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ABSTRACT: The structural influence on translational diffusion of 2,2,4-trimethylpentane (TMP) through SEBS
triblock polymer (poly(styreneplockpoly(ethenezo-but-1-ene)blockpoly(styrene)) was studied using pulse field
gradient (PFG) NMR coupled with lattice model simulation. Two types of PFG experiments were performed:
one observing the time-dependent apparent diffusion constant and another observing the diffusion-induced NMR
signal attenuation. TMP is selectively sorbed into the rubbery ethylene/butylenes (EB) phase while the glassy
poly(styrene) (PS) phase acts as a barrier to TMP diffusion. The observed apparent diffusion constant drops
drastically at the grain boundary, in which the orientation of the minor EB cylinder phase changes from grain to
grain. In the lattice model simulation, in order to match the large drop of diffusion constant, the diameter of the
EB cylinder at the interface had to be reduced by a factor of about 0.7. This extra restriction in the size of the
conductive phase indicates the important role of the grain boundary on diffusion in membrane applications of
block copolymers. The simulation also shows that the grain boundary influence on diffusion becomes significant
when the solubility and diffusivity of the penetrant are greatly different between the rubber and glass phases. In
addition, we extended the lattice model to simulate the diffusion-induced PFG NMR signal attenuation. From the
simulation and theoretical fitting, it is obvious that the EB phase at grain boundary is not connected well, which
is in agreement with our observation of a drastic apparent diffusion constant drop at the grain boundaries in the
PFG experiment.

Introduction sulfonated poly(styrenblock(hydrogenated butadieres-
styrene)blockstyrene) can serve as a selective membrane that
allows for rapid water permeation and slower permeation of
chemical warfare simulant8.In addition, it has been reported
that this type of membrane shows selectivity for proton/water
transport vs methanol, appropriate for fuel cell applicatins.
The TMP has a low solubility in PS, measured as 2.85 wt %,
and a high solubility in EB rubbery625 wt %; its solubility is

227 wt % in the SEBS triblock. The diffusion of TMP is

The influence of polymer structure on the penetrant transla-
tional motion may be studied by observing the time dependence
of the diffusion coefficient. The dependence of the apparent
diffusion constant on the diffusion time can be directly
monitored by pulse field gradient (PFG) nuclear magnetic
resonance (NMR).The effects of structural heterogeneity on
diffusion have been reported in random copolynfefgolymer

blends? nanocomposite®’ and dispersed oil drops in polymérs. T ,
In those systems, the structure is not regular or well-defined, expected to be of the order of 10cn? s in the EB rubbef

14 —1 G} .
so it would be informative to observe penetrant diffusion in a a_nd 10 sz s *in the g!assy PS_‘ Th? combination of those
strongly segregated block copolymer with a well-defined differences in the solubility and diffusion rates assures that the

morphology. The effect of morphology on diffusion in block conductive phase will be the EB rubber and the surrounding
copolymers has been examined before by means of sofption, PS Will act as a barrier, which makes TMP in SEBS an ideal
but NMR can directly monitor the dependence of diffusion over SyStém for observing the influence of morphological structure
a range of length scales. PFG NMR has been used to investigat€©n Penetrant diffusion.

the diffusion of block copolymers in solutidfi;}*in contrast, Effective medium theory (EMT) has been applied to predict
the polymer system studied here is in the solid phase. the effective diffusion constant of penetrants in block copolymer

In this study, the self-diffusion of 2,2 4-trimethylpentane Systems with different morphologies such as spheres, cylinders,
(TMP) in a Strong|y Segregated triblock Copo|ymer p0|y_ and lamellaé?® However, EMT cannot prediCt the dependence
(styrene)blockpoly(ethenezo-but-1-ene)blockpoly(styrene) of the apparent diffusion constant on the diffusion time. In
(SEBS) was measured by PFG NMR. The SEBS polymer addition, EMT neglects the effect of the phase continuity across
studied had 65 wt % styrene in the end block; thus, the expectedthe grain boundary. In the reported €@as permeability
morphology consists of hexagonally packed rubbery ethylene/ investigation, the EMT prediction agrees well with the experi-
butylene (EB) rods in a glassy polystyrene (PS) ma#it4 mental results, and in this case, the neglect is justified since
This type of triblock copolymer is a potential alternative to the difference in C@gas solubility and diffusion rate is not
Nafion as a permselective membrane for chemical protection large enough between the two components of the reported SB
and fuel cell applications. It has been shown that partially copolymer® However, the influence of phase connectivity on

TMP diffusion in SEBS may be significant. In the reported PFG

. L results, the apparent diffusion constant of TMP in SEBS has a
C|arkTuc_)e(\flTom correspondence. should be addressed. E-mall: glin@ drastic drop at the grain boundary, which is beyond that

T Posthumous. predicted by EMT2 As mentioned above, the difference in
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solubility and diffusion rates of TMP in rubbery EB phase and 90° 90° 90°
in glassy PS phase is large, which will make the influence of ) )
grain boundary morphology on diffusion significant if the EB
in one domain is not well connected to the EB in the next
domain at the grain boundary.
There are reports describing the diffusion in tortuous systems !
produced by the presence of impenetrable reg?ér’s.How-
ever, in the copolymer system, both phases may be penetrable,
and each copolymer grain may be penetrable even if one '
copolymer phase is impenetrable. For a case such as this, we A
are npt aware. O.f other models t.hat COUIC.' predict the apparentFigure 1. Pulse sequence used for the measurement of proton
diffusion coeffl_C|ent at different times, which, fortunately, can translational diffusion. The gradient pulse widihis typically 1 ms,
be observed via PFG NMR. and the timeA over which diffusion occurs can be varied from 3 to
In the PFG NMR experiment, the diffusion-induced NMR 1000 ms.
signal attenuation is closely related to the morphological . o
structure of the studied system. Some analytical expressions have USing proton NMR, the apparent diffusion constant of the
been obtained to relate the diffusion to the NMR signal PenétrantDap, was measured at 28 as a function of the
attenuation and experimental parameters in different systemsime over which self-diffusion occurs in the stimulated echo
They include free diffusion and diffusion inside some regular PUISe sequence, as shown in Figure 1. The apparent diffusion
structures such as single sphere, cylinder, and planar strét#re. ~ constant in the PFG NMR experiment is definedby
However, it is difficult to obtain the analytical expression for
complex geometric structures. DapdA) = —
A lattice model has been developed to simulate diffusion in ap
heterogeneous polymer membrane syst&€niis simulation ] ) ] ] )
model is based on a model presented by Ediger & aihich whereE(g?A) is the echo amplitude; is the gyromagnetic ratio,
was developed to clarify the physical basis for the apparent 91S the gradient strength, ads the duration of gradient pulse.
enhancement of translational diffusion relative to the rotational Only the initial decay of echo amplitude was monitored,
motion in glass. In the application to date, a two-domain typ!cally toa level of apout 70%.0f the orlglnall amplitude. At
morphology is constructed on a cubic lattice. One of the domains @ given timeA, the gradient amplitude, was varied from 0 to
is associated with fast diffusion and the second domain is UP to @ few hundred G/cm. The tinfe ranged from 4 ms to 1
associated with slow diffusion. This model has been applied to S- The length of the gradient pulses was fixed at 1 ms. The
diffusion in dynamically heterogeneous polymer blends and to @pparent diffusion constant at a given valueois calculated
a high permeability fluorinated copolymer. In those systems, from the slope of a plot of the logarithm of the echo amplitude
the initial morphology is a random distribution of fast and slow VS 9. The results of 10, 20, and 24 wt % TMP diffusion are
domains. For the block copolymer systems, the morphology will ShOWU in Figure 2. o
consist of a well-established structure of spheres, lamella, and ! Figure 2, the apparent diffusion consténg,for the TMP
cylinders!2 To improve our understanding of penetrant diffusion in the SEBS is plotted as a function of the average root-mean-
in block copolymers and better interpret the PFG NMR diffusion sduare displacementi{¥?), which is given by the equation
experiment, the lattice mod&is modified to simulate the time- 1?32 = /6D, A. This value represents the average distance
dependent diffusion process. The routine of building the lattice that a TMP molecule diffuses in a ting assuming an isotropic
with randomly oriented and randomly sized grains is outlined, medium. In the PFG experiment, diffusion is observed in the
and the grain boundary influence on diffusion is simulated. In direction of the magnetic field gradient, and the medium is a
addition, we also extend the lattice model to simulate the sum over all orientations of the EB domains relative to the field.
diffusion-induced PFG NMR signal attenuation, which was At short time, the medium is anisotropic but at longer time
performed by directly recording the nuclear spin phase Changediﬁusion will average over the structure. This anisotropy is due
resulting from magnetic field gradients during the penetrant to copolymer morphology, which is different from that induced
random walk. The simulated signal attenuation is compared with by deformation of polymer networks with increasing compres-
theoretical results from short-gradient-pulse (SGP) approxima- sion force3® This average is roughly achieved sin€gp,

2
_ 1 im aln E(g A) )
y°O(A — 6/3) 90 og

tion for diffusion in the cylindrical structure. approaches a plateau at large valueg##. This same general
) behavior is observed in SEBS samples at a variety of concentra-
Experiment and Results tions of TMP in the 16-24 wt % range.
SEBS triblock polymer, poly(styrend)ockpoly(ethene-co- The TMP diffusion is fast at short time and slows down as

but-1-ene)block-poly(styrene) with a molecular weight of 49K time increases. The fast diffusion constants occurring inside the
and styrene end blocks of 16K, was provided by Drs. Donald EB phase are in the range of T&nm? s1, as would be expected
Rivin and Nathan S. Schneider of the Natick Soldier Center. for a rubbery matrix. When the TMP makes contact with the
The SEBS film was prepared by castingrfr@a 5 wt %solution PS at the walls of the EB domaiDgppdecreases. The EB phase
of the triblock in toluene. The solution was evaporated from a swollen by the penetrant has a diameter in the range of tens of
Mylar sheet, leaving a film with a thickness of about 10@. nanometers but a length in the range of micrériBhe latter is

The film was then cut into small pieces, placed into an 8 mm determined by the grain size, a second morphological charac-
NMR tube with 20 wt % TMP, and sealed under vacuum. PFG teristic affecting diffusion. Together these two distances deter-
measurements were performed on a Varian Inova 400 MHz mine the length scale for the initial contact with the PS. The
wide-bore NMR spectrometer in an 8 mm direct detection probe initial contacts occurring on the length scale of the diameter is
with high gradient capability (1000 G/cm) from Doty Scientific. too short to be observed by PFG NMR with gradients in the
Glass spacers were placed in the NMR tube to center the sampleange of 1000 G/cm. The diffusion drops an order of magnitude
in the region of the radio frequency and gradient coils. between 2 and zm due to the length scale of the grains. Cast
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Figure 2. (a) Echo amplitude vs gradient square for 20 wt % TMP in
the SEBS triblock copolymer. (b) The apparent diffusion constant as a
function of square root of mean-square displacement of TMP molecules 0.014
in the PFG NMR experiment for three different concentrations of TMP ]
in the SEBS triblock copolymer.

PP

films of block copolymers of this type commonly have grain
boundarie® between domains where the orientation of the EB
phase changes. At the interface, the EB in one grain may not
be well connected to the EB in the next grain. Various types of
dislocations have been observed and described for the block 1000/Temp (K™)

copolymer morphology at a grain bound&?itn general, there ) . . )
could be a narrowing of.the connections petween qyllnders or i':r:%lé:?ni' O??gig{:g?&;ﬁ;?;;gﬁrgﬁgg wsh'nassﬁfjécﬁ(%?ﬁe%re}gm
lamella at the boundary if not an outright disconnection. In any gistribution.

of these cases, diffusion will be impeded leading to a drop in

the Dapp Since there is a distribution of grain sizes and

orientations in any real sample, the drop is spread out over a (1) 3D Random Hexagonally Packed Cylinder Lattice.

0,001~ e e

range of sizes, which is about 2 toun in our experiment. Figure 5 shows the cartoon of the lattice model used for the
In a separate experiment, the diffusion-induced NMR signal simulation of TMP diffusion in SEBS triblock copolymer. The
attenuation was measured at 26 with diffusion time A three-dimensional lattice in the simulation consists of (1824)

equaling 200 ms and a gradient pulse width of 3 ms. Gradient small cubic boxes. Each EB cylinder has a diameter of 8 cubic

amplitude,g, was varied from O to up to 900 G/cm. The result boxes. For SEBS, the rubber EB phase and glass PS phase are

is shown in Figure 3. specified by two different types of small cubic boxes: one with
Variable temperaturéH spin-lattice relaxation measurements  fast diffusion constant (1.2% 10°6 cn¥ s™1) representing the

of TMP were performed on two Varian NMR spectrometers: a dispersed EB cylinder phase and another with very slow

Varian Inova wide bore 400 NMR spectrometer (61.4 MHz) diffusion (1.29 x 10°° cn? s™1) representing the continuous

and a Varian Mercury narrow bore 200 NMR spectrometer (30.7 PS phase. The diffusion inside each polymer phase is assumed

MHz). These are shown in Figure 4. homogeneous. To maintain the difference of TMP solubility
. . . between EB and PS phase, microreversibility at their interface

Diffusion Simulation is set to produce the concentration gradfémeriodic boundary
The basic procedure of lattice molel simulation has been conditions are used in the lattice.

described in detail by the Ediger group and Jones gfééh, The lattice with randomly oriented and randomly sized,

which will not be repeated here. We will pay more attention to hexagonally packed cylinder grains is built step by step. First,
the building of the random lattice and simulation results. the cubic lattice is divided into random sized grains. In the 3D
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Figure 6. Comparison of apparent diffusion constant as a function of
root-mean-square displacement from lattice model simulation of
diffusion and the experimental results. Grain size from the simulation
is 2.5um.

lattice was built and will not be changed. Hence, the orientation
of each grain will be random, depending on the random Euler
angle.

Other geometric structures can be built by this same method,
allowing for simulation of diffusion in the sphere and lamella
systems.

(2) Simulation of Time-Dependent Apparent Diffusion.To
simulate diffusion, random walks were performed on the lattice
built previously. In each random walk, at timiethe spatial
position r(t) was recorded. The simulated apparent diffusion
constant was calculated Wp, = 206t In the simulation,
the two adjustable parameters, TMP diffusion constant in EB
phase and the grain size, were used. The actual value of the
diffusion constant in the PS domains is not important in the
simulation as long as it is more than about 3 orders of magnitude
smaller than the diffusion constant in the EB domain, so the
TMP diffusion constant in PS phase is set as 1000th of that in
EB phase. The solubility difference from permeability measure-
ment is used in the simulation. In the simulation, the diffusion
constant in EB phase was mainly determined by the short time
diffusion constant obtained from the PFG experiment. It is
determined to be 1.29 10°% cn? s71, very close to the TMP

(b) diffusion constant in the 87% EB and 13% PS triblock
Figure 5. Three-dimensional hexagonally packed cylinders lattice COpOIy.mer that we m.easwe{j' Th.e.experlmental and simulated
structures: (a) regular structure; (b) randomly oriented and randomly Short time apparent diffusion coefficients of TMP are about one-
sized polygonal grain structure. third of that in the pure EB phase. The simulation results
compared with experimental results are shown in Figure 6,
cubic lattice, we randomly pick some points as grain centers. which is the average of over 3000 random walks. To get the
The total number of grain centeMyain centersiS calculated by order of magnitude decrease in the apparent diffusion constant,
the diameter of the cylinder at the interface had to be reduced

Vootal by a factor of about 0.7. When the effect of all orientations is
Ngrain centers™ = (2) con5|d'eregl, effec'tlve.medlum theory prethts a factof/ef
grain reduction in the diffusion constant of TMP in SEBS. To match
. . . the experimental results, the extra restriction in the size of the
where Vioral is the total volume of the lattice an@in is the conductive phase at the grain boundary must be added. This

average grain volume. Each cubic box belongs to a grain whosejngicates an important structural characteristic of the interface
grain center is nearest to the cubic box in the lattice. By this petween grains. The grain size determined by the simulation is
way, the grain will be a random polygon with random size. 2 5,m, which is mainly determined by the position where the
Second, for each grain we perform one Euler rotation around experimental diffusion constant drops drastically (Figure 6). The
its grain center with a random Euler angtef,y). Each cubic same simulation parameters match another view of the experi-
box in the rotated grain will correspond to a cubic box in an mental results, as shown in Figure 7. Here, the mean-square
unrotated regular cylinder lattice that we built for reference. displacement is plotted vs the time over which diffusion is
The rotated cubic box is assigned the same phase as that of thebserved in the pulse field gradient diffusion experiment. The
referenced cubic box, which was given when the referenced mean-square displacement grows rapidly at short times and then
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2107 phases and lead to NMR signal attenuation. The signal amplitude
] attenuation gives information on the displacement along the
gradient axis. The displacement of penetant is affected by the
morphology of the system studied. Particularly, with lamge
value q = ygo/2x), diffusive diffraction can be observed for
spins trapped in a closed pore at long diffusion time limit in
PFG experiment?® To see the morphology influence on the

r? Sim n
" 2Exp

15107

“g 11074 NMR signal and to see whether we can observe the diffusive
N 1 diffraction effect at long time limit, the stimulated echo PFG
Vv experiment was performed with equaling 200 ms, which
| satisfies the conditioDA > L? (D is the short time diffusion
510° constant andL is the size of geometric structure). The

experimental results are shown in Figure 3, which can be
analyzed by different situations as described in the following.
In the SEBS triblock copolymer, if the EB cylinder phases
G(') T '0'2' ' '0'4' ' '0'6' ' '0'8' ] at different grains are connected very poorly at the grain

' ’ ’ ’ boundary, the diffusion may be treated as restricted diffusion.

A(s) When the symmetry axis of a cylinder takes an arbitrary angle

Figure 7. Mean-square displacement vs the time over which diffusion with respect to the direction of magnetic field gradient, the PFG

is observed in the PFG NMR experiment. Experimental results are NMR signal attenuatioriE(g,A) in a closed cylinder is given
compared with the simulation. by?26

slows at longer times. This reflects rapid diffusion inside an 0 o w

EB cylinder which slows as the TMP molecules encounter the E(q.A,0) = Z Z Z

PS phase where diffusion is slower and solubility is lower. ™ &1 7= s
Earlier investigations based on ¢@as permeability showed 2K, R(27qR) sin’(26)[1 — (—1)" cos(2rqL cos6)] o

that grain boundary does not greatly affect the diffusion; 2 2 % 2 2 2.2 2

however, the influence of the grain boundary on TMP diffusion L(n7RIL)* — (270R)* cog 6]ty — (270R) oSLmZ g] (Ot — 1)

in SEBS is significant. The two diffusion processes are quite I (27aRsin )12 _|[km T nz)? DA

different. In the SEBS system, the TMP solubility in EB rubber [n(enqRsin )] ex R

phase is more than 200 times higher than that in polystyrene

and the TMP diffusion constant in EB rubber is more than 1000 Km=1 ifn=m=0

times higher than that in the PS phase. In the reported result, _ . _ _

the CQ gas solubility in the rubber phase is about 40% of that Kom = 2 if n=0andm=0orm=0andn=0

in PS, and the diffusion constant in rubber phase is about 63 Kon=4 if n,m=0 ()

times higher than that in the PS phase. When the penetrant

diffusion is impeded by the dislocation of fast diffusion phase \here L and R are the length and radius of the cylinder,
at grain boundary, the penetrant can continue its diffusion by regpectively,aum is the root of equatiodi(e) = 0 (J is the
entering another phase if the solubility and diffusion constants gessel function of the first kind, with the convention that
between those two phases are not very different; otherwise, the= ) andq = ygo/2x, in whichy is the gyromagnetic ratiay
penetrant diffusion will greatly slow down. The role of solubility js the gradient strength, arxis the duration of gradient pulse.
ratio and difference in diffusion constants in the influence of | the SEBS copolymer, the EB cylinder is a long thin
grain boundary on the diffusion can be simulated by the lattice han0tube with a diameter of about 20 nm estimated from self-
model. The simulation results are shown in Figure 8. From the ¢onsistent mean-field theo®ywhich indicatesDA > R2in our
results, we can see that the smaller the solubility difference, prg NMR experiment. Thus, by eliminating radially related

the smaller is the influence of grain morphology. In addition, tgrms R J, a0 andm) originating from the Bessel equation,
we can see that when the solubility and diffusion constant gq 3 can be reduced to

differences are small, the penetrant diffusion has already

averaged over the structure at very short length before the 2[1 — cos(2rqL cosb)]

penetrant diffuses to the grain boundary; thus, we do not seeg,_(q,A,0) = +

significant grain boundary influence on the diffusion. This is (27qL cos)?

in agreement with the reported situation in the @as ®

permeability. When the diffusion and solubility difference 4(27gL cosh)?

increases, the grain boundary influence becomes more and more F=

significant. This is in agreement with our PFG experiment. n?22DA) 1 — (= 1) cos(2rqL cos6)
(3) Simulation of PFG-Induced NMR Signal Attenuation. exgd —

From the simulation in the above section, it has been shown F{ L2 [(27qL cos)? — (nm)F?

that the EB cylinder phase at the grain boundary is not well
connected. In the following, we try to investigate the structure In eq 4, the cylinder radius does not appear. The structure
influence on the diffusion from a different way by studying the parameters affecting signal amplitude are cylinder length and
PFG-induced NMR signal attenuation. symmetric axis direction ange When the angle equals 0, this

In PFG NMR experiment, the magnetic field gradient pulse equation reduces to the signal attenuation within planar bound-
creates a spatial phase distribution structure of nuclear spins.aries. It is reasonable that the planar structure can be considered
The displacement of nuclear spins resulting from the transla- as an ensemble of enormous parallel thin cylinders. In those
tional diffusion will cause the mixing of spins with different cylinders, the one-dimensional diffusion along the direction of
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. the grain boundary. The real connection may be quite different.
| OSSO ~ In the apparent diffusion constant simulation, the diameter of
. S S - the cylinder at the interface had to be reduced by a factor of
10— ——————_—.. about 0.7. The lattice configuration used in above section can
] T —— be modified to simulate the experimental signal attenuation. In
r.‘;‘ ] the lattice simulation, the spatial position as a function of time,
g Z(t), has already been recorded during the random walk, so at
CA \ time t the phase change of spin in tite walk, ¢;i(t), can be
Q10 _ good connection, S,/Ss =042 calculated by
7| ======== poor connection, S'/SS =0.42 t
{|= === good connection, S/S =10 — : :
4| == == poor connection, S’;S:= 10 ¢i (t) tjzoyg(tj) Z(tj)ét (7)
-9
10 o1 T T T wherey is the gyromagnetic ratiay(t) is the gradient strength,
 (em) @ and (St' is the time |n.cr.em(.ant at tlrr!t';‘. The signal at.tenuatlon
resulting from the finite field gradient pulse duration efféct
can be easily included in eq 7. The total normalized signal
1. attenuation will be
;I ST~
~ \ Nwalks
10"—:N E@A) = 3 cosfp(A)] (®)
3 ~— N &
‘:\ B \
O - The fitting of eqs 5 and 6 and lattice simulation results are
E | =~ compared with experimental results as shown in Figure 3. In
0 10 | === good connection, S/S_ = 1 the experiment, as we mentioned above, only one diffusion time
7 | sssereme poor cONNECtion, S /s, = 1 A equaling to 200 ms was used, and in order to get the large

value for diffusive diffraction effect, the gradient pulse width
used is 3 ms and the gradient amplitugewas varied from 0
to up to 900 G/cm. In the fitting and simulation, the parameters
—— - A andq from PFG experiment and the diffusion constBrior
0.1 1 10 EB phase determined from simulation of the last section, 1.29
r (um) (b) x 1078 cnm? s71, were used. Actually, the NMR signal
Figure 8. Diffusion constant vs the length scale with different diffusion a}ttenugtlorl at long dlffl.JSIOI’l tl.me IS not §enSItlve to the short
constant and solubility ratios between the fast and slow phases: (a)time diffusion constant in restricted diffusion. In a closed pore,
Ds:Ds = 63; (b) Ds:Ds = 1000. The grain size used in the simulationis the long time limit signal attenuation is only determineddy
1 um. and pore size. The only adjustable parameter in the simulation
in this section is the grain size or the cylinder length. By varying
the grain size, it was found that grain size of 4r&6 makes the
simulated signal attenuation very close to the experimental
results, which is shown in Figure 3. The grain size 48 is
then used as the cylinder symmetric axis length and substituted
into egs 3-6 to get the cylinder fitting. Though we can use 2.5
um obtained from the simulation in the last section in the
cylinder fitting, it will not affect the analysis result much. The
cylinder structure fitting is closer to the experimental results
- . than that of the Fickian diffusion fitting, particularly at the small
fgzoER—»o(qvAﬁ) sin6 do g, which indicates that the EB phase at the grain boundary is
Sotal(@A) = T . ®) not connected very well in our system. However, the real
ﬂ:osm 0 do connection is different from the above; two extremely poor and
good connections for the experimental results are away from
If the EB cylinder phase between different grains is connected poth fitting curves. The grain size obtained here is&v6 which
very well, the penetrant will diffuse like Fickian diffusion in s different from 2.5um obtained from the apparent diffusion
the EB phase. Though the penetrant diffusion changes directionconstant simulation in the previous section. The discrepancy
when diffusing from one grain to another grain, this only affects stems from that the experimental conditions of PFG apparent
the diffusion speed. Such a diffusion process can be treatedgjffusion constant measurement and PFG diffusive diffraction
approximately as one-dimensional Fickian diffusion. The spatial measurement are different. In the former, thealue is small,

= == good connection, Sths =10

== == poor connection, Sths =10

-
<
o

the symmetric axis is the same as that in the planar structure,
so they have the same PFG signal attenuation expression
Another way to consider the signal attenuation expression for
the cylinder in an arbitrary direction can be obtained from the
expression for planar structure by projecting the penetrant
displacement and distance parameter onto the gradient direction
with replacemenDA — DA cog 60, L — L cos6. Averaging
over all the orientations, the total signal attenuation will be

average signal attenuation can be giveA®by while in the latter, it ranges from small to very large. In the
. heterogeneous diffusion system, at lagigalue, the higher order
J 'expl~(270)’ DA cos 6]sin 6 df contribution from the displacement will affect the signal
Sotal(@.A) = — (6) attenuatior-2% So the two type PFG experiments have different
fo sin 6 do sensitivities in the penetrant displacement. Thus, it is reasonable

that two different grain sizes in the simulation were obtained.
Equations 5 and 6 describe two extreme diffusion situations: In general, the PFG echo amplitude vs sntgllalue gives the
one with poor connection and another with good connection at mean-squared displaceméhtherefore, 2.5im is more accurate
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can be related to the diffusion coefficiebtby the equatiorD
= 2r?/9z, wherer is the molecular siz& In Figure 4, a single
modified Kohlrausch-Williams—Watts (KWW) correlation
function with a VogetFulcher-Tammanr-Hesse (VFTH)
temperature dependence of relaxation fhie was used in
= 10| fitting the T; experimental results. This indicates that rotational
Ng motion of TMP is observed only in the EB rubber domain. The
S solubility of TMP in the PS domain is too low to be detected
=] | in the T, experiment. This is consistent with the EB rubber phase
|| m—a serving as the conducting phase as shown in the diffusion
= = b, Signal attenuate to about 80% measurements.
| Smﬂgf::ﬁtleagfa':ﬂ:ﬁ ;ﬁ.g‘fgf}fg’f’;ms) TMP diffusion is affected by two morphology characteristics,
- ——d, signal attenuate to about 50% including the cylinder diameter and the grain boundary. The
10° T T T T former is too short to be detected by current PFG techniques.
10 0.0001 0.001  0.01 0.1 1

The latter is determined by grain size in the range of microns.
) ) . o From the PFG experiment and the lattice simulation, the grain
Figure 9. Comparison of the simulated apparent diffusion constant gz yaries from to 2 to &m, in which the apparent diffusion
obtained from two different ways. (i) from the mean-square displace- . . .
ment vs time (a); (i) from the slope of logarithm of echo amplitude vs  CONStant has an order of magnitude decrease. The big drop is
gradient square (b, c, d). beyond that predicted by the effective medium theory. From

the lattice simulation, to attain such a big diffusion drop, the
than 1.6um. In Figure 3, the diffraction pattern for cylinders diameter of the cylinder at the interface must be reduced by a
parallel to the magnetic gradient direction is not shown in our factor of about 0.7, which indicates that EB cylinder phase in
experiment because the cylinder here is not a closed systemOne grain is not well connected to the EB in another grain. This
and the grains have a random size distribution and randomfinding is in agreement with the reported dislocations between
orientations. the cylinders at grain bounda#y.

Additionally, the lattice model simulation can be used to  The short timeDappis about one-third of the TMP diffusion
check and choose good experimental conditions for PFG NMR coefficient in the pure EB phase, which supports that the
diffusion experiments. In heterogeneous diffusion, when the expected SEBS morphology is cylinder structure for the spatially
signal attenuates too much at higher gradient vatueafue), averaged one-dimensional diffusion constant is one-third of the
the higher order contribution from smaller displacement cannot three-dimensional diffusion constant in pure EB phase. If the
be neglected and the signal attenuation is not proportional to morphology is lamella, the short tini2,,, of TMP will be about
the mean-square displacemani!2° However, when the signal  two-thirds of that in pure EB phase and the drop in diffusion
attenuation is too small, the signal-to-noise will become constant at the grain boundary will not be big, which is quite
problematic. Therefore, choosing appropriate signal attenuationdifferent from the observed PFG diffusion results.

is important in the PFG experiment. In the lattice model  The influence of grain boundary on diffusion is closely related
simulation, the mean-square displacem@filand PFG NMR  to the difference in solubility and diffusion constant between
singal attenuation can be simulated. Therefore, we have twothe two components of the block copolymer. When the solubility
different ways to obtain the apparent diffusion constant in the difference and difference in diffusion constant are small, the
lattice model simulation. One way is to obtain the apparent penetrant can diffuse in both phases, so the penetrant diffusion
diffusion constant from[m26t, from which the apparent  will average over the copolymer structure at short length scale
diffusion constant is accurately related to the geometric structure and the connection of the rubbery phase at grain boundary has
size parameter and is assumed the corrected apparent diffusiomo significant influence on the diffusion. The situation is similar
constant here. Another way is to obtain the appatent diffusion to the reported gas permeability investigation, which can be
constant by the slope of logarithm of echo amplitude vs gradient described by EMT. With the increase in difference of the
square, which is used in the PFG experiment mentioned solubility and diffusion constant difference, the grain boundary
previously. The apparent diffusion constant obtained in the influence becomes more and more significant; the penetrant
second way depends on the gradient strength used in thecannot find an alternative path to diffuse if the conductive
simulation or experiment. The different range of gradient value rubbery phase is not well connected, which leads to a big
used in the lattice model simulation has different signal decrease in the diffusion constant as observed in the PFG TMP

amplitude attenuation. The simulated apparent diffusion constantdiffusion. EMT cannot describe this drop because it neglects
obtained from the two different ways is shown in Figure 9. The the grain boundary connection.

diffusion constant obtained from about 20% signal attenuation
agrees reasonably well with the simulated apparent diffusion gjiian diffusion fitting, and the experiment signal attenuation

constant obtalt?ed froonm E&d'\f/f\/h?n the signal t;attenuatmn j.Shown in Figure 3, it is obvious that signal attenuation from
increases to about 50%, the diffusion constants become unreli-yq ragiricted diffusion in cylinders is closer to the reality than

able for it cannot get reasonable size of the geometric structure.ino+ from Fickian diffusion. This indicates that the TMP

A(s)

From the comparison of the cylinder structure fitting, the

molecules in EB cylinder cannot easily diffuse from one grain
to another grain. It also indicates that the EB phase at grain

In the system studied the diffusion is tortuous in nature with boundary is not connected very well in our system. In Figure
fast diffusion observed at short times or equivalently small 3, the experimental result does not show the characteristic
distances. The diffusion is fast in EB phase and very slow in diffraction pattern for restricted diffusion in cylinders parallel
PS phase. The diffusion constants at short length scales are irto the magnetic gradient. This results from that there is random
the range of 107 cn? s71, as would be expected for a rubbery distribution of the grain size and orientation in this system and
matrix. Rotational motion characterized by a correlation time  the system is not a closed system.

Conclusions
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Given the observed order of magnitude dropDigy, grain

boundaries and grain boundary morphology play an important

role in potential applications of block copolymers as membranes.
The morphology controlled by relative block size in the triblock
copolymer only partially determines transport in an actual

membrane. PFG NMR can directly assess the effects of grain
boundaries. The lattice model simulation provides a quantitative

interpretation of the PFG NMR experiment and improves our
understanding of the diffusion process. In addition, our extension
of the lattice model to simulate the diffusion-induced PFG NMR
signal attenuation leads to a new way to interpret the PFG NMR
experiment.
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