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In this article, we review recent work in the authors’ laboratory on the subject of free
radical chain reactions of chlorine with small hydrocarbons in amorphous solids. The
solids are formed as thin films by spray deposition of the gaseous reagents onto a
cryogenic window. Reactions are initiated by excimer laser photolysis at 308 nm, which
dissociates a small fraction of the chlorine molecules to atoms. Product yields and
branching ratios are determined by infrared absorption spectroscopy. Reactions of
chlorine with cyclopropane or cyclobutane proceed by true chain reactions, as evidenced
by high product quantum yields (number of product molecules formed per laser photon
absorbed by the sample). Measurements of the dependence of the product yield on the
relative concentrations of chlorine and hydrocarbon provide clues to the reaction
mechanism in the solid state. The cyclobutane reaction appears to involve H atom
transfer from cyclobutane to cyclobutyl radical as an intermediate step in the overall
reaction. Reaction of chlorine with propane, n-butane, or isobutane does not appear to
involve chain propagation and is dominated by radical recombination processes which
result in low quantum yields. All of these results are discussed in terms of reactions
which occur in a solid state environment where molecular motion is severely restricted.

KEYWORDS: Chain reactions of chlorine with hydrocarbons, amorphous solids, chain
propagation, radical recombination.

INTRODUCTION

Our understanding of solid-state reactivity is presently experiencing a
period of remarkable growth and expansion. Most studies have
centered on reactions in crystalline solids1’2 since their known structure
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provides the investigator with a knowledge of the relative positions
between the potential reaction partners. When this information is
coupled with spectroscopic detection of the reaction products, it is
sometimes possible to determine many of the details of the reaction
mechanism. One of the important tasks of chemists is to develop a
physical insight to how chemical reactions occur in an environment
where molecular motion is highly restricted.
Even though investigations of reactions in crystals can be quite

detailed, these studies suffer from limited applicability since most
systems of practical interest lack long range order. It is rarely possible
to prepare large crystals containing two or more reagents. On the other
hand, studies of amorphous solids are burdened by complexities of
ill-defined structure which render detailed mechanistic analyses very
difficult. In addition, many amorphous solids are unsuitable for spec-
troscopic interrogation due to a high degree of light scattering or
absorption.

Despite the difficulties involved, mechanistic studies of reactions in
amorphous solids could be of enormous consequence in many fields. A
few examples include relaxation of glasses following photoex-
citation,3-5 synthesis ofnew materials with novel, electric, magnetic, or
chemical properties,6 and polymerization.7’8 Some of the features of
simple model systems may also be useful for understanding complex
reaction mechanisms in biological systems. Karplus has noted that
proteins have many of the properties of glasses.9 A fundamental
understanding of reactions mechanisms in semi-rigid, semi-structured
environments will undoubtedly be useful for interpreting experiments
in biological systems.
We have initiated a research program to study reactions of free

radicals in amorphous films formed by spray deposition of gaseous
reagents onto a cryogenic window.1-13 This technique allows the
samples to be probed by conventional spectroscopic techniques and
avoids problems of phase separation which may occur when liquid
samples are frozen. Radicals are generated within the solid films by
pulsed excimer laser photolysis, and the product yields and branching
ratios are determined by obtaining infrared absorption spectra of the
films before and after photolysis. Initial experiments have focused on
reactions of chlorine with small hydrocarbons. In the gas phase14 and in
liquid solutions,5 these compounds react by free radical chain
mechanisms as shown in Reactions (1) and (2).
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CI+ RHHCI+ R. (1)
R. + C12 RC1 + C1. (2)

Because each elementary step in the mechanism regenerates a radical
used in the other step, it is possible for a small concentration of free
radicals to convert relatively large amounts of reactants to products.
Turnover numbers for these reactions can be as high as 107

Chain reactions make excellent models for studying reaction
mechanisms in amorphous solids. The reaction product quantum
yields provide a qualitative measure for the ease with which radicals
are able to react with their nearest neighbors in the solid. In cases
where the turnover numbers (quantum yields) are high, most steps
occur away from the original site of photolysis and the influence of
excess energy deposited by the laser pulse is minimized. In this limit,
the reactions are truly characteristic of the solid environment.
Features of the reactions which differ markedly from the well-studied
reactions in the gas phase and solution provide clues to the influence of
the solid state environment on the details of the reaction mechanism.
In addition, careful spectroscopic analysis ofthe products can some-
times provide highly detailed stereochemical information about the
mechanism, as in the case of the chlorine/cyclopropane reaction.1

EXPERIMENTAL SECTION

The experimental techniques are in many ways similar to those of
matrix isolation. An optical window (usually CsI for infrared studies or
Suprasil quartz for UV absorption) is mounted at the cold tip of a
liquid nitrogen dewar vessel, which maintains the temperature at
77 K. In some experiments, a closed cycle helium refrigerator has been
used to vary the temperature in the range 10--100 K. The vacuum
shroud is equipped with a sample inlet, two CsI windows mounted on
opposite sides for obtaining infrared absorption spectra, and one
quartz window through which the samples are irradiated with the laser.
The sample window can be rotated to face the inlet tube or any of the
external windows.

In a typical experiment, a binary mixture of chlorine and the
hydrocarbon are mixed together in a glass vacuum manifold. The
sample size is typically 0.06 mmoles (a few torr in a 0.3 liter volume).
The mole ratio of reactants is typically 1"1, but is varied in some
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experiments from about 10:1 to 1:10. Deposition of the sample usually
takes 20-60 min and is carried out in a darkened room to prevent chain
reactions from occurring in the inlet system. The entire dewar vessel is
placed in the infrared spectrometer (Digilab/Biorad FTS-40) and a
spectrum of the frozen film is obtained prior to laser irradiation.
The photolysis is carried out with a XeCI excimer laser (308 nm) at

relatively low fluence, typically 30-104 pulses at 1 mJ/cm2/pulse. Low
fluence conditions are important for minimizing transient changes in
the bulk temperature of the films. Unlike typical matrix isolation
studies, our films are highly concentrated in chlorine (the principal
absorber at 308 nm). The heat capacity of the solid is low enough that
even under our low fluence conditions, the bulk temperature of the
films rises by an estimated 6 K after each pulse.1 Care is taken to make
the samples sufficiently thin that the laser energy is absorbed nearly
uniformly over the depth of the film (the samples usually transmit
60-80% of the 308 nm laser light).

Infrared spectra of the samples obtained after photolysis show that
the absorption intensities of the reactant bands are diminished and
new absorption bands of the reaction products appear. The products
are identified by comparison with literature spectra and are confirmed
in separate experiments by depositing some of the authentic com-
pounds onto the sample window. By calibrating the integrated intensi-
ties of representative absorption bands with known amounts of
samples deposited on the window, we are able to obtain absolute
values of the reaction quantum yield (numbers of product molecules
formed or reactants consumed per 308 nm photon absorbed by the
samples).
The quantum yield measurements involve several steps. We

measure the laser fluence with an absorbing disc calorimeter (Scien-
tech Model 38-01) and the UV absorbance of the samples with a
Cary 17 UV/VIS absorption spectrometer. The fraction of the total
sample deposited in a 1 cm2 area at the center of the window is
calculated to be 11% based on the geometry of the deposition tube1

(assuming a sticking coefficient of 1.0 for gas phase molecules imping-
ing on the cold window). This number has been checked two ways.
First, the absorbance of the samples at 308 nm is consistent with this
figure if we take the molecular absorption cross section16 to be the
same as the gas phase value. Secondly, photolysis of chlorine in some
samples has been observed by Raman spectroscopy. 13 The exponential
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decrease in chlorine concentration with increasing numbers of laser
pulses is consistent with the gas phase absorption coefficient (assuming
a unit quantum yield for dissociation). All three of these measure-
ments (deposition geometry, absorption coefficient and dissociation
yield) are consistent with 11(+2)% of the sample being deposited in
1 cm2 at the center of the sample window (the area probed by the IR
spectrometer). For typical samples, the film thickness is approximately
5-10

RESULTS AND DISCUSSION

Chain reactions of chlorine with cyclopropane and cyclobutane

Photochlorination of cyclopropane can occur by either a hydrogen
abstraction mechanism yielding HC1 and chlorocyclopropane products
or by an addition mechanism forming 1,3-dichloropropane. The for-
mer is observed in gas phase studies,17 while both mechanisms occur in
solution. TM In our solid state experiments, only the addition product is
observed, as formed by Reactions (3) and (4).

CI" -I- c-C3H6 C1CH2CH2CH2"
C1CH2CH2CH2" + C12 C1CH2CH2CH2CI / CI"

(3)
(4)

The infrared absorption spectra of an equimolar mixture of C12 and
cyclopropane before and after laser photolysis are presented in Figure
1. The IR bands of cyclopropane were characterized by using the
spectral assignments of Breher et al. 19 All bands were found to be
slightly red-shifted (5-10 cm-1) relative to the gas phase values. Since
chlorine is homonuclear it is transparent. Following irradiation the
cyclopropane peaks are observed to decrease and new absorptions
attributable to 1,3-dichloropropane appear.2’21 No evidence of any
other products is observed. The assignments were confirmed and the
intensities of the peaks calibrated by obtaining a spectrum of a sample
containing a known quantity of the authentic compound. There are
four possible conformers of 1,3-dichloropropane corresponding to
various orientations of the chloromethyl groups.2 Interestingly, only
the anti/anti (AA) conformer is formed in the reaction. Warming of
the sample to a temperature near the melting point permits rotation
about the CmC bonds, and bands due to other conformers of 1,3-
dichloropropane are then observed.1
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Figure 1 Infrared spectra of a 1:1 mixture of chlorine and cyclopropane before (lower
trace) and after (upper trace) laser photolysis at 308 nm. The sample was subjected to 35
laser pulses at an average fluence of 1.0 mJ/cm2. The reaction product absorptions at 697
and 780 cm-1 are characteristic of the AA conformer of 1,3-dichloropropane (see text).
Each division on the vertical scale represents 0.2 absorbance units whereas the magni-
fied region is 0.02 units.

The best evidence that the reaction proceeds via a true chain
reaction mechanism is the observation of quantum yields greater than
unity. In fact, the yield for an equimolar mixture of chlorine and
cyclopropane is measured to be 30 _+ 6 for consumption of cyclopro-
pane and 26 + 6 for production of 1,3-dichloropropane. Photochemi-
cal quantum yields for several different relative concentrations of the
two reagents are listed in Table I. There are two important observa-
tions to be made from these results. The first is that although the yields
are much greater than 1.0, they are small in comparison with typical
chain lengths measured in the gas phase and in solution. The second
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Table I Photochemical quantum yields in mixtures of cyclopropane and chlorine at
77 K following 308 nm laser photolysis.

C3H6:C12 xb Yield (reactants) Yield (products)a

0.2:1 0.83 2.6 + 0.6 5.6 + 1.2
0.5:1 0.67 7.6 + 1.6 10.2 + 2.0
1.0:1 0.50 30.0 + 6.0 26.0 + 6.0
2.0:1 0.33 16.8 + 3.4 18.0 + 4.0
5.0:1 0.17 7.0 + 1.2 14.0 + 6.0
9.0:1 0.10 6.2 + 3.0 11.2 + 6.0

Relative pressures of reagents in sample prior to deposition.
Mole fraction of chlorine in sample.
Determined from diminution of cyclopropane absorbance at 3090 and 1425 cm-1.
Determined from 1,3-dichloropropane absorbance at 780 and 697 cm-1.

observation is that the largest yields are obtained for samples in which
the relative concentrations of the two reagents are equal.
We are now prepared to speculate on some of the details of the

reaction mechanism in the solid state. Under low fluence conditions,
the fraction of chlorine molecules dissociated in each pulse is approxi-
mately 10-4 On average, these molecules will be far apart in the solid,
making radical recombination an unlikely mechanism for terminating
the reaction. Instead, we consider a simple statistical model which
involves the trapping of radicals in unreactive sites in the solid.

In the development of. this model it is assumed that each free radical
is surrounded by six neighboring sites which may be occupied by
potential reaction partners. One of these is always occupied by 1,3-
dichloropropane formed in the previous step of the reaction. The
probability that all five remaining sites are all occupied by C12 mole-
cules is simply the C12 mole fraction raised to the fifth power. A
chlorine atom in this situation is considered to be trapped, effectively
terminating the reaction. The probability that the chlorine atom will
successfully complete Reaction (3) is therefore

P(3) 1-x5 (5)
where x is the mole fraction of chlorine in the sample. Likewise, a
chloropropyl radical is considered trapped if all five available sites
around it are occupied by cyclopropane molecules. The probability of
completing Reaction (4) is

P(4) 1 (1 x)5. (6)
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Since both steps are required to form a single 1,3-dichloropropane
product, the probability of successfully completing a single cycle is
P(3)P(4). The total number of product molecules formed per C1 atom
generated by photolysis is simply the summation of [P(3)P(4)]’ over
the number of completed cycles k,

chain length [P(3)P(4)]*= P(3)P(4)/[1 P(3)P(4)].
k=l

(7)

To obtain the quantum yield, this result is multiplied by 2 since each
photon generates two C1 atoms which (presumably) initiate separate
chain reaction sequences. A comparison of this statistical prediction
with the measured quantum yields in the lower panel of Figure 2 shows
this model to be in qualitative agreement with experiment. There are
significant differences between the observed and calculated yields,
especially in samples which are rich in cyclopropane, but the overall
behavior is consistent with the model. It should be noted that the
calculated yields are not scaled to the experiment; absolute values are
calculated directly from Eq. (7). The only adjustable parameter of the
model is the choice for the number of nearest neighbors for each
radical.
We have not been able to detect the infrared absorption bands of the

radicals directly, presumably because the radical concentrations are
small and many of the absorption bands overlap those of the products
or reactants. However, we have found indirect evidence for the
existence of trapped radicals by annealing the samples. This releases
some of the radicals and causes more of the product to be formed. In
experiments which utilize high laser fluence (up to about 35 mJ/cmz)
we have observed that the quantum yield for the second pulse can be
higher than that for the first. This is because the second pulse not only
dissociates C12 molecules, but also raises the temperature of the solid
high enough to release some of the radicals trapped after the first
pulse.

Similar experiments involving photochlorination of cyclobutane
also offer interesting observations concerning the reaction mechanism
in the solid state. This reaction occurs exclusively by an H atom
abstraction mechanism depicted by Reactions (8) and (9).

C1- + c-C4H8 HCI + c-C4H7"
c-C4H7" + C12 c-C4H7C1 + CI"

(8)
(9)
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Figure 2 Plot of the photochemical quantum yield for mixtures of chlorine and
cyclobutane (upper panel) and cyclopropane (lower panel) as a function ofmole fraction
of chlorine in unphotolyzed samples. In the upper panel, the squares represent
experimental determinations based on chlorocyclobutane product formation. The solid
curve is a prediction based on a computer simulation of the reaction kinetics which
allows for H atom transfer from cyclobutane to cyclobutyl radicals as an intermediate
step. In the lower panel, the triangles are based on formation of 1,3-dichloropropane
whereas the circles are based on consumption of cyclopropane. The solid curve is
calculated from Eq. (7) and is based on a simple statistical model of radical trapping.

The CmH bond dissociation energy of cyclobutane is 41 kJ/mole less
than that of cyclopropane,z making the activation energy (Ea) for the
abstraction step low enough to compete favorably with ring opening.
Knox and Nelson23 determined the Ea for Reaction (8) to be 3.4 kJ/
mole in the gas phase. In contrast, the Ea for H atom abstraction from
cyclopropane is 17.3 kJ/mole, which is high enough to effectively
prevent the reaction from occurring on normal laboratory time scales
at 77 K.
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A somewhat curious observation in the cyclobutane system is that
the quantum yield for formation of the chlorocyclobutane product is a
maximum in samples which are rich in the hydrocarbon component.
Yields for several different mixtures are presented in Table II and are
represented graphically in the upper panel of Figure 2. In the statistical
model presented above, we assumed that in order for reaction to
occur, each free radical had to have at least one potential reaction
partner among its six nearest neighbors. For chlorine/cyclobutane
experiments in which the chlorine mole fraction is 0.08, the probability
that any cyclobutyl radical formed in Reaction (8) has a chlorine
molecule in one of the five available sites is only 0.34. The quantum
yield predicted using Eq. (7) is only 0.52 and should increase with
increasing chlorine concentration. The experimentally determined
quantum yield is 7.4 + 0.8 and has the opposite concentration
dependence. Even if each radical could interact with 12 of its nearest
neighbors (a practical upper limit), the predicted quantum yield is only
1.7.

Table II Photochemical quantum yield for mixtures of
chlorine and cyclobutane at 77 K.

C4H8:C12 xb Yield

0.5:1 0.67 0.8 + 0.3
1.0:1 0.50 1.1 + 0.3
2.0:1 0.33 2.6 + 0.5
3.0:1 0.25 3.9 + 0.7
5.2:1 0.16 6.2 + 1.1

11.5:1 0.08 7.4 + 0.8

Relative pressures of reagents prior to deposition.
Mole fraction of chlorine in sample.
Determined from chlorocyclobutane product absorptions.

The high yields and concentration dependence therefore suggest
that cyclobutyl radicals are able to migrate over substantial distances in
the solid in order to seek out molecular chlorine with which to react.
Physical diffusion is out of the question since the temperature of the
experiments (77 K) is far below the melting point of cyclobutane
(223 K). A more likely explanation involves symmetric H atom trans-
fer reactions between cyclobutane and cyclobutyl radicals, Reaction
(10).
The idea that the mobility of a radical in solids involves, in some
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U (10)

cases, the successive transfer (hopping) of a hydrogen atom was
proposed by Dole and co-workers24 who observed the elimination of
vinylidene groups in polyethylene following gamma irradiation. Addi-
tional evidence for a hydrogen hopping mechanism has recently been
provided by Clough25 who observed H/D exchange in gamma irra-
diated tetracosane (h0/ds0) crystals. A drawback of the studies involv-
ing gamma radiolysis is that details of the initiation process are often
not well understood. In our studies, photolysis at low fluence in the
near ultraviolet virtually eliminates the possibility of forming ions or
other high energy species in the solid which might complicate the
analysis.
The curve shown in the upper panel of Figure 2 represents the

prediction of a model of cyclobutane reactions based on the participa-
tion of H atom transfer reactions. The model assumes that any radical
can react only with its six nearest neighbors. In samples rich in
chlorine, C1 atom trapping is the dominant mechanism for stopping the
reaction. However, in hydrocarbon-rich samples, the principal
mechanism is radical recombination. Because of this, the concentra-
tion dependence of the quantum yield could not be solved analytically.
Instead, the prediction in Figure 2 is based on a computer simulation of
the reaction mechanism in which Reactions (8)-(10) as well as radical
recombination processes are included. While the absolute values of
the quantum yields obtained from the simulations are sensitive to
details of the calculation, the general features of the concentration
dependence are in agreement with experiment.
Based on our experimental results with propane and butanes (vide

infra) as well as the computer simulations, we expect that radical
recombination plays a substantial role in the reaction of chlorine with
cyclobutane. True chain reactions must occur to at least some extent
since the quantum yields are greater than 1.0 for hydrocarbon-rich
samples. However, we have not yet found a reliable way to measure
the chain length and thus cannot distinguish between cases in which
product formation is due to a small number ofvery long chain reactions
or a large number of short ones.
Future experiments are planned in which H/D exchange will be

observed between cyclobutane and cyclobutane-d8 in samples doped
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with small amounts of chlorine. Quantitative analysis of the isotope
effect for H vs D atom transfer will provide important clues to the role
of quantum mechanical tunneling in solid state reactions.

Photochlorination of propane and butane

In contrast to the relatively high quantum yields observed for cyclo-
propane and cyclobutane, similar studies with straight chain hydrocar-
bons have afforded results which are much less spectacular. The
quantum yield in the propane system, for example is 0.12 + 0.01 for
formation of 1-chloropropane and 2-chloropropane from an equimo-
lar mixture of propane and chlorine. Although the participation of
chain reaction processes cannot be definitively ruled out, the low
quantum yield strongly suggests that radical recombination processes
dominate the reaction mechanism. One way to visualize this is depic-
ted in the upper panel of Figure 3. Reaction is initiated by photodisso-
ciation of molecular chlorine to two CI atoms. The solid environment
confines the atoms to a local cage26 which allows them to recombine to
molecular chlorine. In a small fraction of these events, one of the C1
atoms may abstract an H atom from a nearby propane molecule
forming HC1. The propyl radical generated by this reaction may then
recombine with the partner chlorine atom (which was trapped in the
same cage) to form 1-chloropropane or 2-chloropropane depending on
whether the initial H atom abstraction occurred at a primary or
secondary position on the hydrocarbon. The two chloropropanes and
HCI are observed in the infrared specra of irradiated samples of
chlorine and propane and are the only reaction productions observed.
For the purposes of comparison, Figure 3 also depicts a proposed

mechanism for the chain reaction of chlorine with cyclopropane. In
this case, the ring opening step forms a chloropropyl radical in which
the unpaired electron is spatially removed from the partner chlorine
atom. We believe that the ring opening is therefore crucial to the
separation of radical pairs and is largely responsible for the observa-
tion of chain reactions in the cyclopropane system. The observation
that only the AA conformer of 1,3-dichloropropane is formed in the
chain reaction provides detailed information about the ring opening
step and the spatial relationships of the molecules during the course of
reaction, as previously discussed.1 Although the role of radical
recombination in the cyclopropane system cannot be ruled out, chain
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Figure 3 This is a pictorial representation of how mechanistic details of a reaction can
be influenced by a solid-state environment. In the upper panel, a chlorine molecule and
propane molecule are shown in some ill-defind site within the solid. Caging of the two
chlorine atoms produced by laser photolysis allows efficient recombination of the radical
pair, resulting in low quantum yields. In a small fraction of events, H atom abstraction
forms HCI. However, the resulting alkyl radical may recombine with the partner
chlorine atom to generate the observed products. The proposed cyclopropane mechan-
ism (shown in the lower panel) is qualitatively different because the ring opening step
forms a chloropropyl radical which has its unpaired electron spatially removed from the
partner chlorine atom. This orientation of the radical is inferred from a conformational
analysis of the final reaction product (see reference 10). The solid prevents rotation of
the radical, thereby inhibiting recombination processes. Each Cl atom may initiate
separate chain reactions which propagate through the solid.
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reactions obviously play a major role in the reaction mechanism as this
is the only reasonable way in which quantum yields greater than 1.0
can be rationalized.
An interesting aspect of the propane reaction system involves the

selectivity of H atom abstraction by a chlorine atom at secondary vs.
primary positions on the hydrocarbon. At 77 K, we observed that the
product branching ratio (2-chloropropane’l-chloropropane) is 5.6:1.
When corrected for the fact that propane contains only one third as
many secondaryH atoms as primary, the relative reactivity is 17" 1. The
selectivity presumably arises from the lower activation energy for
abstraction at the secondary site (in turn, reflecting the greater stability
of the secondary radical). Interestingly, this ratio of products is exactly
that which one would expect at 77 K based on the gas phase Arrhenius
parameters determined by Knox and Nelson.23 The agreement may be
fortuitous, but the C1 atoms nevertheless exhibit a remarkable degree
of selectivity for attack at the secondary position of propane.
When experiments are conducted at lower temperatures, ix the

selectivity for formation of the lower energy product actually
decreases. Below about 50 K, the relative reactivity is approximately
2.5:1. The Arrhenius parameters23 predict the relative reactivity to be
2.3:1 in the limit of high temperature. We have therefore interpereted
this observation in terms of reaction of hyperthermal C1 atoms with
propane molecules. The energy of each 308 nm photon exceeds the
bond dissociation energy of C12 by about 150 kJ/mole, so each C1 atom
is born with a significant amount of excess translational energy. To the
extent that this energy can be used to surmount the barrier to H atom
abstraction, the selectivity for formation of 2-chloropropane should be
diminished. Although the exact reasons for the onset of hot atom
reactions below 50-70 K are unclear, we note that propane has a
relatively low melting point (85 K). It is possible that thermalization of
C1 atoms is more efficient in the slushy environment near the melting
point compared to the more rigid solid below 50 K.
Recent experiments conducted with n-butane and isobutane show

similar behavior to propane.27 In each case the quantum yields are less
than unity, making the participation of chain reaction steps unlikely.
Also, the butane reactions exhibit a marked preference for formation
of the lower energy reaction product when the sample is near its
melting point. As in the case of propane, reducing the photolysis



PHOTOCHEMICAL CHAIN REACTIONS 169

temperature reduces this selectivity, consistent with the onset of hot C1
atom reactions.

CONCLUSIONS AND PROGNOSIS FOR FUTURE STUDIES

Our investigations of free radical chain reactions have provided insight
to mechanistic details of chemistry which occurs in amorphous solids.
We have noted that in many cases, the classical cage effects results in
efficient recombination of radical pairs produced by laser photolysis.
However, this is not always the case. For example, ring opening of
cyclopropane provides a mechanism for separating radicals. This
inhibits recombination and promotes the onset of true free radical
reactions in the solid.

Reactions of chlorine with acrylic hydrocarbons provides the oppor-
tunity to study the selectivity of H atom abstraction from primary,
secondary and tertiary sites. In all cases studied so far, we have
observed that near the melting point of the solid, selectivity of attack
can be very high and is generally in agreement with the predictions of
gas phase Arrhenius parameters. The clear implication is that under
these conditions, C1 atoms are thermalized to the characteristic tem-
perature of the environment on a time scale which is fast compared
with reaction. At lower temperatures, this selectivity decreases and
the results are consistent with reactions of hot CI atoms generated by
photolysis of C12. There is still much that we do not understand about
the dynamics of energy transfer and chemical reactions in amorphous
solids, and the field remains ripe for new investigations.
A variation of our chain reaction scheme involves laser-initiated

polymerization of organic molecules. We have recently begun investi-
gating reactions of chlorine with formaldehyde and find that polymer-
ization is easily induced at temperatures as low as 10 K. Details of the
reaction mechanism will be presented in a forthcoming paper. 13

Another promising area of research involves H atom transfer reac-
tions in the solid. Particularly attractive is the possibility of char-
acterizing the role of quantum mechanical tunneling by quantitative
analysis of H/D isotope effects. It may ultimately be possible to
observe these reactions in real time and thus obtain rate coefficients for
solid state reactions.
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