at (a.) 300°K and (b.) 77°K recorded for

H//a of a single crystal of trifluoroacetamide exposed to air after

v-irradiation in vacuum. The resonance field of DPPH is indicated

by arrows. Adapted from K. Toriyama and M. Iwasaki, J. Phys.
Chem. 73, 2663 (1969).
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Table V. The Principal g Values and Direction
Cosines for -OOCF2CONH, at 77 and 300 K.

Principal Direction Cgsines with Respect
Values toa , b, ¢
a* b c
77 K g1 2.002; -0.290 +0.943 -0.163
gy 2.0074 +0.944 +0.254 -0.208
g3 2.0384(a) +0.155 +0.155 +0.964
<g> 2.016g
300 K gp' 2.0219 -0.151 +0.089 -0.985
gz' 2.018> -0.736 +0.655 +0.172
g$' 2.008> +0.660 +0.750 -0.033
<g'> 2.015g

(@)g; = 2.0384 is located Il to the 0-O bond direction.
From Toriyama, K. and Iwasaki, M., J. Phys. Chem.
(1969), 73, 2663.

approximately true at 300 K where giégi . Thus the
direction of g§ must be the axis of “rotation. From
the direction O0f g3 and gj, the angle between the 0-0
bond and the rotation axis is calculated to be 104°.
Since this angle appears to be reasonable for the COO
bond angle, the rotation axis was assigned to the C-O
bond.

Assuming this to be the case, the g values at
300 K were calculated (25) from the g values obtained
at 77 K for two different modes of rotation. First
(1) only rotation around the C-0 bond was allowed and
secondly (2) an additional rotation around the 0-0O
bond takes place simultaneously. The results given in
Table VI show good agreement between calculated and
observed g values for both cases (1) and (2).

Table VI. The Observed and Calculated Principal g
Values for -OOCF2CONH)

Obsd. Calcd.
(1) (2)
gy Tt  2.008 2.005 2.007
g, rot 2.020(a) 2.022 2.021

{aJFrom Toriyama, K., and Iwasaki, M., J. Phys. Chem.
(1969), 73, 2663. This value is the arithmetic mean of
g1' and go'.
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As one last note, it is also possible to deduce
the complete structure of the peroxide radical as
given in Figure 9 by knowing the direction cosines of
the fluorine splittings for the <CFCONH) structure.
By an appropriate analysis (25), it was found that the
0-0 bond in the peroxy radical lies nearly parallel to
the plane of the °CF2R radical and that the conforma-
tion of the 0-0 bond to the C-C bond is trans. It
appears that the oxygen molecule bonds with the half-
filled Czpﬂ-orbital of -CF,CONH, without causing any
change in -CFoR except the change in hybridization of
the orbital of the radical carbon.

Mechanism of Radical Formation

Chemical Reaction Schemes. The radiation damage
scheme for protonated radicals has been extensively
studied over a wide range of temperatures (22).

Notably the radicals which are stable at room tempera-
ture have been found to be due to secondary products
originating from some initially unstable species.

To observe thse initially unstable or primary
radicals requires low temperatures (77 K) and some-
times as low as 1.5 K (29). Based on such studies, it
has been possible to give a reasonably complete radia-
tion damage mechanism for crystals consisting of C, N,
0 and H (22). Essentially, the main process is the
ejection of an electron from a molecule to leave a
positive hole (usually referred to as a molecular
cation) trapped in a preferred site. The ejected
electron is captured by another molecule to form a
molecular anion. Both the molecular anion and cation
decay at different temperatures creating a sequence of
events from which other radicals or dimagnetic species
are formed, some of which are stable at room tempera-
ture.

A similar study has not been carried out for
fluorine-containing radicals due in part to the very
great complexity of the esr spectra (31) and the diffi-
culty of obtaining ENDOR spectra from fluorine-contain-
ing radicals. However some similarity must exist be-
tween the radiation decay mechanism of protonated
radicals and that for fluorinated radicals as a number
of the decay and formation processes in both instances
involve the carbonyl proton in acids and the N-H proton
in amides. Thus it is important to briefly review the
radiation decay processes observed for the irradiated
carboxylic acids and acetate crystals which do not con-
tain fluorines.

As an example, the carbon-carbon bond breakage
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observed in irradiated carboxylic acids seems to be
due to a proton transfer from the cation primary
followed by decarboxylation (22), as depicted in the
following equation -

RCH,COOH ~~#[RCH,COOH] * —& RCH2CO0-+H* RCH,-+CO5 (3)

In irradiated acetate salts, where a similar proton
transfer is not possible, methyl radicals have still
been shown to form from the cation primary (32). Ex-
perimental evidence indicates that the cation is
formed by an electron loss from CH3CO2~ yielding
CH3CO0- and the electron excess center CH3CO2~2. How-
ever CH3COO° is very unstable at any temperature above
4.2 K, and thus decomposes, yielding -CH3 and CO2 with
little reorientation or change in crystallographic
location.

The decay of the anions (or the electron excess
center) appears to proceed through several known steps.
In carboxylic acids, protonation of the anion is a
highly favored first step above 4.2 K. At 77 K or
higher the protonated anion decays to form the acetyl
radical by loss of water. This is followed by proton
abstraction of a type -CHaR. Such a scheme is illus-
trated in equation (4)

. + . .
RCH,C (0H) 0~ —» RCH,C (OH) ;—» RCHa¢ = O + H,0 (4)

. ‘~J///£CH2000H
RCHCOOH + RCH,CHO

In irradiated hydrated carboxylic acid salts (32), the
electron excess center CH3C0,™2 has been shown not to
convert into -CH3 or CHpCOO~ but rather remains
stable at 77 K. 1In addition, the radical -CHCOO~ is
formed at 77 K by the proton abstraction from a
neighboring CH3C00™ molecule by *CH3 to form CHg and
CHpCOO™. On the other hand anhydrous carboxylic acid
salts show (33, 34) the absence of *CH3 at 77 X and
the presence of .CH2CO0~. A similar effect has also
been observed if the metal salt is changed (34-38).
Quite clearly, the water of crystallization and the
particular salt used play a role in the radiation
mechanism.

Based on these examples, the detection of some of
the fluorine-containing radicals reported in Tables II
and IV comes as no surprise. For instance, a number of
the radicals are formed by C-C bond breakage. Thus a
radical formation mechanism similar to the decay of the
cation primary in irradiated alkali acetate salts would
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explain the appearance of F,C00K from CFj (COOK) o,
*CF3 from CF3COONH4, -CFHp and -CFyH from CFH,COONH4
and CFHCOONHy ,respectively (39) and TO2CCF2CFy from
—02CCF9CF5COp~ (12). Interestingly, the UV photolysis
of polycrystalline lead(IV) fluoroalkanoates [ (RCOO)g-
Pb] where R = CF3, CHF, CHFp, CF3CF, and CF3CF)CFj
shows (40) the initial photochemical processes to be
the scisson of the Pb-O0 bond followed by rapid carboxy-
lation to yield +R. This alternate mechanism may be
important if the samples are not irradiated in the
dark. 1In this same study it is also found that when
R = CHQF or CHF2, hydrogen abstraction by R+ occurs to
give -CHFCOO~ and -CF2CO0~ radicals respectively,
however, no abstraction of fluorine is seen. That a
perfluoro-substituted radical cannot abstract a
fluorine from a neighboring molecule to yield a radical
formed by C-F bond rupture has been substantiated by a
study of the radiolysis of trifluoroacetic acid (41)
at 77 K. The major radiolysis products of trifluoro-
acetic acid are COp, CF3H and CyFg while HF, CF4,
CyFy, CO and H2 (which suggests fluorine abstraction)
are either not detected or are minor products. As
suggested in equation (3), it was found that CO3 is
formed by the decarboxylation of CF3C0OH', CF3H is
formed by proton abstraction from CF3COOH which de-
composes to yield *CF3 and COy while some °‘CF3 re-
combines to give CjFg.

On the other hand radicals formed by C-F bond
rupture could be produced by an electron dissociative
attachment such as depicted in equation (5).

RF + €& —» [RF]” —3p R- + F~ (5)

In fact esr studies of irradiated polycrystalline
samples (31) of RCF3COOH where R = F, CFj3, CF3CFy,
CgHy3, CF,COOH and CF,CF,COOH suggest that the anion
[RCF2COCH]~ is stable at 77 K. Subsequent thermal
annealing yields RCFCOOH and the decay of the anion,
thus giving support to equation (5). However,UV irra-
diation of samples containing [RCF,COOH]~ causes the
anion to disappear with no identifiable radicals
formed (31). Toriyama and Iwasaki (42) have shown ex-
perimentally that CF3;CONH, undergoes an electron dis-
sociative attachment to form <CF3CONH, + F~. However
by irradiating a polycrystalline glass made up of a
mixture of MTHF (source of trapped electrons) and per-
fluoro-substituted acids and esters, they found that
an electron dissociative attachment did not occur due
to the greater electron withdrawing tendency of the
ester or carboxyl groups over that of the amide group.
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Thus the loss of F~ via equation (5) may not be the
reason for the loss of fluorine in perfluoro acids.

Carbon-carbon bond breakage has also been ob-
served in irradiated acetamides. For instance, in
CF3CONHy, +CF3 is formed,however,in CFHPCONH; and
CFoHCONH3, -CFH and -CF2H have not been detected
respectively (39, 43). 1In analogy to the mechanisms
operative in protonated carboxylic acids +CF3 could be
formed by the proton (Ht) transfer from the cation
according to the following scheme:

[CF3CONH ]+t~ CF3CONH+HY  CF3 + O=C=NH (6)
_

In addition, the anion could decay via eguation (5) to
give °CF9CONHj;.

However a recent detailed study of a transient
radical which was observed at 77 K to occur in tri-
fluoroacetamide single crystals irradiated at 77 K
showed that mechanisms (5) and (6) were inadequate to
explain the complete radical formation and decay scheme
in trifluorocacetamide (19). 1In fact, the concentra-
tion of CF3CONH at 77 K is approximately 6 times that
of *CF,CONH, while the concentration of -CF3 is twice
that of °‘CF,CONH; after correcting for saturation and
esr line width differences found for the three radi-
cals. What is really surprising is that as the CF3-
CONH radical decays by one unit of intensity the con-
centration of the +‘CF3 radical remains constant while
the concentration of -CF;CONH; increases by a half
unit of intensity. Why this occurs is not clear.
However recent X-ray crystallography studies of some
perfluoro crystals have shown some interesting molecu-
lar packing arrangement which may upon further study
explain some of the apparent inconsistences.

Crystal Structures. One of the first uses of a
crystal structure to explain radical formation in
fluorine~substituted acetamide or carboxylic acid was
carried out by Iwasaki and Toriyama (43). They ob-
served an esr spectrum due to the trapping of a radical
pair between -CH2CONH2 and *CFHCONH; in addition to a
spectrum of an isolated °"CHpCONHp radical in irradia-
ted CFH,CONH, crystals at 77 K. The formation of the
radical pair can be readily explained by taking note of
the CFHpCONH,; crystal structure given in Figure 10.
CFHoCONHy crystallizes as a triclinic crystal made up
of layers of CFH,CONH, molecules. This layering of
the CFH2CONH molecules places (Figure 10) the fluorine
atom directly above the methyl hydrogen of the adjacent
molecule along the ¢ axis. The appearance of
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Figure 9. OOCF,CONH, radical show-

ing the position of the half-filled 2P orbi-

tal and the OOC and OCC angles.
Adapted from Reference 25.
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Figure 10. Location and structure of the

two radicals CFHCONH, and CH,CONH,

which make up a radical pair in the triclinic

unit cell. The location of the undamaged

molecules is indicated by the arrows on the

corners of the unit cell. Adapted from Ref-
erence 43.
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-CH,CONH, at 77 K suggests the loss of fluorine atoms
as a primary process. Thus to form the radical pair
would require only the translation of a hot fluorine
atom along the c axis followed by an abstraction of H
by the F atom according to equation (7).

CH,FCONH, ~% -+ [-CHyCONH3]+ -F
+F + CHpFCONHy =———% |-CFHCONHj|+ HF (7)

Alternatively, assuming the initial formation of a
cation and anion in adjacent molecular layers gives
rise to a similar but preferred (42) scheme depicted
by equation (8).

+ r\\-. -
CHpFCONH,~hs [CFHCONH2] + [CHpFCONH]Za|[CH,CONH, JHF
F-+ [CHyFcONHp]t —————» HF H[CFHCONH;]

(8)

As the crystal is warmed the CH2CONH2 radical decays
via a hydrogen abstraction with a neighboring molecule
to form CH3CONH2 and -CFHCONH;.

Crystal Disorder. Similar radical reactions do
not occur in CF3CONH; as this compound does not
crystallize as a layered structure (Figure 11). There-
fore the elimination of HF between [CF3CONH2]~ and
[CF3CONH2]+ is not possible via the loss of F~ and the
amide proton (H') respectively. However the reactions
are still influenced by the molecular packing scheme
which occurs for CF3CONHy and its chloro or bromo
analogs. In fact, recent crystal structures of CF3-
CONHjy, CBrF2CONH2 and CC1lF,CONH, show (44) that they
all exhibit two rotationally disordered conformations
of the CXF; group. When X = F or Cl, the two conforma-
tions are nearly equally populated. From an esr study
of the irradiated crystals (44), it appears that the
-CFyCONH, radical is formed via the loss of X from one
or both of the conformations depending on the orienta-
tion of the C-X bond relative to the CON plane. Which
of these cases actually occurs for a crystal is easily
detected in an esr spectrum.

In general esr studies of irradiated crystals
show that radicals which are formed retain the spatial
arrangement of the parent molecule, except for a small
change due to the rehybridization necessary for the
formation of a radical center. Because of this, radi-
cals formed in irradiated crystals of monoclinic sym-
metry are located in two magnetically nonequivalent
sites in the a*b and bc planes where a, b and c are the
monoclinic crystal axes and a* is an axis normal to the
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Figure 11. The packing diagram for the isostructural series XCF;CONH, viewed
down the [001] direction where X can equal F, Cl, or Br. The intermolecular
N- ~ -0 distance suggests possible hydrogen bonding.

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



13. xwseert  ESR Studies of F-Containing Radicals 379

bc plane. Along the a*, b, and c axes, only one
magnetic site is observed. On the other hand, when
disorder occurs for a crystal of monoclinic symmetry,
then multiple magnetic sites occur along the a*, b or
c axes due to the magnetic nonequivalence of the dis-
ordered sites.

In Figure 12 is given the esr spectrum obtained
at 90 K for a crystal of irradiated chlorodifluoro-
agetamide when the magnetic field is parallel to the
a axis of a monoclinic crystal exhibiting P21/c sym-
metry. Lines A and B represent the high- and low-
field esr lines of two magnetically nonequivalent
crystal sites of the radical -CF,CONH, (a four-line
spectrum of intensity 1l:1:1:1 due to two nonequivalent
fluorines is expected for each site) when the crystal
initially irradiated at 77 K is warmed to 90 K. The
separation between the low-field or high-field lines
A and B does not represent a small hyperfine splitting
as the low-field separation equals 9.0 Gauss while the
high-field separation equals 10.25 Gauss. An unequal
"splitting" such as this can only be due to two
magnetically nonequivalent sites each with a slightly
different g value. The lines labelled C are spectral
lines due to a precursor radical stable at 77 K but
not at 90 K. As the temperature is raised to 170 K,
the spectrum in Figure 12a changes to that in Figure
12b where only a three-line spectrum of intensity
1:2:1 is observed. In addition the spectral width has
increased from 266 to 291 Gauss. This spectral change
is due to a reorientation of the radical <CF,CONH, as
well as a torsional oscillation of the CF2 group (5)
about the C-C bond. At 170 K, any rotational disorder
observed below 170 K is averaged out by the torsional
motion. Upon recooling to 90 K (which stops the
torsional oscillation on an esr time scale) the two
magnetically nonequivalent sites A and B (Figure l2c)
reappear. However, the separation between the low-
field lines is 21.5 Gauss while the separation between
the high-field lines is 24.5 Gauss. This change is a
result of an irreversible reorientation of the radical
as the temperature is raised.

Further evidence that the small separation between
the low-field lines A and B is due to magnetically
nonequivalent sites is given in Fiqure 13a. The esr
spectrum was obtained with the magnetic field parallel
to the a*b plane,35.5° from a* crystal axis. In this
direction two magnetically nonequivalent sites are
expected. These are observed as sites I and II. In
addition, the nonequivalent sites due to disorder are
also observed as unequal splittings of the high- and
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Figure 12. ESR spectra of irradi-
ated chlorodifluoroacetamide crys-
tals with the magnetic field parallel
to the ESR a* axis when (a.) T =
90°K and no previous warming,
(b.) crystal warmed to T = 170°K
and (c.) crystal cooled to T = 90°K.
Lines A and B indicate the high
and low field lines of two mag-
netically nonequivalent sites of
CF,CONH; caused by rotational
disorder. Lines C are caused by a
partially decayed precursor radical.

Figure 13. ESR spectra of irradiated chlo-
rodifluoroacetamide crystals with the mag-
netic field in the direction (cos 385°, O, sin
35°). (a.) Expected monoclinic nonequiva-
lent sites I and 11 are split further into lines
A and B because of the appearance of rota-
tional disorder for the -CF,CONH, radical
at 90°K. (b.) At 170°K, lines A and B for
monoclinic sites I and II coalesce because
of the known torsional oscillation of the
CF, group about the C~C bond. The dif-
ference in ESR line width between sites 1
and II is caused by the appearance of un-
resolved hyperfine splitting from N and H
at certain crystal angles.
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low-field 1lines of the -CFyCONHp; radical. For
instance, the separation A-B of the low-field line of
site I is 9.75 Gauss, while the separation of the high
field line A-B is 10.75 Gauss. For splittings of

this magnitude, second-order effects would be < 0.1
Gauss and thus the unequal separation can only be due
to the overlap of two magnetic nonequivalent radical
sites whose g values are not quite equal for the
observed direction. The onset of torsional oscilla-
tion, as the temperature is raised, averages out the
effect of the disorder at 170 K and thus only magnetic
sites I and IT are observed (Figure 13b).

A similar esr study for irradiated trifluoro-
acetamide showed no evidence for rotational disorder.
In Figure 14 is given the esr spectrum taken along the
esr a® axis. No unequal splitting of the high- and low-
field lines of -CFoCONH, (denoted as D) nor of the
high- and low-field lines of -CF3 (denoted by C) are
observed at 90 K. In addition the precursor radicals
observed at 77 K did not show any evidence of rotation-
al disorder. Also, in contrast to the irreversible
orientational change of °*CFoCONH; in irradiated chlo-
rodifluoroacetamide on initial warming, no such ir-
reversible change in orientation for -CF,CONH,; was ob-
served in irradiated trifluorocacetamide. An interpre-
tation of these esr results in light of the crystal
structure will be given below.

The appearance of two magnetically nonequivalent
radical sites along the esr a* axis in CClF,CONHj
rather than the one expected is presumably due to the
equal probability of chlorine loss from both conforma-
tions of CClF,CONH, as the C—Cl bond in the two dis-
ordered sites makes an approximately equal angle
(23.0° and 27.3°) with respect to a direction perpen-
dicular to the CON plane (44). The formation of
-CF,CONH, is favored by the presence of the C-X bond
located in a direction perpendicular to the CON plane
as loss of X placed in such a direction would require
a minimum shift in the remaining atoms to produce
-CF,CONHy. Numerous studies of polymerization reac-
tions carried out in single crystals have demonstrated
that reactions in the solid state proceed along a path
where the shift in atom positions is minimized. Based
on these observations, it must be assumed that only
the disordered site where the C-F bond in CF3CONHj
makes an angle of 17° to the perpendicular direction
to the CON plane gives rise to°'CF,CONH,. The C-F bonds
in the other disordered site all form large acute
angles (45.0° and 38.2°) to this direction. According
to this assumption only one magnetic nonequivalent site
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Figure 14. The ESR spectrum of irradiated trifluoroacetamide at 90°K caused

CF; (C) and CF,CONH, (D). No unequal splitting of the high and low field

lines of either radical was observed at any crystal angle between 77° and
200°K, indicating the absence of rotational disorder.
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would be observed along the esr a* axes as was
verified experimentally, and no irreversible reorienta-
tion of the CF2 group upon warming would occur as only
one site is possible.

Thus the location of the atoms apparently plays
an important role in determining the particular
reaction mechanism operative for each crystal system.
Therefore in general, crystal structures are needed
for a given problem before a reaction mechanism can be
assigned.

Prognosis for Future Studies

It is clear from the previous section that the
mechanism by which fluorine-containing radicals are
formed or decay in irradiated crystals is relatively
unknown. Complicating the study is the recent dis-
covery by X-ray crystallography measurements that some
of the fluorine-containing crystals possess regularly
disordered substituents. This causes mare than one
possible route along which the radical reaction can
proceed. 1In addition relatively little work has been
carried out todetermine the stable products produced
by the X- or ¥-irradiation of a crystal. Without the
knowledge of the end products, numerous reaction
mechanisms can be proposed which are consistent with
the radicals formed. Generally this procedure leads
to more confusion rather than clarification. It is
obvious that all future work will require not only the
crystal structure be determined for each compound,
but also a product analysis of the irradiated crystals.
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ESR Spectra and Structure of Inorganic Fluorine-
Containing Free Radicals (1)

J. R. MORTON and K. F. PRESTON

Division of Chemistry, National Research Council of Canada, Ottawa, Canada

In the past few years there has been a sufficient proliferation
of data on the ESR spectra of inorganic fluorine-containing free
radicals that a review seems in order. The bell-wether of recent
progress was the discovery in 1966 by Fessenden and Schuler (2)
of the radical PF4and a number of other species in irradiated SFy
doped with various additives. In the intervening period, a wvariety
of paramagnetic fluorides of the elements of Groups III-VII have
beendetected by ESR (3-21). The present article will beconcerned
solely with such species, i.e. paramagnetic fluorides of the main
group elements, and will be restricted to spectra in the condensed
phases.

Of the two interactions which govern the appearance of an ESR
spectrum, the electronic Zeeman term and the hyperfine inter-
action term, it is the latter which is most informative in estab-
lishing the geometry and electronic structure of a free radical.
This term, which represents the interaction between the unpaired
electron and a nuclear magnetic moment, gives rise to the hyper-
fine splittings characteristic ofmost ESR spectra. A knowledge of
the hyperfine tensors for all nuclei in a radical provides an excel-
lent basis for a description of the semi-occupied orbital. In many
instances, unfortunately, such detailed information is notavailable;
in fact for many of the paramagnetic species to be discussed here
only isotropic spectral parameters are available. However, even
such limited data often enable one to assign a structure and a
ground-state electronic symmetry to the free radical in question.

Hyperfine splittings are only resolved if the product of the
nuclear magnetic moment and the unpaired electron spin density at
the nucleus is sufficiently large, From this point of view, studies
of fluorine-containing free radicals are particularly fruitfulbecause
of the large nuclear magnetic moment of fluorine. A second factor
which favours the presence of large hyperfine interactions in para-
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magnetic inorganic fluorides lies in the make-up of the semi-occu-
pied orbital in such species. Whereas the unpaired electron in
many organic free radicals occupies an orbital which is antisym-
metric (1) with respect toan atomic plane, in inorganic free radi-
cals derived from the main-group elements it is more usual for
the unpaired electron to occupy a totally symmetric (o) orbital.
In such molecules both atomic p and s orbitals may contribute
directly tothe half-filled orbital, resulting inlarge hyperfine inter-
actions for the constituent magnetic nuclei. A striking example
is found in the comparison (3) of the 13C hyperfine interactions of
the o-radical CF3 (271 G) and the wn-radical CH3 (38.5 G).

Although the large hyperfine interactions commonly encoun-
tered in inorganic fluorine radicals usually result in well-resolved
spectra, they pose certain analytical problems for the spectroscop-
ist. A large separation of hyperfine components means that (a)
each line must be measured individually, and (b) the hyperfine
interactions cannot be determined from field differences, nor the
g-values from field averages. A compensating feature of such
spectra is that a thorough and rigorous analysis often leads to
information regarding the relative signs of different hyperfine
interactions in the same radical (3, 22).

Analysis of ESR Spectra

As mentioned above, the analysis of ESR spectra showing
large hyperfine splittings presents a number of difficulties. The
underlying problem in cases of a strong interaction between the
electron and nuclear spins is that of an incomplete Paschen-Back
effect: The Hamiltonian is not even approximately diagonal in the
high-field, uncoupled representation and the usual 'first-order"
solution, which ignores off-diagonal terms, is incorrect. We will
restrict further discussion here to the isotropic case; the analysis
of anisotropic spectra is similar, although more complicated, and
has in any case been adequately treated elsewhere (23).

As an example of the effect of complete neglect of off-diagonal
elements, we consider the energy matrix for a single nucleus _I_=%
coupled to the electron spin S = % inamagnetic field of intensity H.
From the Hamiltonian

= ggH+S +al-S - YHT (1)
where a is the hyperfine interaction in MHz, g is the electronic

g-factor, 8 is the Bohr magneton (1.399611 MH=z/G) and v isthe
magnetogyric ratio of the nucleus, one obtains the spin-matrix:

In Fluorine-Containing Free Radicals; Root, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1978.



388 FLUORINE-CONTAINING FREE RADICALS

mg, EI l%’ %> [%’ '%> l_%: %__> l "_;:; '%>
€NE 1g8H-3yH 0 0 0
+ia
-4 0 zgBH+3vH 32 0
-2
¢35 3 0 a -3g8H-3vYH 0
1
-32
¢33 0 0 0 -3gBH+IYH

+ia
Since this matrix factorizes into submatrices of order no greater
than two (as is invariably the case for a single nuclear spin), it

may be diagonalized algebraically to yield the following expressions
for the eigenvalues:

| 2 2> = 2g8H - 3yH + 3a - (2)
1 1 - 1

| 3,-2) = 3gBH + 3YH - 2a + 3(gBH+YH) \/1 +————2-( SH D (3)

|-3,-2) = -2gBH + 3YH + Za (4)

-3 D = -1gBH - IvH - fa - L(gBH+YH)N{ [1 +—‘iz——‘— -1t (5)
s 2 -28 2 22 - 2\8 (_g_BH+YH)2

Castin slightly different form, (2) - (5) becomethe Breit-Rabi (24)
expressions for the energies of the magnetic sublevels. The nor-
mal ESR transitions <}, |« 3, 3| and (5, e <~%, -3| are ob-
tained by subtracting (5) from (2) and (4) from (3) respectively,
and equatingthe differences to the microwave frequency (v, MHz).
Assuming a has a positive sign this gives for the low-field line:
2
a

v=gBHy + Za + (g_BHl'f'YHl) 1 +W -1 (6)

and for the high-field line:

2
a
- L l —_———— -
VT EFF - 72 F 2(ghinfrHn) \ﬁJr(gethHh) ' )

A "first-order' solution is obtained by the complete neglect
of the terms 32/(§8+Y)2H2 in (6) and (7). This will usuallyonly
correspond within experimental error to the exact solutionwhen
a is very small (less than 30 G). An exact solution is achieved
by a process of iteration in which successiveapproximationsto
g and a are substituted intothe square root terms of (6) and (7) and
the resulting linear simultaneous equations solved. The first-
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order and exact solutions differ markedly for large values of a.
This is shown in Table I for the case of FCO where the low- and
high-field resonances were observed at 3097.76 G and 3430.19G
with an observing frequency of 9164, 78 MHz,

Table I First-order, second-order and exact solutions of equa-
tions (6) and (7) as applied to FCO in liquid Freon 13 at 110°K.

Solution g 3._19(G)
First-order 2.00617 332.43
Second-order 2.00097 331.57
Exact 2.00102 331.58

A good approximation to the exact solution can be obtained in
many instances by applying second-order shifts (25) to the mea-
sured line positions. This amounts to retaining the firsttwo terms
only in the binomial expansion of the square root in (6) and (7).
Shifts of 32 /4&282H (neglecting y) are added to Hjand Hy before
computing the ESR parameters (Table I), H,-H) being used as
the initial estimate of a/gB8.

An algebraic solution is always possible when the unpaired
electroninteracts with a single nucleus or with an effective single
nucleus. The latter situation arises when magnetically equivalent
nuclei are present. Thus, with four equivalent 19¢ (L = %) nuclei,
as in the radical SFg5, the observed spectrum (Fig. 1) is most
simply treated by considering the interactions of the unpaired
electron with all the nuclear states which arise through combina-
tion of four nuclear spins %; i.e. I =2, 1 (triply degenerate) and
0 (doubly degenerate). One then expects the spectrum to consist
of three superposed sub-spectra: a quintet (from I =2) of unit
intensity, a triplet (from I = 1) of intensity 3 and a singlet (from
I=0) of intensity 2. The entire spectrum has the appearance
1:1,3:1,3,2:1,3:1with 1, 3and 3,2 second-order splittings of
approximately Zg_z/g_ZBZH and EZ/g_ZSZH, respectively (25). Only
for a small hyperfine interaction (or large line-width) do the sec-
ond-order components merge to give the more familiar1:4:6:
4:1 pattern associated with four equivalent spins 3.

The presence of resolved second-order components in an ESR
spectrum is of great value in establishing firstly the equivalence
or otherwise of magnetic nuclei in the free radical, and secondly
a statistical best-fit set of parameters to the observed spectrum.
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In a radical with more than one large hyperfine interaction it is
sometimes possible to establish the relative signs of the hyperfine
interactions on the basis of such statistical analyses (3). When the
second-order components are unresolved there is, of course,
always some doubt asto the significance of themeasured ''centers"
of the lines and a consequent uncertainty in the parameters derived
therefrom.

In cases where two or more large hyperfine interactions are
present it is not always possible to obtain algebraic expressions
for the magnetic sublevels. Good approximations to the spectral
parameters may usually be obtained by the procedure, outlined
above, of applying second-order shifts. This method breaks
down for very large hyperfine interactions or for cases where the
hyperfine interactions differ from each other by the order of a
second-order shift (22,25). An exact solution can always be ob-
tained, however, by computerized diagonalization of the Hamil -
tonian (26). Whenexcess dataareavailable, i.e. when the number
of measured lines exceeds the number of spectral parameters, the
best-fit parameters should be determined by a least-squares
method for all possiblerelative signs of the hyperfine interactions
(3). A comparison of the standard deviations obtained for the
various sign combinations using the F-test may then permit a
judgment as to which combination is most probably the correct
one,

Very large hyperfine interactions. A number of paramagnetic
fluorides exhibit extremely large central-atom hyperfine interac-
tions, e.g. 1576 G for /PAs in AsF4(l12), 6200 G for 127I in IF?
(13). In such instances, where a approaches or exceeds v(L + %)-
MHz, ESR spectra bear no resemblance to the hyperfine patterns
predicted by first-order theory. The resonances are not sym-
metrically disposed about g = 2 and when a> V(L + 2)-! only one
ESR transition, the highest-field transition, is detectable (22).

It is of great help in such cases to express both the magnetic
fieldand the hyperfine interaction in dimensionless form: i.e. A =
a/v, H =Hgg/v. If one neglects y, the magnetogyric ratio, solu-
tions to (1) take on a remarkably simple form when expressed in
terms of these dimensionless variables (22). Thus, the highest
field ESR transition is given by

A=QRQH-2)/@2L+1-H) , (8)

an expression which may be used to calculate an approximate
value of the hyperfine interaction from an assumed g valueand
the position of the transition. Plots of A versus H for a given
spinare invaluable in assigning the observed transitions. Fig. 2,
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for example, shows that the spectrumof AsF4 in SF¢ at anobserv-
ing frequency of 8548 MHz consists of the ESR transitions mI(As)
= - 3/2, mr(As) = - 1 (appearing twice) and a forbidden, or NMR,
transition.™

Provided the unshifted centres of the transitions can be loca-
ted the central-atom hyperfine interaction and g value may be
determined exactly from an iterative solution of the Breit-Rabi
equations. Ligand fluorine hyperfine interactions should be deter-
mined from the highest-field transition available where spin-spin
decoupling is essentially complete.

Predicting Hyperfine Interactions

The process of establishing a geometry for and assigning a
ground-state electronic symmetry toa free radical is one of com-
parison of the measured hyperfine interactions with those (a) pre-
dicted theoretically, and (b) determined experimentally for iso-
electronic species. Great reliance is placed on the isoelectronic
principle: free radicals having the same numbers of electrons
and nuclei will have similar structuresand unpaired electron spin
density distributions. In cases where the isoelectronic principle
cannot be invoked for lack of examples one must resort to the
theoretical estimation of hyperfine interactions inorder to ascer-
tain that a proposed electronic structure is consistent with the
experimental parameters.

The most satisfactory theoretical approach, abinitio calcula-
tion, is costly and to date has only been used for small molecules
(27). An alternative approach, which has proved to be of great
value, is to estimate atomic orbital spin densities by semi-empiri-
cal molecular orbital methods such as the Huckel or INDO methods
(28). The choice of factors for converting the unpaired a.o. spin
densities soobtained to hyperfineinteractions is a subject of some
contention. Empirical conversion factors have been suggested for
use with INDO - derived spin densities (28). Alternatively, one
may employ atomic coupling constants derived ab initic from a
particular set of atomic wave functions. This is the approach
which we favour, and, if only for the sake of consistency, we have
used the atomic constants derived from Froese's (29) wave function
(Table II).

We have found that VSEPR theory (30) is remarkably success-
ful in predicting the structures of inorganic free radicals providing
one assumes that the unpaired electron behaves very much as
would a lone pair. This is tantamount to saying that free-radical
cations (and radicals isoelectronic with such species) have the
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Table II
One-electron Hyperfine Constants

81r) 2
= (2= 0) Gauss
AO ( 3 YeYMwns( )

393

Nucleus Ay Nucleus Ay
TLi 103.2 (W 3393
IBe -32.8 7756 4792

1l 720.8 798y 7737

13¢ 1110 83k, -1434

4N 549.6 85r% 199. 4

170 -1649 87g, -165.0

19% 17100 10754 -417.3

2INe -2041 1114 -2317

23Na 223.4 115p, 3412

25Mg -118.6 119g, 7554

2741 980. 0 121gy 6032

29si -1209 1257 ¢ -9690

3lp 3638 127; 7295

33s 969.5 129%, -11786

35¢1 1666 1334 349.2

39K 51.7 137g, 525.7

43ca -148.9 197p4 311.2

63¢cy 1764 1994 3401

67zn 452.5 20577 14984

69Ga 2658 207py, 6824

3Ge -530.9 209p; 6336
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same structureas the parent moleculefromwhichtheyare derived.
Thus, NF3+, CF3and BF3~ are expected to have the same geo-
metry (pyramidal) as NF 3 itself; SF4t (if and when found) and PF4
should, like SF4, have trigonalbipyramidal structures; Cl1F3t and
SF 3 should be T-shaped like C1F3.

A second generalisation concerns the 19 hyperfine interac-
tions in isoelectronic pairs of radicals, one of which isananion
radical, the other neutral: the l9F hyperfine interaction in the
anion is larger than it is in the neutral species. Many examples
may be quoted: PFg~, SFs; SiF4~, PF4; SFg~, ClFy; OPF37,
OSF3. In fact, we know of no exceptions to this rule and believe
that it may be a consequence of weaker, more polarizable bonds
in the negatively charged species. There is as yet insufficient
data to establish a similar generalisation for cation radicals.

Semi-occupied Orbital of Inorganic Fluorine Radicals

The free radicals we shall discuss in this article havein com-
mon the basic structure of their semi-occupied orbitals. In its
simplest form this semi-occupied molecular orbital is the linear
combination F(2p) - M(ns) - F(2p), in which the fluorine 2p orbitals
point towards the central atom (M) and are antibonding with res-
pect to the M(ns) contribution (Fig. 3, top left). Also illustrated
in Figure 3 are the prototypes of some of the fluorine-containing
free radicals we shall be discussing. These examples illustrate
the different ways linear F-M-F arrays can be combined to form
molecular orbitals of various symmetries. In the case of the
radicals SF3 and PF4 a single F-M-F arrayis used, but their low
symmetries permit central-atom 3p, and apical fluorine 2p, orbi-
tals (z is the two-fold axis) also to be incorporated.

For radicals of higher symmetry, such as ClF4 (D4}) and
SFs5 (C4y) two mutually perpendicular F-M-F arrays are utilized
in the formulation ofthe semi-occupied orbital. Again, the lower
symmetry of SFg permits a contribution from sulfur 3pz and
fluorine 2p, atomic orbitals.

Finally, inthe case of the halogen hexafluorides the high sym-
metry (Op) permits a description of the semi-occupied orbital in
terms of a three-dimensional F-M-F array. In each case, the
ligand (F)2p orbitals point towards the central atom and the orbi-
tal is antibonding in each M-F distance.

The contribution of central-atom ns character to the semi-
occupied orbital gives rise to a distinctive feature in the ESR
spectra of many of these radicals, namely a very large central
atom hyperfine interaction, often several kiloGauss. On the other
hand, the isotropic 19F hyperfine interactions are surprisingly
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small (1200 G). A pure fluorine 2p contribution to the semi-occu-
pied molecular orbital would generate no isotropic hyperfine inter-
action with the unpaired electron. The small, though finite, 19¢
hyperfine interactions in these radicals arethought to be due en-
tirely to M-F bond polarisation effects, and not to any significant
direct contribution from fluorine 2s atomic orbitals.

We shall frequently have occasion to discuss the effect onthe
various spectral parameters of changes in the electronegativity of
the central atom, or of an RO ligand, in a series of radicals. In
this connection it is important to remember thatthe semi-occupied
orbital is anti-bonding (i.e. has a node) between the centralatom
and its ligands. An increase in the central atom (M) electronega-
tivity will therefore result in a decrease in the contributionof
M(ns, np) orbitals to the semi-occupied orbital (31). Conversely,
an increase in the electronegativity ofa ligand (e. g.an RO group)
will result in an increase in the central-atom contribution tothe
semi-occupied molecular orbital.

Preparation of Inorganic Fluorine-Containing Radicals

Three methods of preparation are commonly used:

a) Photolysis of hypofluorites. Ifa hypofluorite suchas CF30F
is photolysed with UV light the radicals CF30 and Fare generated
in the liquid. These species cannot be detected by ESR, and in
the absence of any third entity, they merely recombine. If, how -
ever, the CF30F contains a solute, such as SFy, then both CF30
radicals and F atoms attack the SFy4, resulting in the formation of
the free-radicals CF30SF4 and SF5 respectively (6). (Fig. 4). A
variation of this method is the use of the peroxide ROOR, rather
than the hypofluorite. In this case only a single adduct (ROSFy,)
is formed. This technique has been used to study the ESR spectra
of a series of adducts to SF4 and to PF3, by varying the natureof
the peroxide ROOR (32).

b) Gamma-irradiation in neo-pentane. A solid solutionofthe
inorganic fluorine compound in neo-pentane often reveals, after
y-irradiation at 779K, the ESR spectrum of a negative ion. For
example, the spectrum of SiF4” may beobservedafter neo-pentane
containing dissolved SiFy4 is Y-irradiated at 77°K (19). This tech-
nique is not restricted to inorganic fluorides: the spectrum of
C4Fg8  has recently beenobserved inirradiated C4Fg:neo-pentane
solutions (33).

¢) Gamma-irradiationinSF¢. By far the most fruitful tech-
nique ofthe three has been that of y-irradiation ofa solid solution
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of a solute in SF¢, introduced by Fessenden and Schuler in 1966
(2). Irradiation of the pure solvent (SFg) yields ESR spectra of
the radicals SF3, SF5 and SF¢~. If a soluteispresent, one usually
obtains, in addition, the spectrum of a fluorine atom adduct. For
example, irradiation of PF3:SFy yields the spectrum of PFy (2).
This spectrum, and many others which may be generated by this
technique, will be discussed later.

From the spectroscopic point of view, the advantage of the
SF matrix technique is that isotropic spectra are obtained, in
contrast to the neo-pentane matrix, in which the spectra are
usually anisotropic. This means that in SF¢ the spectroscopist
is dealing with a spectrum of sharp (AH = 1 G), well-resolved
lines susceptible to accurate measurement. Interpretation of the
spectrum and identification of its carrier is thus facilitated.

Tri-coordinated Fluoride Radicals

The trivalent fluoro-radicals which we shall discuss are SF'3
and its derivatives. The ESR spectra of CF 3 and other perfluoro-
alkyl radicals have been adequately treated elsewhere (34, 35).
The radical SF3 was first detected in electron-irradiated SF¢(9).
Its spectrum indicates the presence of two, rather than three
equivalent 19F nuclei: ajq(2) = 54.3 G, ajq(l) = 40.4 G. This
observationis consistentwith the structure of SF3shown inFig. 3,
in which the semi-occupied orbital is described as anantibonding
combination of Fap(Zp) orbitals and the S(3s, 3p,) orbitals. The
bonds to the apical fluorines are weaker, longer, and more
polarizable, resulting in the somewhat larger hyperfine inter-
action of the apical 19F nuclei.

Table III Spectral data for SF3 and derivatives in solution (36).

Radical £ Elg(apical) glg(equat)

SF 3 2,0050 48.7 41.0 Gauss
(CF30)SF 2.0074 1.93 6.96
(SF50),SF 2,0076 2.28 6.16
(CF30)3S 2.0060 1,38 0.27
(SF50)3S 2,0059 1.49 (not resolved)
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Certain derivatives of SF3 have been prepared. These are
(RyO),SF and (R{0)3S, where Ry = CF3 or SF5 (36). In the case
of the (RfO),SF radicals, the RfO ligands occupy equivalent apical
positions. Asin the caseof thecorresponding derivatives of PFy,
the apical position seems to be the preferred site for RyO substi-
tution. As expected, the trisubstituted derivatives have larger
19F hyperfine interactions for the RO ligands in the apicalposi-
tions than for those in the equatorial positions (Table III).

A species closely related to SF,, AsF37, has been detected
in y-irradiated polycrystalline AsF4 (37). The ESR parameters
for this radical are consistent with a planar T-shaped structure;
we feel, however, that the unpaired electron occupies a totally
symmetric orbital, rather than anorbital antisymmetric withres-
pect to the molecular plane as suggested by Subramanian and
Rogers (37).

Tetra-coordinated Fluoride Radicals

The prototype of this group of radicals is PF,, discovered
in 1966 by Fessenden and Schuler (2) who generated its spectrum
by irradiation of a solid solution of PFj in SFy with 2.8 MeV
electrons. This radical, and its derivatives, have a ''trigonal"
bipyramidal structure, The apical and equatorial 19F nucleiof
PF4 have isotropic hyperfine interactions of 282 G and 59 G re-
spectively, the Ip hyperfine interaction being 1330 G. A more
recent statistical treatment of the PF, spectrum showed thatall
three hyperfine interactions in PF4 had the same (positive) sign
(3).

The radical AsF4 has also been detected by this technique,
being observed at 110°K in samples of AsF3:SF¢ y-irradiated at
779K (12). Its spectrum has several features of interest, butfor
the moment we note that the hyperfine interaction of the [ETN
(I = 3/2) nucleus is so large that the appearance of the spectrum
(Fig. 2) bears little similarity to that of the analogous PF4 radi-
cal. Its spectral parameters can, however, readily be obtained
with the aid of the Breit-Rabi equations (24).

Although SFy is a useful matrix in which to prepare neutral
fluorine containing radicals, it is not usually as effective as neo-
pentane for the preparation of negative ions. Thus, in order to
compare PF4 with SiF,~, its negatively charged analogue, a solid
solution of SiF, in neo-pentane was irradiated at 770K (19).

In Table IV the isotropic hyperfine parameters of SiF4~, PF4
and AsF4 are listed, together withan estimate of the central-atom
ns contribution to the semi-occupied orbital. For this purpose,
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we have used Froese's UHF wavefunction (29) to obtain estimates
of $2(0) and hence A, (Table II).

Table IV Hyperfine interactions for tetravalent radicals of Group V.

Hyperfine Interactions (Gauss)

Radical M
(am/Ag) F(ap) Fleq)
29, . -415.0 309. 6 80. 7
SiF4 (0. 34)
31 1321.5 293.0 59. 8
P
Fq (0. 36)
75 1576. 4 238.2 49.5
AsFy (0. 46)
PF;0Ft o 1267 285 63.0
PF,(OFtq); 1201 280 -
PFap(OEt); 1033 306 -

As discussed in an earlier section, the semi-occupied orbital
of the radicals we consider in this articleare antibonding between
ligand F(2p)atomic orbitals and central atom M(ns) atomic orbitals.
Inthe present case the semi-occupied orbital is primarilyan anti-
bonding Fap(Zp)-M(ns)-FaP(Zp) combination.

An increase in the electronegativity of M will result in a de-
crease in the M(ns) contribution to all anti-bonding orbitals,
including the semi-occupied orbital. This effect is notedin Table
IV for AsF,4 and PF4, where it is seen that both the 19F and the
central-atom hyperfine constants indicate higher spin-density on
the central-atom in AsF4 than in PFy4.

Comparing PF4 and SiF4~, however, thereisa much smaller
difference inthe central atom character. The !9F hyperfineinter-
actions are, nevertheless, significantly larger in SiF ~ than in
PF4, an effect we attributetothe weaker, more polarizable bonds
of the anionic species. We regard the 19F hyperfine interactions
in these radicals, although positivein sign, as arisingfrom polar-
ization effects and not from any direct F(2s) contribution to the
semi-occupied molecular orbital,

It is also possible to examine the effects of ligand electro-
negativity-change in a series of radicals such as (RO)aPPF3.
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These species, prepared by photolysis of a peroxide ROOR con-
taining dissolved PF3 (10), show a linear correlation between a3]
and a 19(ap) (Fig. 5). The more electronegative apical ligands
(FSO3, FCO2)areassociated with higher 31P hyperfine interactions
than the less electronegative CF30 and (CF3)3CO ligands. The
19F(eq) hyperfine interactions are not significantly affected by
changes in electronegativity at the apical position. Increase in the
electronegativity of theapical RO ligand results in greater P(3s, 3p)
contributions to the semi-occupied orbital, because the latter is
anti-bonding in the P-O distance. Increased P(3s) character is
measured directly as an increased 31Phyperfine interaction. The
increased P(3p) contribution, however, is registered only by its
effect on theapical fluorine, causingincreased P-—F(ap)polarization
and a reduction in the 19F(ap) hyperfine interaction. An exactly
analogous effect has been observed in a series of ROSF, radicals
(32).

The dominance of the apical ligands in the LCAO description
of the semi-occupied orbital of these radicals is emphasised not
only by the invariance of 219(eq) to apical substitution, but also by
the relatively minor changesinas3; and 219(ap) On equatorial substi~
tution, Alkoxy groups, as opposed to fluoro alkoxy groups, appear
preferentially in equatorial positions in phosphoranylradicals. A
comparison of the data for PF4 with those for its ethoxy-substitu-
ted derivatives (Table IV) shows that apical substitution of OEt for
F has a far greater effect on the 3lpand 19F(ap) hyperfine interac-
tions than does equatorial substitution (38).

Mention should perhaps be made here of another kind of tetra-
valent fluoride radical, ClF4, obtained by UV photolysis of CF30F
containing dissolved Clp (7), or by y-irradiation of a solid solution
of ClF3 in SF¢ (14). The spectral parameters of ClF4 are g =
2.0118, a3g = 288.2 G, ajg(4) = 78.8 G. The value of the 35C1
hyperfine interaction indicates a chlorine 3s contribution to the
semi-occupied molecular orbital of approximately 0.17, which
seemed reasonable for a square-planar configuration. The alter-
native bisphenoidal structure was ruled out on the grounds that
(a) the spectrum of C1F4 indicated it contained four equivalent
fluorines and (b) such a structure would imply a considerable
chlorine 4s contribution to the semi-occupied molecular orbital,
and a correspondingly small 35¢1 hyperfine interaction. Qur con-
clusion regarding the planarity of C1F has generated some debate
among theoretical chemists (39), but now appears to have been
accepted (40).
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Penta -coordinated Fluoride Radicals

In 1963 one of the present authors obtained at 300°K the ESR
spectrum in the top half of Fig. 6 by y-irradiation of powdered
NH4PFy¢ (41). It is a spectrum showing hyperfine interactions with
a 3P nucleus (1354 G) and four equivalent 19F nuclei (198 G).
This spectrum was assigned to theradical PF4. Later, Fessenden
and Schuler (2) discovered another PF4 spectrum in SFg at 140°K
in which the 19F nuclei were equivalent in pairs. Since the “°P
hyperfine interactions were almost identical in the two cases it
was concluded that both species were PF4 and that in an NH4PFyg
matrix at 300°K the fluorines underwent rapid intramolecular ex-
change. This led Fessenden and Schuler to assign the lower-
spectrum in Fig. 6, obtained by electron-irradiation of SFg, to
SF4+. It was later shown, however, that the latter spectrum was
that of SFg (6). Two methods were used: (a) photolysis of SF5Cl
and (b) photolysis of CF30OF containing dissolved SF4 (Fig. 4).
The extraordinary fact that the fifth 19F nucleus in SF5 had a vir-
tually zero hyperfine interaction was later to be rationalizedby
INDO calculations (42). This led to the suggestion that the spec-
trum in NH4PF¢4 was not PF4 but PFg~ (43); in this case, ascan
be seen from Fig. 6, the hyperfine interaction with the fifth 19¢
nucleus is almost resolved.

Table V Hyperfine interactions of Pentafluoride Radicals.

Radical Hyperfine Interaction (G)

M F

(am/A0)

PFg- 1354, 4 197.6
(0. 37)

SFs 306.8 143.0
(0. 32)

AsFg~ 1762 187.0
(0. 52)

SeFs 1877 118.0
(0. 39)

The spectrum of AsF¢~ has been obtained in SF¢ (21), and in

Table V its parameters are compared with those of PF5~, SFg,
and SeF5. We see that the radicals centred on the more electro-
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negative third row elements (PF5-, SFg) have larger 19F hyper-
fine interactions than the corresponding species centered on the
fourth row elements (AsF5-, SeFg5). In addition, the centralatom
character, measured as a fraction of A (Table II), is lower for
PFs5~ and SF5 than for AsFg~ and SeF s respectively. These facts
tend to confirm the hypothesis that increasing the electronegativ-
ity of M (e.g. As—P) will result in a lower M(ns) contribution to
the semi-occupied molecular orbital.

As between the isoelectronic radicals PFg5~, SFg5 and AsFg-,
SeFs5 we conclude that the difference in the 19F hyperfine inter-
actions is essentially Coulombic in origin. The anionic species
have less charge on the central atom, and their bonds are there-
fore slightly weaker and more polarizable than those of the neutral
species. The dominant contribution to the 19F hyperfine inter-
action being polarization by spin-density in the F(2p) atomic
orbitals, the net result is larger isotropic 19% hyperfine interac-
tions,

It is possible to prepare a series of pentavalent derivatives
of SFg by photolysis of various peroxides containing dissolved
SF4 (32). These ROSF4 radicals have Cg symmetry, and their
dominant hyperfine interactions are: a jg(l), that of the 19F nucleus
trans to the RO ligand and ajg(2)those of thetwo 19F nuclei cis to
the RO ligand:

Fis.2 6)

OCF. (3506)
==

//\

Fuieze)

usiec F Fooe)

The data in Table VI illustrate the effect on aj9(1) and _@._19(2)
of changing the electronegativity of the ligand RO. It will be seen
that there is a dramatic effect on a19(1), which decreases with in-
creasing electronegativity in R. The value of ajg{2), however, is
virtually unaffected by this change.
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Table VI Hyperfine interactions of various ROSF4 radicals at

228°K,

R ap(l) ap(2) Other hfs
(CH3)3S1 184.3 121.5
CH3 171.6 122.3 ay1(3)=2.4
CF3 131.6 119.2 a19(3)=3.5; 319(1)=1.0
SFg 127.1 118.9 319(4)=5.0
(CF3)3C 117.6 117.6 319(6)=6.6
FS0, 111.4 120.2

This effect is probably due to an increased sulfur 3p, contri-
bution to the semi-occupied molecular orbital as the electroneg-
ativity of RO increases. An increased sulfur 3p, contribution
will cause increased polarization of the S-F bond, resulting ina
decrease in the 19F hyperfine interaction. It is not clear, how-
ever, why the effect is transmitted to the trans fluorine nucleus
only, and it is a pity that no data are yet available on the 335
hyperfine interaction and hence on changes in the sulphur 3s con-
tribution to the semi-occupied molecular orbital.

Hexafluoride Radicals

The last group of radicals we shall discuss are the hexafluo-
ride radicals of Groups VI and VII. The radical SF¢~, firstdis-
covered by Fessenden and Schuler (2), is obtained by irradiation
of SF¢. Its analogues SeFy and TeF¢ are obtained byirradiation
of SF¢ containing dissolved SeFy and TeFg respectively (11).
Their ESR data are given in Table VII. The halogenhexafluorides
ClF¢ and BrF¢ were prepared by radiolysisof C1Fg:SFy (13, 14)
and BrF5:SF¢ (13, 15) respectively, whereas IFy was obtained by
UV photolysis of IF7:SF¢ (13).

The most abundant isotopes of sulfur, selenium and tellurium
have zero spin, and the spectra of SF¢, SeF¢ and TeF¢ containing
these isotopes show interactions of six equivalent 19F nuclei only.
In addition, weak satellite spectra have been detected from which
it was possible to obtain the hyperfine interactions of theisotopes
335, 77Se and 125Te in SF¢, SeF¢ and TeF6 respectively (11).
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The halogen hexafluorides ClFy, BrFg and IF¢, on the other
hand, have central atoms whose nuclei havenon-zero nuclear spin.
The appearance of their spectra is therefore dominated by the
central-atom hyperfine interactions, which (particularly for BrFy
and IFg) are extremely large and necessitated unusual methods of
analysis (22).

Table VII ESR Parameters for Hexafluoride Radicals.

Hyperfine Interactions

Radical g (Gauss)

aM 219(6)
33sF¢- 2.0078 643 195. 4
15eFy- 2.0098 3634 173.3
125TeF - 2.0070 -10081 212.0
35C1Fy 2.0181 775.5 89.6
79BrF, 2.0158 4160 88.5
1271p, 2.0098 6140 150.2

These radicals arethought to have octahedral symmetry, and
their semi-occupied orbital is thought to be a three-dimensional
version of the F(2p) - M(ns) - F(2p) array illustrated in Figurel
(44). The central atom ns character has been estimated for SFg ™,
SeF¢~ and TeF¢~ with the aid of Froese's wavefunction (Table II)
to be 0.66, 0.76 and 1.04 respectively. The latter valuebeingin
excess of unity leads one to suspect that values obtained by incor-
porating the Mackey-Wood (45) correctionwould bemore appropri-
ate: 0.65, 0.66, 0.68, The corresponding figuresfor C1Fg, BrF
and IF¢ are: 0.46, 0.46, 0.54.

An attempt was made to verify the latter figures by an analy-
sis of the anisotropic 19% hyperfine pattern in ClFy, BrFg andIFy
at 27°K (44). This analysis proved conclusively that the halogen
hexafluoride radicals are octahedral, since the anisotropic hyper-
fine patterns were those of pairs of equivalent 19F nuclei. The
individual F(2p) spin-densities were found to be ~0.2. The over-
all estimated spin-density in all three halogen hexafluorides is
thus considerably greater than unity, and one is forcedto conclude
that polarization phenomena have generated considerablenegative
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spin-density invarious atomic orbitals (INDO calculations suggest
primarily the M(np) orbitals). These arguments tend to reinforce
our conclusion that in many of these 0~ or 2A1 radicals polariza-
tion effects are of great importance and are, in fact, primarily
responsible for the non-zero 19F hyperfine interactions.
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