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SUMMARY

A technique permitting to record structure transforma-~
tions in a polymer film by X-ray analysis directly in the
process of low molecular weight solvent vapor sorption is de-
veloped. Applying it to cellulose nitrate (CN) - ethyl ace-
tate (EA) system evidences the formation of a set of crys-
talline reflections in the initially amorphous film at a de-
finite EA vapor activity (p/p_~ 0.6), the reflections dis-
appearing after the removal ~“of FA. The ordering of structure
is associated with molecular complexes (MC) formation, MC
being thermodynamically stable within a certain p/p_ range.
It proves the validity of a qualitative phase diagrgm offered
for CN - EA system (6). The peculiarities of MC formation and
destruction are bound to assist in interpretation of sorption
and diffusion properties of the system in question.

INTRODUCTION

The last ten years were marked by a notable success in
the study of phase equilibria in polymer -~ low molecular
weight substance systems. Quite a number of phase state dia-
grams were obtained experimentally and in the case of flexible
~-chain polymers they coincide fairly well with theoretical pre-
dictions (1,2). Discrepancies between experimental values and
theoretical ones are somewhat larger in the systems based on
rigid-chain polymers but still there is at least semi-qualita-~
tive agreement between them (3-5). At the same time for cer-
tain polymers systematic data concerning phase equilibria in
the whole concentration range is not available. The important
examples of this type are represented by systems based on cel-
lulose and ita derivatives. The situation can be accounted for
by both a complex structure inherent to these polymers and its
easy re-organisation effectuated by the presence of low mole-
cular weight substances (6). The latter makes experimental
data extremely difficult to interpret in terms of attributing
it tosome definite phase state, since the time scale characte-
ristic of structure re-organisation and that of experiment
differ, as a rule.

To understand the reasons underlying the observed changes
in properties involving their irreproducibility one should have
idea concerning equilibrium structure of solutions formed by
such polymers. Consequently the study of the properties of such
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a binar system, with the solvent or plasticizer content
changing, should be accompanied by the structure identifica-
tion in the course of experiment by X-ray analysis.

Quite a few works carried out with this end in view
mainly involved CN solutions. However they were not aimed to
solve general problems. Thus in (7) additive compounds (MC)
of CN with acetone and camphor: were proved to exist; in (8)
structure transformations were studied during "forced" pla-
sticization of CN with phthalic acid esters; the authors of
(9) qualitatively recorded various types of transformations
in the initially crystalline polymer structure under the in-
fluence of a number of solvents and plasticizers. All that
refers to the glassy and rubhery state of CN.

In the range of fluid solutions CN forms liquid crys-
talline state with many solvents (10). So anisotropic solu-
tions and MC are the main supramolecular structures in the
systems based on cellulose derivatives. The hypothetic phase
diagram for such a system was offered in (11). Basing on it,
with available data from literature and own results taken
into consideration, we reported a qualitative diagram for
CN - EA system in a previous paper (6).

According to the diagram at issue MC structure is ther-
modynamically stable in a vast temperature-concentration
range. Nevertheless it is the X-ray analysis that can direct-
1y prove their existence. So this contribution reports the
technique developed for the simultaneous study of sorption-
desorption isotherms in CN - EA aystem and direct identifica-
tion by diffraction analysis of sitructures formed at certain
portions of these isotherms.

EXPERIMENTAL
Sample preparation.

CN was obtained by nitration the cellulose sample with
DP=400 and narrow MWD in a mixture of nitric and acetic acids
according to (12). The nitrogen content is 13.3%. Films for
sorption measurements (90-100 um thick) were formed by slow
evaporation of 0.5% EA solution at 20°C followed by prolonged
leaching them in distilled water. Mass-thermal analysis esti-
mates the residual solvent content not toexceed 0.1%. The
initial films are evidenced as being amorphous by X-ray
analysis.

Preliminary sorption studies.

Preliminary sorption measurements were fulfilled using
conventional McBain vacuum balance at 20°C in the range of
p/p_=0.220.95. The sequence of six sorption-desorption cycles
was adopted, with the maximum p/p_ value successively increa-
ging. The sixth cycle accomplished? the semple was equilibra-
ted with EA vapor again at p/p =0.87 to measure desorption
isotherm. Fig.1 shows the corresponding sorption and desorp-
tion isotherms.
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X~-ray measurements.

X-ray diffraction patterns were recorded with a two-co-
ordinate X-ray diffractometer KARD, its block diagram and main
features beirg described at length in (13). The application of
position-sensitive detectors to record diffraction patterns
enables one to combine the sensitivity and accuracy usual for
radiation counters with the simultaneous recording of a two-
dimensional pattern inherent to photographic procedures. It
allows to speed up diffraction experiments by more than an
order of magnitude leading to entirely new possibilities in-
volved in the investigation of relatively quick changes in
gtructure of weekly scattering substances.

In Fig.2 there isg a simplified block diagram of the in-
gtrument. The diffractometer is based on a flat two-coordina-~
te multiwire proportional chamber with information readout
from delay lines (14). Linear resolution is 1.5 mm in each
coordinate, the number of spatial resolution elegents is
256x256. The inlet detector window is 350x320 mm™, the detec-
tion quantum efficiency of Cu K, radiastion ~70%. A diffrac-
tion picture is collected in a control SM~2 computer core me-~
mory. Software comprises a set of programs for any desired
data proceassing by this or some other computer. Preliminary
qualitative estimation of a diffraction pattern can be accom-
plished by visualizing it on a TV monitor screen with eight
preset degrees in brightness. Fig.5 shows exé&mples of such
patterns.

To record X-ray scattering from samples undergolng sorp-
tion a special glass cell was constructed supplied with two
Be windows for inlet and outlet of the incident beam and the
scattered intensity. A block diagram of the cell is shown in
Fig.3. The sample is placed into the cell vertically suppor-
ted by a slide-type frame wherein a f£ilm can be inserted
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Fig.2 Simplified block disgram of a two~co-ordinate X-ray
diffractometer KARD.

freely to let it swell spontaneously during sorption. The
semple is thermostated by water circulating between double
walls of the cell. The cell is covered with an air-tight
ground in 1id. The 1id is connected with a pipe supplied
with two vacuum taps to enable one independently to pump out
the cell or the vapor source (after freezing the solvent
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by liguid nitrogen) and to let the solvent vapor into the cell.
Vapor source thermostated by a separate refrigerator is con-
nected with the cell during the whole process of sorption. The
dezired activity of a solvent vapor is achieved by varying the
temperature of the source (Tsource<:Tcell .

The cell with the sample was mounted at a goniometer
stage in a special holder which allows to adjust the sample in
the center of the goniometer. The co-ordinate detector was
aligned in such a way as to allow perpendicular drawn from its
center to pass through the center of the sample to form with
the primary beam the angle 1\=-emax, where aemax is the maxi-

mum angle available for diffraction pattern detection. It im-
plies that the primary beam hits a middle in height and extreme
in length detector element. Such an experimental lay-out en-
sures both the best angular resolution possible for flat detec-
tors and the maximum recorded range of diffraction angles 26,
the sample~-detector distance being fixed. The detector was not
moved during measurements. Its position on the goniometer rela-
tive to the sample and the primary beam is known with accuracy
permitting definition of the correlation between detector co-
ordinates and the diffraction angle %o be made. The sample-de-
tector distance is 410 mm, angular resolution ~0.2°, the range
of the recorded angles 26 ~ 2-40° in the equatorial direction
and -20-+20° in the meridional one. Cu K, radiation from the
sealed tube with 0.4x1.2 mm focus spot, monochromated by pyro-
lithic graphite crystal was used. The diameter of the collima-
tor diaphragms was 0.8 mm. The data collection time was 500 s.

Data processing involved the introducing of corrections
for the non-uniformity of the detector's characteristics over
its surface, subtraction of the background scattering from the
cell with solvent vapor but without the sample (recorded pre-
viously at various p/p_), printing the intensities as histo-
grams versus the angleg 26, Since the diffraction patterns in
the present case are axi-symmetric and necessary spatial re-
golution is lower than that of the diffractometer, the equato-
rial linear sections were recorded as the sum of intensities
over three channels in horizontal direction and over eleven
channels in vertical one.

p/p. fixed, the course of reaching sorption equilibrium
was judjgd by kinetic sorption curves recorded with the same
films using conventional McBain balance as described earlier.
Another means to control the state of the system when recor-
ding X-ray scattering patterns was provided by measuring the
total intensity over the chamber, its magnitude increasing
until the equilibrium solvent concentration within the film
was reached.

RESULTS AND DISCUSSION

Figures 4,5 show X-ray diffraction patterns chacteristic
of certain portions of sorption isotherms after reaching equi-~
librium and of different desorption stages. The sequence of
equatorial diffractograms modification is presented in Fig.4.
The corresponding two-dimensional patterns, photographed from
the TV monitor screen are shown in Fig.5. It can be seen that
beginning with p/ps=0.6 in the pattern of scattering from pre-
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Fig.4

Fig.4 Diffractograms of CN film recorded during sorption
(1-4) and desorption (5-6) stage. EA vapor activity p/p_ in
the cell is O(1§; 0.6(2); 0.8(3); 0.95(4). Desorption t¥me

is 30 min.(5) and 3 days (6), with EA content in the film
10% and 3% correspondingly.

Fig.5 Diffraction patterns of the initial CN film (a) and
the film saturated with EA at p/ps=0-9 (b).

viously amorphous film there appear two intense crystalline
reflections at angles 26 9.4° and 5.2° and several minor ref-
lections at larger angles.

As p/p. increases the intensity of crystalline reflec-
tions becomfs somewhat higher relative to the level of amor-
phous scattering, the latter also increasing in the course of
sorption. A slight decrease in the half-width of the two lines
at issue is also worth noting.

The appearance of the crystalline reflections can be
accounted for by the formation in the film at the definifte
p/ps of additive compounds involving both the molecules of
CN "and EA in stoichiometric ratio. Such compounds - molecu-
lar complexes - are charact®rized by a long-range order and
their sizes appear to grow a little as p/p_ increases. Fig.5
shows that there is no preferential orientBtion in the arran-
gement of MC throughout the film. Polymer fraction which ta-
kes part in the formation of MC is not large (10-20%) and



221

seem to increase fairly little with p/ps.

The diffraction patterns taken at “the desorption stage
help to understand the nature of sorption-desorption hyste-
resis observed at p/p_< 0.8. It is worth noting that the form
of the hysteresis is “reproducible and it is not the result
of capillary condensation. Preliminary sorption measurements
evidence that after pumping EA for 30 min. from p/p_=0.9 its
content in the film is lowered to 9-10%, the rate 8f EA aif-
fusion from the sample slows down to a large degree and the
whole process appears to become non-diffusion-controllable.
The corresponding diffraction pattern is shown in Fig.4
(curve 5). The pattern changes very slowly with time, its
shape suggesting the preservation of ordered enough forma-
tions in the film. After this sample had been exposed to air
for three days (p/p_=0) which led to lowering the residual
solvent content to “3-5%, it can be concluded that the sam-
ple practically resumed its initial structure.

We consider the observed sorption-desorption hysteresis
to be of a relaxation-kinetics nature, the latter processes
accompanying the formation and desitruction of MC at the de-
finite portions of the isotherm. The study of these phenome-
na is in progress now. It will assist both in making concen-
tration position of various co~existing curves on a phase
diagram more accurate and in comparing the isotherms with
the concentration dependence of mutual diffusion coefficients
in CN -~ EA system. These subjects will be discussed in sepa-
rate papers.

In summery, the developed technique enables one to in-
vestigate the kinetics of structure reorganization in diffe-
rent regions of phase state diagram directly in the process
of gpontaneous formation of polymer solutions.

REFERENCES

1. R.Koningsveld,Brit.Polym.J. 7,435 (1975).

2. S.P.Papkov, Phase Equilibria in Polymer - Solvent Systems,
M.: Chimiya, 272 p. (1981) (in Russian).

3. G.Conio, et al., Macromolecules 16,1264 (1983).

4., W.G.Miller, et al., J.Polym.Sci.: Polym.Symp. 65,91 (1978).

5 B.Ginzbur§, T.Siromyatnikova, S.Frenkel, Polym. Bull. 13,
139 (1985).

6. A.Ye.Chalych, Ye.D.Popova, Vysokomol. Soyed. A28,727(1986).

7. C.Trogus, T.Tomonari, K.Hess, Z.Phys.Chem. B156,351 (1932);
J.R.Katz, et al., Z.Phys.Chem. A151,145 (1930).

8. Y.A.Gglovin, Yu.M.Lotmentzev, Vysokomol. Soyed. A23, 1310

1981).

9. A.P.Sviridov, D.Ya.Tzvankin, A.I.Pertzin, Vysokomol.Soyed.
A26,1553 (1984).

10. S.M.Aharoni, Polym.Prepr. 22,116 (1981).

11, M.M.Yovleva, S.P.Papkov, Vysokomol.Soyed. A24,233 (1982).

12. %.ggg?shi, et al., J.Chem.Soc.Japan;Chem.Ind.Chem. 1582

1 .
13. M.Ye.Andrianova, et al., J.Appl.Cryst. %2,626 (1982).
14. Yu.S.Anigimov, et al., Nucl.Instr.Methods 179,503 (1981).

Accepted August 4, 1986 c



