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Segment diffusion in polymers confined in nanopores: A fringe-field NMR diffusometry study
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The dynamics of polymer chains confined in artificial tubes formed by the pores of a nanoporous material
should display all the features predicted by the reptation model, provided that the polymer/wall interaction does
not lead to adsorption effects. We have studied the segment diffusion behavior of linear polyethyleneoxide in
the molten state in pores of well characterized cross-linked polyhydroxyethylmethacrylate matrices. These
‘‘semi-interpenetrating networks’’ were prepared in such a way that (1062) nm thick cylindrical pores
completely filled with polyethyleneoxide were produced. The measuring technique was fringe-field NMR
diffusometry. The results are compatible with a power law for the mean squared displacement,^r 2&
}t20.460.1Mw

20.860.2, wheret is the diffusion time andMw is the weight average molecular mass. This is to be
compared with the limiting laŵr 2&}t21/2Mw

21/2 predicted by de Gennes, Doi, and Edwards for region III, that
is, tR!t!td of the tube/reptation model. In the frame of the experimental accuracy the conclusion is that the
reptative diffusion mechanism applies to linear polymer chains of sufficient length relative to the diameter of
the confining pores.@S1063-651X~99!01404-X#

PACS number~s!: 66.10.Cb, 61.25.Hq, 81.05.Rm, 81.05.Ys
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I. INTRODUCTION

Transport processes of polymers in porous materials
of interest for techniques like membrane filtering, chrom
tography, or the production of advanced materials with
lored properties. The central question is how chain dynam
changes if the motion of the polymer is impeded by so
obstacles.

In his famous 1971 reptation paper, de Gennes treated
dynamics of polymer chains in the presence of fixed
stacles@1#. Doi and Edwards@2# extended the theory an
derived a number of limiting power laws for segment a
center-of-mass diffusion. In this model, polymer chains
assumed to be confined in tubes having a Gaussian co
mation statistics. The tube diametera as a free parameter i
limited by d!a!L whered is the chain diameter andL the
chain length. The mean squared segment displaceme
predicted to obey the following limiting laws as concerns t
dependences on the diffusion timet and the number of Kuhn
segments per chain,N:

limit I: ^r 2&}N0t1/2 for t!te , ~1!

limit II: ^r 2&}N0t1/4 for te!t!tR , ~2!

limit III: ^r 2&}N21/2t1/2 for tR!t!td , ~3!

limit IV: ^r 2&}N22t for t@td . ~4!

The characteristic time constantste , tR , andtd are the ‘‘en-
tanglement time,’’ the ‘‘Rouse relaxation time,’’ and th
‘‘tube disengagement time,’’ respectively.
PRE 591063-651X/99/59~4!/4079~6!/$15.00
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Reptation of polymer chains in tubes defined by hete
geneous matrices such as porous glass, gels, and memb
has been examined in the literature using various experim
tal techniques@3–10#. Computer simulations of chain dy
namics in tubes are reported in Refs.@11–15#. In the latter
studies reptational motion either was already anticipated
an element of the simulation algorithm, or was treated a
result of the excluded-volume interaction. In other terms,
chains can only move in the free pore space.

The objective of the present study is to mimic the tube~or
the ‘‘fixed obstacles’’ according to de Gennes’s original te
minology! by semi-interpenetrating networks. That is, line
polymers are confined in a matrix also of an organic polym
nature. Ideally one would like to study free polymers in n
works formed of the same polymer species. This is in c
trast to attempts to study confinement effects by incorpo
ing organic polymers into nanoporous silica glass
@3,5,7,9,10#. With the latter experiments the interpretatio
difficulty arises as to how to reliably distinguish adsorpti
from geometrical restriction effects. The bicontinuous sem
interpenetrating networks to be described in the followi
are much less prone to the influence of adsorption on
dynamics of the incorporated linear polymer chains. Furth
more, no problem arises in imbibing the porous medium w
the polymers of interest, because the samples are prep
with the diffusing species, which area priori incorporated in
the host material.

As a suitable investigation method we rely on fringe-fie
NMR diffusometry@16#. The solid matrix has a proton trans
verse relaxation time more than one order of magnitu
shorter than that of the incorporated melt of linear polyme
The signals of the two components therefore can easily
4079 ©1999 The American Physical Society
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distinguished, and the selective determination of displa
ments of the incorporated mobile chains becomes feasib

II. SAMPLES AND METHODS

A. Semi-interpenetrating networks

Interpenetrating networks are defined as mixtures of
or more polymer components one or more of which
cross-linked @17,18#. A ‘‘semi-interpenetrating network’’
~semi-IPN! is formed by two polymer species, one of whic
is crosslinked. The morphology of such systems has o
recently been explored by de Graafet al. @19#.

Linear polyethyleneoxide~PEO! fractions of well defined
molecular weight were dissolved in a mixture consisting
80% hydroxyethylmethacrylate and 20% ethylene gly
dimethacrylate at 60 °C. These ternary solutions w
quenched into the spinodal decomposition region, so
thin polyethyleneoxide cylinders were formed with diam
eters growing with time. The demixing process was stop
by vitrification of the polymer below the glass transitio
where molecular motions virtually freeze in. That is, at th
stage of the procedure the samples consisted of therm
eversible ‘‘networks.’’

Polymerizing and cross-linking the hydroxyethy
methacrylate monomers in the frozen state by UV irradiat
produces a semi-IPN of linear polyethyleneoxide confined
thin channels in the poyhydroxyethylmethacrylate~PHEMA!
network. That is, even above the melting point of the po
ethyleneoxide the original morphology produced by the sp
odal decomposition is preserved.

Samples were prepared using four different polyeth
eneoxide fractions,Mw56000, 11 600, 22 500, and 41 50
purchased from Polymer Standard Service, Mainz. The p
dispersities were specified as 1.03, 1.04, 1.06, and 1.14
spectively. The hot solutions (60 °C) were quenched
tween precooled polyethylene plates which were in con
with a cold aluminum block kept at a temperature o
2180 °C. This produces 0.5 mm thick solid films whic
were subsequently heated to250 °C. At this temperature the
polymerization/cross-linking reaction has been perform
using UV light of a 366 nm UV lamp.

The resulting PHEMA pore diameters were characteri
by electron microscopy, small-angle x-ray scattering, as w
as spin-diffusion measurements. Coincidingly the pore dia
eter was estimated to bedp5(1062) nm independent o
molecular weight of the polyethyleneoxide. The pores are
a cylindrical shape as expected for spinodal decomposit

This can be visualized by transmission electron micr
copy ~TEM!. A typical micrograph acquired with one of ou
samples is shown in Fig. 1. The freeze-fractured sample
faces were decorated with metal particles under an a
much smaller than 90°. The resulting image contrasts t
display the surface topology. Pore channels in the frac
plane show up as elevations or depressions. Assuming
the channels visible in the image plane have no branche
the missing third dimension permits one to estimate a m
mum length between neighboring branches in the orde
100 nm. No such structures could be observed with a rep
of the pure matrix prepared without PEO, but otherwise
just the same way. The shape of the channels appears to
a random character. An analysis in terms of a statist
e-
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evaluation fails, however, because of the limited number
identifiable objects and the fact that no three-dimensio
reproduction is possible in this way. We plan to publish
detailed description of the preparation and characteriza
procedure in the future@20#.

B. Instruments and measuring technique

Fringe-field proton diffusometry was employed using
9.4 T Bruker wide-bore magnet. The fringe-field gradie
was 60 T/m at 200 MHz proton resonance. Reference exp
ments were carried out at the same frequency using the s
radio frequency~rf! console in the homogeneous central fie
of a Biospec 4.7 T magnet. Details of the method taking i
account the dipolar correlation effect@21,22# relevant here
are described in Ref.@23#. Stimulated echoes were recorde
using the standard rf pulse sequence

p

2
2t12

p

2
2t22

p

2
2t12~stimulated echo!. ~5!

In the experiments, the intervalt1 was varied, whereast2
@t1 was kept constant. The stimulated-echo amplitud
were normalized to the limitt1→0 in each case. The quo
tient of the normalized echo amplitudes recorded for
same pulse intervals as a function oft1 with and without
field gradient then gives the attenuation curve due to tra
lational diffusion. All measurements were performed at
temperature of (8061) °C. At this temperature the proto
transverse relaxation time of the PHEMA matrix is on t
order of 40 ms, i.e., the matrix echo signals can safely
neglected relative to those of PEO, which were recorded w
a first pulse interval incremented beginning witht1
>120 ms.

In the limit of long diffusion times relative to the encod
ing gradient intervals,t@t1 , the echo attenuation by diffu
sion can be represented by

FIG. 1. Typical TEM micrograph of a replica of a freeze
fractured surface of polyethyleneoxideMw56000 in PHEMA. The
sample was freeze fractured and subsequently covered with a
nm layer of platinum under an angle of 37°. The metal film w
afterwards sustained with a 25 nm thick carbon layer. The wh
film was dissolved from the surface with a concentrated aque
NaOH solution and transferred to copper grids. Magnificatio
3100 000.
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Ed~q,t !5^exp$ iqz~ t !%&. ~6!

In fringe-field experiments, the field gradient is direct
along thez axis. The displacement component along the g
dient direction is represented byz(t), the ‘‘wave number’’
by q5gGt1 , whereg is the gyromagnetic ratio andG is the
gradient strength. The angle brackets in Eq.~6! indicate the
ensemble average formed with the aid of the probability d
sity for displacementsz(t) in the diffusion timet ~which
essentially is equal to the pulse intervalt2 under the presen
conditions!. No assumption concerning a potentially Gau
ian character of this probability density has been made.

The experimental echo attenuation curves were evalu
in two ways. Apart from the ‘‘exact’’ formalism anticipating
the tube/reptation model~see Ref.@24#!, the following ap-
proach was employed. Expanding Eq.~6! and taking the
limit for small q values leads to the approximate expressio

Ed~q,t !'12
q2

2
^z2~ t !&'expH 2

q2

2
^z2~ t !&J . ~7!

The exponent is obviously dominated by the second mom
of the probability density. Formally equating this quant
with the result expected for a Gaussian probability den
leads to

^z2~ t !&52D̃t, ~8!

whereD̃ is the effective and potentially time dependent d
fusion coefficient which is defined in this way. The ec
attenuation function can then be rewritten for smallq values
as

Ed~q,t !'exp$2q2D̃t%. ~9!

That is, plots of lnEd(q,t) versusq2 are expected to revea
straight lines in the limit of sufficiently smallq values. Note,
however, that the attenuation curves deviate from stra
lines at large wave numbers whenever the probability den
deviates from a Gaussian distribution. The segment diffus
by reptation is intrinsically connected with non-Gauss
propagators@24#. Only at very long diffusion times when
center-of-mass diffusion dominates@limit IV given in Eq.
~4!# does polymer diffusion become normal in the sense
a Gaussian displacement distribution applies. In that case
effective segment diffusion coefficientD̃ approaches the
center-of-mass self-diffusion coefficientDc .

III. RESULTS

Figure 2 shows the center-of-mass self-diffusion coe
cient D̃5Dc of the bulk melts at 80 °C as a function o
molecular weight. The data have been evaluated by fittin
Gaussian to the echo attenuation curves. In this case,
Gaussian behavior of the propagator is well fulfilled beca
the diffusion time is much longer than the disengagem
time td . For instance,td is expected to be about 0.5 ms fo
Mw541 500 whereast2>100 ms. The well known inverse
square proportionalityDc}M 22 expected for molecula
weights above the critical value@25# Mc53600 is repre-
sented by the solid line.
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The diffusion behavior changes significantly when t
PEO chains are confined in the semi-interpenetrating
works. Figures 3–6 show typical echo attenuation curves
different diffusion timest2 at 80 °C as a function ofq2. The
non-Gaussian character of the attenuation curves is obvi
A steep initial decay at smallq values is followed by a more
slowly decaying section at highq values. ForMw56000, the
slowly decaying component comprises about 50% of the
nal whereas for all other molecular weights investigated
this study the slowly decaying component turned out to
larger than 80%.

Evaluating the initial steep decays for the effective diff
sion coefficient one finds values which are close to those
the bulk melt. This initial attenuation is considered to be d
to pore channels aligned along the field gradient so that
confinement does not matter. In the context of this study,
component therefore is of no interest. By contrast, the slo
decaying~and dominating! part of the attenuation curves re
flects the dynamics of chains experiencing the pore confi
ments in full.

The effective diffusion coefficient was evaluated acco
ing to Eq. ~9! from the initial part of the slowly decaying
echo attenuation component. The results are displaye
Figs. 7 and 8. In the diffusion time interval from 10 to 20

FIG. 2. Center-of-mass self-diffusion coefficient in bulk pol
ethyleneoxide melts as a function of molecular weight at 80 °
The solid line displays the power lawDc}M 22. t2>100 ms.

FIG. 3. Diffusional attenuation curves of polyethyleneoxi
Mw56000 confined in PHEMA as a function ofq2 for different
diffusion times at 80 °C.
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ms, the effective diffusion coefficient turned out to be tim
dependent. Unfortunately, the limited dynamical range av
able in these experiments does not permit the unambigu
conclusion that a power law applies. It can, however,
stated that the data can be described in the frame of
experimental range and accuracy by

D̃}N20.860.2t20.460.1. ~10!

These chain length and time dependences substantially d
ate from the behavior observed in the bulk~see Fig. 2!.

IV. INTERPRETATION

The data for the effective diffusion coefficient suggest
anomalous mean squared displacement obeying

^r 2~ t !&}N20.860.2t0.660.1 ~11!

FIG. 4. Diffusional attenuation curves of polyethyleneoxi
Mw511 600 confined in PHEMA as a function ofq2 for different
diffusion times at 80 °C. The solid lines represent a fit of Eq.~14!
to the experimental data. The tube diameter as the only fitting
rameter is found to bea5(7.060.5) nm.

FIG. 5. Diffusional attenuation curves of polyethyleneoxi
Mw522 500 confined in PHEMA as a function ofq2 for different
diffusion times at 80 °C. The solid lines represent a fit of Eq.~14!
to the experimental data. The tube diameter as the only fitting
rameter is found to bea5(6.060.5) nm.
l-
us
e
he

vi-

n

in reasonable coincidence with the predictions for the tu
reptation model given in Eq.~3! for limit III, i.e., tR!t
!td . This is the regime in which the whole chain coheren
diffuses along the tube.

The fact that the data are largely dominated by this p
ticular limit indicates that the ‘‘disengagement time’’td is
particularly long in the present situation. In other words, t
special preparation technique of the semi-interpenetra
networks leads to channels with minor branching~compare
Fig. 1!. A polymer chain confined into such channels h
little chance to leave the original tube. Even after a long ti
a finite chance remains to return to the original position.

On the other hand, the~longest! Rouse relaxation timetR
is relatively short due to the moderate chain lengths use
this study. That is, the diffusion time range probed in o
experiments virtually is within limit III. Some minor devia
tions can merely be stated for polyethyleneoxide withMw
511 600 at diffusion times longer than'80 ms~see Fig. 7!.
This may be interpreted as the crossover to limit IV@see Eq.
~4!# where center-of-mass diffusion dominates.

a-

a-

FIG. 6. Diffusional attenuation curves of polyethyleneoxi
Mw541 500 confined in PHEMA as a function ofq2 for different
diffusion times at 80 °C. The solid lines represent a fit of Eq.~14!
to the experimental data. The tube diameter as the only fitting
rameter turned out to bea5(4.560.5) nm.

FIG. 7. Effective diffusion coefficient of polyethyleneoxide co
fined in PHEMA at 80 °C as a function of the diffusion timet2 .
The curve parameter is the molecular weight. The solid line rep

sents a power lawD̃}t20.4.
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The echo attenuation data given in Figs. 3–6 were a
evaluated utilizing a formalism specifically developed f
limits II–IV of the tube/reptation model@24#. The echo at-
tenuation factor for reptation reads

Ed~q2,t !5expH q4a2^s2~ t !&
72 J erfcH q2aA^s2~ t !&

6A2
J

3exp$2q2Dt% ~12!

with the mean squared displacement along the curvilin
path @2#

^s2~ t !&5
2D0t

N112a2D0t/N2b4
1

2bAD0t

A3p118AD0t/Nb
.

~13!

The quantitiesb andD0 are the Kuhn segment length and t
Kuhn segmental diffusivity, respectively. The diffusion tim
t can be equated witht2 in the limit t2@t1 which is well
fulfilled in all experiments reported here. Equation~12! may
be approximated for limit III~which solely matters in our
case! by

Ed~q2,t !'expH q4a2D0t

36N J erfcH q2aAD0t

6AN
J . ~14!

In this expression, the tube diametera is the only free
fitting parameter~apart from a normalization constant!. The
number of Kuhn segments per chain,N, the Kuhn segmenta

FIG. 8. Effective diffusion coefficient of polyethyleneoxide co
fined in PHEMA at 80 °C as a function of molecular weight. T
curve parameter is the molecular weight. The solid line repres

the power lawD̃}M 20.8.
o

ar

length b, and the Kuhn segment diffusivityD0 were esti-
mated using literature data@25,26# for the bulk melt assum-
ing that these parameters are not affected by the artifi
pore confinement. The values areN5MW/85.3,D0
59.66310210 m2/s, andb58.38 nm.

Equation~14! was fitted to the echo attenuation data i
dependently for each molecular weight studied here. The
sulting parameter values are given in Table I. With PE
6000, no reasonable fit was possible. The tube diame
fitted to the data of the other samples range from 4.5 to 7
That is, the values obtained in this way are of the same o
of magnitude as the PHEMA channel diameter which w
evaluated with various independent methods to be
62) nm as described before.

The plateau of the effective diffusion coefficient of PE
11 600~see Fig. 7! can be explained as a crossover to lim
IV of the tube/reptation model@see Eq.~4!#. The polymer is
then assumed to have traveled across many randomly
ented branches within the pore network. In the present c
the disengagement time can be interpreted as the time ne
to reach the nearest branching point of the PHEMA ch
nels. The curvilinear mean squared displacement can be
culated for limit III as

^s2~ t !&52D0N21t'1.1 mm2. ~15!

From the mean curvilinear displacement, one derives
mean squared segment displacement in Euclidian space
cording to Ref.@2#,

^r 2~ t !&5aA^s2~ t !&5aA2D0t/N. ~16!

With a57.0 nm,D059.66310210 m2/s,N5136, and t
580 ms, we findA^r 2(t)&586 nm, a value which is of the
same order as the 100 nm estimated from the TEM mic
graphs~see Fig. 1!.

V. DISCUSSION AND CONCLUSIONS

The time and molecular-weight dependences of segm
diffusion in linear polyethyleneoxide melts confined to 1
nm channels in a crosslinked PHEMA matrix were examin
using fringe-field NMR diffusometry. Beginning with a PEO
molecular weight of 11 600, the root mean squared end
end distance exceeds the pore diameter~see Table I!, so that
a real confinement effect on a molecular length scale co
be expected for most of the PEO component. With th
polymers subject to confinements merely a minor echo sig
fraction ~less than 20%! behaved as in the bulk, that is, de
cayed rapidly with a diffusivity corresponding to the bu
value. This signal contribution may be attributed to chann

ts
eter
TABLE I. Characteristics of the PEO/PHEMA samples.

Molecular weight Number of Kuhn segments End-to-end distance Fitted tube diam
Mw N AR25ANb2 a

6000. 71 7.0
11 600. 136 9.8 7.0
22 500. 256 13.4 6.0
41 500. 494 18.5 4.5
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parallel to the gradient direction and/or to larger compa
ments in the PHEMA matrix which may occur due to impe
fections of the preparation procedure. All diffusivity da
discussed here therefore refer to the slowly decaying sig
component arising from the confined part of the linear po
mer chains.

Two evaluation protocols were employed. First, an eff
tive, i.e., time dependent, diffusion coefficient was det
mined from the initial part of the echo attenuation curv
This approach suggests time and molecular-weight dep
dences in reasonable agreement with the limit III predictio
of the tube/reptation model. That is, the ‘‘tube’’ fictitious
introduced in this model can be identified with the real po
channels formed in the semi-interpenetrating networks
amined in this study. The time/molecular-weight scale wh
region III of the tube/reptation model showed up as well
the absolute values of the diffusivities which turned out to
reduced by one order of magnitude indicate a substant
different dynamic situation in the confined melt relative
the bulk.

The question of the length and curvature of the cylind
pores in the PHEMA matrix may be discussed for the f
lowing limits. If the pores were infinitely long and com
pletely straight, Rouse-like behavior@27# would be expected
i.e., D̃}t0 and D̃}M 21. In case the pores again were in
nitely long but had a curvature according to Gaussian c
formation statistics one would expectD̃}t21/2 and D̃
}M 21/2 @see Eq.~16!#. The experimental findings of thi
study suggest a situation in between these two limits so fa
it can be judged on the basis of the restricted molecu
weight range examined. Actually, the disengagement t
concluded from the plateau crossover of the effective dif
s
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sivity of PEO 11 600 suggests a pore branching point d
tance of the same order as evaluated from the TEM mic
graphs so that the assumption of ‘‘infinitely’’ long tubes
justified as far as much shorter root mean squared displ
ments are considered.

The second evaluation procedure referred to a formal
anticipating the applicability of the tube/reptation mod
@24#. In this case the wholeq and t2 ranges explored were
taken into account at one time. The fitted tube diametea
turned out to decrease with increasing molecular weig
This finding may reflect the fact that the evaluation formu
anticipates a dependenceD̃}aN21/2 whereas the experimen
tal data suggestD̃}N20.860.2.

In this context the question arises as to whether ads
tion to the surface plays a role. In this case, the PEO la
adsorbed to the surface would not take part in the diffus
process so that only chains situated in the central part of
channels would contribute to the displacements examin
That is, the effective tube diameter would then be expec
to be smaller than suggested by the pore channel dimens
The thickness of the adsorption layer would then vary w
the chain length inversely to the effective tube diameter. I
planned to elucidate this question in forthcoming studies e
ploying chemical surface modifications.
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