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Role of Local Dynamics in the Gas Permeability of Glassy Substituted
Polyacetylenes. A Quasielastic Neutron Scattering Study
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ABSTRACT: The local dynamics of 10 substituted polyacetylenes in the glassy state have been
investigated using a quasielastic neutron scattering technique in a time range of picoseconds to several
tens of picoseconds to see a relationship between the local mobility and the gas permeability of these
polymers. Even in the glassy state, these polymers show quasielastic scattering components, suggesting
that certain stochastic motions occur in the glassy state. The dynamic scattering laws S(Q,w) of the
quasielastic components were well fitted to the sum of two Lorentzians, i.e., the narrow (slow) and broad
(fast) components. It was found that both the relaxation rate I'y and the fraction A, of the narrow (slow)
component show positive correlations with oxygen permeability coefficient (Po,), suggesting that the local
mobility of the matrix polymers plays an important role in gas permeability. We then defined local flux
F, which is the product of 'y and A, as a measure of the local mobility to find that F is proportional to
the diffusion coefficient of O, gas (Do,), i.e., F O Do,. To explain and discuss this relation, we have proposed
a random gate model, where mobile side groups in the matrix polymer act as a gate for gas diffusion.

Introduction

It is now well-known that many polyacetylenes with
bulky substituents exhibit high gas permeability among
all the existing polymers.1=3 Among them, poly[l-
(trimethylsilyl)-1-propyne] [poly(TMSP)] shows ex-
tremely high permeability to various gases, e.g., the
oxygen permeability coefficient (Po,) ~ 4000 barrers [1
barrer = 1 x 10719 cm3 (STP) cm/(cm? s cmHg) (25
°C)].3"® The high gas permeability of poly(TMSP) has
been attributed to the presence of microvoids due to poor
polymer chain packing, which is confirmed by low
density and high free volume.2 This polymer is glassy
at room temperature unlike poly(dimethylsiloxane)
[poly(DMS)], which is also known as highly gas perme-
able polymer. The gas permeation through poly(TMSP)
is explained in terms of the dual-mode sorption and
diffusion mechanism, which involves both the Lang-
muir-type adsorption and the Henry-type solution. If a
methyl on the silyl group in this polymer is replaced by
bulkier substituents, the polymers generally show a
lower gas permeability.%10

Another type of Si-containing disubstituted acetylene
polymer, poly[1-phenyl-2-(p-trimethylsilylphenyl)acetyl-
ene] [poly(p-Me3SiDPA)], also permeates gases fairly
well.12713 Thus, its Po, value is 1100 barrers (25 °C),
corresponding to about /4 that of poly(TMSP) and about
twice that of poly(DMS). The high gas permeability of
this polymer is explained similarly to the case of poly-
(TMSP).22 It is interesting that poly[1-phenyl-2-(p-tert-
butylphenyl)acetylene] [poly(p-t-BuDPA)]* and poly[1-
phenyl-2-(m-trimethylgermylphenyl)acetylene] [poly(m-
Me3GeDPA)]Y® permeate gases as well as poly(p-
Me3SiDPA). The high gas permeability of poly(TMSP)
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and these poly(diphenylacetylene) derivatives suggests
that both stiff main chain and spherical side groups play
an important role in the gas permeation through
substituted polyacetylene membranes.

Regarding substituent effects, it has turned out that
the Po, values (25 °C) of poly[1-phenyl-2-(p-triisopro-
pylsilylphenyl)acetylene] [poly(p-iPr3SiDPA)] and poly-
[1-phenyl-2-(p-triphenylsilylphenyl)acetylene] [poly(p-
Ph3SiDPA)] are 20 and 3.8 barrers, respectively,16.17
which are much smaller than that of poly(p-MesSiDPA).
This fact along with the finding about the substituent
effect in poly(TMSP)?10 (see above) suggests that bulky
spherical substituents are not necessarily favorable for
high gas permeability, which was apparently difficult
for us to understand. Our speculation for the relatively
low permeability of poly(p-iPr3SiDPA) and poly(p-Phs-
SiDPA) is that, if the spherical substituent is too large,
its mobility in the glassy state is extremely low, which
leads to low permeability. To confirm this speculation,
we need information on the local dynamics of these
polymers in the glassy state.

A quasielastic neutron scattering (QENS) technique
is one of the most powerful methods for investigation
of molecular motions in a time range of 10713-10"8s.18
In the measurements, the scattering intensity is re-
corded as functions of energy and momentum transfer
of neutrons, providing information about both time and
spatial scales of the motions simultaneously. Thus, this
QENS technique has been extensively applied for stud-
ies on the dynamics of polymers in the glassy statel920
as well as near the glass transition temperature.2:-23

In preliminary studies,?*2> we have investigated the
local mobility of three substituted polyacetylenes in the
glassy state by means of the QENS technique to find
that the local mobility is an important factor controlling
gas permeability. In this work, we have extended our
QENS study to 10 substituted polyacetylenes in the
glassy state to confirm the previous finding and gain
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Table 1. Chemical Structure of Side Groups (X1 and X;) of Substituted Polyacetylenes, Permeability Coefficient Po,,
Diffusion Coefficient Do,, Solubility Coefficient So, and Root-Mean-Square Displacement 122 for the Jump Motion of

Oxygen Gas
(—CX1=CX2—).-.
code polymer X1 X2 Po, x 1082 Do, x 108P So, x 102¢ 232 (A)
1 poly(TMSP) Me SiMes 40—1004 18.0 2.22 3.2
2 poly(p-Me3sSiDPA) Ph CsH4-p-SiMes 11.0¢ 7.70 143 2.2
3 poly(p-iPrSiDPS) Ph CsH4-p-Si(i-Pr)s3 0.20f 0.92 0.22 5.2
4 poly(p-AdDPA) Ph CgHy-p-adamanyl 0.55¢ 0.80 0.69 1.9
5 poly(p-tBuDPA) Ph CsHa-p-t-Bu 11.0h 6.90 1.59 4.7
6 poly(p-nBuDPA) Ph CeHgs-p-n-Bu 1.0n 2.10 0.48 2.8
7 poly(p-PhsSiDPA) Ph CsHa-p-SiPhs 0.038¢ 0.32 0.12 5.6
8 poly(p-PhODPA) Ph CsH4-p-OPh 0.37! 0.58 0.64 8.1
9 poly(TBA) H t-Bu 1.2 2.92 0.41 3.7
10 poly(p-EtsSiDPA) Ph CsH4-p-SiEts 0.95 3.10 0.31 4.9

alncmd (STP)cmecm=2s 1 ecmHg™t b Incm2s~L ¢ In cm3 (STP) cm~3 cmHg~L. @ Reference 3. ¢ Reference 11. f Reference 16. 9 Reference

38. h Reference 14. ' Reference 39. I Reference 26.

knowledge about gas permeation mechanism through
glassy polymers. The relationship between the local
mobility and the gas permeability is discussed.

Experimental Section

Materials. Substituted polyacetylenes used in this experi-
ment are listed in Table 1 with their chemical structures.

Polymerizations for the synthesis of the polymers were
carried out under dry nitrogen according to the procedure
described before.41226 The polymerization conditions are as
follows: for poly(TMSP) (Table 1, code 1): in toluene, 80 °C,
24 h, [M]o = 1.0 mol/L, [TaCls] = 20 mmol/L; for the poly-
(diphenylacetylene) derivatives (Table 1, codes 2—8, 10): in
toluene, 80 °C, 24 h, [M]o = 0.50 mol/L, [TaCls] = 20 mmol/L,
[n-BusSn] = 40 mmol/L; for poly(TBA) (Table 1, code 9): in
toluene, 30 °C, 24 h, [M]o = 1.0 mol/L, [MoCls] = 20 mmol/L.
Polymerizations were quenched with a toluene/methanol
(volume ratio, 4:1) mixture. The polymerization mixtures were
diluted with toluene and poured into a large amount of
methanol under stirring to precipitate the formed polymers.
The precipitated polymers were filtered off and dried under
vacuum at room temperature. The free-standing films (thick-
ness >150 um) of these polymers were obtained by a solution
casting method using toluene as solvent.

They are in the glassy state at room temperature. The glass
transition temperatures T4 are much higher than room tem-
perature although the exact values are not measurable due
to the chemical decomposition.

Gas Permeability Measurements. The oxygen perme-
ation was observed on a Rikaseiki K-315-N gas permeability
apparatus. The oxygen permeability coefficients (Po,) were
determined by using the following equation.

_ghd

tap )
Here, g, h, and d are the amounts of permeate (cm?3), calibra-
tion coefficient, and membrane thickness (cm), respectively,
and t, a, and p are permeation time (s), membrane area (cm?),
and partial pressure (cmHg), respectively.

Diffusion coefficients (Do,) were measured by the time-lag
method using the following equation:

d2

where 6 is time lag. Solubility coefficients (So,) were calculated
using S = P/D. The obtained permeability coefficient Po,,
diffusion coefficient Do,, and solubility coefficient So, are listed
in Table 1.

Quasielastic Neutron Scattering Measurements. Qua-
sielastic neutron scattering (QENS) measurements were per-
formed on the time-of-flight (TOF) spectrometer AGNES?’
installed at the C3-1 cold neutron guide in JRR-3M reactor,
Tokai. The incident wavelength of neutrons was 4.22 A, giving
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Figure 1. Dynamic scattering laws S(Q,w) of substituted
polyacetylenes (1—9) which have been normalized to the total
scattering intensity in an energy range between 0 and 20 meV.
Average Q value is 1.51 A-1 Dashed line is a resolution
function determined by a vanadium measurement. For the
sample codes, see Table 1.

an energy resolution Ae of 0.08 meV evaluated from the full
width at half-maximum (fwhm) at the elastic position. Energy
transfer AE = Aw ranges from —2 to 20 meV, where AE is
defined as negative for energy loss of neutrons. 160 detectors
at scattering angles from 8° to 120° were grouped into 10
groups, covering a Q (length of scattering vector) range of 0.2—
2.6 A~1. The amount of sample was chosen so that the total
scattering intensity would be about 10% of the incident
neutrons to reduce multiple scattering. The observed TOF
spectra were converted to symmetrized dynamic scattering
laws S(Q,w) after correcting empty can scattering and counter
efficiency.

Results and Discussion

Observed dynamic scattering laws S(Q,w) for nine
substituted polyacetylenes are shown in Figure 1, where
the spectra expanded by a factor of 20 are also displayed
to see the detail. These spectra were obtained by
summing up all spectra at various Q’s ranging from 0.36
to 2.5 A~1 to get higher counting statistics and normal-
ized to the total scattering intensity in the energy region
between 0 and 20 meV. The average Q value of the
spectra is 1.51 A~L. A very strong peak at around Aw =
0 is due to elastic scattering within the energy resolution
of the spectrometer. This strong elastic scattering
suggests that molecular motions are almost frozen in
these polymers. This is very natural because these
polymers are in the glassy states. However, looking at
the expanded spectra, small but clear quasielastic
scattering is observed on the wings of the elastic
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Figure 2. Q dependence of elastic scattering intensity 1(Q).
The lines are the results of fit using 1a(Q) = exp[—/3MW2[Q?]:
(®) sample 1, (O) sample 3, (a) sample 5, (»A): sample 8.

0.6 — #10 # % —
: o™ ]
. {)é #5 O

#3% #6{23#9 #2%

<u’>/A?

04 L

§#7§

02 [ il Linl " | rnil
10710 10° 108 107 106
P, (cm’ (STP) cm)/(cm” s cm Hg)

Figure 3. Mean-square displacements [Wi>[kevaluated from the
fits in Figure 2 as a function of permeability coefficient Po,.

scattering, suggesting that molecules are performing
stochastic motions even in the glassy state.

First we focus our attention on the Q dependence of
the elastic scattering intensity lg(Q). The scattering
intensity from the substituted polyacetylenes is mainly
governed by incoherent scattering of hydrogen atoms
because incoherent scattering cross section of hydrogen
atom is much larger than coherent and incoherent
scattering cross sections of other atoms as well as
coherent one of hydrogen atom.?® In the Gaussian
approximation, the Q dependence of incoherent elastic
scattering intensity is given by

14(Q) = exp| - 30°@] 3)

where [20is a mean-square displacement, which is a
measure of average amplitude of motions of hydrogen
atoms outside the energy resolution. The Q dependences
of 1¢(Q) for four substituted polyacetylenes are shown
in Figure 2 in a form of log [l«(Q)] vs Q?, where 1¢(Q)
was normalized to 1¢(Q=0). The solid lines are the
results of fit using eq 3. We evaluated W2 from the slope
of the straight lines in Figure 2, which are plotted as a
function of Po, in Figure 3. It seems that a positive
correlation exists between [W20and Po,, although the
data points are somewhat scattered. This suggests that
the local motions play some roles in the gas permeability
of substituted polyacetylenes. To see the motions of
hydrogen atoms directly, we have to analyze the
quasielastic scattering.

As seen in Figure 1, the dynamic scattering laws
S(Q,w) obviously show quasielastic scattering compo-
nents. In a previous paper,?* we described this quasielas-
tic component using a single Lorentzian in the energy
range from —0.5 to 2.5 meV. However, as shown in the
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latest paper,25 the quasielastic scattering component in
the wide energy range of —2 to 10 meV cannot be
described by a single Lorentzian, but by double Lorent-
zians. In the present analysis, we therefore employed
the following phenomenological function to describe the
observed dynamic scattering law S(Q,w)

S(Q.w) =[1 — AyQ) — A(Q)Io(w) +
A(QL(T,, Q) + A(QL(I,.Q.w) + By (Q) (4)

1 b

LT;,Qw) = AT 4 o (i=nandb) (5)

Here, in the right-hand side of eq 4, the first term [1 —
An(Q) — Ap(Q)]0(w) represents immobile parts of mol-
ecules within the energy resolution, and the second and
third terms Ap(Q)L(T'n,Q,w) and Ap(Q)L(I'n,Q,w) describe
narrow (slow) and broad (fast) relaxational parts, re-
spectively. The half-widths at half-maximum (hwhm)
I (i = n and b) are the relaxation rates of the narrow
(slow) and broad (fast) components, respectively, corre-
sponding to the inverses of the relaxation times, 7; =
(1/Ty) (i = n and b). The fourth term Bj,(Q) represents
an inelastic flat background.

The model dynamic scattering law (eq 4) was fitted
to the observed spectra after convolution with the
resolution function of the spectrometer. The result of
the fit is shown in parts a and b of Figure 4 for samples
1 and 5, respectively. The deviation plots of the fits do
not show any systematic error, suggesting that the
model function (eq 4) is appropriate to describe S(Q,w)
of these polymers. Then, we evaluated the relaxation
rates I’y and I', and the fractions A, and A, for the
narrow and broad components, respectively.

In Figure 5, the relaxation rates I', and T'y, corre-
sponding to the inverses of the relaxation times 1/, and
1/ty, for the narrow and broad components are plotted
as a function of oxygen permeability coefficient, Po,. It
is very interesting that the relaxation rate of the narrow
component I', clearly shows a correlation with Po, while
I', of the broad component is almost independent of Po,.
This implies that the motion concerning the slow
component may play an important role in the gas
permeability.

In Figure 6, the fractions of the narrow and broad
components A, and A, are also plotted against Po,. Ay
is practically constant for all samples, whereas A, tends
to increase with the gas permeability coefficient Po,,
although there are some exceptions such as samples 3,
4, and 9. The change of gas permeability coefficient is
less dominated by A, than the relaxation rate T,
because A, does vary in a range less than 1 order, but
the change of ', is more than 2 orders. However, the
correlation observed between A, and Po, may suggest
the fraction A, also plays some role in the gas perme-
ability. Then, we define local flux F, which is the product
of A, and I',, as a measure of the local mobility. The
local flux F is plotted against P, in Figure 7. A positive
correlation between F and Po, is, of course, mainly
governed by the relaxation rate I'y of the narrow
component. It should be noted here that the local flux
F varies in a range of 2 orders of magnitude among
these polymers, while the gas permeability Po, does in
a range of 4 orders of magnitude as indicated by a
straight dashed line in Figure 7. This implies that Po,
is not determined only by the local mobility but also by
some other factors such as microvoids, chemical affinity,
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Figure 5. Relaxation rates I'y (=1/z,) and I', (=1/1,) for the
narrow and broad components as a function of Po,.

molecular structure, and so on. It is well-known that
the permeability coefficient Po, is the product of the
solubility coefficient Sp, and the diffusion coefficient Do,
in rubbery polymers.

Po, = SozDo2 (6)
Though eq 6 is an approximation in glassy polymers,
we tentatively apply this equation to discuss the rela-
tionship with the local flux F in more detail. It is very

natural to consider that the local mobility is related not
to the solubility coefficient but directly to the diffusion
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coefficient. The former must be dominated by chemical
affinity and microvoids. In this work, therefore, we have
separately estimated Sp, and Do, (Table 1) and discuss
the relationship between the local mobility and the
diffusion coefficient.

The local flux F is plotted against the diffusion
coefficient Do, in the double-logarithmic form in Figure
8. The local flux F increases with increasing diffusion
coefficient Do,, and the slope of the log—log plot is unity.
This means that the diffusion coefficient is linearly
proportional to the local flux, although the scattered
data points suggest that the diffusion coefficient is also
affected by some other factors such as free volume in
polymers.2® The present result strongly implies that the
local mobility is related to the gas permeability through
the diffusion coefficient. In the following, we will
consider a scenario to explain the present result.

In the glassy state, though the main chain motions
are frozen, the local side chain motions are partially
active, which are observed as quasielastic scattering in
the present measurements. What we found is that the
local side chain motion in a time scale of several tens of
picoseconds is correlated to the diffusion coefficient; the
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Figure 9. Schematic drawing of the random gate model for
substitute polyacetylenes. Note that the solid curves in the
figure do not represent polymer chains, but regions that gas
molecules cannot go through. 7o and 7; are the resident time
in a cavity and the traveling time from a cavity to another,
and 1232 and 02[¥? are the mean-square displacements in the
cavity and the traveling motion from a cavity, respectively.

local flux F is approximately proportional to the diffu-
sion coefficient Do, (F O Do,). To explain this relation,
we propose a random gate model as shown in Figure 9.
In this model, a gas molecule exists in a cavity in
polymer matrix and performs random motions to pass
out from a cavity to another through a gate consisting
of the mobile side groups. The resident time in the cavity
and the traveling time from a cavity to another are
denoted as 7o and 7i, respectively. To calculate the
macroscopic diffusion coefficient of a gas molecule in this
model, we need the mean-square displacements for the
random motion in a cavity and the escape motion from
a cavity, which are termed [20and 20 respectively.
Then, the macroscopic diffusion coefficient is given by3°

%([nzm 60120)
ST "

This equation implies that the diffusion coefficient is
dominated by both the intracavity motion and the jump
motion as a function of the resident time and the
traveling time, respectively. How can we estimate these
times? First we assume that a gas molecule can escape
from a cavity when the gate is open with a frequency of
1/, which is on the order of ~0.01 ps~! (see Figure 5),
and the resident time is determined by this frequency,
i.e., 10 & 1, (100 ps). The traveling time is roughly
evaluated through the relation t; = O2(¥?/vo,, where vo,
is the mean velocity of an O, gas molecule. This velocity
Vo, was calculated from the Maxwell distribution to be
444 m/s (= 4.44 Alps) at 298 K, assuming that the
velocity of O, during the travel from a cavity to another
is almost the same as that in the gas state. Putting (23?2
=10 A, 71 is calculated to be ~2 ps. As will be seen later,
this is slightly overestimated, and so 7 is less than ~2
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ps. Then, we obtain a relation 7o > 71, which means that
a gas molecule stays in a cavity for most of its time. In
this case, the diffusion coefficient is reduced to3!

1’0
D=— 8
6. (8)

In the above discussion, the fraction of the mobile side
groups, which work as gates, was not taken into
account. The apparent resident time in a cavity must
decrease with increasing the mobile fraction. If we
assume a relation between the resident time 7o and the
mobile fraction An, 70 = arn/An (o0 being a proportional
constant), we finally obtain a relation

oA, PO PO
~ e, 6 ®)

n

This agrees with the observed relation (F O Dg,),
suggesting that the random gate model is a candidate
that can explain the role of local mobility in the gas
permeability of substituted polyacetylenes. The resident
time is also dominated by other factors such as the size
of the gate, but these were not taken into account in
this model for simplicity.

Using eq 9 and assuming oA, = 1, the mean-square
displacement 232 of the O, molecule was calculated
from the observed Do, and 7, and is listed in Table 1.
The values of 022 are in the range of ~2 to ~8 A,
corresponding to 0.66 to 2.7 times as large as the
diameter of an oxygen molecule (3 A). This implies that
the oxygen gas does not perform large distance jumps,
but small jumps in the substituted polyacetylenes.

Finally, we would like to discuss the modes of the
motions in the substituted polyacetylenes. In the past
two decades, extensive studies have been performed
regarding the dynamics of glassy polymers from a
microscopic point of view.3232 It is now well-known that
there is an excitation characteristic of glasses far below
the glass transition temperature Tg, the so-called Boson
peak, observed in an energy range of 2—4 meV, ir-
respective of chemical structure. With increasing tem-
perature, the intensity of the Boson peak increases
according to the Bose—Einstein population factor. As
temperature further increases, anharmonic excess
guasielastic scattering, the so-called fast process, ap-
pears in an energy range below the Boson peak or in a
time region of picoseconds. The onset temperature
depends on the kind of polymers; it is ~50 K below T
in the polymers with no or small side groups such as
polybutadiene?!-34 and polychloroprene,?® while it ap-
pears far below Ty in polymers with either relatively
large side groups or internal degrees of freedom.22:35.36
In the substituted polyacetylenes studied here, the
Boson peak is not observed at 298 K and the dynamic
scattering law looks quasielastic-like, suggesting that
the fast process appears at 298 K or below. The present
analysis indicates that the dynamic scattering laws
S(Q,w) of the substituted polyacetylenes are described
by the sum of a J-function, two Lorentzians, and the
inelastic flat background. By analogy with other glassy
polymers,?223 the broad Lorentzian and the inelastic flat
background can be assigned to the fast process and the
overdamped Boson peak, respectively. Relaxation mo-
tions similar to the narrow component with the relax-
ation time of several tens of picoseconds have never been
observed so far below Ty in simple polymers such as
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polybutadiene, polyisobutylene, polychloroprene, and
polyethylene,3” but only above Tg. In these polymers,
the motions have been assigned to the main chain
motions accompanied by conformational transitions. In
the substituted polyacetylenes, however, there are many
large side groups which can move even below T4, and
relaxation motions in the time range of several tens of
picoseconds may arise from the large side groups and
assist the diffusion of gases. In other words, such slow
motions are essential for high gas permeability, more
specifically for high gas diffusivity, in glassy polymer
films.

Conclusion

In this study, we have investigated local motions of
10 substituted polyacetylenes using a quasielastic neu-
tron scattering technique in a time range of picoseconds
to several tens of picoseconds. The observed quasielastic
scattering component in the dynamic scattering law
S(Q,w) was successfully described by the sum of two
Lorentzians: the narrow (slow) and broad (fast) com-
ponents. It was found that the relaxation rate I'y
(inverse of the relaxation time z,71) and the fractions
An of the narrow (slow) component show a positive
correlation with the oxygen permeability coefficient, Po,,
especially with the diffusion coefficient of Oz, Do,, while
those of the broad (fast) component do not, suggesting
that the narrow component plays an important role in
the gas permeability of the substituted polyacetylenes.
We then defined local flux F, which is the product of
the relaxation rate I', and the fraction A, (F = ThAp),
as a measure of the local mobility and found that F is
approximately proportional to the diffusion coefficient
F O Do,. To explain how the local mobility of the matrix
polymer is associated with the gas diffusion, we have
proposed the random gate model, in which gas molecules
diffuse through the gates consisting of mobile side
groups. Qualitatively, this model predicts the relation
of F 0 Do,.

Thus, this study has demonstrated that the local
mobility plays an important role in the gas permeability
at least in a series of substituted polyacetylens. It should
be noted that the gas permeability is determined by
many factors such as microvoid, chemical affinity be-
tween gas and matrix polymers, molecular structure,
and local mobility and further that the significance of
local mobility should depend on the kind of polymer. It
is therefore a challenging work to clarify roles of local
mobility in other polymer systems such as flexible vinyl
polymers.
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