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A recent model for unentangled polymer chains in confinement [M. Dolgushev and M. Krutyeva,
Macromol. Theory Simul. 21, 565 (2012)] is scrutinized by small-angle neutron scattering (SANS)
with respect to its static prediction, the single-chain structure factor. We find a remarkable agreement
although the model simplifies the effect of the confinement to a harmonic potential. The effective
confinement size from fits of SANS data with the model agrees well with the actual pore size.
Starting from this result we discuss the possibility of an experiment on the dynamic structure fac-
tor predicted by the model. It turns out that such an experiment would need a large ratio polymer
dimension/pore size which is difficult but not impossible to achieve. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4975977]

I. INTRODUCTION

The structure and dynamics of polymers in confinement
on a length scale comparable to the chain dimension has
recently gained much interest.! One reason for this is that
such a situation can be found in applications as nanocompos-
ites but also in biology in the so-called crowded environment
of a cell. The other reason is rooted in the theoretical interest
in a description of the confined chain analogous to that of the
free chain by the Rouse model, reptation model, and similar
approaches. In spite of this growing interest, there are yet not
many theoretical descriptions present. Furthermore, if calcu-
lations exist, as that of Freed et al. for the structure of a chain
between interacting walls,” those are often too complicated to
be evaluated for the practical description of data.

In this paper, we will use a comparatively simple model
by Dolgushev and Krutyeva® (DK model) for a polymer chain
confined in a cylinder. This model consists of a variation of the
Rouse model by adding a cylindrically symmetric harmonic
potential. The DK model has two parameters, the radius of
gyration of the unperturbed chain Ry and a force constant of
dimension length, d. Due to the choice of a harmonic potential,
the Rouse modes are still eigenmodes of the system and only
the mode relaxation times and amplitudes are changed. The
result of the DK model is the dynamic structure factor S(Q, 1).
As a special case ¢ = 0, the result comprises the structure fac-
tor S(Q) of a single chain. Although an analytical solution is
not possible (as it is in the case of the Rouse model for the
unperturbed chain), the numerical calculation is rather simple
involving a summation over pairs of Rouse modes.

Il. RECAP OF CURRENT THEORIES

The dynamics of non-entangled polymer chains in the
melt is usually well described by the Rouse model.* This model
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is based on Langevin equations for the motion of N beads
connected by (entropic) springs,

4% = 3’;—§T(rn+1 “ay )+ 0. ()
In this equation ¢ is the monomeric friction coefficient
and f,(r) a random force. The fluctuations of the random
force are related to the friction coefficient by (fuo(1)fing(t"))
= 20kpT 8undapd(t—1t"). The spring force constant is fixed due
to its entropic nature to 3kp T/12, where 2 is the mean-square
distance between beads. The system of Equation (1) can be
decoupled by introducing so-called Rouse modes X, (1),

N-1
r, (1) = Xo(t) + 2 Z X, (1) cos (%) . 2)
p=1

Solving the equations of motions for the Rouse modes, sum-
ming over all modes, and summing over all pairs of beads lead
to the coherent scattering function (a.k.a dynamic structure
factor) of the chain,

1 < 12
S(Q,1) = N Z exp (— Qz(Dt+ gln—ml
mn=1
= pm pn /7,
+ 4}; <X§>cos (T)cos (T) (1 —e™ ’))),

3

where the (center-of-mass) diffusion coefficient D, the mode
amplitudes (X,%) and the mode relaxation times 7, all follow
from the microscopic parameters of the model,

kgT
= NC (C))
-1
<X3> = (2?—2Nsin2 (%)) , 5)
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For the practical application, it is often preferred to use the
mean-square end-to-end distance R? = NI and the “Rouse
rate” WI* = 3kgTI?/{ as parameters. The reason is that with
these parameters the results of the Rouse model, in particular
(3), become independent of the number of beads N used in the
description of the chain in the limit of large N.

The static structure factor corresponds to the limit S(Q)
= S5(0Q, 0). Then, Equation (3) simplifies to

1 N 212
v Z exp (—QTm —ml). (7

m,n=1

S(Q) =

In the limit of large N, the structure factor can be expressed in
closed form as the Debye function,

xp (-R20%) - 1+ R2Q?

S(Q) = 2N RO

®)

where R; = R2/6 is the squared radius of gyration.

In order to describe a polymer chain in confinement, one
has to add a force resulting from a potential to the Langevin
equation. If one would choose a “realistic” potential, e.g., a
hard cylinder wall, an analytical solution would in most cases
be impossible. Therefore, the DK model introduces the con-
finement of the polymer to a cylindrical channel simply by
adding a two-dimensional harmonic potential,

dr,  3kgT
it~ 2

-V (Ika—; D2+ yﬁ)) +£,(0). ©)

The additional parameter d determines the strength of the
confinement. d =co would correspond to the unconfined
chain and d=0 to the chain strictly confined to the z
axis. Although d has the dimension of length, it cannot be
directly identified as the confinement size. Finally, it should
be noted that this choice of d also results in an indepen-
dence of N for large N. Note that the definition of d here
is different from that of d in Ref. 3, namely, d =c~l/2\/ﬁ .
Because the total potential is still harmonic, the Rouse modes
(2) are still solutions, but their amplitudes and relaxation
times are modified in the directions perpendicular to the

(rn+1 - 2rn + l'n—l)

axis,
)= (e () g
- (2 (35) a
Ti2p = (IZ;T];Tsinz (%) + i[]?;;)_l, (12)
T3, = (12;1;Tsin2 (%))_1. (13)

Here, the additional index denotes the Cartesian components,
1 and 2 are those perpendicular to the axis, and 3 is parallel
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to the axis. Also the diffusion coefficient is modified into a
perpendicular value and a (unchanged) parallel,

d> 2kgT
bo=g1-ew(-T25)). e
kT
D) = 1\% (15)

In contrast to the unconfined diffusion coefficient (4) (which
is still valid for the unconfined direction parallel to the axis),
the diffusion coefficient in the perpendicular directions decays
with time. For short times it is equal to the parallel/unconfined
value, lim;_,0 D, (t) = D). For long times D, decays inverse
proportionally with 7. This compensates the z-proportionality
of the mean square displacement of the center of mass in
Equation (3) and leads to a constant value lim,_,« (xgom(t)>

= lim,_, 2D t = d?. This corresponds to the intuitive picture
that the diffusive motion starts without “feeling” the walls and
finally gets “stuck” limited by the confinement size.

The calculation of the coherent scattering function is com-
plicated by the fact that the amplitudes of the Rouse modes,
their decay times, and the diffusion constant are anisotropic.
A direct application of (3) leads to a vector-dependent S(Q, 7).
Because in the experiments here the pores are orientationally
disordered, this result has to be averaged over all orientations of
Q. This calculation has been done by Dolgushev and Krutyeva
with the result

with

Ng o (57 - ()
+4COS( ) ( )(l_e—t/np)) (17)

b= 1t 3,03) e (57 -eon (1))
+ 4 cos (%)cos (%) (1 —e’”””)). (18)

p=1

Note that the simplifications which are possible for the Rouse
model which lead to a closed form result in the limit of large N
are not possible here. Therefore the sums have to be calculated
numerically, and the computational effort increases with N>,
Using pre-calculated arrays for 7,, and cos(rnm/N) allows
the calculation of these sums for N = 100 in reasonable time
to be used as fit functions on a personal computer.

The calculation is greatly simplified if only the static struc-
ture factor is to be calculated. Equation (16) still holds but with

)2
m) —cos (%))2 (20)

and

A, and By, replaced by

mn = 2 Z

and

(2
2 =5, ) o

P:l
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Again, the simplifications which lead to the Debye function
in the case of the unmodified Rouse model for N — oo are not
possible for expression (19).

The (squared) radius of gyration in directions perpendic-
ular to the axis is’

2( [2R 2R
R, = %(sze coth(\/;ge)— 1) (21)

with the root-mean-square end-to-end distance of the unper-
turbed chain, R. = VNI, in the limit of large N, while that in
parallel direction remains unchanged,

R§3 =R§0/3 = R?/18. (22)

As expected, the limit of (21) for the unconfined chain is
limg_c0 Rél ) = NI?/18 while that for strong confinement is

limgo R2 |, = Red /\24. Tt has to be noted that the latter limit
shows that even for strong confinement the radius of gyration in
the confined directions is not just given by d but still depends
on that of the unconfined chain proportionally to its square
root. This counter-intuitive result arises from the competition
between the entropic force on the chain favoring a size ~R.
and the external potential of the confinement favoring a size
~d leading to a “compromise” which is the geometric mean
of both length scales.

Applying the DK model to the realistic situation of a
polymer confined to a cylindrical channel, it is tempting to
identify d with the pore radius Ry or at least to a value pro-
portional to it. While for d > R, this is correct, the competition
of length scales mentioned above leads to a different result if
both lengths are of the same order. A comparison of the mean
square distance of the monomers from the axis of the channel,
which is < p2> = ngl/ 2 in the case of a cylinder, with the value
calculated in Ref. 5 leads to

| R \/ERe 3
RCYl_dJ %dcoth< 3d>+2' (23)

This equation will be used to compare d with the pore dimen-
sion throughout this paper. Its limits for weak and strong con-
finement are limg_,co Rey = V2d and limg_,0 Rey1 = 6~'*VR.d,
respectively.

Fig. 1 shows the comparison between the Rouse and the
DK models. It can be seen that the DK model causes a “hump”
appearing in the scattering curve. This is due to an incipient
transition from the power law Q=2 of the Debye function to
that of a linear scatterer, Q!> It can also be seen that compar-
atively small values of d/R. are necessary to make the effect
visible at all. The deviation between the Rouse model and the
Debye function at R;Q 2 10 originates from the finite number
of beads considered (N = 100). The calculated curve (also for
the DK model) levels off at S(Q) = 1 while the Debye func-
tion decays until infinite Q because infinite N is assumed. Of
course, the scattering from a real (finite) polymer chain will
also level off when 1/Q reaches the dimension of the monomer.
So the structure factors calculated from the sums will probably
represent reality better although they do not capture the inner
structure of the monomer correctly.

For the fit of the bulk polymer data, a correction was
applied due to the different molecular masses and the high

J. Chem. Phys. 146, 203309 (2017)

Ry Q

FIG. 1. Comparison of the static form factor P(Q) = S(Q)/N of a poly-
mer chain from the Rouse model (blue, dashed) and the DK model (red).
For comparison the Debye function is shown as a dotted line. The devia-
tion between the Rouse model and the Debye function at high Q originates
from the finite number of beads considered (N =100). For the DK model
d/R. =0.081 was chosen which is the value resulting from the experiments on
50k poly(ethylene-propylene) (PEP).

content of protonated polymer. The normalized SANS inten-
sity was fitted using the random phase approximation (RPA)
for mixtures,

1

1
SVnPr(©Q) | (1= §)VpaPa(Q)

-1
2X vol) P
(24)
where Pp(Q) and P4(Q) are the form factors of the proto-
nated and deuterated polymers, respectively (P(Q) = S(Q)/N,
thus P(0) = 1 independent of N). V,, and Vg are the molar
volumes. Both quantities are different for the protonated
and deuterated polymers because of the different molecular
masses. ¢ is the volume fraction of the protonated polymer and
XYvol = 6.8 X 107 mol/cm? is the Flory-Huggins parameter
taken from the literature.® Ag is the difference of the scatter-
ing length densities of the deuterated and protonated material
per mole. This correction contributes significantly (>1%) only
for the 50k sample for the lowest Q values <0.03 A~!. There
are additional uncertainties for the confinement samples (e.g.,
degree of filling) which do not allow to apply this correction.
But since the differences between Rouse and DK model take
place at higher Q, this correction could be neglected for the
confined materials.

10 = 8%

lll. EXPERIMENTAL
A. Samples

For the experimental test of the DK model, we used a
polymer in cylindrical pores where the materials are chosen in
a way to minimize the interaction between both components.
As confining material, we used SBA-15, a type of nanoporous
silica synthesized by a templating technique based on triblock
copolymers.® As can be seen from Fig. 2, the pores are a hexag-
onal array of cylinders. Although the pores are oriented within
the grains of micrometer size, the sample is macroscopically
isotropic because of the random orientation of the grains. From
the decrease of small-angle neutron scattering (SANS) upon
filling the pores with a polymer, one can estimate that the pores
constitute 50% of the total SBA-15 volume. Together with a
pore distance of 105 A from the first Bragg peak in SANS, this
results in a radius of the pores of 39 A.
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FIG. 2. Transmission electron microscopy of the SBA-15 used in this study.
The scale bar indicates 500 A.

The pores were filled with atactic poly(ethylene-
propylene) (PEP). Mixtures of PEP with natural isotopic com-
position and deuterated PEP were used to make the single chain
properties visible. Two different molecular masses were avail-
able, the characterizing parameters being listed in Table I. The
volume fractions were chosen as 47:53 (h:d) because earlier
experiments with a HyO/D,O mixture with the same scatter-
ing length density led to a complete contrast matching with no
Bragg peaks remaining visible.

B. Small-angle neutron scattering

To investigate the chain structure of the polymer in bulk
and in confinement, SANS experiments were performed on
D11 at Institut Laue-Langevin, Grenoble, France. This 40-
m-instrument potentially covers a scattering vector range
0=3x10"*...1 A™'. Here, we only used the range
0.01...0.5 A~ because the lowest Q range was dominated
by scattering from the SBA-15 grain surfaces. All SANS mea-
surements were carried out at 155 °C. Unfortunately, contrast
matching did not work completely in the case of the polymers.
Possible reasons for this are a density change of the polymer
in the pores or scattering from residual unfilled pores. It is
also possible that a fundamental imperfection of the match-
ing due to the small-number statistics of polymer molecules
plays a role.® Apart from the possibility that pores remain
unfilled, the possibility of excess polymer on the surface of the
SBA-15 grains has to be considered. From elastic scans on a

TABLE I. Molecular masses and polydispersity indices of the polymers used
in this study.

d component h component

Sample M,, (g/mol) P M, (g/mol) P
PEP 6k 5386 1.04 6070 1.05
PEP 50k 52 500 1.04 46 700 1.05

J. Chem. Phys. 146, 203309 (2017)

backscattering spectrometer, we estimate that this amounts to
at most 20% of the polymer.

IV. EXPERIMENTAL RESULTS

The SANS data of the bulk polymers could be fitted per-
fectly by Debye functions with the resulting radii of gyration
listed in Table II as Ryo. The fits are shown in Fig. 3. In addi-
tion to the RPA correction mentioned above, a freely fitted flat
background was added covering among other contributions the
incoherent scattering. The Ry values are in good agreement
with the calculation from the literature®'? which gives 28 A
and 82 A for the molecular masses used.

For the composite samples, because the attempt to com-
pletely contrast-match the polymer to the SBA-15 material
failed, we described the scattering by a sum of contributions of
(HhaQ™ scattering at lowest Q, (2) Bragg scattering from the
hexagonal pore lattice, and (3) the contribution by the polymer
itself.

In order to determine the scattering from the pore lattice,
an empty SBA-15 sample from the same batch was used. Fig. 4
shows the scattering pattern. It was described by a sum of 0~*
scattering arising from the outer surface of the grains and seven
separately fitted Gaussian peaks for the internal structure. It
can be seen from the figure that the fit describes the scattering
completely.

In afirst attempt to fit the SANS data from the filled pores,
a 0~* component and the empirical (seven Gaussian) function
for the pore scattering were used together with a Debye func-
tion for the contained polymer. The prefactors of the matrix
components were freely fitted because of the difference in
scattering contrast between the filled and the empty SBA-15.
In addition, a possible effect of the confinement on R, was

TABLE II. Results from fits of the SANS data. Radius of gyration of the
unconfined chain Ry 0, force constant of the DK model d, and effective cylinder
radius of the DK model Rcyj.

Sarnple RgO (A) d (A) Rcyl (A)
PEP 6k 29.88 +0.02 254 +£0.6 41.7+0.8
PEP 50k 83.73 £ 0.07 16.68 £ 0.07 42.6 £0.1
100
S
L. 10
<
1
0.01 0.1
QIA]

FIG. 3. SANS measurements of the bulk PEP melt. Red circles correspond
to the 50k sample and blue circles to 6k. Error bars would be smaller than the
symbols. The curves of the same color are the respective fits with a Debye
function and corrections as explained in the text.
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FIG. 4. SANS measurements of the empty SBA-15. The empirical fit function
is explained in the text. The black line indicates the slope of the 9~# component
visible at low Q.

considered by leaving this parameter free too. Despite that
flexibility, the fit was not satisfactory, as can be seen from
the dashed lines in Fig. 5. Especially, for the larger molecular
mass (PEP 50k), a significant deviation occurs in the range
Q0 =0.03...0.2 A!. The corresponding fit for PEP 6k shows
less deviation, indicating that this is due to an effect of the
confinement on the chain structure.

Therefore, we replaced the Debye function by the DK
expression (16) together with (19) and (20). For this fit, R, was
adopted from the bulk fit and only d is taken as a free parameter.
The continuous curves in Fig. 5(a) show that this fit describes
the data much better for PEP 50k. This becomes especially clear
from the inset showing the Q region corresponding to 2.5...6
inFig. 1. Fig. 6 shows the components of the fit function demon-
strating that the polymer contribution is dominant in the range
where the improvement by using DK is visible.

Q) [em']

Q) [cm™']

0.03 0.07

0.1

QI[A]

FIG. 5. SANS measurements of PEP in SBA-15. (a) PEP 50k and (b) PEP 6k.
The fits consist of a sum of matrix and polymer scattering where the latter is
described by the Debye model (blue dashed curve) or the Dolgushev-Krutyeva
model (red continuous curve). The insets show an enlargement of the region
0=0.03...007 AL

J. Chem. Phys. 146, 203309 (2017)

Q) [em™]

QI[A]

FIG. 6. Composition of the fit function for the SANS data. As an example, the
fit of PEP 50k with the DK expression and without partial Debye contribution
is shown. Black continuous curve: total fit function, black symbols: SANS
data, red continuous curve: DK expression, blue dashed curve: pore scattering,
green dotted line: Q™% component.

For the lower molecular mass, Fig. 5(b), there is only a
faint difference between the two fits. But it has to be noted
that also in that case the fit results in a “reasonable” d in the
sense explained below. For both molecular weights, there is a
residual discrepancy between the fits and the data whose origin
is unclear.

As Table IT shows, the d value resulting from the DK fits is
smaller than the pore radius and depends on the polymer used.
But as explained above, we do not expect a direct relation
between d and the confinement size. Indeed, using expression
(23) it turns out that for both samples the radius of an equivalent
cylinder is the same within error margins and agrees within
10% with that from electron microscopy.

In order to check whether this result depends on a con-
tamination by residual bulk material scattering, we fitted the
SANS data also with an additional 20% contribution of an
unchanged Debye function with the bulk parameters. It turns
out that with this assumption the values for d are lower, 23.8 A
and 10.8 A for PEP 6k and PEP 50k, respectively. While for
PEP 6k this would result in a better agreement with the elec-
tron microscope cylinder radius (Rcy; = 40 A), for PEP 50k
there would be an 18% discrepancy (Rey1 = 32 A).

From Fig. 5 and the values in Table II, it is clear that
for a visual demonstration of the confinement effect on the
structure factor it is necessary to have a strong confinement
with Reonfinement/Re < 0.2. This may be the reason why many
studies (e.g., Ref. 11) fail to see any effect of the confinement
and find that the structure factor is a Debye function also in
the confinement.

V. CONSEQUENCES FOR DYNAMICS

Because the DK model is able (and was devised) to eval-
uate the dynamical properties of a confined chain, clearly, it
would be desirable to test the model in this aspect too. The
method of choice for such a test would be neutron spin echo
spectroscopy (NSE) because it is able to measure the interme-
diate scattering function directly and in the appropriate time
range. The ability to perform such tests on the undisturbed
Rouse model and the reptation model has been demonstrated
in numerous experiments.'?
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We first discuss the possibility to do such a test with the
samples used here. PEP 50k can be immediately excluded
because the molecular mass is more than ten times above the
entanglement molecular mass (M =4200 g/mol).'* Although
such an experiment would be interesting by itself, this would
not be a test of the DK model because the DK model
assumes unentangled chains. A hypothetical experimental
result for PEP 6k, which is only slightly entangled, is shown in
Fig. 7. Note that the experimental result would only be
present in the NSE range which for a standard experiment
is 10 ps...200 ns. The Q range corresponds to that of com-
mon experiments on polymers, roughly matching the poly-
mer size. A temperature of 250 °C was chosen resulting in
WI* =4.3 x 10* A*ns™".'* It can be seen that only at the two
lowest Q values, a discernible difference between the DK
model and the unmodified Rouse model exists. For reasons
of chemical stability, it is not possible to raise the temperature
further to shift the relaxations into the experimental window.
But even if this were possible, the main problem is that for such
low Q values the motion of the chain is dominated by center-
of-mass diffusion. The dotted curves show this for both models
(obtained by neglecting all terms besides D¢). The similarity
with the full calculation shows that both models collapse to dif-
fusion of an “effective” particle with friction N¢. This means
that the information about the internal motions of the poly-
mer chain is not included at such low Q values. Therefore,
such a test would not be convincing regarding the question
whether the DK model describes the (internal) polymer motion
correctly.

It is clear that, in order to see the difference in the inter-
nal modes, it is necessary to work with a stronger confinement,
i.e., larger R./d. Fig. 8 shows the result expected for R, =90 A,
d=10A, Wi* = 6.2 x 10* A*ns™!, and Q0 = 0.1 A~!. There
is a clear difference between the Rouse and the DK model
around 10 ns. This could not be attributed to a difference in
the center-of-mass diffusion because as such it is not visible
in the pure-diffusion curves (dotted) at that time. Therefore
an experimental confirmation of the DK model under these
conditions would be a strong evidence that it predicts the
behavior of the internal chain modes correctly.
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FIG. 7. Predicted result of a neutron spin echo experiment on PEP 6k. The red
curves show the dynamic structure factor calculated from the DK model. The
black, dashed curves show the Rouse model for comparison. The dotted curves
(same colors as before) show the respective center-of-mass diffusion. The Q
values are 0.03, 0.05, 0.1, 0.2, and 0.3 A~! (right to left). The experimentally
inaccessible ranges are grayed out.
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FIG. 8. Predicted result of a neutron spin echo experiment with improved
conditions as described in the text. The red curves show the dynamic structure
factor calculated from the DK model. The black, dashed curves show the
Rouse model for comparison. The dotted curves (same colors as before) show
the respective center-of-mass diffusion.

The question is now whether this experiment would
be feasible. To achieve the parameters of Fig. 8 poly
(dimethylsiloxane) (PDMS) would be a good candidate with
M =19 000 g/mol. At that molecular mass the chains are still
unentangled'> and R, has the comparatively large value of
90 A. The large value WI* is possible because PDMS is highly
thermally stable and the experiment could be performed at 550
K. The value of 6.2 x 10* A*ns™! at this temperature results
from extrapolating the literature value'® at 472 K via the
Williams-Landel-Ferry relation.!” Furthermore, in Fig. 8 we
assume that a state-of-the-art NSE experiment can go up to
500 ns if one pushes the limits. (This would also enable to see
the transition to 1D diffusion in the DK model but not be essen-
tial for the test.) The main problem lies in finding a matrix ma-
terial with a sufficiently small confinement size. Fortunately,
d=10 A is not that size but instead the result of calculation
(23) which is 23 A here. This is rather demanding but could be
realizable by zeolites or metal-organic frameworks (MOFs).

From the calculations above, it is clear that to see an
effect of the internal dynamics of a polymer chain a ratio
Reonfinement/Re in the order of 0.2 or less is necessary. It is
surprising that in a study'® partially based on NSE data'>
an agreement with the DK model was found. In the NSE
experiment, oriented pores with a radius of 130 A were used
and a polymer with R, = 85 A. So the situation would be
worse than the one calculated in Fig. 7 and no effect could be
expected. It is not clear why an agreement with the DK model
is found in Ref. 18 even with a very low confinement parameter
d=5 A (converted to the units here) corresponding to
Reyi=15 A which is nearly an order of magnitude lower than
the actual pore size. One possible explanation would be that
the strong interaction with the walls (intended by the experi-
menters) superimposes the “pure” confinement effect. But it
also has to be noted that in the interpretation of Ref. 18 the
isotropically averaged formula (16) was used while the system
used in the experiment'> had oriented pores.

VL. SUMMARY AND CONCLUSIONS

In conclusion, we can say that the Dolgushev-Krutyeva
model describes the modifications of a polymer chain induced
by a confinement well concerning its static properties. This
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is insofar surprising as the confining model potential is sim-
ply harmonic. Therefore the polymer density in the model is
a bell-shaped function of the distance from the axis. In con-
trast it is more like a boxcar function in reality. It seems that
the static structure factor of a confined chain does not depend
strongly on the confining potential but only on its length scale.
Concerning the test of the DK model regarding the dynamics,
we can state that its parameters have to be well-chosen. On one
hand, the model reduces to Brownian single particle dynamics
in a potential for certain parameter combinations. On the other
hand, entanglement effects will superimpose the confinement
effect for large chains. Nevertheless, a suitable combination
of parameters can be found and may be realizable in a prac-
tical experiment. The main challenge will be to find a matrix
material with sufficiently narrow pores.
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