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We have observed spatially selective dissociation of polymer macromolecules which selectively
absorb radiation with 4 ~2.80 um (the stretching-vibration band of OH groups) under
conditions of pulsed resonance laser action by radiation from a parametric light generator

(7, =30ns). The nonequilibrium effect became possible because of aggregation of such
macromolecules into absorbing associates (clusters) and localization of vibrational energy on
them for a period of time comparable to the characteristic dissociation time. Analysis of the
kinetics of selective dissociation showed that the characteristic relaxation time of the vibrational
energy from excited associates is equal to ~ 10 ~°s, which is significantly longer than the
characteristic intra- and intermolecular exchange times for condensed media.

Weestablished that the degree of selectivity of dissociation increases as the degree of ordering of
the packing of the macromolecules decreases. This indicates that hydrogen bonds have a
significant effect on the process of deactivation of the excited macromolecules.

Intense vibrational relaxation in the condensed phase
(1,,=10""-10""s) is a serious obstacle to the stimula-
tion of selective photophysical and photochemical processes
by resonance laser radiation. The observation of an entire
series of selective heterogeneous effects has nonetheless been
reported: evaporation, desorption, and diffusion of mole-
cules through microporous media.'™®

We believe that there exists another large class of sub-
stances—linear polymer macromolecules—where selective
processes can in principle occur. The point is that in polymer
media the linear macromolecules, interacting with one an-
other, become organized into different types of associates
(clusters). These are so-called complex chain molecules or
complex molecules.” They contain from two to three up to
several hundreds of linear molecules. It is important that
complex molecules behave as autonomous structural forma-
tions.

Figure 1 shows a fragment of the molecular structure of
a polymer. If such an associate selectively absorbs IR radi-
ation, then it can be expected that vibrational energy will be
localized on the associate for quite a long time. Indeed, if the
vibrational excitation is weak, then the inductive energy
transfer can be neglected and the vibrational relaxation will
be determined primarily by the anharmonicity of the vibra-
tions. In this case one vibrationally excited linear molecule
will rapidly equilibrate with the other molecules, since all of
its monomers interact directly with their environment. In
the case of an aggregate of macromolecules, however, only
the “boundary” molecules participate in direct transfer of
vibrational energy to the environment and the aggregate will
remain excited for a longer period of time. An analogous
effect should be observed for separate macromolecules in
regions with dense packing or even ordered crystalline pack-
ing of monomers, for block copolymers, and the globular
state of macromolecules.

The mechanisms of selective action which have been
studied are related to the characteristics of the supermolecu-
lar structure of polymers and are of a spatial character.

In this work is the selective dissociation of rigid-chain
linear macromolecules of cellulose nitrate (CN) with IR
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resonance laser action on polymer associates was investigat-
ed experimentally for the first time. In choosing the sub-
stance for studying selective dissociation we took into ac-
count the fact that for cellulose nitrate the physical and
chemical properties,'®'! the characteristics of the supermo-
lecular structure,'?'® as well as the high-temperature ther-
mal'”?? and laser dissociation?*2® have all been relatively
well studied.

Sample preparation. For the experiments we specially
prepared samples of cellulose nitrate in the form of a film of
thickness ~1 mm. The samples were formed on a quartz
substrate from a highly concentrated solution of cellulose
nitrate in acetone ( ~4 grams of cellulose nitrate per 100 ml
of solvent). The average linear size of the macromolecules
was equal to ~ (2.0-2.5)- 10’ A with degree of polymeriza-
tion n ~400-500. As shown in Refs. 27 and 28, for this con-
centration and degree of polymerization the solution is not a
true solution: The macromolecules interact strongly with
one another and they aggregate into associates and do not
exist in solution in any other form other than as associates.
This is also indicated by measurements of the viscosity of
such solutions.? The length of an associate is equal to the
average linear size of the macromolecule, and the transverse
size of the associate is equal to ~50-100 A.*

Associates of macromolecules of two types were present
with the same concentration in the solution: cellulose mon-
onitrate (~ 10 mass % nitrogen) and cellulose trinitrate
(~14 mass % nitrogen). The average nitrogen concentra-
tion was equal to ~ 129, which correspond to cellulose dini-
trate. The structural formulas of mono- and trinitrate are
presented in Fig. 2. It is important that in cellulose trinitrate
all OH groups are replaced by ONO, groups.

The conditions for preparing the polymer film were
chosen so that when the acetone evaporated the structure of
the associates present in the solution would not be destroyed
and a film without pores and internal stresses would form.?’
As the solvent was removed the viscosity of the solution in-
creased, the diffusion coefficient decreased by several orders
of magnitude,*! and the characteristic diffusion distance of
the macromolecule or associate in the condensed phase was

© 1991 American Institute of Physics 959

v



FIG. 1. Schematic diagram of the supermolecular structure of the poly-
mer studied. The different lines show different types of associates of the
macromolecules: 1—[R(ONO,);], and 2—[R(OH),(ONO,)],.
Here R is the part of the monomer remaining after substitution and n is the
degree of polymerization.

estimated to be ~20 A over 10 h. Thus significant displace-
ments of macromolecules or associates relative to one an-
other, which could destroy the structure, were excluded and
the associates initially present in the solution remained in the
film also.

The cellulose nitrate samples prepared in this manner
contained associates of macromolecules of cellulose mono-
and trinitrate, which had different spectral properties in the
near-IR region of the spectrum. If radiation with 4~3.43

FIG. 2. Structural formulas for monomers of cellulose mononitrate (a)
and trinitrate (b).
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pm (the stretching-vibration band of the C-H group) was
equally absorbed by all associates, since C~H bonds are pres-
ent in all monomers, then radiation with 4 ~2.80 um (the
stretching-vibration band of the O—-H groups) was selective-
ly absorbed only by associates of cellulose mononitrate ma-
cromolecules.

The spectrum of the samples studied in the near-IR re-
gion is presented in Fig. 3. One can see that high spectral
selectivity can be achieved by irradiating cellulose mononi-
trate associates with radiation with wavelength 4 ~2.80 um.

X-Ray structural analysis of the polymer samples ob-
tained showed that they have an amorphous crystalline
structure with the degree of crystallinity ranging from 31%
to 41%.

EXPERIMENTAL PROCEDURE

A parametric light generator (PLG) was specially de-
veloped as a source of IR radiation. The generator operated
on the nonlinear crystal LiINbO, ,which made it possible to
tune the wavelength of the radiation smoothly over the range
1.4-4.2 pm, which in turn made it possible to excite the
stretching vibrations of OH and CH groups in the macromo-
lecules. The energy in a pulse of radiation from the PLG was
E, 120 mJ and the pulse length was 7, ~30 ns.*

The absorption coefficients of the samples at the maxi-
ma of the vibrational bands of interest to us were equal to
350-400 cm !, i.e., the laser action was almost completely
supertficial and dissociation of macromolecules occurred on
the surface of the sample. A time-of-flight dynamic mass
spectrometer was employed effectively for the diagnostics of
such processes.** The samples of the polymers studied were
placed into the optical vacuum chamber of the mass spec-
trometer at a pressure P~5-10 ~° Pa. The tunable radiation
from the PLG was focused on the sample into a ~2 mm in
diameter spot. The characteristic energy flux densities were
equal to g~ 10°~10° W/cm?.

The operating conditions of the mass spectrometer
made it possible to determine both the composition of the
dissociation products and the velocity distribution of the
molecular fragments leaving the surface of the sample.
Thanks to the high power of the parametric generator, the
products expanded into the vacuum in a collisionless fash-
ion.?® This, on the one hand, made it possible to investigate
the dissociation of macromolecules directly in the con-
densed phase on the surface of the sample and in the absence
of chemical reactions between the gaseous products formed,
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FIG. 3. IR spectrum of the prepared samples of cellulose nitrate. The
thickness of the film is equal to ~30 xm.
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and it enabled us, on the other hand, to determine from the
velocity distribution of the fragments the effective dynamic
temperature of the fragments. For collisionless expansion
and E,/kT> 1 the latter temperature is equal to the maxi-
mum surface temperature of the sample at which most of the
fragments leave the surface. Here E, is the activation energy
of the dissociation reaction, k is Boltzmann’s constant, and
T is the surface temperature.

Thus we were able to control, apart from the composi-
tion and quantity of products formed, the surface tempera-
ture of the sample. This was fundamentally important for
comparing the results of action in different vibrational
bands.

EXPERIMENTAL RESULTS

The mass spectra of the dissociation products of cellu-
lose nitrate macromolecules exposed to resonance radiation
in the stretching-vibration band of CH and OH groups were
compared. We underscore the fact that in the case of excita-
tion of OH vibrations we acted only on the associates of cel-
lulose mononitrate, which have OH molecular groups. In
addition, the associates comprising the polymer under study
have a similar chemical structure (see Fig. 2), and therefore
the dissociation products of their macromolecules are also
the same. The differences can be only quantitative.

The excitation of CH vibrations must, of course, result
in thermodynamically equilibrium dissociation of macro-
molecules, since the C-H bonds are present in equal
amounts in the monomers of associates of both types, while
the vibrational relaxation time (tyy'=10"''-10"'?s; Ref.
34) is significantly shorter than the characteristic chemical
reaction time for our conditions 7, ~ 10 =% s (Ref. 26).

The thermal dissociation of cellulose nitrate macromo-
lecules under the action of pulsed resonance radiation from
the PLG in the stretching-vibration band of CH groups
(4 = 3.2-3.6 um) was investigated in detail in Refs. 25 and
26. It was shown that dissociation occurs in two independent
channels: detachment of a NO, group with activation ener-
gy E, =17 eV and scission of the glucopyronose ring
(E, =19 eV) with formation of the principal products
H, 0, CH, 0, CO, and CO, . It was established that the quan-
titative ratios of the products formed depend significantly on
both the flux density g (actually the surface temperature of
the sample) and the absorption coefficient 7 for the laser
radiation. This is connected with the fact that secondary
chemical reactions occur in the condensed phase between
the products of dissociation of the macromolecules. How-
ever in some range of values of the parameters of the laser
radiation (g, 77) only the primary monomolecular dissocia-
tion reactions of the polymer chains occur. An analogous
picture is also observed in the case of action in the stretching-
vibration band of OH groups. It is obvious that the second-
ary reactions significantly distort the initial picture of the
dissociation. It follows that the results of the laser action in
different vibrational bands can be compared only if identical
thermal conditions are also maintained in the absence of sec-
ondary reactions.

These conditions can be met with the help of a paramet-
ric generator of light, whose wavelength can be tuned
smoothly within one of the selected absorption bands, and by
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using the time-of-flight spectra to monitor the surface tem-
perature.*?

Figure 4 shows the averaged mass spectra of the disso-
ciation products of cellulose nitrate macromolecules. These
spectra were obtained with excitation of the stretching vibra-
tions of OH and CH groups under the conditions described
above (the surface temperature was 7, ~1500 K and the
absorption coefficient was 7=350 cm ~'). The main mass
peaks are A5, 4,9, A39, Ay, and A, (A, is the amplitude of
the peak of the corresponding mass). These peaks corre-
spond to the molecules CO, CHO, CH, 0O, NO, CO,, and
NO,. Significant differences are observed in the mass spec-
tra. This is expressed in the fact that the amplitude of the
mass peaks 4,;, (CO), 4,, (CHO), and 4,, (CO, ) is higher
for A ~2.80 um than for A ~3.43 um. At the same time, the
mass peak 4,, (NO, ) with 4 ~2.80 um is smaller than 4,4
with A ~3.43 um.

The mass spectrum obtained with 4 ~3.43 um has the
form characteristic for thermal dissociation of cellulose dini-
trate.'” Analysis of the composition shows that ~ 14% (by
mass) of the dissociation products consists of nitrogen. This
is even somewhat higher than the average nitrogen content
of the sample. This is understandable, since the detachment
reaction of NO, group has the lowest activation energy
(El ~1.7 CV)

The nitrogen content in the products obtained with ra-
diation wavelength 4 ~2.80 um is only ~10%, and it de-
creases as the flux density increases. In addition, in the mass
spectrum the amplitudes of the mass peaks belonging to the
dissociation products of the glucopyronose ring—A4
(CO), and 4,; (CHO)—are relatively high. Thus it can be
concluded that the mass spectrum observed when the sample
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FIG. 4. Mass spectra of the products of dissociation of macromolecules
irradiated in the stretching-vibration band of OH groups (4 = 2.80 um)
(a) and the CH groups (4 = 3.43 um) (b).

Bakhirkin et al. 961



is irradiated with radiation of wavelength A ~2.80 pum (the
stretching-vibration band of OH groups) is characteristic
for the dissociation of a sample with low nitrogen content,
i.e., actually for dissociation of cellulose mononitrate ma-
cromolecules, which directly absorb the radiation.

In analyzing the differences in the mass spectra we ex-
amined the possibility that the molecular fragments formed

- undergo multiphoton dissociation in the field of the reso-
nance laser radiation incident on the sample.** Indeed, it can
happen that in the case of irradiation in the stretching-vibra-
tion bands of OH and CH groups thermodynamically equi-
librium dissociation of the macromolecules of the polymer in
the condensed phase occurs and that the difference in the
mass spectra is governed by the IR resonance multiphoton
dissociation of the gaseous products. The gaseous products
are formaldehyde CH, O and also a number of other molecu-
lar fragments (formic acid CH,0,, ethyl alcohol and di-
methyl ether C,H O, water H,O, etc.?>*?), which have
O-H and C-H bonds and are formed in small quantities
when cellulose nitrate macromolecules dissociate. It is these
fragments that are, in particular, responsible for the pres-
ence of the so-called low-mass peaks in the mass spectrum:
Ags Ayyy Ary Asqy Asy, Ayyy Asyy Ay, and A,5. Estimates
show that the fraction of these products in the mass spec-
trum (with the exception of formaldehyde) is less than 3—
6% . This means that their possible multiphoton dissociation
results in a change of the mass spectra by the same order of
magnitude. The observed difference is, however, significant-
ly larger.

Thus only multiphoton dissociation of formaldehyde,
whose molecule CH, O contains C-H bonds (there are no
O-H bonds) and in principle can dissociate with absorption
of radiation with 4 = 3.43 um, can appreciably affect the
mass spectra. This process has been studied quite well*® and
results in the formation of CO (28 amu) and H, (2 amu). If
it is assumed that it does in fact occur, then under identical
thermal conditions and irradiation with radiation iri the ab-
sorption bands of OH and CH the ratio (4,3/439)343 ym
should be larger than the ratio (4,5/430 )40 um» and this
contradicts the obtained mass spectra.

We also note that when effective multiphoton dissocia-
tion of formaldehyde occurs an intense hydrogen peak,
which is absent, should occur in the mass spectra. In addi-
tion, if it is assumed that there is no spatial selectivity and
thermodynamically equilibrium dissociation of cellulose ni-
trate macromolecules occurs, then the quantitative elemen-
tal composition of the products, i.e., the quantity of H, C, O,
and N should be the same in the case of irradiation in both
the OH and CH absorption bands. For nitrogen, at least, as
shown above, this does not happen.

Thus the possible multiphoton dissociation of formal-
dehyde and a number of other products in the gas phase
either does not occur or it does not significantly affect the
mass spectra. The discrepancies are, however, caused by the
predominant (spatially selective) dissociation of cellulose
mononitrate macromolecules with absorption of radiation
with A =2.80 um.

The effect was observed in quite a wide range of flux
densities g. Figure 5 shows the ratio (4,,/4, ) as a function
of g for A=~2.80 um and A ~3.43 um. The choice of this
criterion for estimating selectivity seems to us to be justified,
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FIG. 5. The relative yield 4,,/4,, of the products of dissociation of the
macromolecules as a function of the laser radiation flux density ¢:
A=2.80pum (A) and 3.43 um (O).

since 4,5 (CHO) is a characteristic product of dissociation
of cellulose mononitrate macromolecules, i.e., macromole-
cules which directly absorb radiation with A ~2.80 um, and
A, (NO,) is a characteristic product of dissociation of cel-
lulose trinitrate macromolecules.

One can see that

(AZB/AAG)|/I =2.80 ,um> (AZB/AN) I/I =343 um

for ¢ ranging from 107 up to 6-107 W/cm?, and, this differ-
ence tends to increase as g increases.

DISCUSSION OF EXPERIMENTAL RESULTS

Relaxation of vibrational energy within one monomer
and therefore within an associate occurs very rapidly
(Tvv=10"1-107"2 §).3* The final thermalization of the
sample is associated with deactivation of the excited asso-
ciates and occurs, as already mentioned above, significantly
more slowly. The observed selective dissociation occurs even
after an equilibrium distribution over vibrational modes is
established within an associate and is of a statistical charac-
ter.

We now analyze the dissociation kinetics. In the ther-
modynamically equilibrium case (1 ~3.43 um) the yield of
the dissociation product in the ith channel is determined by
the activation energy E; and the surface temperature. The
ratio 4,4 /A, is given by the following expression:

Aol Ay=C,(bys/bss) exp (—AE/ET). (1)

Here C, is a constant; b,, and b, are stoichiometric factors
(for example, b,4 is the number of substituted NO, groups
in the monomer); AE is the difference of the activation ener-
gies of the formation of the two products and is equal to
~0.2 eV;*® and, T is the temperature.

In the case of resonant excitation in the stretching-vi-
bration band of OH groups (4 ~2.80 um) in the ideal case,
when vibrational energy is not exchanged between asso-
ciates, only macromolecules which absorb radiation and
whose associates can be assigned a temperature 7, will dis-
sociate. Then we have
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p= ( j,,:: ' Nm2,80 ) /( j:: |A=s.ks pn
=Kexp[ —AE(—k—;—k—’k%)]' (2)

Here K = 2 is the ratio of the number of substituted groups,
averaged over the sample, in the monomer to the quantity
b,¢ for weakly substituted associates. Since the concentra-
tions of associates of each type are the same, in the case that
the absorption coefficients for the CH and OH bands are
close and the flux densities g are the same T, ~2T.

The surface temperature in the case of equilibrium dis-
sociation was determined from the time-of-flight spectra of
the products and reached ~ 1500 K. Substituting into Eq.
(2) the numerical values we obtain

p=4. (3)

It is obvious that in the other extreme case, when the
characteristic dissociation time 7, of the excited macromo-
lecules is significantly longer than their vibrational relaxa-
tion time, 5 = 1.

The intermediate case is observed in the experiment:
B~ 1.8 for g=6-10" W/cm?. Thus the excited molecules, in
addition to dissociating, are also appreciably deactivated.
Nonetheless the characteristic time of this process 7, under
our conditions does not exceed the dissociation time 7,. We
estimate 7, with the help of an expression obtained in Ref. 37
for the dissociation probability:

~ e[t =esn (- 5 oo (- 55)
w — exp T Xp or)

T

Here L is a statistical factor of the order of unity, E, is the
activation energy for scission of the glucopyronose ring,
equal to 1.9 eV, and w.; is an effective frequency, which
usually is of the order of 10" s~ . We find that 7, =10 °s.
Therefore the characteristic deactivation time of the excited
macromolecules (actually the vibrational relaxation time)
7,=10""s, which is significantly longer than the intermode
exchange time for condensed media.

The obtained experimental results and the estimates
made above show that vibrational energy is localized on the
absorbing polymer associates at least during a period of time
that is long enough for dissociation reactions of the macro-
molecules to occur; this is what makes it possible to talk
about spatially selective dissociation.

We observe that the degree of selectivity of dissociation
depends on the degree of crystallinity of the polymers stud-
ied (see Table I). It is well known that the crystal structure
of cellulose and its derivatives (in particular, cellulose ni-
trate) is formed by means of hydrogen bonds.*® The higher
the degree of crystallinity of the polymer, the more hydrogen
bonds between cellulose nitrate macromolecules are formed,
both within one associate and between associates. The exis-
tence of such bonds leads to the appearance of an additional
channel of relaxation of vibrational energy and exchange of
energy between associates, and this decreases the degree of
spatial selectivity. For this reason, the effect was all the
stronger the lower the degree of crystallinity of the samples.
The result obtained by irradiating amorphous (according to
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TABLE 1.

a, % B

A1 1,23+0,15
361 140+0.15
3=t 1,80=0.15

Note: a is the degree of crystallinity of the sample ac-
cording to x-ray structural analysis and £ is defined in
the text.

x-ray structural analysis) cellulose nitrate is interesting
from this point of view. Commerical nitrate, employed as
raw material for producing celluloid, was used. Its nitrogen
content was equal to ~ 7%, which corresponded to a degree
of substitution of OH groups by ONO, groups in the mon-
omer of ~0.9 (in contrast to the specially prepared samples,
where this indicator was equal to two). An analogous effect
of selective dissociation of macromolecules was also ob-
served in this case; this was also manifested in different mass
spectra obtained with irradiation in the OH and CH absorp-
tion bands.

Since intra- and intermode relaxation of vibrational ex-
citation is fast, it is difficult to conjecture that selectivity
occurs at the level of one monomer. It is well known, how-
ever, that for alow ( < 1) degree of nitration of cellulose the
nitration along the polymer chain departs significantly from
equilibrium.’® As a result we obtain a block copolymer,
where both substituted (nitrated) sections of a chain and
unsubstituted, essentially cellulose, sections are present in
the macromolecules. Strong disordering of the macromole-
cules leads to weak coupling of the molecules with one an-
other and, therefore, to weak exchange of energy between
them. In addition, as the experiments showed, when the mol-
ecules are irradiated with 2.80 um radiation the unsubstitut-
ed (cellulose) sections of the macromolecules, which selec-
tively absorbed this radiation, predominantly dissociate.

BASIC CONCLUSIONS

1. We observed spatially selective dissociation of ma-
cromolecules irradiated with resonance IR laser radiation
on the surface of polymers with excitation of the molecular
stretching vibrations. This effect results from a significant
increase of the characteristic vibrational relaxation time (up
to 107 % s) for the excited macromolecules aggregated into
associates; this time is comparable to the dissociation time of
the macromolecules.

2. The selectivity of dissociation was observed to in-
crease as the degree of crystallinity of the polymer samples
decreased. This indicates that the hydrogen bonds forming
the supermolecular structure significantly affect the process
of deactivation of the excited molecules.

3. The experiments demonstrated that it is in principle
possible to stimulate with laser radiation selective chemical
reactions in polymers at the level of supermolecular struc-
tures.

'K. S. Gochelashvili, N. V. Karlov, A. I. Ovchenkov et al., Zh. Eksp.
Teor. Fiz. 70, 531 (1976) [Sov. Phys. JETP 43, 274 (1976)].

2N. V.Karlov, R. P. Petrov, Yu. N. Petrov, and A. M. Prokhorov, Pis’ma
Zh. Eksp. Teor. Fiz. 24,289 (1976) [JETP Lett. 24, 258 (1976} ].

3N. V. Karlov, R. P. Petrov, and Yu. N. Petrov in Laser Separation of

Bakhirkin et al. 963



Isotopes [in Russian], Nauka, Moscow (1979), p. 160, Tr. FIAN, Vol.
114.

*A. N. Orlov, R. P. Petrov, and Yu. N. Petrov, Zh. Eksp. Teor. Fiz. 53,
883 (1983) [sic].

*K.S. Gochelashvili, N. V. Karlov, N. A. Karpov et al., Pis’'ma Zh. Tekh.
Fiz. 2, 721 (1976) [Sov. Tech. Phys. Lett. 2, 283 (1976)].

®N. V. Karlov, I. K. Meshkovskii, R. P. Petrov et al., Pis’ma Zh. Eksp.

Teor. Fiz. 30, 48 (1979) [JETP. Lett. 30, 42 (1979)].

7K. Domen and T. J. Chuang, J. Chem. Phys. 90, 3318 (1989).

¥N. V. Karlov and A. M. Prokhorov, Usp. Fiz. Nauk 123, 57 (1977)
[Sov. Phys. Usp. 20(9), 721 (1977)].

°B. K. Vainshtein, Diffraction of X-Rays by Chain Molecules [in Rus-
sian], USSR Academy of Sciences, Moscow (1963), p. 67.

'ON. Bickels and A. Segal [Ed.], Cellulose and Its Derivatives [ Russian
translation ], Mir, Moscow (1974).

''R. G. Zhbankov and P. V. Kozlov, Physics of Cellulose and Its Deriva-
tives [in Russian], Nauka i tekhnika, Minsk (1983).

128, Satanabe, J. Hayashi, and K. Imai, J. Polym. Sci. C 23, 809 (1968).

B D. Meader, E. D. T. Atkins, and F. Happey, Polymer 12, No. 12
(1979).

"“R. M. Myasnikova, A. F. Sviridov, E. F. Titova et al., Kristallografiya
29, 247 (1984) [Sov. Phys. Crystallogr. 29, 146 (1984) ].

3 A. I Pertsin, A. F. Sviridov, V. F. Sopin, and G. N. Marchenko, Vyso-
komolekulyarnye Soedineniya A 25, 881 (1983).

'®N. I. Makarevich, N. I. Sushko, A. L. Gei et al., Zh. Prikl. Spektrosk.
54, 652 (1991).

178, Madorskii, Thermal Decomposition of Organic Polymers [Russian
translation ], Mir, Moscow (1967).

'®T. Crompton, The Analysis of Plastics, Pergamon N.Y., 1984 [Russian
translation, Mir, Moscow (1988), p. 497].

0. P. Korobeinichev, V. V. Aleksandrov, and N. Z. Lyakhov, Izv.
Akad. Nauk SSSR, Ser. Khimicheskaya, No. 3, 612 (1970).

20K, Ettre and P. F. Varadi, Anal. Chem. 35, 69 (1963).

2'L. Dauerman, G. F. Salser, and Y. A. Tajima, J. Phys. Chem. 69, 3668
(1965).

2L. Cauerman, G. F. Salser, and Y. A. Tajima, AIAA J. 5, 1501 (1967).

B Yu. A. Bykovskil, V. A. Ukraintsev, and A. A. Chistyakov in Abstracts
of Reports at the 12th All-Union Conference on Coherent and Nonlinear
Optics, Moscow State University Press, Moscow (1985), Part 2, p. 655.

964 Sov. Phys. JETP 73 (6), December 1991

24Yu. A. Bakhirkin, Yu. A. Bykovskii, A. S. Sokol’nikov, and A. A. Chis-
tyakov in Abstracts of Reports at the 13th International Conference on
Coherent and Nonlinear Optics, Institute of Physics of the Belorussian
Academy of Sciences Press, Minsk (1988), Part 1, p. 263.

2 Yu. A. Bakhirkin, Yu. A. Bykovskii, A. S. Sokol’nikov, A. F. Sviridov,
and A. A. Chistyakov in Abstracts of Reports at the 6th All-Union Con-
ference on the Physics of Dielectrics, Tomsk Polytechnical Institute,
Tomsk (1988), p. 69.

26Yu. A. Bakhirkin, Yu. A. Bykovskii, A. F. Sviridov, and A. A. Chistya-
kov, Khim. Fiz. 9, 1030 (1990).

27P. V. Kozlov, Physical Chemistry of Cellulose Ester Films [in Russian],
Goskinoizdat, Moscow (1948).

28V. N. Tsvetkov, Rigid-Chain Polymer Molecules [in Russian], Nauka,
Leningrad (1986).

2%8. R. Rafikov, V. P. Budtov, and Yu. B. Monakov, Introduction to the
Physical Chemistry of Polymer Solutions [in Russian], Nauka, Moscow
(1978).

G, Mark and K. G. Meler, Structure of High-Polymer Organic Natural
Compounds [in Russian], Association of Scientific and Technical Pub-
lishers, Moscow (1932).

31S.E. Bresler, E. N. Kazbekov, V. N. Fomichev ez al., Fiz. Tverd. Tela 5,
675 (1963) [Sov. Phys. Solid State 5, 491 (1963)].

32Yu. A. Bakhirkin, Yu. A. Bykovskii, A. S. Sokol’nikov et al., Kvanto-
vaya Elektron. 15, 2038 (1988) [Sov. J. Quantum Electron. 15, 1277
(1988)].

3M. M. Potapov, Candidate’s Dissertation in Physicomathematical Sci-
ences, Moscow Engineering Physics Institute, Moscow (1989), p. 33.

V.M. Akulinand N. V. Karlov, Strong Resonance Interactions in Quan-
tum Electronics [in Russian], Nauka, Moscow (1987), p. 227.

3*V.S. Letokhov, Usp. Fiz. Nauk 125, 57 (1987) [Sov. Phys. Usp. 21(5)
405 (1987)].

3 G. Koren, U. P. Oppenheim, D. Tal, M. Okon, and R. Weil, Appl. Phys.
Lett. 29, 40 (1976).

3N. M. Kuznetsov, Kinetics of Monomolecular Reactions [in Russian],
Nauka, Moscow (1982), p. 110.

331, Dekhant, R. Dants, V. Kimmer, and R. Shmol’ke, Infrared Spectros-
copy of Polymers [in Russian], Khimiya, Moscow (1976).

Translated by M. E. Alferieff

Bakhirkin et al. 964



