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Reactions of photogenerated fluorine atoms with
dopant molecules in solid argon
1. Photelysis of solid Ar—CH4(CD,)—F; mixtures at 13—16 X
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The products of UV photolysis of temary Ar—CH(CDy)—F; mixtures (1 : ¢ ¢y, ¢, ¢y =
0.001—0.01) at 13—16 K were identified by ESR and FTIR spectroscopy. These products are
"CHj (" CDj) radicals of types I and 11 and molecular CH3;F—HF complexes. The latter were
characterized by the IR bands of the stretching C—F (1003 cm™}) and H—F (3774 em™!)
vibrations. The ESR spectra of radicals I are asymmetric. The anisotropy of the g-factor (Ag =
1073y of radical 1 indicates that the structure of the radicals is nonplanar. The ESR spectrum
of the type II radical is identical to that of matrix-isolated “CH; (" CDj) radicals with the
planar structure (Ag < 5+ 107%). Under the experimental conditions, the amount of complexes
formed in the photolysis is equal to 0.022-c. When the photolysis is ceased, radical I
disappears after ~103 s and radical Il is stabilized. The limiting concentrations of the stabilized
"CH; and *CDj radicals are equal to 2- 1072+ cand 2+ 1073 - ¢, respectively. A mechanism of
the formation of the products is suggested. 1t is based on the assumption that both matrix-
isolated CH,4 and F, and their heterodimers CH4—F; are present in the samples and it takes
into account the long-range migration of translationally excited flourine atoms. The
CH3F—HF complexes and radicals 1 are generated by the photolysis of the CH4—F;
heterodimers. The decay of radicals 1 is caused by geminate recombination of proximate
F...CHj pairs. Radicals II are formed in the reaction of transfationally excited fluorine atoms

with isolated CH,4 (CDy) molecules.
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Crystals of inert gases have been previously used
widely for spectroscopic studies of intermediate species
and molecular complexes. In recent years, the dynamics
of the elementary chemical reactions in these matrices
has been studied, predominantly, by photodissociation
of small molecules. Conventional experimental ap-
proaches combine time-resolved optical and IR spec-
troscopy with molecular dynamic (MD) simulation.!—¢
Among the results obtained in this field, the following
data are noteworthy: the discovery of the high (close to
unity) quantum yield of the photodissociation of F,
molecules isolated in crystals of inert gases and the great
thermalization length of translationally excited
photogenerated fluorine atoms (up to 30 A !) with initial
excess energy ALy 2 1 eV.34 This behavior of F atoms
differs from that of atoms of other halogens formed in
the photodissociation of Cl,, Br,, and I, in solid matri-
ces. For these atoms, reverse cage recombination pre-
dominates, and the quantum vield of photodissociation

of the molecules is not greater than 1073.1.5 Another
specific feature of the behavior of F atoms in crystal is
that their diffusion thaws at temperatures above 20 K,
which results in their recombination after 102—103 5.3
Two temperature regions can be distinctly seen. Below
20 K only translationally excited ("hot") F atoms can
move in space, while at 20—28 K thermal atoms recom-
bine in the diffusion regime. In the Kr crystal, this
transition occurs at 13—16 K.3

The long-range migration of translationally excited
and thermal F atoms creates conditions in which they
can interact with various doped molecules trapped in the
inert matrix. Alzhough the energetics of such reactions
differs slightly from that for the gas phase, the crystal-
line environment prevents separation of the products
and allows fast relaxation of the released energy. These
specific features make it possible to stabilize intermedi-
ate species and their complexes with other products that
cannot be detected in the gas phase. Ternary Ar—F,—

Transiated from [rvestiva Akademii Nauk. Seriva Khimicheskaya, No. 4, pp. 709—717, April, 1997.
1066-5285/97/4604-0678 $18.00 © 1997 Plenum Pubiishing Corporation



Photolysis of solid Ar—~CH(CDg)—F, at 13—16 K

Russ.Chem.Bull., Vol. 46, No. 4, April, 1997 679

C,Hy mixtures have been studied as a model for the
investigation of solid-phase reactions involving F at-
oms.”-® It has been established by ESR and FTIR spec-
troscopy that at 7 < 20 K the UV photolysis of F;
molecules results in {(a) the reaction of the two atoms in
the complexes formed with the reagents (F;—C,H,) to
form molecular products:
[Fo+ CoHyl DYoo [CoH3F + HF] + [CoH4Fyl, (1)

and (b) the reaction of one "hot" atom with an isolated
C,H, molecule to generate a stabilized radical

F+ CyHy ——= "CyHuF. (2)

The ratio of the concentrations of the products of
reactions (1) and (2) is equal to ~10 : |, ie., the
molecuiar products of cage reaction (1) predominate. At
T > 20 K, by contrast, the reaction involving diffusing
atoms (2) predominates, which results in the transfor-
mation of ~20% of the C,H; molecules to stabilized
"C,yH4F radicals. The absolute intensities of 8 vibra-
tional bands of the radical were identified and measured
for the first time by companson of the Kkinetic data
obtained by ESR and IR spectroscopy.

The preliminary ESR studies of the Ar—F,—CHj,
and Ar—F;—CDy mixtures testify that the "CHj; and
"CDj; radicals are generated in the reactions of both
“hot” {at T < 20 K) and thermal {at 7> 20 K) atoms.%-10
At the same time. the earlier IR spectroscopic studies
showed!! that the main products of the low-temperature
photolysis of these mixtures are molecular CH;F—HF
complexes. These data allow one to conclude that the
two channels of transformations (1) and (2) described
above take place in the reactions of "hot" F atoms with
CH, as well. The formation of "CH;..."CH; radical
pairs and CH;F—HF complexes that have been estab-
lished previously for the photolysis of fluorine in meth-
ane crystals confirms these conclusion.12—14

In this series of works, we intend to measure the
ratios between the main channels of transformations in
the reactions of "hot” and thermal F atoms with various
doped molecules in solid ternary Ar—F,—X mixtures, as
well as to elucidate the differences between the interac-
tions of "hot" and thermal atoms. In this work, the
photolysis of fluorine in Ar—CH (CD;)—F, mixtures
was studied by ESR and IR spectroscopy at tempera-
tures of 13—16 K, ie., under the conditions in which
the diffusion of thermal atoms is frozen. The approaches
to studying the dynamics of solid-phase atomic-molecu-
lar reactions were based on the analysis of the data
obtained and the results of the previous studies.”—10

Experimental

Samples were prepared by the combined condensation in
vacuo of two gaseous Ar—CH(CDy) and Ar—F; mixtures
onto a substrate cooled to 13—i6 K. The rate of condensation

of gases was equal 10 IS pmmin™'. Ar—CH,—F, samples of
compasitions | : ¢ : ¢y (¢, g = 0.001 —0.01) were studied. The
samples with ¢ = ¢y = 0.001 were studied in most detail, The
samples were ~100 um thick.

IR spectra were recorded on a Mattson Model RS/1000
FT-spectrometer with a resolution of 0.5 cm™'. In these
experiments, an APD Cryogenic Model helium refrigerator
with a closed cycle was used, and the minimum working
temperature on the Csl optical substrate was 16 K.

ESR measurements were carried out using a flow-type
cryostat with a moving helium channel (Fig. ). Gases were
condensed on the lower end of a planar sapphire rod from two
separate jets. To retard the reaction in the gas phase, gas flows
were crossed directly near the substrate surface. After spraying.
the rod with the sample was placed in the cavity of an ESR
spectrometer. The temperature was measured with a thermo-
couple fixed at the upper end of the rod. In the preliminary
calibration, the temperature of the lower end of the rod (at the
site of condensation of the gases) was measured by a second
thermocouple. For this purpose, an internal ESR standard
(diphenylpicrylhydrazyl (DPPH) crystal) with a known num-
ber of spins (10'2) glued on the rod surface was used. These
experiments showed that the difference in the temperatures
monitored by the two thermocouples did not exceed 0.3 K in
the interval of 10—30 K, and the intensity of the ESR line of
the DPPH crystal [ (the linewidth was <0.5 G) varied with the
temperature measured by the upper thermocouple in accor-
dance with the Curie law ([, x 1/7). The thenmoregulating
system made the working temperature in the {3~30 K range
stable with an accuracy of 0.1 K. The concentrations of the
radicals were determined by comparing the integral intensities
of the ESR spectra with that of the internal standard. The
sensitivity of the measurements was not worse than ~10'9
*CH; radicals per sample.

Fluorine atoms were generated by photolysis of F, using
UV lasers with wavelengths of 335 nm (radiation of the third
harmonic of a Nd : YAG laser with a frequency ot 10 Hz in IR
measurements) and 337 nm (cadiation of an N, laser with a
frequency of 1000 Hz in ESR measurements). The average
power of the radiation was not greater than 10 mWcm™2
Photodissociation of F, by light with these wavelengths gave

5
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=

Fig. 1. Scheme of the ESR cryostat and preparation of samples:
I, flow of gaseous helium, 2, mobile helium blend, 3, nozzles
for spraying, 4, thermocouple, 3, sapphire rods, 6, ESR cavity,
and 7, window.
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Fig, 2. ESR spectra of the “CHj radical at 13 K after
preparation of the 1000 : | : | Ar—CHy—F, sample (a); after
photolysis (b): after completion of the dark reaction (¢,
spectrum of “CDj after completion of the dark reaction in the
1000 : 1 : 1 Ar—CD;—F; sample at 13 K (d).

two “hot” F atoms with an additional translational energy
AEy = (v = DYy2 = 1 eV per atom. The quantum yield of
photodissociation of F; molecules isolated in solid argon was
taken as g = 0.35 according to the published data.3

Resuits and Discussion

The characteristic bands of the molecular reaction
products (see below) are almost absent in the IR spectra
of the samples before photolysis. However, the ESR
spectra indicate a small number of ‘CHj radicals
(~1013 cm™3), whose concentration 2—3 times changes
depending on the conditions in which the samples were
prepared and the amount of reagents in the gas flows.

T Absorbance 3774

L - L b JL L o~ 1 |

1050~ 3750 800 v/em™!

Fig. 3. IR absorption spectra of Ar—CH4—F; samples (1000 :
1 : 1Y in the range of vibrations of C—F and H-F after
photolysis at {6 K.

The ESR spectrum of the ' CHj radicals, which contains
four symmetric lines of hyperfine structure with splitting
of 23 G on three equivalent protons, is presented in
Fig. 2, a. The linewidth is equal to 0.3—0.6 G, and the
ratio of the integral intensities of the lines is equal to
1:3:3: 1. No "CDj radicals were detected in the ESR
spectra of the Ar—CD;—F, mixtures.

At 16 K, photolysis of the samples containing F, and
CH,4 molecules results in the appearance of an intense
line at 1003 cm™! in the the C~—F vibration range and
lines at 3774 and 3779 cm™}! in the region of HF
vibration. The IR spectra of the products shown in
Fig. 3 agree well with those presented previously.!! The
lines at 1003 and 3779 (3774) cm™} were assigned!! to
C~—F (v3) and HF vibrations in two configurations of
the CHyF—HF compiexes. The formation of these com-
plexes with these characteristic [R bands has been estab-
lished!S for the low-temperature condensation of the
products of the gas-phase reaction of F atoms with CH,
in excess argon.

Consumption of the methane molecules was moni-
tored by the change in the intensity of the v; band
(1307 em™1). In the Ar—F,—CH, (1000 : 1 : 1) samples,
the maximum decrease in the intensity of this band after
prolonged photolysis is equal to ~2.2%. It has been
determined from the measured absolute intensity of the
vy band of the CH3;F molecule (12-10% cm mol™)13
and the known initial number of molecules in the samples
that the consumption of CH,4 molecules corresponds to
the number of CH3F molecules formed with an accu-
racy of 20%. This result confirms quantitatively the
previous conclusion!! that CH,F—HF complexes are
the main product of the photolysis. Their quantum yield
is equal to 0.3—1.0 based on the number of photons
absorbed by the CHy—F, dimers, whose amount was
taken as 2.2%.

{[R']-5-1078/em™3

0.20 +

015+

000t .
0 1000

2000

Fig. 4. Kinetics of the increase in the concentration of radicals
during photolysis of the Ar—CH;—F, sampte (1000 : 1 : 1) at
13 K. Experiment is shown by points. Solutions of the system
of equations (19) at 7 = 3-10'7 em™ %57 are shown by solid
and dotted lines: /, [Ry}; 2, (Ryg): and 3, {Ry + Ryl
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Fig. 5. Dependence of the quantum vield of radicals at 13 K
on the concentration of CH, molecules (Ar—F;, 1000 : 1).

Photolysis aiso results in fast accumutation of "CH;,
radicals. The ESR spectrum after a short period of
(~300 s) photolysis is shown in Fig. 2, . Unlike the ESR
spectrum of the radicals formed during the preparation
of the sample, the spectrum of the radicals generated
during photolysis is characterized by pronounced asym-
metry of the individual components of the hyperfine
structure and by greater linewidths (up to 0.9 G). The
number of radicals is proportional to the radiation dose
D, = [I-t(where 1 is the time of photolysis) at the initial
stages of the photolysis and reaches a maximum value
after prolonged irradiation (Fig. 4). In the Ar—CH,~F,
(1000 : 1 : 1) samples, the limiting concentration of

[R]: 107 !%/cm™3
2 b
s
O o

L IR &E-..0.. .
! g ..
0 i L i L -

0 1000 2000 3000 ts

Fig. 6. Changes in the concentration of radicais during pho-
tolysis and dark reaction at {3 K. The moment of cessation of
photolysis is shown by the arrow.

radicals relative to the initial number of CH, molecules
is equal to ~2+ 1073, No radicals are formed in samples
containing no F, molecules. The concentration of radi-
cals increases proportionally to the number of F; mol-
ecules when the amount of CH, in the samples is the
same. This indicates that the radicals are generated due
to absorption of light by the F; molecules. The quantum
yield of the radicals is determined by the correlation

®g = (d[R]/d/cINE, (3

where [R] is the concentration of the radicals, [ is the
intensity of the radiation, s = 1.05- 1072 ¢m? and Ng
are the absorption cross section and the initial concen-
tration of Fy, respectively. The ®g value in the tempera-
ture range from 13 to 16 K is proportional to the mole
fraction of CH, molecules (Fig. 5):

®g = (1.1£0.2) " c. (4a)

The change in the concentration of radicals [R{(n
after photolysis is stopped is shown in Fig. 6. A portion
of the radicals decay in the dark reaction at 13 K for
~103 5. The relative decrease in {R] reaches 30—50% in
different experiments. Taking into account the radicals
decaying in the dark reaction, the quantum vyield of the
radicals stabilized at the initial stage of the photolysis
can be written as

Dy = (0.710.2) - . (4b)

The ESR spectrum of the "CHj radicals remaining
after the dark reaction is presented in Fig. 2, ¢. It foilows
from a comparison with the spectra presented in
Figs. 2, a and 2, b that the stabilized radicals, like the
radicals formed during the preparation of the sample,
give narrower and more symmetric lines of the hyperfine
structure than the radicals that disappear in the dark
reaction.

AH/G
0.42+
0.40F . 2
A‘ \‘ . -
0.38} R, e
AN AR Lot
0.36+ T AL A JUPPELARY N
o T T et A
0.34}
. b
0.32+ n .
r 6. \‘_\ .7
0.301 .. -, 2
. - _-0'_ “a
0.28¢F .. - R
BRRRETEEN -7 m
0.261
-3 -2 -1 0 ! 2 M,

Fig. 7. Linewidths (A#) of the ESR spectrum of the "CDj
radical corresponding to different projections of the total
nuclear spin (M)): after photolysis at 13 K (g); after heating to
20 K {b); after reverse cooling to 13 K (¢).
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The ESR spectrum of the stabilized "CD; radicals
obtained after the photolysis of the Ar—CD3—F, mix-
tures is shown in Fig. 2, 4. The spectrum consists of
seven lines of the hyperfine structure with splitting of
3.5 G; the ratio of the integral intensities of the lines is
1:3:6:7:6:3:1. The quantum yield of ‘CD;
radicals is ~2.5 times lower than that of *CHj radicais in
mixtures of similar compositions:

g = (0.4340.15) - c. (5)

As in the mixtures with CHy, ~30—40% "CD; radi-
cals decay after ~103 s in the dark reaction. The ESR
spectrum of the stabilized radicals has a different ratio of
the intensities of the lines than the spectrum of the
radicals formed in the photolysis, which is caused by
changes in the linewidths. The linewidths of the spec-
trum of the "CD; radicals formed after a short period of
photolysis and after the dark reaction can be seen in
Fig. 7. The half-width of the lines changes as the total
nuclear spin M, increases from 0.28 to 0.4 G. These
changes are more noticeable for the radicals generated
after the short photolysis period.

Experiments on continuous saturation of the ESR
lines of the "CHj; and " CDj radicals were performed in
order to determine the magnetic relaxation times f; and
f,. The measurements were carried out at 13 K after the
dark reaction was completed and all F atoms had de-
cayed at 24 K (the short time of the dark reaction at
13 K does not aliow the exact values of ¢, and 1, to be
determined for decaying radicals). The curves of satura-
tion of the "CH; and 'CD; lines corresponding to
different values of the projection of the total nuclear
spin on the magnetic field direction M, are presented in
Fig. 8. The measured and theoretically predictable de-
pendences of the intensity of the uniformly broadened
differential lines / on the microwave ficld strength A,
are presented in Fig. 8 as well:16

___H__
3123/ 2
(1*7-’#2”{) ' (®

[ =

At 13 K, all lines of the "CDj radical and the lines of
"CH; with M, = *#3/2 are uniformly broadened. The
lines of "CH; with M, = =1/2 are broader than those
with M; = £3/2. At high UHF powers, their saturation
curves decay more slowly than the saturated curves
calculated from Eq. (6) (due to the contribution of the
nonuniform broadening). These lines are the superposi-
tion of the components with J = 1/2 and J = 3/2 (J is
the total spin of three protons, and the intensities of the
components are equal to 2 and 1, respectively). The
positions of the centers of these components differ due
to the second-order correction (see, e.g., Ref. 16):

a*
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Fig. 8. Dependence of the intensity (/) of the lines of the ESR
spectrum of the "CHj radical on the microwave field strength
Hyat T=13 (a) and 24 K (b).

where H, is the position of the resonance line when the
hyperfine coupling (HFC) is not taken into account and
a is constant of HFC with protons. The distance be-
tween the centers of the M; = +1/2 components with
J=1/2and J = 3/2 (~0.25 G) is on the order of their
inherent width, which results in an additional nonuni-
form contribution to the linewidth. For "CD,, the sec-
ond-order correction (~1072 G) is much less than the
linewidths. Therefore, the saturation of all lines is close
to uniform.

The width of the uniformly broadened lines increases
as the microwave field strength increases (see Ref. 16):

41

A[{xzn;n( :_}-V.—‘;E+3;;—HIZ, (8
where v, is the gyromagnetic ratio of an electron. De-
pendence {(8) describes well the change in the widths of
the edge components of "CH; and all the lines of
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"CDj;.. It follows from the slope of the curves in Fig. 9
that 7, = #; for both "CH; and " CD;. This ratio between
the r; and ¢, times is characteristic of the fast rotation
accelerating the HFC anisotropy.!” These values can be
estimated from the value of the microwave field strength
at which the amplitude of the lines reaches a maximum,
f{llm = l/l(Z'f:cflfz): for 'CH3, h o= th = 2. 10—7 S was
obtained; for "CD4, t; s £, = 271077 5

The linewidth decreases somewhat as the temperature
increases and is independent of H, when #; < 0.5 G.
Both these facts can be explained by an increase in the
contribution of the nonuniform mechanism of broaden-
ing. The saturation curves correspond to lines with an
envelope width that is ~2 times greater than the width of
the uniform line (spin-package). The increase in the
contribution of the necnuniform broadening is evidence
that the spin-packages narrow with the temperature.

Analysis of ESR spectra and the rotational mobility
of radicals. The existence of two types of "CHj radicals
follows from the shape of the ESR spectra. Type I
radicals are formed in the photolysis and disappear due
to subsequent recombination in the dark reaction. Their
ESR spectrum is strongly asymmetric. Type II radicals
are stabilized in the matrix. Their ESR spectrum is
identical to that of the matrix-isolated radicals. The
ratio of the f; and 1, times determined in the previous
section for type Il radicals suggests that the anisotropy
of the spin interactions is averaged by fast noncoherent
rotation. Let us identify the radicals of both types by
analysis of the shape of their ESR spectra. When the
rotation is fast, the linewidth corresponding to the total
spin J (and its projection M) of a radical in which all
nuclei are equivalent is determined by the Fraenkel—
Freed formuia:!8

[ (
) e — (.4+BMJ+CLJ(J+K)+—

2.2
1+t L 3

M
i l 9)
)] {

where 1,7 unites the contributions to the linewidth
that are not associated with rotation; r. is the rotational
correlation time; o, ~ 7,(Aa + AgH), o, is the scale of
the anisotropy of the resonance frequencies. When the
rotation is rather fast (t., < 1), £,7} ~ t.. The tempera-
ture narrowing of the uniform lines caused by a decrease
in 1, as 7 increases and the fact that 1, and #, are equal
confirm the fast rotation of radical II. In this case, the
HFC anisotropy is averaged, and the lines have the
Lorentz shape.18 Coefficients 4, B, and C in Eq. (9)
are determined by the anisotropy of the HFC- and
g-tensors:

A= (10)
45(&—0”)
. 473/1'0‘ N (1
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Fig. 9. Dependence of the linewidth M, = +3/2 of the "CH;
radical on the microwave field strength H, at 13 K.

O (12)
LOREN

Formula (9) predicts that the lines of the hyperfine
structure of the radicals will have different widths. This
can be scen in all ESR spectra observed (see Figs. 2 and
7). The dependences of the ESR linewidths of the "CD;
radical on the projection of the total nuclear spin shown
in Fig. 7 are well described by Eq. (9). The values of the
B8 and C constants (B = Br./v., C = Cr./y,) determined
by approximating the linewidths using a function in the
form AH,, = A + BM,+ CMp are the following: B =
0.019, C = 0.0063 G after photolysis at 13 K; B =

C = 0006 G dftcr decay of radicals 1 in the dark
reaction; and B = 0, C = 0.0045 G at 20 K. The
rotational relaxation time of *CDj is determined from
the C value by Egs. (9) and (12). We did not find in the
literature the value of the anisotropy HFC constant for

"CH; or 'CDs, therefore, it was estimated from the
McConnel formula:1?
C = (1/5);1%) iD(M)D(—m' * 462. (13)
m=-1

pim ‘/_'/'5<‘J ", mf‘ ){W> '

Here up is the magnetic moment of a deutron; D™ s
the value of the constant of the dipole-dipole interaction
between an electron and a proton averaged over the
wave function of an electron; and ¥ is the normalized
2p.-wave function of an unpaired eiectron localized on
the C atom. The rotational relaxation time (x.) was
determined to be equal to ~107% s

The "CHjand "CDj radicals in the ground state are
planar.20-21 Due to the high symmetry, the anisotropy
of the g-factor is very small and is not usually observed.
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unlike that of the related 'SiHj and “GeH; radicals.23
The spectra of type II "CHj; and "CD; radicals are
perfectly symmetric, so the t.BM, term is negligible,
Ag < 5+1073, Therefore, radicals I in the argon crystal
remain planar. The HFC anisotropy and rotation cause
the linewidths to be uniform. (Since the concentration
of the radicals is low, the contribution of the electron
dipole-dipole broadening can be neglected: AHy_4 =
25107 G))

The spectra of type I "CHjy and "CD, radicals are
noticeably asymmetric, which, according to Eq. (9), is
caused by the anisotropy of the g-tensor. Since the C
coefficients almost coincide for *CD5 radicals of both
types, the C values calculated from Eq. (12) are slightly
sensitive to smal] distortions of the planar form of the
radical, and the 7, times are of the same order of
magnitude for radicals I and IT. The contribution of the
anisotropy of the g-tensor (~AgM ) to the linewidths of
the type I "CDj radical is greater than the effect of the
anisotropy of the HFC-tensor. The |agl value estimated
from Eq. (11) is equal to ~1—1.5- 1073. The appearance
of such substantial anisotropy of the g-tensor indicates
that radical T in the Ar crystal becomes nonplanar. This
value of Ag for radicals I coincides in order of magnitude
with that of Ag for the "SiH; radical (aAg~ 3+ 107323 in
which the HSiH angle is ~113°.

The majority of small molecules (H;, D,, HX, CHy ),
whose rotation constants are equal to ~5-—10 cm™!,
rotate freely in matrices of inert gases.24 Previously,??
the IR bands observed in the region of the v, vibration
of the ' CH;-d,, radicals were assigned to different vibra-
tion-rotation transitions. The effect of coherent rotation
on ESR spectra (magnetic-dipole transitions) should
appear only as a correction to the g-factor, which de-
pends on the rotation number N. The Hamiltonian that
takes into account this correction to the electron Zeeman
interaction has the form:25

H, = ugH (g5 + g.N), (14)

where g, is the rotation g-factor, which is expressed
through the spin-rotation and spin-orbital coupling con-
stants:

§
2o

MY

S ,
{

e (13

The value of the spin-rotation constant for "CHy e,
= =350 MHz, ¢ = ¢, = =3 MHz, ¢ = 28 cm™! 28
which gives a correction to the g-factor g% ~ 4- 107,
This means that the population of the excited rotation
levels should result in additional temperature broaden-
ing of the lines?’

SHGW = (5] o= (V)r, (16)
9?!

where the (M7 value is determined by the population of

the rotation levels. At-13—20 K only the rotation levels

with & = | and 2 are populated, so this effect is small

for the "CHj; and "CD, radicals and does not result in
nonuniform broadening, which is caused rather by the
nonequivalent positions of the radicals in the lattice.
Thus, analysis of the ESR spectra of the radicals makes
it possible to conclude that photolysis of F, results in the
Jormation of two types of radicals: nonplonar (type 1),
recombining after photolysis ceases and planar (type II),
stabilized in the matrix. Both types of radicals are charac-
terized by fast rotation that averages the anisotropy of
the HFC and the g-factor.

Reactions of "hot” atoms. The data presented show
that there are two channels of the formation of products
of the reactions of photogenerated atoms below 17 K.
The main products are molecular CH;F—HF compiexes
formed with the participation of two F atoms and one
CH,4 molecule. At temperatures befow 20 K, the diffu-
sion of thermal atoms is frozen, so complexes of mo-
lecular products are formed with the participation of a
pair of F atoms generated by photolysis of one molecule.
The MD simulation showed? that when both "hot”
atoms escape from the cage, they scatter in opposite
directions. The probability that they would react with
the same CH, molecule is close to zero. Therefore,
CH;F—HF complexes are formed only in the photolysis
of heterodimers isolated in the matrix:

[F2..CHy] Mo [F +F .. CHy] ——w [CHaF—RF]. (17)

When the distribution of the reagents in the nodes of
the argon fce-lattice is random, the probability that CH,
occupies one of the 12 nearest nodes that surround a
node occupied by a F, molecule is equal to 12¢. How-
ever, the experimentally measured amount of molecular
product is double this value. This means that a portion
of the reagents form heterodimers upon condensation.
This gives a number of matrix-isolated pairs of reagents
(CH,...F,) that exceeds the statistical number. A similar
effect has been observed previously? in ternary Ar—F;—
C,H, mixtures. The intermolecular interaction in the
C,H4~—F, complex results in a considerable shift of the
IR band of the ethylene molecules. Therefore, the com-
plexes were distinguished from the isolated C,H4 mol-
ecules by spectral methods. In the photolysis of the
samples, almost all complexes were transformed to the
products of reaction (1) similar to process (17). Prob-
ably, the interaction in the “H4—F, complexes is con-
siderably weaker than in the previous case, and they
cannot be distinguished spectrally from isolated CH,
molecules. At the same time, the high yield of the
products of reaction (17), which is close to the amount
of CH, consumed, suggests that as in the case of the
(C,H—F3) complexes, photolysis of the F; molecules in
the isolated pairs of reagemts (CH,—F,) resuits in the
predominant formation of mofecular products.

The radicals are formed in photolysis due to the
reaction of one hot F* atom:

F* + CHy ——= 'CHj + HF. (18}



Photolysis of solid Ar—CH(CDy)~F, at {3—~16 K

Russ.Chem.Bull., Vol. 46, No. 4, April, 1997 685

There are two possible routes of formation of radicals
in low~temperature photolysis (i.e., in the absence of
diffusion of thermalized F atoms): (a) photolysis of the
(CH4—F>,) heterodimers in which one of the F atoms
leaves the cage; (b) meeting of a "long-path” hot F atom
with an isolated methane molecule. Channel (a) com-
petes with reaction (17) and results in the formation of a
radical, an HF molecule, and a hot F atom. When the
latter is thermalized at the adjacent internode, its gemi-
nate recombination with the radical occurs to give mo-
lecular products (similar to reaction (17)). This route
can be assigned to radicals I. Probably, the presence of a
thermalized F atom in the vicinity of the radical is a
reason for distortion of its planar structure, as has been
concluded from the analysis of the ESR spectra. Radi-
cals II can be formed via both channels when F atoms
leaving the cage migrate further. Since the quantum
yields of the photodissociation of isolated F, molecules
(according to Ref. 3) and F, molecules in (F,—CHy)
pairs are close (@y = 0.3—0.3), the kinetic equations
describing the changes in the concentrations of radicals
I and I in the photolysis have the following form:

d[F4)/dr = —@g/ o[Fy], ]
|
d[Ryl/de = @3 /0[F5, ' (19)

d[Ryl/dr = @, lo{F,] — k{Ryl, J

where k is the rate constant of geminate recombination
(k= 1.5-1073 s7hat 13 K), &, = 4-107* and @, =
7107 are the quantum yields at ¢ = 1073 of radicals [
and I, respectively.

it follows from Egs. (19) that at &7 << { radicals I
and II are simultaneously accumulated, and at &t >> |
only the concentration of radicals Il increases and reaches
a maximum {RylnL. when the F, molecules are com-
pletely consumed. There is a simple correlation between
®; and [R!I]max:

Dy = Iy [—R[%J—)’;;ﬁ (20)
The measured @, and {Ryp) . values correspond to @
= (.3, which agrees with the published data.? The
[R{l(t) and {Ry{](r) dependences calculated from
Egs. (19) agree with the kinetics of radical accumulation
(see Fig. 4). The relative probability of the channels of
formation of radicals I (i.e., CH;()~-F—HF) and mo-
lecular products CH;F—HF in the photolysis of
CH,4—F, heterodimers can be estimated as 0.02—0.06,
comparing ®, with the quantum yields of the molecular
complexes.

The conditions of the reaction of "long-path”™ hot
atoms with isolated CH,4 molecules (18) should depend
on the character of migration of the atom through the
crystal until it is thermalized. According to the MD
simulation,® migration of the "hot” atom with AE; > 1 eV
is close to ballistic. The atom migrates to a great distance

if it initially falls in the “escape cone” bounded by
the "window” of Dy symmetry of the first coordination
sphere. In the opposite case, when the atom undergoes
strong collisions with the nearest atoms of the lattice,
it either remains at the initial node or is thermalized in
the adjacent octahedral insertion sites. The @, value can
be estimated using the effective cross section of the
collision CH,+F reaction in the gas phase ¢ ~ 5+ 107!6
cm? as the probability that at least one CH,; molecule
exists in the volume frequented by the migrating F atom.
At ¢ <<1

@2 = 200 CUL,IV(). (21)

When the mean length of thermalization of the hot atom
L, =20 Aand My = 2.2+ 1022 cm™3 (the number of Ar
atoms in | cm?®), ®, = 0.5-¢, which is close to the
experimental value. This estimation indicates that stabi-
lized radicals can be formed via channel (b) in reactions
of "long-path” hot atoms. It is noteworthy that the ESR
spectrum of the stabilized radicals contains no distortions
caused by magnetic interactions with nuciei of the other
product, HF molecules. If it stabilized near the radical
(in the nearest octahedral or tetrahedral insertion sites at
distances of 2.7—3.0 A from the node occupied by the
radical), its dipole-dipole interaction should result in
splitting (or broadening) of the lines by 0.4—0.8 G. The
fact that the ESR spectrum of stabilized radicals II is
identical to the spectrum of matrix-isolated radicals indi-
cates the spatial separation of the products of the reac-
tion of the hot atom (" CHj and HF). The transiationally
excited HF molecules formed in the reaction leave the
nearest neighborhood of the node, which was primanly
occupied by the CH4 molecule, and are stabilized beyond
its first coordination sphere.

* & &

Combined application of IR spectroscopy and ESR
demonstrates that it is possible to separate the cage
reaction in heterodimers of reagents and the reactions
involving "long-path” atoms. It is precisely the study of
the latter which is of special interest because of the
possibility of stabilizing the intermediate products of
similar gas-phase reactions. Although the main photo-
chemical reaction (17) results in the formation of mo-
lecular products, F atoms leave the cage with a probabil-
ity of 0.02—0.06 and are thermalized at one of the
nearest internodes. Decomposition of the cage also re-
sults in the formation of an HF molecule and radical 1
with a nonplanar structure. The geminate recombination
of the F atom and radical I occurs in the time scale of
10} at considerably lower temperatures than thermo-
activated diffusion of thermalized F atoms. This fact, as
well as the differences in the ESR spectra of the radi-
cals, made it possible to separate this radical channel
from the formation of stabilized radicals II. The long-
range. migration of F atoms allows them to meet and
react with isolated CH, molecules to form radicals 11
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The ratio of the quantum vields of radicals I and Il is
independent of the concentrations of F, and CH,
and can be estimated from the formula that foilows from
Eq. (21):

Dy > OLYNO
o, KWy (22)

where K is the fraction of the reagents bound in the
heterodimers and W is the probability of cage breakage
ta form radical II. The experimental value ®,/®, ~1, in
spite of the fact that Wy << [. Correlation (22) shows
that the reliable identification of radical reactions in-
volving “long-path” atoms requires that the number of
heterodimers of the reagents be decreased to the statisti-
cal limit, and the probability of cage breakage should be
as small as possible.
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