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ABSTRACT: The micro-sized pore parameters, such as pore size and distance between pores in a series of model EPDM rubbers, were
determined in situ under the pressure of 500 psi using *2°Xe nuclear magnetic resonance (NMR) techniques: spin-lattice (T1) and spin-spin
(T2) relaxation measurements, pulsed-field gradient (PFG) NMR, and 2-dimensional exchange spectroscopy (2D EXSY). The Ty/T2 (>>1)
ratio for the xenon confined in the pores is larger than for non-confined free xenon. This suggests that almost the entire pore surface interacts
with xenon atoms like a closed pore. While these pores still connect each other through very narrow diffusion/exchange channels, it is
possible to observe the echo decay in PFG-NMR and cross-peaks in 2D EXSY. The results show that both diffusion (Dpore = 2.1 x 101 m?/s)
and exchange (exchange rate, zexch = a few tens of milliseconds) of xenon between a pore within the material and outer surface are prolonged.
The exchange distances (1), which corresponds to the xenon gas penetration depth, were estimated to be 70 — 100 um based on the measured
diffusion coefficients and exchange rate (1/zexch). NMR diffraction analysis reveals that the pore sizes (a) and the pore distances (b) are on
the order of magnitude of micrometers and tens of micrometer while the diffusion coefficients of xenon gas in the diffusion channels (De)
is about10® m?/s. Overall, this study suggests that the pores with a few micrometers and connected through very narrow flowing channels
with the length of several tens of micrometers are developed from 70 - 100 um below the rubber surface. Furthermore, the overall steady-
state diffusion of xenon is slower, approximately two orders of magnitudes, than the diffusion in the channel between the pores. The pore
and exchange distances correlated with the composition of rubbers showed that the properties of EPDM rubber as a high-pressure gas barrier
could be improved by reducing the size of cracks and the depth of gas penetration by the addition of both carbon black and silica fillers.

INTRODUCTION

A widely used commercial polymer, ethylene propylene diene
monomer (EPDM) rubbers have various macroscopic properties
according to the compounding of plasticizers, fillers, and other ad-
ditives'2 by changing the crosslinking of the polymers. To achieve
the goal for design, it requires understanding the microscopic struc-
ture and morphology correlated with the macroscopic properties of
the polymers. One area of applications, EPDM rubbers, are used as
O-rings or containers for handling high-pressure gas, such as hy-
drogen.? * When rubbers contact with high-pressure gas, it is pos-
sible to penetrate the pressurized gas into the rubber and concen-
trate gas in pores inside the rubbers.® Therefore, understanding pore
parameters, such as pore size, pore distance, the gas penetration
depth, and the dynamic properties of gas in the rubber and its pores
correlated with the compounds of rubbers, will be beneficial for the
rational design of the rubbers for the application with high-pressure
gas.

Nuclear magnetic resonance (NMR) is a widely used technique for
studying the network structure and rubber-filler interactions in
EPDM rubbers® 367 and the interactions of dissolved hydrogen gas
with the host substances,*> 8 primarily employing **C and H

NMR. However, in this study, we are interested in the pore struc-
ture under high pressure. Therefore 12°Xe NMR techniques were
employed. It has been demonstrated that various 12°Xe NMR tech-
niques, such as 2-dimensional exchange spectroscopy (2D EXSY)
and pulsed-field gradient (PFG) NMR, are helpful to elucidate the
pore structure of the polymers and porous materials. %4 In this
study, xenon gas was confined in a series of EPDM rubbers (Table
S1 in Supporting information) under 500 psi of *°Xe.

Experimental

Sample Preparations. A series of ethylene propylene diene
monomer (EPDM) rubbers incorporating various fillers and plasti-
cizers were obtained from Takaishi Industries (JAPAN). The de-
tails for the composition of the rubber samples are summarized in
Table S1. Xe gas was charged in a 5-mm zirconia WHiMS rotor
developed for high-pressure solid-state NMR® with a custom-built
pressure vessel pressurized to 500 psi (~3.5x106 Pa) for 30 minutes.
For diffusion measurements using a 5-mm commercial liquid NMR
probe, the WHiIMS sample rotor was mounted on a custom-built 5
mm shaft to fit the 5-mm liquids NMR sample turbine (see Figure
S1 in supporting information).



129Xe 2D EXSY and relaxation measurements. Both
129X e EXSY and spin-lattice (T1) and spin-spin (T2) relaxation time
measurements were performed on a 300 MHz solid-state NMR
spectrometer (Agilent, USA) equipped with a 5-mm magic angle
spinning (MAS) NMR probe at 25 °C. For 2D EXSY, Ty, and T2
measurements, the vendor-supplied pulse sequence (in VNMRJ,
Agilent, USA) EXSY, inversion recovery, and spin-echo were
used. The Larmor frequency of 12°Xe and 90° pulse length were 2z
x 83.35 rad-MHz and 2.8 ps, respectively. All measurements were
performed without sample spinning.

129Xe PFG-NMR experiments. The diffusion coefficients (D)
of Xe gas confined within rubber pores were measured by 2°Xe
pulsed-field gradient (PFG) NMR with the PFG stimulated echo
sequence composed of bipolar gradients (Scheme 1) to minimize
the artifacts, which may be generated due to the interfacial interac-
tions.1621 All PFG-NMR measurements were performed on a 600
MHz NMR spectrometer at a Larmor frequency of 12°Xe = 2z x
165.83 rad-MHz with a 5-mm liquid NMR probe (Doty Scientific,
USA); the maximum gradient strength and available minimum gra-
dient step are ~3100 and 0.158 G/cm, respectively. The diffusion
coefficient (D) of Xe gas in the rubber pore at 25 °C was deter-
mined from the Fourier transformed '?°Xe PFG echo signal, S(g)
recorded as a function of gradient strength fitted with the Stejskal-
Tanner equation, 2

S(g) = S(0)exp [-D(yg8)*(a - 3)| )

where S(g) and S(0) are the echo heights at the gradient strengths
of g and 0, respectively, D is diffusion coefficient, y is 12°Xe gyro-
magnetic ratio (= 2r x 11.777 rad-MHz-Tesla?), A is diffusion de-
lay, which is the time interval between the two bipolar gradient
pairs, and ¢ is the gradient length. The 1?°Xe PFG echo profiles of
Xe gas confined in the rubber pores were obtained as a function of
gradient strength (g) with 16 or 32 equal steps, and the maximum
gradient strength was chosen up to ~14 T/m based on the echo
height at the maximum gradient strength. The gradient duration (5)
was fixed at 1 ms. Diffusion delay (A) dependent diffusion coeffi-
cients, Dapp(A) were measured at A =5, 10, 15, 50, and 100 ms. The
90° pulse length of 12°Xe was 8 us. To increase the signal-to-noise
ratio, the signal was accumulated up to 64 scans with a repetition
delay of 14 s.

Scheme 1. Bipolar gradient stimulated echo pulsed-field
gradient NMR sequence. A, d, and g denote diffusion delay,
gradient duration, and gradient strength, respectively. The
gradient duration ¢ = 2db. In this study, the durations d1, dv,
and o2 were 0, 0.5, and 0.5 ms, respectively.
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Figure 1. 2°Xe NMR spectra obtained from a series of rubbers (E1
- E6) pressurized with 500 psi of Xe gas. The peaks centered at 190
~199 and 0 ppm come from xenon atoms confined in the pores and
residing in the exterior of the rubber pieces, respectively.
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Figure 2. Diffusion coefficients (Ds) of Xe gas confined in the se-
ries of EDPM rubbers determined by 12°Xe PFG-NMR.



Table 1. ¥Xe spin-lattice (T1), spin-spin (T2) relaxation
times for pore and free Xe gas and normalized T2/T: ratio
for pore; (T2/T1)pore/ (T2/ T1)tree Obtained from free Xe gas and
Xe gas located in the pores and the residence time (tr) of Xe
gas in the pore of EPDM rubbers.

Sam- Pore Xe Free Xe (T2/ T)pore! (T2 T1)free
PIeS ™1 e | Tzpore | Tumee | Taime (arb. unit)
() | (ms) | (s) | (ms)
El 9.65 48.8 | 11.20 | 13.2 4.3
E2 8.25 53.1 9.13 16.8 3.5
E3 8.70 36.7 | 11.00 | 18.6 2.5
E4 8.89 29.5 8.79 15.6 1.9
E5 9.94 575 | 10.44 | 20.1 3.0
E6 9.50 50.0 9.30 14.3 34

Results and Discussion

In Figure 1, each '2°Xe spectra show, two 1?°Xe resonances cen-
tered at the chemical shifts of 190 ~200 (Table S2) and 0 ppm de-
noted as pore and free Xe, respectively, due to the xenon atoms
confined in the rubber pore and those reside in the exterior of the

rubber surfaces, i.e., the empty spaces between the rubber pieces.'®
22 While it is well known that the chemical shift of xenon atoms
confined in the pores tends to shift to the higher field (more nega-
tive ppm) with the increase of the size of the pore,? it can also be
shifted due to mobility and composition of the porous material 242
Therefore, it may not be possible to directly correlate the observed
129%e chemical shifts from pore xenon atoms with the size of the
rubber pores. In this study, interestingly, the pore peaks (character-
istic peaks of xenon gas trapped in the pores) were gradually shifted
to the higher field (lower frequency) with the presence of silica and
carbon black while the addition of plasticizer and dioctylsebacate
(DOS) reverts the shifts back to the lower field: E2 and E5 com-
pared with E1 and EB6, respectively (Table S2); these shifts may
also be influenced by the variation of crosslinking.?*2>

For analysis of the interaction between Xe gas and rubber pore sur-
face, T1 and T2 relaxation times for both confined and free Xe gas
(Figure 1) were measured for the rubbers (E1 — E6) pressurized
with 500 psi of Xe gas and summarized in Table 1. It showed that
T2 << T1 from both free and confined Xe gas for all samples in con-
trast to bulk fluids for which T1 = T2 in extreme narrowing limit,
wote << 1, where wo is the Larmor frequency, and . is the rotational
correlation time. This behavior in relaxation mechanisms is con-
sistent with the 2-dimensional (2D) relaxation theory incorporating
strong interaction between the guest fluids and host solid surfaces
with a fast exchange between the guest molecules (those with and
without contacting the pore surfaces).?® The 2D relaxation behavior
observed from the cation of ionic liquid confined in mesoporous
silica?® showed that the T2/T1 ratios were gradually decreased as the
degree of pore filling decreased, i.e., the loading amount of ionic
liquid. In that case, as the degree of pore filling decreases, the space
between confined ionic liquid and the pore surface generated will
become more significant and the confinement effect will be
weaker. This weakening of the confinement causes the less effi-
cient exchanges of confined molecules between those with and
without contacting the pore surfaces, compared to the exchange

which occurs at the interface between ionic liquid and the space,?’
resulting in the smaller T2/Ta ratios due to the shorter and longer
T2 and Ty, respectively.? Similarly, in this study, the resulting T2/T1
ratios are always smaller for free Xe gas compared with those from
confined Xe gas: (T2/T1)free << (T2/T1)pore as a result from T1,pore <
Tufree and T2,pore >> T2free due to the presence of the interface at the
wall of rotor, and the strong interaction between Xe gas and EPDM
rubber.'® The larger (T2/T1)pore compared with the (T2/T1)free SUG-
gests that the xenon gas is confined very tightly in these rubber
pores, and there is no space inside the rubber pores. Then these rub-
ber pores possessing xenon gas can be considered quasi-closed
pores connected to each other or to the surface of the rubber with
tiny diffusion/exchange channels. If there is no such channel, dif-
fusion and exchange will be prohibited. It is possible to estimate
the relative size of the pores across the samples from the T2/T: ra-
tios. Assuming that T1 = T2 for xenon gas filled in the NMR rotor
without any rubber pieces, the shorter T> compared with T1 in con-
finement is due to the surface relaxivity. Therefore, the T2 relaxa-
tion time will be varied according to the contributions of the non-
surface contacting (1-s) and surface contacting (s) atoms with the
T2 relaxations, Tz and Tz, respectively, as follow;

l:@_Fi )
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Here, T2,» can be assumed to be the same as T1 due to the negligible
contribution of the surface relaxivity. Therefore, the T2/T1 ratio will
be proportional to the size of the pores. For an example, if the pore
is extremely large, the T2/T1 ratio will be closed to the unity because
T2 =~ Ta1. For the comparison of the pore sizes across the samples,
the (T2/T1)pore Was normalized with corresponding (T2/T1)free be-
cause each sample will vary both T1 and T2 according to the detailed
conditions of the experiment, such as rubber compositions, rubber-
to-rotor volume ratio, and errors in pressure. The results summa-
rized in Table 1 (Figure S2 in supporting information) suggesting
that the pore sizes will be decreased as following order: E1 > E2 >
E6 >E5>E3>E4.

Diffusion coefficients of pore and free Xe gas were obtained and
presented in Figure 2. Due to the diffusion barrier, the diffusion
coefficient will be decreased as the diffusion delay (A) increases
and then will be reached to the plateau with the steady-state diffu-
sion coefficient, D, when A is long enough to get the steady-state
diffusion. This diffusion behavior and A dependent diffusion coef-
ficients are so-called restricted diffusion and apparent diffusion co-
efficient, Dapp(A), respectively. From A dependent Dapp(A), it is
possible to estimate the pore structure, such as the radius (d), sur-
face-to-volume ratio (S/V), and tortuosity (T) using equation 3 (or
4), 5, and 6, respectively. 2

() = [1 - D;””] : 3><13(;/j\/p_0 = %\/Z; open pores ®)

Dgpp(B) = %; closed pores (4
Dapp()/Do = [1 = 5=5 /Dol ®
T=3° ©)

All of the above equations contain Do, which is the diffusion coef-
ficient at A = 0 and is thought to be the same as the bulk diffusion
coefficient, that is the diffusion coefficient obtained without any



diffusion barriers. In this study, we determined Xe gas diffusion
coefficient Do=1.7x10"" m?s, which is in good agreement with pre-
vious reports, 1> 4 using 500-psi Xe gas without rubber in the
WHiMS sample rotor and plotted at A = 0 in Figure 2. Subse-
quently, we filled the high-pressure sample rotors with rubber
pieces ~1 - 2 mm diameter and pressurized the rotor with 500 psi
of Xe gas for the diffusion coefficient measurement. The diffusion
coefficient (Drree) for Xe gas residing outside rubber measured at A
=5 ms is Dfree = 9.7x10® m?/s, which is slightly slower than Do.
Probably this is due to the longer diffusion path resulting from the
presence of the rubber pieces. 14 Then, the tortuosity for the Xe gas
diffusion through the rubber pieces was estimated to be about 2
from the diffusion ratio Do/Dfree = 1.7x107 /9.7x108. It was not
possible to measure the diffusion of free Xe gas when A > 5 ms
owing to the loss of the echo signal resulting from the fast diffusion
and instrumental restrictions (the available minimum gradient step
was 0.158 G/cm). As shown in Figure 2, it seems that Dfree =
9.7x10® m?/s is very close to the steady-state diffusion coefficient
due to the larger space between the rubbers with the diameter of 1
~ 2 mm. For the Xe gas confined in the rubber pores, the diffusion
coefficients were determined as Dpore = 2.1 x 1019 m?/s, which de-
creased three orders of magnitude from Do and reached the plateau
at A = 5 ms. This magnitude of decrease is almost the same for all
samples. Due to the lack of Dapp(A) in the early part of A, it is hard
to estimate the exact pore size using equations 3 because the pore
radius can be estimated from the slope of Dapp(A) Vs. VA. However,
it can give a rough estimation of the size of the rubber pores. Equa-
tion 3 shows that the pore radius (d) can be determined from the
slope, i.e., from Dapp(A) plotted as a function of v/A. The d values
calculated from Do and Dypore at A =5 ms showed that the pore ra-
dius would be smaller than ~30 um. From relaxation analysis, we
found that it is possible to consider the pores are a closed pore while
it is thought that the pores connect to each other or to the outside of
rubber through very tiny narrow channels. Then, we obtained d ~
4.5 um at A = 5 ms using equation 4. This value is smaller about an
order of magnitude than the value obtained using equation 3. Using
equation 5, the inverse of surface-to-volume ratio, (S/V)* (=VIS,
volume-to-surface ratio) was estimated to be <7.5 um, which cor-
responds to the sphere with a radius of <23 um, which is similar to
the pore sizes estimated with equation 3. This is basically because
both equations 3 and 5 were derived from the open pores. Suppose
it assumes that the sphere with a radius of 4.5 um, the V/S ratio is
estimated to be ~1.5. The tortuosity of materials with similar pore
V/S values (several micrometers) are only 3~6 °, while the esti-
mated tortuosity is ~480 from the Do/Dpore in these rubbers. How-
ever, this estimated tortuosity appears too large to be realistic. This
may be related to the pore structure, which is thought to be a quasi-
closed pore. As observed from the relaxation behavior, the pore can
be considered a closed pore with tiny/narrow channels connecting
the pores and pores and the rubber surfaces. This means only a tiny
amount of Xe gas can diffuse through those channels while most
confined Xe gas resides in the pores. Therefore, the apparent diffu-
sion coefficient will be much smaller than the diffusion coefficient
of Xe gas diffusing through the channels. Then the tortuosity esti-
mated with the diffusion ratio Do/Dpore Will be much larger than the
actual tortuosity of the channel. Based on the above observations,
it can be concluded that equations 3, 5, and 6, which were devel-
oped with an open pore geometry are not able to use for the estima-
tion of the rubber pore structure, such as diameter (d), surface-to-
volume ratio (S/V), and tortuosity because the pores are quasi-
closed pores.

Table 2. The residence times (tr) and exchange rates (zexch)
estimated from 12°Xe EXSY results and pores sizes (R) and

exchange distances between the pores and surfaces in the
pore of EPDM rubbers.

Samples tr (<R%>)12 Texch 1
(Xepore) ®) (um) ) (um)
El 196 + 22 812 +41 15+2 82+4
E2 401+ 44 1100 + 55 22+2 94 +5
E3 314+ 35 944 + 47 19+2 84 +4
E4 125+ 14 609 + 31 12+1 68 +3
E5 166 + 18 735 + 37 14 £2 77+4
E6 156 + 17 727 + 37 13+2 77+4
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Figure 3. Representative 12°Xe 2-dimensional exchange spectrum
(2D EXSY) obtained with the mixing time, tm = 1.2 s from E2 rub-
ber pressurized with 500 psi of Xe gas.

Due to the discrepancies in the pore sizes estimated from equations
3 and 4, we performed 1?°Xe 2D EXSY (Figure 3) and estimated
the pore size of these rubbers using the intensity ratios between di-
agonal (ldiagonat) and cross (leross) peaks obtained from 2D EXSY in
conjunction with spin-lattice relaxation times and diffusion coeffi-
cients. From 2°Xe 2D EXSY, we observed cross-peaks, as shown
in Figure 3, between the two peaks that come from Xe gas confined
in the pores and those staying outside of pores (free Xe gas). Then
the peak intensities of the cross-peak (Ic) and diagonal peak (lq) for
Xe gas confined in the pores were used to estimate the residence
time (tr) of Xe gas staying in the pore of rubbers using equation 7,
which was derived from a two-site exchange model: °

Ie Xporeksinh(aty,)

O]

Ig a[cosh(atm)—ésinh (atm)]

. 1
with a = ﬁz + xfreexporekz and g = 2 [(xfree — Xpore )k +

1 1 ]
Tl,pore Tl,free '

where Xpore and Xree are the populations and Tipore and Tifree are
spin-lattice relaxation times of pore confined and free outside Xe
gas, respectively. The estimated tr value, which is the reciprocal of



the k value, is shown in Table 2. Then the mean square radius, <R>>
of the pore can be estimated using equation 8, °

k=L 15D @®)

tR_@

For more structure analysis, we used ldiagonal and lcross Obtained from
the peak at ~195 ppm, characteristic of xenon atoms confined in the
pores. The results, which are too large to be real, showed that the
pore radius, (<R%>)Y2 distribute from 600 to 1100 pm (Table 2),
which are comparable with the size (diameters of 1 ~ 2x10% um) of
the rubber pieces used for the NMR measurements and larger about
two orders of magnitude than those obtained using equation 4.
Based on equation 8, the pore size is proportional to the residence
time tr of the Xe gas in the pores. Even though the pore sizes are
similar between the open and closed pores, the pore size of closed
pore will be estimated larger than that of open pore because the tr
for the gas in the closed pore will be longer than tr in the open pore.
Based on this observation, the pore of these EPDM rubbers can be
considered closed pore but with tiny diffusion and exchange chan-
nels connecting the pores and the rubber’s surface; otherwise, dif-
fusion and exchange will not be permitted. From the peak intensity
ratio between the diagonal (ld) and cross (Ic) peaks, it is possible to
estimate the exchange time, zexch between the two different sites as
shown in equation 9, 3!

_ Tm
Texch = — n (IC—Id) 9)
Ic

where zm is the mixing time. Then the exchange distance, | between
the two sites can be estimated using zexch in conjunction with the
diffusion coefficient, D determined from PFG-NMR using equa-
tion 10, 3

p=—L
= —— 10
2d-Texch (10)

whered =1, 2, and 3 for 1, 2, and 3-dimensional diffusions, respec-
tively. We found that Xe gas diffuse to other pores and the rubber
surfaces along with tiny diffusion channels. Then it can be consid-
ered that the exchange between the confined and free xenon gas
may occur through quasi one-dimensional diffusion (d =1) chan-
nels. Here, the exchange distance | is closely related to the distance
from the pore inside of the rubber to the rubber surface. The sizes
(diameters of 1 ~ 2x103 um) of rubber pieces used for the NMR
measurements are larger 10 ~ 20 times than the estimated exchange
distances distributed from 70 to 100 um (Table 2), suggesting that
the pores confined xenon gas are developed from 70 ~100 «m be-
low the surfaces. As shown in Table 2, the zexch and | were shorter
for free Xe gas than pore Xe gas, probably due to the fast exchange
of Xe gas on the surface of the rubber pieces with small open pores.

Based on the above observations, we carefully analyzed the 12°Xe
PFG-echo profiles and then found an additional diffusion compo-
nent on an echo decay so-called ‘NMR diffraction’ as observed pre-
viously from 12Xe PFG-NMR performed with Xe gas flowing
through glass beads®® and diffusing in the pores of zeolites.!* This
is probably due to rubber pores connecting each other with tiny dif-
fusion/exchange channels. The ?°Xe PFG-echo profile obtained
with 32 gradient steps for E5 rubber presented in Figure 4 (Figure

S3, supporting information) showed that the echo intensities grad-
ually decreased with an additional oscillatory component. The pat-
tern is not evident probably due to the distributions of pore size and
the length of diffusion/exchange channels, i.e., the distance be-
tween the pores. 32 33 3435 |n addition, for these rubbers it is thought
that there are quasi-closed pores connected to each other through
tiny diffusion channels. Xe atoms can diffuse fast through these,
suggesting that the smaller amplitude of the oscillatory component
in the diffraction pattern may be a result from this tiny contribution
of fast diffusing Xe atoms to the PFG-echo profile. Also, it is well
known that the diffraction pattern can be varied by the PFG param-
eters, such as gradient duration and strength, along with the diffu-
sion time, 3 which are closely correlated with the measured diffu-
sion range. The NMR diffraction analysis can give a rough idea for
the pore structures.®® 373 Then we fitted it with the NMR-
diffraction equation 11,%

6D A
E(q,8) = |so(q)]? exp [—#(1 -

_ 2 272+ Sin(2ngb)
exp(—2m? q2¢2) )| (11)

where the local structure factor of Sois

so(q) = 22T (12)

Tqa

q = ydg/2x, £ is the standard deviation of the mean pore distance of
b, a is the pore size (radius), Deff is the diffusion coefficient for
migration between the pores, and A is the diffusion time. The echo
profile for E5 rubber fitted with NMR diffraction gave that Desr =
1(x1)x10® m?/s, a = 3.2 um, and b = 11 um. From the NMR dif-
fraction behaviors across the samples, we found that Defr ~ 1~5x10
8m?/s,a=3~5um, and b =5~ 27 um. The results are summarized
in Table 3. These results are pretty similar to the observation from
the xenon diffusion in the pores of zeolites with the sizes of 6 — 10
um and 15 — 25 um, showing that the intra-crystalline diffusion
with D = 6x102° m?/s accompanying with fast, long-range diffu-
sion.1* While there will be some errors in the determination of a, b,
and Der using diffraction behavior due to its blurry, the results can
give the range of the pore size, pore distance, and the diffusion co-
efficient in the channels connecting pore-to-pore and pore-to-sur-
face that revealed as a few micrometers, several tens of microme-
ters, and ~108 m?/s, respectively. These values are in reasonable
agreement with the values obtained from the above analysis. For
instance, the pore size obtained from equation 4 with the steady-
state diffusion coefficients is ~4.5 pm and free Xe gas diffusion
coefficient Do=1.7x10""m?/s. Also, the pore sizes determined from
NMR diffraction are in good agreement in their order with the rel-
ative size of the pores determined from the T2/T: ratios (Figure S4
in supporting information). It is reasonable that the pore distances
are smaller than the exchange distances: b < | because the exchange
distance, I, is mainly related to the distance from the pore to the
surface, while b mainly reflects the distance between the pores that
is thought to be shorter than the exchange distance I. Interestingly,
it revealed that the pore distances tend to vary inversely with the
exchange distances (Figure S5 in supporting information). This
suggests that the pore distances tend to be shorter in the pores lo-
cated in the deeper inside of rubbers and vice versa, as shown in
Figure 5 and Figure S5. Probably, the exchange distance of Xe gas
in these rubbers is closely correlated with the geometry of the pores,
such as pore size, shape, and distribution through the material. In
Figure S6 (Supporting Information), it is shown that the exchange



distance decreased with the increase of the ratio b/a and the de-
crease of a. This suggests that the exchange distance will be shorter
when the smaller pores are formed farther away from the other
pores.
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Figure 4. The 12°Xe PFG-echo profile obtained from the confined
Xe gas in E5 fitted with (a) the Stejskal-Tanner equation, eq (1): D
=2.0x10"°m?/s and (b) NMR diffraction equation: Defr = 1 (1) x
108m?/s,a=3.2 umand b =11 um.

Table 3. The pore size (a), pore distance (b), and effective
diffusion coefficient (Defy for each rubber obtained from
NMR diffraction.

Samples a b Deff
(nm) (nm) (m?fs)
El 49+0.1 18+2 1(x1)x107
E2 43+0.8 6+£3 5(x3)x10%
E3 N/A N/A N/A
E4 2801 24+1 4 (x2)x 108
E5 3.2+0.1 11+1 1(x1)x10%
E6 3.9+0.2 13+1 8 (x5)x 10
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Figure 5. (a) Pore distances and (b) exchange distances potted as a
function of the hardness of the rubbers.

Here, it should be emphasized that the pore distance and exchange
distance are closely related to the length of the crack and the pene-
tration depth of xenon gas into the rubber, respectively. Then the
shorter pore-pore and pore-surface distances will mitigate the for-
mation of the long-range cracks deep inside of the rubber that high-
pressure gas can penetrate into, and be better for the storage of
high-pressure gas in tanks made of the rubbers. Bear this in mind,
we plotted these distance parameters as a function of the hardness
of the rubbers (Figure 5) and showing that the pore distance and
exchange distance tend to increase and decrease, respectively, with
the increase of the hardness of the rubbers. Interestingly, the E5 and
E6 rubbers, which added carbon black in addition to silica, showed
a relatively shorter pore distance compared with the E4 rubber,
which has no carbon black. This suggests that carbon black additive
can reduce the size (length) of the crack, probably due to EPDM-
carbon filler interfaces. & ® While these rubbers (E5 and E6) showed
slightly longer xenon gas penetration depth than the E4 rubber, it is
still shorter than the other rubbers (E1, E2, and E3). This confirms
that adding both carbon black and silica into EPDM rubber can im-
prove the quality of the rubber as a high-pressure gas container by
reducing the length (size) of cracks and the depth of penetration of
high-pressure gas into the rubber.

CONCLUSIONS

The pore structures of a series of EPDM rubbers were analyzed us-
ing 12°Xe NMR techniques, such as relaxation (T1 and T2) measure-
ments, PFG-NMR, and 2D EXSY with the rubber samples pressur-
ized with a 500 psi Xe gas. There were two Xe resonances from
rubber pore confined and free outside xenon gas at the chemical
shifts of ~195 and O ppm, respectively. Then it was possible to
measure T1 and T2 relaxation times and diffusion coefficients for
pore confined and free xenon gas separately and estimate the ex-
change rate (1/zexch) between pore and free xenon gas utilizing the
2D EXSY experiment. The relaxation ratio, T1/T2 >> 1 due to the
presence of the interaction between xenon atoms and rubbers, is
smaller for the xenon atoms confined in the pores compared with
free xenon atoms suggesting that the pores are filled with xenon
atoms without space between the pore wall and confined xenon at-
oms like a closed pore. However, due to diffusion/exchange chan-
nels inside rubbers, very slow diffusion (Dpore = 2.1x10°2° m?/s vs.
Do=1.7x10"7 m?/s of free Xe gas) and exchange (zexch = 10 ~ 20 s)
between confined and free xenon atoms were observed. Then we
concluded that the quasi-closed pores connected each other with
tiny/narrow channels. This is the cause of additional decay in the
PFG-echo profile, so-called NMR diffraction, which gave the pore
parameters of these rubbers, such as pore size (a), pore distance (b),
and diffusion coefficient (Deff) for xenon atoms diffusing in the
channel are several micrometers, a few tens of micrometers, and
~108 m?s, respectively. The exchange distances (l), which corre-
spond to the distance from the surface to the pores, were estimated
to be 70 — 100 um. This suggests that the Xe gas pores are devel-
oped in 70 — 100 um from the rubber surface. Overall, the results
suggest that the Xe pores with the size of several micrometers con-
nected each other through tiny channels with the length of a few
tens of micrometers were developed in 70 - 100 um from the sur-
face under the pressure of 500 psi. Moreover, the diffusion of Xe
gas in the channel is faster, about two orders of magnitudes, than
overall steady-state diffusion. Based on the pore and exchange dis-
tances obtained from these rubbers (E1 — E6), it can be concluded



that adding both carbon black and silica into EPDM rubber may
improve the quality of the rubber as a high-pressure gas device.
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TOC graph

EPDM rubbers pressurized with 500 psi of Xe

Pore size, a = a few um
Pore distance, b = a few tens um
Xenon gas penetration depth, [ = 70 — 100 um
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