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DIFFUSION OF ORGANIC COMPOUNDS
IN SATURATED POLYOLEFINS
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Abstract—The diffusion of 2-hydroxy-4-methoxybenzophenone, 2-hydroxy-4-n-butoxybenzophenone,
2-hydroxy-4-n-octoxybenzophenone, 2-hydroxy-4-n-dodecoxybenzophenone, 2-hydroxy-4-n-octade-
coxybenzophenone has been studied. The polymers examined were: stereoblock polypropylene
(between 70° and 85°) high density polyethylene (between 80° and 110°), low density polyethylene
(between 70° and 90°). Also the diffusion of dimethyl-3, 3'-thiodipropanoate and di-n-hexyl-3, 3’-
thiodipropanoate in low crystalline polypropylene was studied between 20° and 40°, The diffusion
coefficients are reported. The effect of mutual compatibility between penetrant and polymer upon
the diffusion process is discussed. The linear relation In D, = —14-8 + 0-43 E,/T is obtained for
the diffusion in saturated polyolefins using these and other published data.

IN A PREVIOUS paper® we reported on the diffusion of thiodipropionic esters and
hydroxybenzophenones in isotactic polypropylene. The presence of crystallinity in
the polymer allows these large molecules to diffuse with different rates, the energies
of activation for diffusion being smaller than the energy for the self-diffusion of
polymer segments. In order to study more fully the behaviour of large molecules in
the diffusion process, the diffusion of a series of 2-hydroxy-4-alkoxy-(C,—C,,)-
benzophenones and esters (C,—C,) of 3,3 -thiodipropionic acid in saturated polyole-
fins with different structures and crystallinities, was investigated. These compounds
are of practical interest being used as additives in polymers.

EXPERIMENTAL

The radioisotopic technique and the apparatus employed for diffusion measurements, were similar
to those used earlier.™? The polymer samples (6 mm thick, ¢ = 14 mm) were prepared from sheets
obtained by melting and annealing. After diffusion, the samples of stereoblock polypropylene were
sectioned by a microtome (slices 01 mm thick).

The measurements of mutual compatibility were carried out according to Ref. (2) by determination
of the crystallization kinetics performed on mixtures of polymer and hydroxy-alkoxy-benzophenones.
The concentration of compounds (mole of penetrant for weight of polymer) was kept constant.

MATERIALS

(1) Stereoblock polypropylene; crystallinity = 24 4 4 per cent; intrinsic viscosity
[7n] = 0-59 (tetrahydronaphthalene at 135°). The material was obtained according
to Natta, Mazzanti, Crespi and Moraglio.® The n-heptane soluble fraction of a
Zeigler-Natta polypropylene was extracted by boiling ethyl ether and the residue was
extracted by boiling n-hexane. The n-hexane extractable fraction was used in our
experiments.
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(2) Low crystallinity polypropylene; crystallinity = 16 + 4 per cent; intrinsic
viscosity [n] = 0-3 (tetrahydronaphthalene at 135°); solubility in boiling ethyl
ether = 90 per cent. The material was obtained extracting the Ziegler~Natta poly-
propylene with boiling n-heptane. .

(3) Isotactic polypropylene; crystallinity = 63 + 4 per cent; intrinsic viscosity
[7] = 3-0 (tetrahydronaphthalene at 135°); solubility in boiling #-heptane = 3-2 per
cent.

(4) High pressure, branched, low density polyethylene, FERTENE Q/l, manu-
factured by Montecatini-Edison S.p.A.; crystallinity = 59 4+ 4 per cent; intrinsic
viscosity {5] == 0-96 (tetrahydronaphthalene at 135°).

(5) Linear, high density polyethylene, ROTENE 10 Q, manufactured by Monte-
catini-Edison S.p.A. with the Ziegler-Natta catalytic system; crystallinity = 70 4- 4
per cent; intrinsic viscosity [7] = 1-40 (tetrahydronaphthalene at 135°).

RESULTS

The measured concentrations of radioactive compounds in polymer slices were
used to obtain the diffusion coefficient, D, along the axis normal to the section, by
the equation:

Co ( x* )
Clx,t)=—_exp|— . 1
(0 (mDt)} P 4 Dt M

It is supposed here that at time ¢ = 0, the total amount m of diffusing substance
is concentrated in the plane X = 0./ If S is the cross section of the cylinder, C, is

m .
5 The quantity m was kept constant for every experiment, and was sufficiently small

for total solution to be obtained in a time (about half an hour) substantially less
than that needed in the diffusion experiments (20-30 hr). Thus the involved parameters
may be referred, to a first approximation, to diffusion alone. The concentration of
the penetrant in the polymer is very small (less than 1-2 per cent) during the diffusion,
so that, probably, the values of D are little affected by small variations in the concen-
tration around this figure.®

The activation energy E, and the pre-exponential constant D, were calculated from
the equation:

E,
D = D, exp ( RT)' )
In the explored range of temperatures, at least twelve diffusion experiments were
made for each compound. For the high crystallinity polymers, the experimental
temperatures were kept below those at which the crystallinities begin to decrease
with approach towards the melting point.

The values of the parameters of the diffusion coefficients for the studied compounds
and the ranges of temperatures are summarized in Table 1.

The dependence of the logarithm of the pre-exponential constant D, upon the
number of carbon atoms present in the alcoholic radical of hydroxy-benzophenones
isshownin Fig. 1 for stereoblock polypropylene and in Fig. 3 for the two polyethylenes.
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The effect of the number of carbon atoms on the activation energy for diffusion, Eu,
is shown in Fig. 2 for stereoblock polypropylene and in Fig. 4 for polyethylenes. These
correlations may be made because the concentration of diffusing substance is similar
for all compounds.

An idea of the mutual compatibility between penetrant and polymer may be given
by the ratios, C, between the half-time of crystallization of the mixtures studied and
the half-time of crystallization of the pure polymer.®®

ol [ l

2
ta Do, cm /sec
o
T

I L L 1 1 P S S T L L IR R S I P I TN B
[t} 5 10 15 20
Carbon atoms

Fi16. 1. Ln D, vs. number of carbon atoms in the alcoholic radical for diffusion of hydroxy-
alkoxy-benzophenones in stereoblock polypropylene at 70°-85°,
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F1G. 2. Energy of activation for diffusion of hydroxy-alkoxy-benzophenones in stereoblock
polypropylene at 70°-85° vs. number of carbon atoms in the alcoholic radical.
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Fi6. 3. Ln D, vs. number of carbon atoms in the alcoholic radical for diffusion of hydroxy-
alkoxy-benzophenones in high density polyethylene (O) at 80°-110° and in low density
polyethylene ((J) at 70°-90°,
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FIG. 4. Energy of activation for diffusion of hydroxy-alkoxy-benzophenones in high density
polyvethylene (O) at 80°-110° and in low density polyethylene ((J) at 70°-90° vs, number of
carbon atoms in the alcoholic radical.

Mixtures of 2-hydroxy-4-alkoxy (C,—C,;s)-benzophenones (4,4 m-moles for 100 g
of polymer) and isotactic polypropylene or high density polyethylene were tested.
The values of ratio C are reported in Table 2. The compatibility of hydroxy-alkoxy-
benzophenones with isotactic polypropylene is very low as the ratio C is almost
constant and close to unity even by changing the number of carbon atoms in the

POLYMER 4/3—C
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alcoholic radical from C, to C,,. As may be seen in Fig. 5, the mutual compatibility
of hydroxy-alkoxy-benzophenones with high density polyethylene slightly increases
with the number of C atoms of alcoholic radical up to the Cy~term, then it rises
abruptly for the C,, and C,; terms.
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F1G. 5. Ratio of mutual compatibility between hydroxy-alkoxy-benzophenones and isotactic
polypropylene (O) or high density polyethylene (1) vs. number of carbon atoms in the
alcoholic radical.

DISCUSSION

The practically equal values of E, for diffusion of 3,3’-thiodipropionic esters in
low crystallinity polypropylene (Table 1) are in good agreement with that (E, = 19-8
kecal/mole) found by Frensdorff*® for diffusion of benzene in low crystallinity poly-
propylene at about the same range of temperature (14°—40°). This means that the
diffusion process is regulated by the self-diffusion of the polymer segments;©~# the
value of E, should be of the same order of magnitude as the activation energy for
self-diffusion.

As found for isotactic polypropylene, the value of E, tends to increase linearly
with the molecular dimensions of the diffusing hydroxy-alkoxy-benzophenones in
stereo-block polypropylene (Fig. 2), before approaching the activation energy for
self-diffusion of the polymer segments. The curves, In D, and E; vs. C atoms of residue,
show a flat maximum just before the asymptotic value. The occurrence of a maximum
in the E, vs. C atoms plot is more evident in Figs. 3 and 4, referring to the diffusion
of hydroxy-alkoxy-benzophenones in polyethylenes. Although a greater diffusivity is
found for the high pressure polymer, the dependence of the diffusion constants upon
the molecular weight of penetrant is similar for the two polyethylenes. The presence
of this maximum may be explained by considering that the coefficient for self-diffusion
of polymer segments is influenced by the mutual compatibility between penetrant and
polymer so that, by increasing the number of C atoms of alcoholic radical, the energy
of self-diffusion, E., of the polymer decreases.
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The experimental curves (Figs. 2 and 4) can be considered as the resultants of two
lines (Fig. 6): the curve (a) represents the dependence of the energy of diffusion of
the penetrant in the polymer on the molecular volume of the penetrant; the curve (b)
shows what could be the decrease of E, with the increase in compatibility between
penetrant and polymer.

This hypothesis fits well with the data reported in Fig. 5 concerning the compati-
bility between hydroxy-alkoxy-benzophenones and high density polyethylene: during
the diffusion experiment and the compatibility measurement the C,, and C,, terms
show behaviour different from the other homologous compounds. On the other hand,

Ev, Ed

Carbon atoms \

FiG. 6. (a) Variation of E, with the molecular volume of penetrant; (b) Variation of E,
with the mutual compatibility between penetrant and polymer.

the incompatibility between isotactic polypropylene and hydroxy-alkoxy (C,—C,s)-
benzophenones is in agreement with the behaviour of these compounds on diffusion.®

The contribution of each =CH, group of the alcoholic radical to the energy of
activation for the diffusion of hydroxy-alkoxy-(C,—C,,)-benzophenones in stereo-
block polypropylene can be calculated. The value of

Es .
CH. 18 686 cal,

2

which is higher than that found by us for diffusion of the same compounds in iso-
tactic polypropylene:
( Ee 302 cal w).

CH,

These values suggest that, in a homologous series of compounds, the molecular
volume of penetrant has a larger influence on the diffusion when the polymer has a
higher diffusivity.

An empirical correlation, like that of Barrer and Chio,® between In Dy and E,/T
for elastomers, can be obtained for saturated polyolefins using the data reported in
Table 3. The resulting linear relation (Fig. 7) can be expressed as:

In Dy = — 148, + 0-43, E,/T. 3)
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FiG. 7. Relationship between In D, and E,/T—Isotactic polypropylene (O). Stereoblock
polypropylene (). Low crystallinity polypropylene (A). Ethylene-propylene copolymer
(@). High density polyethylene (x). Low density polyethylene (+). Polyisobutylene (4).

By combining Eqns. (3) and (2), we obtain the universal diffusion equation:
InD= —14-8; — 0-064 E,JT,

for organic compounds in saturated polyolefins. One possible use of this equation
might be the calculation of an approximate value of the activation energy of diffusion
from the measurement of D at one temperature only.

Acknowledgements—The authors gratefully thank Professor P. Corradini for helpful discussions and
Mr. V. Carletti and P. G. Ramella for their experimental assistance.

REFERENCES

(1) M. Dubini, O. Cicchetti, G. P. Vicario and E. Bua, Europ. Polym. J. 3, 473 (1967).

(2) P. Parrini and G. Corrieri, Makromolek. Chem. 86, 271 (1963).

(3) G. Natta, G. Mazzanti, G. Crespi and G. Moraglio, Chimica Ind., Milano 39, 275 (1957);
Gazz. Chim. It. 87, 528 (1957).

(4) W. Jost, Diffusion in solids, liquids and gases, p. 16. Academic Press, New York (1952).

(5) H. K. Frendsdorff, J. Polym. Sci. A2, 341 (1964).

(6) V. R. Gromov, R. M. Vasenin, A. E. Chalykh and S. S. Yoyutskii, Vysokomol. Soed. 7 (5),
802 (1965) and 7 (12), 2117 (1965); Dokl. Akad. Nauk SSSR, 165 (2), 347 (1965).

(7) G. J. van Amerongen, Rubb. Chem. Technol. 37, 1090 (1964).

(8) R. J. Kokes and F. A. Long, J. Am. chem. Soc. 75, 6142 (1953).

(9) R. M. Barrer and H. T. Chio, J. Polym. Sci. C10, 111 (1965).

(10) Unpublished data.

(11) B. A. Gromov, V. B. Miller, M. B. Neiman and T. A. Shlyapnik, Int. J. appl. Radiat. Isotopes
13, 281 (1962).

(12) S. Prager, E. Bagley and F. A. Long, J. Am. chem. Soc. 75, 1255 (1953).

Résumé—On a étudié la diffusion de ’hydroxy-2-méthoxy-4-benzophénone, de I'hydroxy-2-n-butoxy-
4-benzophénone, de I’hydroxy-2-#-octoxy-4-benzophénone, de I’hydroxy-2-r-dodecoxy-4-benzo-
phénone et de 'hydroxy-2-n-octadecoxy-4-benzophénone dans les polymeéres suivants: polypropyléne
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stéréoséquencé (entre 70° et 85°), polyéthyléne de haute densité (80°-110°) et polyéthyléne de basse
densité (70°~90°). On a étudié en outre la diffusion du diméthyl-3, 3’-thiodipropionate et du di-n-
hexyl-3, 3’-thiodipropionate dans un polypropyléne de faible taux de cristallinité (entre 20° et 40°).
On donne les coefficients de diffusion obtenus. On discute 'influence exercée sur la diffusion par la
compatibilité mutuelle entre la substance diffusante et le polymére. Pour la diffusion dans les polyolé-
fines saturées on a calculé la relation linéaire:

In Dy = —14:8 + 0-43 E,T
au moyen des données publiées et de celles obtenues dans le présent travail.

Sommario—E’ stata studiata la diffusione del 2-idrossi-4-metossibenzofenone, del 2-idrossi-4-n-
butossibenzofenone, del 2-idrossi-4-n-ottossibenzofenone, del 2-idrossi-4-n-dodecossibenzofenone,
del 2-idrossi-4-n-ottadecossibenzofenone nei seguenti polimeri: polipropilene stereoblocchi (intervallo
di temperatura 70°-85°), in polietilene ad alta densita (intervallo di temperatura 80°-110°) e in
polietilene a bassa densita (intervallo di temperatura 70°-90°). Inoltre & stata studiata la diffusione
del dimetil-3, 3’-tiodipropionato e del di-r-esil-3, 3’-tiodipropionato in polipropilene a bassa cristal-
linita (intervallo di temperatura 20°-40°). Sono riportati i coefficienti di diffusione. E’ discussa
I'influenza esercitata sulla diffusione dalla mutua compatibilita tra penetrante e polimero. Utilizzando
i dati riportati in letteratura e quelli da noi trovati & stata calcolata la relazione

In Dy = —14-8 + 0-43 E,/T
valida per la diffusione in poliolefine sature.

Zusammenfassung—Es wurde die Diffusion des 2-Hydroxy-4-methoxybenzophenons, des 2-Hydroxy-
4-n-butoxybenzophenons, des 2-Hydroxy-4-n-octoxybenzophenons, des 2-Hydroxy-4-n-dodecoxy-
benzophenons und des 2-Hydroxy-4-n-octadecoxybenzophenons bei den folgenden Polymeren
untersucht: Stereoblock-Polypropylen (Temperatur zwischen 70° und 85°), Polydthylen hoher
Dichte (Temperatur 80°~110°) und Polyithylen niedriger Dichte (Temperatur 70°-90°). Es wurde
ferner die Diffusion des Dimethyl-3,3’-thiodipropionates und des Di-n-hexyl-3,3’-thiodipropionates
in ataktischem Polypropylen (Temperatur zwischen 20° und 40°) (gepriift).

Hierbei werden die Difffusionskoeffizienten angegeben. Es wird der Einfluf} der gegenseitigen Ver-
traglichkeit zwischen dem diffundierenden Stoff und dem Polymeren auf die Diffusion diskutiert.

Auf Grund der in der Literatur aufgefiihrten Angaben und denjenigen, die von uns gefunden
wurden, wurde die folgende Gleichung fiir die Diffusion in gesattigten Polyolefinen aufgestellt:

In Dy = — 14-8 + 0-43 E,/T.



