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ABSTRACT: Neutron spin echo spectra of poly(ethylene oxide) (PEO) melts confined in porous silicon
(the mean pore diameter: 13 nm) were recorded at Q = 0.05, 0.08, and 0.11 A "and successfully analyzed in
terms of a two-state model, where chains adsorbed to the pore walls exhibit much slower internal dynamics
than in the bulk and their centers-of-mass do not move, while free chains have bulklike internal dynamics and
diffuse within an infinite cylinder in the center of the pore. The radius of this cylinder was found to be 1.4 nm
for PEO 3 kg/mol (3k); this corresponds to the thickness of the adsorbed layer to be approximately equal to the
Flory radius. As opposed to PEO 10k, for which details on the center of mass diffusion could not be discerned,

for PEO 3k the diffusion rate along the pore was found to be smaller than that in the radial direction.

Introduction

When a molecular fluid is confined in a porous medium with a
pore diameter comparable to the size of its molecules, intuitively,
one expects that the diffusion rate or the diffusion mechanism will
differ from that in the bulk. In the extreme case, when pores are so
narrow thdt molecules cannot pass each other, single file diffusion
takes place."* In the intermediate case, when the pore diameter is
several times larger than the molecule, the situation is unclear. In
a simulation study? it was found for the diffusion of water that the
diffusion rate along the pore decreases with decreasing pore
diameter while the diffusion rate in the radial direction did not
change and was equal to that in the bulk state. For the smallest
pore diameter studied (1.5 nm) the diffusion along the pore was
~30% slower. To the best of our knowledge, no experimental
proof of this kind of anisotropy has been found so far.

The confinement of a complex fluid can be expected to affect
both the center-of-mass (CM) diffusion and the internal molec-
ular dynamics. For example, an NMR study indicated signifi-
cantly different dynamics of linear polymer chains confined in meso-
pores with d1ameters ranging from 9 to 58 nm, when compared to
the bulk state.* Specifically, the dynamics of conﬁned chains was
found to be restricted to a snakelike motion (reptation) along the
chain contour within a tube having a diameter of about 0.5 nm,
a value that does not depend on the pore diameter D even for
diameters of D = 15 X R, where Ry is the Flory radius (rms end-
to-end distance of a polymer chain in the bulk). Only for much
larger pore sizes is a crossover from confined to bulk behavior
observed. This finding, termed the “corset effect”, is proposed to
arise from system properties like the chain uncrossability, low
compressibility, and impenetrability of the pore walls. A modified
chain dynamics has also been inferred from an experiment on
capillary filling dynamics of nanochannels, and thus from rheo-
logical properties of confined polymers.” Note, however, that
in those experiments assumptions regarding both the driving
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capillary force and the hydrodynamic velocity boundary condi-
tion (slip length) in the nanochannels have to be made. Thus the
conclusions with respect to the microscopic chain dynamics are
rather indirect, given the sensitivity of capillary filling dynamics
on those quantities.®”’

The dynamics of lmear polymer chains in the bulk melt has
been extensively studied.® For short, unentangled chains (and for
the chains of any length at short times) the dynamics is well
described by the Rouse model.” Here the chains interact solely by
local friction with a heat bath representing the neighboring
chains. For long chains, the entanglement of a chain within the
matrix of surrounding chains leads to a change in the dynamical
behavior at intermediate and long times. In the reptation model
the effect of the entanglement is described by a virtual tube that
localizes a given chain and limits its motion to a one-dimensional
Rouse motion inside the tube (local reptauon and a slow diffusive
creep motion out of the tube (reptation).'® Neutron spin echo
(NSE) experiments on bulk polymer melts confirmed the repta-
tion model and resulted in tube diameter values of about 5 nm."'

While there have been neutron scattering studies on dynamics
of alkanes in confinement (e.g., zeolites'> and mesoporous silica'?),
we know of only a few such studies on the dynamics of confined
polymer melts.'*!*> Here we present an NSE experiment on an
unentangled and an entangled melt of polyethylene oxide (PEO)
with a molecular weight of 3 kg/mol and ~10 kg/mol, respec-
tively, confined in porous silicon with a pore diameter of ~13 nm
(a melt becomes entangled above the critical molecular weight
(M), which is 5.9 kg/mol for PEO'®). As opposed to zeolites or
silica glasses, in porous silicon the pores run strictly perpendicular
to the wafer surface. This allowed us to selectively probe molec-
ular motions along the pore and in the radial direction, and thus
to test for a dynamical anisotropy.

Theory

Basic Model. For a polymer melt, the Flory radius is Rg =
IN'?, where N is the number of Kuhn (i.c., freely jointed)
segments in the chain and / is the Kuhn segment length.
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Figure 1. For PEO 3 kg/mol, free chains (thick lines) diffuse freely in
the center of the pore. For PEO 10 kg/mol, free chains are entangled.
PEO chains that are close to the walls are adsorbed.

Taking one segment to consist of one monomer and using
P =33.75A%" Ry are 48 and 85 A for PEO 3k and PEO 10k,
respectively. The pore diameter is ~13 nm; therefore, it is
reasonable to assume that (i) confinement does not substan-
tially perturb the chain conformation (as compared to the
bulk melt); (ii) the fraction of the chains having a contact to
the pore walls is not negligible. As the pore surface is covered
with a silica (SiO,) layer, and it is known that PEO adsorbs
on silica through hydrogen bonds between silanol groups
and ether oxygens on the polymer,'® we expect that all PEO
chains near the wall exhibit a slower dynamics than the chains
in the bulk.

From the above the following basic physical model of our
samples can be constructed (see Figure 1 for an illustration).
For PEO 3k, there is a substantial fraction of free chains; the
center of mass (CM) of these chains will diffuse as in the bulk
melt, but only within a narrow cylinder in the center of
the pore. On the contrary, most PEO 10k chains have some
contact to the pore surface, those that are not are likely to be
entangled and will diffuse primarily along the pore.

We assume that the dynamics of free chains follows the
Rouse model. The dynamics of adsorbed chains is difficult to
model because an adsorbed polymer layer is a mixture of
trains, loops, and tails.'”*° Since we do not know relative
contributions of these three structural motifs, two further
assumptions will be made: (i) the CM of an adsorbed chain
does not move, and (ii) the internal dynamics of such a chain
can be either neglected entirely or described by the Rouse model
but with a friction coefficient that is larger than in the bulk melt.
The choice of the Rouse model for both free and adsorbed
chains does not influence the principal results (see Discussion).

Neutron Spin Echo. As for any other liquid the coherent
neutron scattering from a polymer melt is low at small Q
values (Q < 0.2 A~ ") because of the absence of a long-range
order. Therefore, at small Q, the scattering by a mixture of
deuterated and nondeuterated polymer chains consists almost
exclusively of the single chain coherent scattering arising
due to a large difference (a contrast) between the coherent
scattering lengths (b) of H and D nuclei. The intensity of this
scattering can be calculated by considering every hydrogen
atom in a chain to have the scatterlng length Abyp; (Abup)”™ =
(b*) — (bY* = F(1 — F)(b™ — b”)?, where () denotes an average
over all chains and F'is the fraction of deuterated chains. Thus,
provided the elastic scattering due to the Si matrix is negligible
(see the next section), our NSE spectra represent the dynamic
coherent structure factor of a polymer chain (S(Q,#)) normal-
ized to its static coherent structure factor (S(Q)).

A general form of the S(Q,7)/S(Q) expression that corre-
sponds to the basic model described above reads

(Q [) Sfree(Qat) _ Sads(QJ)
S(0) = fScm(Qi1) Sem(Q1,0) (@) (1=1) So(0)
(1)

where /s the fraction of free chains and Q) and Q are the Q
components directed along and perpendicularly to the pore
axis, respectively. We assume that the average time spent in
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the adsorbed state is longer than the observation time of the
experiment; therefore, the exchange between the states has
no effect on measured spectra. For the CM diffusion along
the pore we used the model of the long-range translational
diffusion®!

Sem(Qist) = exp(— Drpi On’t) (2)

For the CM diffusion in the direction perpendicular to the
pore axis we used the model of diffusion inside a circle of a
radius a**

Sem(Qu.t) = Bj(Qu) + i B),(01) exp| — (x)),)*Drrut/d’]
m=1

00,00

+2 ) B(0u) exp[— (x,) Drrut/a’] (3)

n=1m=0

2
7 4()(?;1")2 QJ_aJil+1(QJ_a) - ”Jn(QJ_a)
B =
m(QJ_) (X%)Z —n2 |: (Qta)z _ (X,"n)Q :|
2
o) = |52 a

where J, are the cylindrical Bessel functions of the first kind
and xJ,, is the (m + 1)th root of (d/dx)[J,(x)] = 0.

The diffusion coefficients along and perpendicularly to the
pore axis, Dtgri and Dtg 1, are expected to be equal and given
by the Rouse model:

DR — kpT/NE, (5)

where &, is the monomeric friction coefficient. The expres-
sion for the (presumably isotropic) internal chain dynamics
of freg chains, Sge.(Q.1), in the frame of the Rouse model
reads

1
Rouse _ — 2025 — 172
$1<(0.) = S| - i

20%N/? 1 (pmj (pmiN
5 ,;1? cos <W) cos (W) [1—exp( lpz/rR)]]
(6)

where i and j are indices for the segments. The summation
over p goes over all internal Rouse modes of the polymer
chain. The Rouse time, tg = &N/ /3n2kBT is the longest
relaxation time of the chain with N segments. The internal
dynamics of adsorbed chains was either neglected altogether
(by taking S,4s(0,1)/Saqs(Q) = 1) or accounted for by eq 6,
with &, either being fixed to the &, value of free chains
or being an independent free fitting parameter. We realize
that both scenarios are unrealistic: adsorbed chains are not
immobile, and their dynamics can not, in general, be modeled
using eq 6. However, the structure of an adsorbed layer is
complicated and our approach, although simple, was suffi-
cient to satisfactorily describe our NSE spectra.

Problem of Elastic Scattering. At low Q, the coherent
scattering from Si wafers filled with a mixture of deuterated
and nondeuterated polymer chains is a sum of the elastic
scattering arising due to a nonuniform distribution of the
coherent scattering length density (SLD), and the (quasielastic)
coherent single chain scattering due to the scattering contrast
between H and D nuclei. Thus, a prerequisite for the analysis
of neutron diffraction and NSE spectra in terms of the struc-
ture and dynamics of polymer chains is either a negligible
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contribution of the elastic scattering or the correction for this
contribution before (or in the course of) the analysis.

The coherent elastic scattering from Si wafers can be pres-
ented as (eq 45 in ref 23)

1(0) = (Ap)*In(Q) + Aploi (Q) + 11(Q) (7)

where Ap is the scattering contrast, i.e., the difference between
the average SLDs of the Si matrix and the pore content. [This
can be shown by writing the SLD of a wafer as p(r) = (Ap)pc(r)
+ pi(r) and performing the Fourier transformation of p(r)p*(r).
oc(r) is 1 if r points to a volume element inside of a pore and
0 otherwise.] If the matrix had no inhomogeneities and pores
were fully filled by a homogeneous medium, the total scattering
would be just (Ap)*Iy(Q). In reality, the terms Io,(Q) and 1;(Q)
are non-negligible due to a nonuniform distribution of the SLD
in the matrix as well as in the pore content; the greater the size of
inhomogeneities, the smaller are Q values at which 7y;(Q) and
I,(Q) begin to substantially contribute to the total scattering.
Inhomogeneities may have different sources (e.g., the SiO,
layer on the surface of the pores) and may lead to a significant
elastic scattering contribution even when the contrast is
matched (i.e., when Ap = 0).

Because of inhomogeneities and a never-perfect contrast
matching, one has to make sure that the residual elastic
scattering is negligible in the Q region of interest. This can be
done by ﬁttmg a theoretical expression for the coherent scatter-
ing by a si Il%le chain, S“""(Q), to the experimental coherent
scattering, I-*P(Q). If the fit quality is good and fitted values of
structural parameters are correct/reasonable, any residual elastic
scattering with a Q dependence different from that of S<"™(Q)
is negligible. However, to exclude the possibility that there is
a substantial scattering contribution due to the residual
elastic scattering having a S“""(Q)-like O dependence,
IF*P(Q) curves have to be transformed to an absolute scale
An alternative approach, an “internal” normalization,**
consists of the normalization of /"*°(Q) to the spin-incoherent
scattering intensity (I5P(Q)). Specifically, one can write

IEXP(Q) = nChainSChdm(Q)FSc + B(Q) (83“)

Iliﬁp(Q) = NChain Sl(;}cldm(Q)FSc + Binc(Q) (Sb)

where fichain is the chain number density, SGE4™ is the
theoretical spin-incoherent single chain scattering, Fg. is a
scaling factor converting calculated intensities into the
experimental units, and B(Q) and B;,.(Q) are the coherent
and incoherent scattering from Si wafers, respectively, including
any residual elastic scattering. From eqs 8a and 8b we get

SChain
IEXI) ( Q) = SCha(mQ) (IiEi:(p ( Q)

mnc

— Bine(Q)) +B(Q)  (9)

If B;,o(Q) and B EQ) are negh 1ble eq 9 hasno free parameters
because both I"*P(Q) and I;xP(Q) can be obtained from a
polarized neutron diffraction experiment, and S“"*"(Q) and
SChain gre given by

SChain(Q) _ NQnQ(AbHD)QfDebye(QQRgQ)
where  fpebye(X) = %(e_“" —1+4x) (10a)
SChain(Q) = Nn {0y /An (10b)

where n is the number of H atoms per segment, {0;,.) is the
incoherent cross-section of H atoms (average over all
chains), and R, is the radius of gyration (for a freely jointed
chain, R = N12/6) A test whether B;,.(Q) is negligible can
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be done by fitting eq 9 to the /"*P(Q) curves and comparing
fitted (75XP(Q) — Binc(Q)) values with measured ones.

Experimental Section

The polymers hPEO (protonated) and dPEO (deuterated) were
prepared by anionic polymerization. Deuterated ethylene oxide
was purchased from Campro Scientific (deuteration degree
99%). The triethylene glycol partially metalated with potassium
was used as an initiator, as a result, dPEO chains had a non-
deuterated (—C,H4O0—); fragment in the middle. The molar
masses (M, [g/mol]) and polydispersities (M,,/M,) were respec-
tively 2940 and 1.02 for hPEO 3k; 3170 and 1.02 for dPEO 3k;
9290 and 1.01 for hPEO 10k; and 9560 and 1.01 for dPEO 10k.

The porous silicon membranes are produced in-house employ-
ing an electrochemical anodic etching process of Si (100) wafer
(thickness ~0.5 mm). The pores are linear, noninterconnected
and oriented along the (100) Si crystallographic direction
(perpendicular to the membrane surface) with a length of ~0.3
mm. After a special treatment with hydrofluoric acid and hydro-
gen peroxide the pores have a roughly circular cross-section with
mean diameter ~13 nm*® and their walls are covered with silica
rendering them highly hydrophilic. The porosity of the porous
layer is about 0.55.

The wafers with a polymer powder spread on the top were
placed on a hot plate and left there for half an hour (PEO 3k) and
>12h (PEO 10k). We determined the mass of the polymer taken
up by the wafers; the porosity calculated from this mass indicates
that the pores were (nearly) fully filled. As the filling procedure
was done under the nitrogen atmosphere, we do not expect any
significant degradation of the polymer.

Our PEO samples had 27% dPEO (by mass); such a composi-
tion was chosen to match the coherent scattering length density
(SLD) of the polymer melt to that of the silicon matrix, and thus to
suppress the elastic scattering (SLD of pure Si is 2.07 [10'° cm?]).

The experiment was performed at J-NSE, the NSE instrument
at FRM II (Munich, Germany), at two neutron wavelengths (4),
8 and 12.8 A, covering the Fourier time range from 0.1 to 30 ns
and from 45 to 110 ns, respectively. All measurements were done
for two sample orientations per every scattering angle (0) and,
thus, per every Q value (Q is the neutron wave vector transfer,
QO = 4m/A sin(0/2)). The experimental setup and the sample orien-
tations are shown in Figure 2.

We recorded NSE spectra at Q = 0.05, 0.08, and 0.11 A~ for
the six wafers filled with PEO 3k at 150 and 180 °C and the six
wafers with PEO 10k at 100 °C. The S(Q,r)/S(Q) data were
corrected for resolution and the cryostat scattering using the NSE
spectra of the activated-carbon powder and the cryostat recorded
for the 1dent1ca1 instrument setup. (For PEO 3k, at 180 °C and
0 =0.11 A" the measurement was done only with A =8 A. )

We also recorded diffraction intensities with s flipper turned
off and on, I1(Q) and I} (Q), respectively, for two sets of empty Si
wafers, and for the same sets after they were filled with polymer.
The Q range was from 0.05 to 0.12 A~". From 71 (Q) and I} (9)
we calculated the coherent scattering, I™*P(Q), and the spin-
incoherent scattermg, IEXP(0) (details on the calculation can be
found elsewhere®*). 71 (Q) and 14 (Q) for the empty cryostat were
not measured, and /*P(Q) and I5xP(Q) were not corrected for the
scattering contributions due to the cryostat.

To account for the contribution of the spin-incoherent scatter-
ing (primarily due to H nuclei) to the NSE spectra (in our case,
this contr1but10n is less than 10% of the total polymer scattering
forQ < 0.12 A~ 1, the S(0,1)/S(Q) corresponding to the internal
chain dynamics was calculated as

S0 1% (Abp)? SR (Q,1) — (1/3) (1{Tine)/47) SR (Q,1)

S(Q) SChain(Q) — (1/3)STE™(Q)

(11)
where SM(0) and SGN(Q) are given by eqs 10a and eq 10b,

Rouse

respectively, and Stne  (Q,?) is calculated from eq 6 but taking
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only the terms for i =j. The factor — 1/3 accounts for the change of
the polarization of scattered neutrons in case of the spin-incoherent
scattering. Note that for 1 = 0, and at large N, SR"“%(Q f)is equal
to SCPn(D) given by eq 10a, except for the factor n 2(Abyp)* (this
factor was omitted in eq 6 because it is canceled out by S(Q,)/
S(Q) when the spin-incoherent scattering is negligible).

When eq 9 was fitted to I°*P(Q) curves, the calculated intensity
was also multiplied by the first-order transmission factor, H,(a,6),
calculated for the model of an infinite plain slab,>® and by the
factor accounting for the neutrons missing the sample in case of
45° orientation (Scorr).

Results

Checking Elastic Scattering Contribution. To test whether
the elastic scattering contribution to our NSE spectra is
negligible we fitted eq 9 to the coherent scattering from
PEO 3k- and PEO 10k-filled wafers. B(Q) (which contains
the residual elastic scattering) was fixed at zero, and the only
free fitting parameter was the experlmentdl spin-incoherent
scattering from polymer chains, that is, /5P(Q) — Bine(Q).
Here B;,.(Q) is the spin-incoherent scattering contribution
from the cryostat and empty Si wafers; it was not negligible
compared to the spin- mcoherent scattering from PEO alone.
The fit range was Q = 0.08 A~ L hile the cryostat scatter-
ing accounts for about 15% of I"*P(Q) at Q = 0. 05 A-
contribution decreases to <5% for Q = 0.08 A7)

As seen from Figure 3, at low Q the relative difference
between the fitted curves and I%*P(Q) is smaller for 45° than
for 0° for both PEO 3k and PEO 10k. This could be, to some
extent, due to a residual elastic scattering that is more intense
at 0° orientation. Note that while we assumed that polymer
scattering is isotropic, the fitted curves for 0° and 45°
orientations differ from each other; the difference is nearly
Q independent and given by the factor H(0,0)Scor:-

a=6/2
0° orientation

(Q,=Q; Q;=0)

o =45°+6/2
45° orientation

Q=)

neutrons

Figure 2. Left: top view of the experimental setup. For every scattering
angle 6 the sample (with the pores drawn as a series of white cylinders)
was rotated by an angle a to adjust the orientation of the neutron wave
vector transfer Q with respect to the pores. Right: sample orientations
employed in the experiment.
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A satisfactory agreement between the fitted and measured
coherent scattering for Q = 0.08 A~ indicates that in this
Q region a residual elastic scattering contribution with a
Q dependence significantly different from that for the scat-
tering by polymer chains is negligible. In the Supporting
Information we show that a residual elastic scattering con-
tribution can be neglected altogether

NSE Results. All Q = 0.05 A~ !'spectra were excluded from
the data analysis because of a very slow S(Q,7)/S(Q) decay
and significant uncertainties in the data points. As seen from
the analysis of the diffraction data, this slow decay may to
some extent be due to a residual elastic scattering.

As shown in Figure 2, at 0° orientation Q is parallel to the
wafer surface. Hence, S(Q,7)/S(Q) obtained for this orienta-
tion reflect the molecular motions in the plane perpendicular
to the pore. At 45° orientation the molecular motions in the
direction along the pore are probed as well. We assumed that
the internal chain dynamics is, on average, isotropic; there-
fore, O, and Qy were only used to calculate the contribution
due to the CM dynamics.

The following four models were tested: (1) no confine-
ment, free diffusion and Rouse dynamics for all chains; (2)
CM diffusion confined to an infinite cylinder (of a radius
Rp), Rouse dynamics for all chains; (3) no confinement, free
diffusion and Rouse dynamics for the free chains (f'is the
fraction of the free chains), the CM of an adsorbed chain
being immobile; (4) CM diffusion confined to an infinite
cylinder, Rouse dynamics for the free chains, the CM of an
adsorbed chain being immobile. For models 3 and 4, the
internal dynamics of adsorbed chains was either neglected or
described by the Rouse model. In the latter case the &, value
for adsorbed chains was either kept equal to that for free
chains or was an independent fitting parameter.

For both PEO 3k and PEO 10k, whether we fitted the 0°
orientation spectra alone, or together with the spectra for the
45° orientation, model 4 provided the best results. Other
models led to a significantly worse fit quality (judging by the
%> value and the goodness-of-fit criterion). When we fitted
model 4 to the PEO 3k spectra for both 0° and 45° orienta-
tion simultaneously, the fit quality improved substantially
when the diffusion coefficient along the pore, Drgj, was
allowed to be a free parameter; its fitted value turned out to
be smaller than the diffusion coefficient in the radial direc-
tion, Dtgr, (which is given by the Rouse model, eq 5). For
PEO 10k, making Dtgy a free fitting parameter did not lead
to a significant improvement of the fit quaht%f{ therefore, we
continued to assume that Dtry = Dtr, = D",

When we fitted model 4, the best fit qudllty was obtained
with &, for the free and adsorbed chains being two separate
free fitting parameters; a slightly worse quality resulted when
the internal dynamics of adsorbed chains was neglected

0° exp.data

0.01 0° fit

45° exp.data
45° fit oo

0.008

0.006 |

PEO 10k, 100°C
0.004 | NS

0.002 | TR

005 0.06 007 008 009 01 011 012
QA

Figure 3. Results of the fit of eq 9 to the experimental coherent scattering with the residual elastic scattering contribution set to zero. The fit range was

0=008A "
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Table 1. Results of Fitting of Model 4 to the NSE Spectra of PEO 3k and PEO 10k“

sample T (°C) orientation Rp £ (1072 kg/ns) f Drri/Dr1
PEO 3k 150 only 0° 141£1.9 0.292 £0.05 0.59£0.07 1
0° and 45° 14.0£2.1 0.270 £0.05 0.581£0.08 0.123£0.05
180 only 0° 122+42 0.34£0.18 0.53 £0.19 1
0° and 45° 13.0£2.9 0.162+0.05 0.41£0.09 0.29£0.10
PEO 10k 100 only 0° 2.5+£10 0.77 £0.9 0.43+£0.2 1
0° and 45° 04+84 0.44+0.16 0.34£0.07 1

“ Adsorbed chains were assumed to be completely immobile. fis the fraction of free chains that have a monomeric friction coefficient &y; the centers-

of-mass of these chains diffuse inside an infinite cylinder of a radius Rp.

PEO 3k, 150°C, 0° orientation

)
Q
g
n
)
2 °
= ®e
g =W °°om
» 04 r AM
PEO 10k, 100°C, a,
0° orientation A,
~ sy
L - -1 © AL
0.2 Q=008A o Ahdaem
_ A
Q=0.11A" a
0 L L L I 1
0 20 40 60 80 100
t [ns]

S(Q,1)/S(Q)

S(Q.1/S(Q)

PEO 3k, 150°C, 45° orientation
0]

04 - N
PEO 10k, 100°C, Aan
45° orientation A, "
L - -1 © AL
0.2 Q=008A o “44im
_ E
Q=011A" N
0 L I 1 L L
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Figure 4. NSE spectra (open symbols) and the fit (lines) of model 4. The spectra for @ = 0.08 and 0.11 A™" for both 0° and 45° were fitted
simultaneously; the internal dynamics of adsorbed chains was entirely neglected. &, values from these fits were used to calculate the NSE spectra for the

bulk melt using model 1 (closed symbols).

altogether, and significantly worse fits were obtained when
one &, was used for all, free and adsorbed, chains.

For the case when adsorbed chains were assumed to be
completely immobile, the fitted values are given in Table 1,
the spectra together with the fit curves are shown in Figure 4.
The free fitting parameters were Rp, &y, and f. For PEO 3k
when both orientations were fitted simultaneously, Dtgy/
Drr, was a free parameter as well. For the case when &, for
adsorbed chains was a free fitting parameter, the fit results
are not shown because they are similar to the ones presented
in Table 1 and Figure 4; fitted &, values for adsorbed chains
were more than 10 times larger than the &, values for free
chains. The fit results for the case when &, for adsorbed
chains was the same as for free chains are substantially worse
and therefore not shown as well.

Discussion

General Features. In the models we fitted to our NSE
spectra, the internal dynamics of adsorbed chains was either
neglected entirely or considered using the Rouse model for
bulk polymer melts. Both approaches are oversimplifications:
adsorbed chains have some internal dynamics that certainly
is different from that in the bulk. However, an attempt to use

a more complicated model to account for this dynamics is
not justified in our case because we do not know the structure
of the adsorbed polymer layer and our data set is not exten-
sive enough to allow a definite test of such a model.

Compared to the fits of model 4 where the internal
dynamics of adsorbed chains was neglected, the fits with
the friction coefficient for adsorbed chains being a free fitting
parameter provided similar results but only a marginally
better fit quality, and while the resulting &, values were about
10 times higher than in the bulk, they had large uncertainties.
Apparently, the information content of our data is not
sufficient to allow one more free fitting parameter, which is
coupled to the parameters that we already have. Thus, in the
following, by referring to model 4, we mean model 4 together
with an assumption that adsorbed chains are completely
immobile.

From Figure 5 it is clear that experimental S(Q,?)/S(Q) for
0° and 45° orientations are rather similar to each other. This,
in principle, can be expected for short times: the molecule
does not “feel” the confinement, hence, the scattering does
not depend on the Q orientation. But for long times, assum-
ing that the diffusion rate along and perpendicular to the
pore is the same, and that the internal chain dynamics is
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Figure 5. Comparison of NSE spectra recorded for 0° and 45° orientations. The insets contain magnified portions of respective graphs. Note that some
data points shown here are not shown in Figure 4: they were influenced by magnetic disturbance and therefore excluded from fitting.

isotropic, an S(Q,#)/S(Q) curve for the 45° orientation must
monotonously decay to a lower value than is the case for the
0 orientation. The reason for this can be seen from eqs 1—4:
while Scea(Q1,7) decays to zero, Seav(Q 1.7) decays to the BY(Q )
value, which is the elastic incoherent structure factor (EISF).
Clearly, nearly identical S(Q,7)/S(Q) curves for two orienta-
tions mean that either the diffusion is isotropic, but very slow,
so the observation time of the experiment is not sufficient for
Scm(Q,1) to reach its limiting value, or the diffusion along the
pore is slower than the diffusion in the radial direction. As we
will see below, it appears that the first possibility is realized for
PEO 10k and the second for PEO 3k.

The initial S(Q,7)/S(Q) decay for the confined PEO is
slower than in the bulk (see Figure 4) probably due a sub-
stantial fraction of adsorbed chains having a much slower
dynamics than free chains. (At short times the dynamics free
chains should not be influenced by confinement.)

The maximal thickness of an adsorbed polymer mono-
layer is limited by the Flory radius of a chain. Different
experimental methods probe an adsorbed layer in a different
way, hence, measured thicknesses vary from one method to
another.'” For example, in the case of the silica particles
dispersed in aqueous solutions of PEO, the thickness of an
adsorbed PEO layer was found to be ~Rg by viscometry
while values systematicall_y lower than Rg were obtained by
dynamic light scattering.>” If the pore radius (D) is known for
chains such that Rg < D/2, the thickness of an adsorbed
layer can be estimated from Rp values found by fitting model
4 to the NSE spectra; this thickness is just D/2 — Rp.

PEO 3k. The fitted Rp values for PEO 3k result in the
thickness of the adsorbed layer equal to 51 A (D/2 — Rp:
65 A — 14 A), a value comparable to Rr = 48 A. The fitted
&, values are reasonable, too: for comparison, for the bulk
PEO 2.1 kg/mol at 140 °C & = 0.265 x 10~ ** kg/ns.*® On the
other hand, if we estimate the f value as the ratio wRp>/D>
the result is much smaller than the f'values given in Table 1.
However, this estimate is wrong because Rp is the radius of
the cylinder where the center-of-mass of a free chain, and not
the whole free chain, is confined. While in Figure 1 only small
parts of free chains are outside this cylinder, it is reasonable
to expect that fragments of free chains occupy a substantial
fraction of the adsorbed layer. Consequently, to estimate f
one must use

_ @Rp®+7(1—x)(D* — Rp?)
wD?
where xis the volume fraction of the adsorbed layer occupied

by adsorbed chains. For D =65A, Rp =14 A,and f=0.59, x
is 0.43. This is a plausible value because it is known that the

(12)

volume fraction ¢(z) of the segments belonging to adsorbed
chains is a monotonously decaying (faster than linearly)
function of z.?° Thus, the values of all fitted parameters are
reasonable and compatible with the basic model constructed
in the Theory section.

While model 4 provided a good description of the NSE
spectra for 0° orientation, simultaneous fitting of this model
to the spectra for both 0° and 45° orientations suggested a
slower diffusion rate along the pore as compared to that in
the radial direction; see Table 1. A similar effect was obser-
ved earlier in a molecular dynamics simulation;* a simple
explanation is as follows. For a molecule to move along the
pore, it has to push aside its neighbors in the radial direction.
To move in the radial direction, it has to push aside its
neighbors along the pore. Because of the walls, there is a
resistance to the movement of the neighbors in the radial,
but not in the axial direction. Thus, while the diffusion rate in
the radial direction is essentially the same as in the bulk state,
the diffusion rate in the axial direction is slower.

In principle, an exchange between the adsorbed and free
states could lead to an effective diffusion rate slower than
in the bulk. However, this does not appear to be the case because
such an exchange (i) is probably slow and cannot be observed
in the time range of our experiment and (ii) would affect the
diffusion rate in both the radial and axial directions.

Assuming that diffusion along the pore and in the radial
direction are not coupled (see eq 1), NSE spectra for 0°
orientation are independent of the mechanism of CM diffu-
sion along the pore. A satisfactory description of these
spectra by model 4 suggests that there is no “corset effect”
for PEO 3k or, at the very least, the tube diameter is ~15 A,
and not 5 A, as was reported for PEO 1.7 kg/mol confined in
pores having a diameter of 9 nm.*

To check whether the above results depend on the assump-
tion that Drr, is given by the Rouse model (i.e., eq 5), we
tried to fit models 1—4 to NSE spectra of PEO 3k with Dtr
being a free fitting parameter independent of the friction
coefficient. In fits to the spectra for 0° orientation alone,
when the fit quality was good, the resulting Dtr, were
similar to the value calculated from &, for the bulk PEO.
In fits to the spectra for both 0° and 45° orientation, when
Drr, was a &y-independent free parameter, the fit quality
improved significantly when we allowed for Drry # Dtry.
Thus, an assumption that Dtg | follows the Rouse model is
reasonable, useful, but not necessary.

PEO 10k. Intuitively, model 4 is not suitable for PEO 10k.
Indeed, even if there are chains that do not have a contact to
the pore wall, these chains are probably entangled, and the
CM diffusion does not follow the Rouse model. However,



8168 Macromolecules, Vol. 43, No. 19, 2010

14 . 1 : : . ]
W00, PEO 3K, 150°C, £ = 0.265 x 102 kgins
0.9 “.6 OOOOOOOOOOOOOOOOOOOOOOODOOOOOOOOOO i
ﬂa
6 08 ’A .. AAA
& A .. AAAAA/\AAAAAA
= 071 a %
S ‘%
@ A %
06 a
A ‘4 o
05| A Q=0.08A o
yaN
A Q=0.11A" N
0.4 : :
0 20 40 60 80 100
t [ns]

Kusmin et al.

! ﬁ% Q=008A"" e
470500, ] A
09 1k ®eg 0o, Q=0.11A a
‘iﬂ ..o. OOOOO
~ 08¢ AL (] 000
o A A .. OO0,
a A *%ee, 29000005
= 07 ®%00
g ....
(2] A ....
06 | YW ®%00,,
AAAAA
7AY
0.5 |- PEO 10k, 100°C “Boan,, 1
€y =0.67 x 10720 kg/ns Aopp,
0.4 L 1 I 1 L
0 20 40 60 80 100

t[ns]

Figure 6. NSE spectra calculated for bulk PEO melts (H:D = 73:27) using model 1 (i.e., the Rouse model) with and without the contribution due to the
CM diffusion (filled and open symbols, respectively). Dy is given by eq 5. The spin-incoherent scattering was taken into account.

model 4 satisfactorily describes our PEO 10k spectra (Figure 4),
and fitted parameter values are reasonable (for comparison,
for the bulk PEO 24 kg/mol at 102°C &, = 0.67 x 10~ kg/ns'").
For PEO 10k, S(Q,1)/S(Q) spectra depend on the internal
chain dynamics to a greater extent than for PEO 3k (see
Figure 6). Since the actual diffusion coefficient of PEO 10k is
smaller than the value predicted by the Rouse model (because
of entanglements), spectra of confined PEO 10k in our time
range will depend almost entirely on the internal dynamics.
Thus, model 4 is not “too wrong” in our case because the
details of the CM diffusion do not matter anyway, this is
reflected in the weak sensitivity of the fit quality to Rp; see
Table 1. Because of the slow CM diffusion, longer Fourier
times (than for PEO 3k) have to be reached before a diffu-
sional anisotropy is detectable for PEO 10k.

Internal Dynamics of Adsorbed Chains. Neglecting the
internal dynamics of adsorbed chains entirely led to only
slightly worse fits than in the case when a friction coefficient
for adsorbed chains was a free fitting parameter. Clearly, this
neglect is not a bad approximation for our samples and the Q
region, at least not for PEO 3k. This can be seen from the
comparison of the total S(Q,7)/S(Q) decay with a decay due
to the internal dynamics alone (Figure 6).

For the bulk PEO 3k, even for the long times 7 > 7y, the
S(Q,1)/S(0) due to the internal dynamics aloneis 0.75at Q =
0.11 A~!. Given that a fraction of adsorbed chains is 0.4, and
assuming that the internal dynamics of adsorbed chains is
several times slower than in the bulk, its contribution to the
total S(Q,7)/S(Q) decay may indeed be approximated by
unity (that is, no internal dynamics at all). For the bulk PEO
10k melt the relative contribution of the internal dynamics is
more substantial, hence, in this case, neglecting the internal
dynamics of adsorbed chains is a poorer approximation.

An adequate description of the internal dynamics of
adsorbed chains is increasingly more important not only
with increasing molecular weight but also with increasing Q.
In a neutron scattering study on the local dynamics of PEO
43 kg/mol (Rg ~ 18 nm) confined in pores having a diameter
~40 nm it was found that the confinement had little effect
on the segmental dynamics for 02 A™' < 0 < 1 A™'"
However, in the low Q range, as in our case, it is the large
amplitude internal motions that contribute substantially;
these motions may well be slowed down, and consequently,
neglecting the internal dynamics of adsorbed chains is more
justified.

Finally, we showed that at least for PEO 3k the spectra are
rather insensitive to the details of the internal dynamics and
are governed by the three major effects: geometrical confine-
ment, PEO—surface interactions, and CM diffusion. Thus,
the conclusions below are qualitatively independent of our

assumption that the Rouse model can be used for both free
and adsorbed chains.

Conclusion

To study the large scale polymer dynamics under confinement
and to test whether this dynamics is isotropic, the NSE spectra of
porous silicon wafers filled with PEO 3 kg/mol and PEO 10 kg/mol
were recorded at two sample orientations. The spectra were
analyzed in the frame of a two-state model where free chains
undergo Rouse dynamics and diffuse within an infinite cylinder in
the center of the pore and adsorbed chains have immobile center-
of-mass and substantially slower (relative to free chains) internal
dynamics. For both PEO 3k and PEO 10k the internal dynamics
of free chains was apparently unaffected by the confinement, as
evidenced by the friction coefficient similar to the values reported
for the bulk PEO melts. For PEO 3k, the radius of the infinite
cylinder was found to be 1.4 nm; this corresponds to the thickness
of an adsorbed layer approximately equal to the Flory radius.
Also for PEO 3k, the diffusion rate along the pore was found to
be slower than in the radial direction. This anisotropy may be due
to an effect predicted by an earlier study:* for a molecule to move
along the pore (or in the radial direction) neighboring molecules
must make space by moving in the radial direction (or along the
pore); because of the walls, there is a resistance to their movement
in the radial, but not in the axial, direction. For PEO 10 kg/mol
the details on the CM diffusion could not be discerned.

From a more general perspective our results regarding the self-
diffusion dynamics of PEO in aligned mesopores highlight a
partitioning of the pore-confined polymers in two species with
regard to their microscopic dynamics: A component with reduced
dynamics in the pore wall proximity and a component with an
unaltered dynamics in the pore center. The shear viscosity and
thus the flow properties of polymers confined in such channels are
intimately related to their microscopic dynamics. Therefore, our
finding is of importance not only for the equilibrium physics of
this system but also for the nonequilibrium transport behavior of
polymers across silicon mesopores. A reduced chain dynamics
in the boundary layer, and thus an increased viscosity of the
molecules adjacent to the pore walls (sticky boundary layer), will
lead to significantly reduced permeabilities of silicon meso- and
nanopores.®’ For the future it would be particularly interesting to
investigate how changes in the pore wall/polymer interaction,
e.g., introduced by a silanization of the pore walls, affect the
findings on PEO dynamics in porous silicon reported here.
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