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ABSTRACT: Permeation of small molecule solutes through thin films is
typically described by the solution-diffusion model, but this model cannot
predict the effects of nanostructure due to self-assembly or additives. Other
models focusing on diffusion through isolated nanopores indicate that
confining permeation to channels slightly larger than the size of the solute can
lead to an increased influence of solute−pore wall interactions on permeation
rate. In this study, we analyze how differences in polymer nanostructure affect
the relative contributions of solute size and polymer−solute interactions on
transport rate. We compared the diffusion rates of several small molecules
through two polymer thin films: A cross-linked, homogeneous film of
poly(ethylene glycol phenyl ether acrylate) (PEGPEA) and a graft copolymer
with a poly(vinylidene fluoride-co-chlorotrifluoroethylene) (P(VDF-co-
CTFE)) backbone and PEGPEA side chains that self-assemble into
continuous ∼1−3 nm PEGPEA domains through which transport occurs.
We correlated these rates with the size of each solute and its chemical affinity to PEGPEA, as measured by the difference between
their solubility parameters. Diffusion rate through the homogeneous polymer film was controlled by solute size, whereas diffusion
rate through the copolymer was strongly controlled by the difference between the solubility parameters. Furthermore,
permeation selectivity between two selected molecules was 2.5× higher for the nanostructured copolymer, likely enhanced by the
nanoconfinement effects. These initial results indicate that polymer self-assembly is a promising tool for designing polymeric
membranes that can differentiate between solutes of similar size but differing chemical structures.

Regulating permeation through materials is crucial for many
applications, including selective membranes, controlled

drug delivery, and packaging.1−7 Permeation selectivity is
especially critical in membrane separations. Membranes that are
capable of separating small molecules of similar size by their
chemical structure can potentially have great impact in drug
manufacture8−10 and the petrochemical industry. A better
understanding of how to modulate the permeation of small
molecules through polymers by manipulating chemical
interactions and nanostructure can open up new avenues to
such membranes.
Most current membrane selective layers are homogeneous

polymers11−13 where permeation is described by the solution-
diffusion model. The solute dissolves in the polymer on the
feed side, diffuses, and desorbs into the permeate. The molar
flux JA of solute A through the polymer film is given by
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where SA, DA, and PA are the solubility, diffusivity, and
permeability of A in the polymer, respectively, z is the polymer
film thickness, and ΔCA is the concentration difference between
the feed and permeate. The permeability of a solute increases

with increasing solubility in the polymer and decreasing solute
size.
This model works well for most gas separation mem-

branes11−14 and has been adapted for desalination.11,13−15

However, it does not account for the effect of nanostructure
observed in copolymers that microphase separate.16,17 The
importance of nanoscale structure is best observed in biological
transport systems like porins,18 nuclear pore complex,19 and ion
channels,20 which achieve very sharp permeation selectivity
through synergistic effects of pore size and molecular
recognition. These pores are only slightly larger than their
target molecule, lined with functional groups that selectively
interact with their target. This emphasizes the effect of
interactions between the solute and the functional groups
within pores,21,22 leading to the selective transport of the target
molecule. Therefore, combining nanoscale confinement with
specific membrane−solute interactions is the biomimetic key to
developing systems that feature chemical structure based
selectivity.
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Most approaches to prepare nanopores lined with functional
groups use top-down modification of membranes with
cylindrical through-pores, for example, thiol chemisorption
into gold nanotube membranes,23,24 silane deposition, and
surface-initiated polymerization on anodized aluminum oxide
membranes,25,26 polyelectrolyte deposition inside nanotu-
bules,27 and initiated chemical vapor deposition onto track-
etched membranes.28 However, these manufacturing methods
show poor scalability and yield very low pore densities. This
would lead to low productivity when used as a separation
membrane.
Creating the desired functional nanostructures in a single

step through polymer self-assembly circumvents these limi-
tations.29 Most membrane applications focus on block
copolymers, which create ordered cylindrical structures that
can be aligned perpendicular to the membrane surface.
However, the smallest scale that can be achieved with block
copolymers is around 3 nm,30−34 much larger than small
molecules. In comparison, graft copolymers can form network
structures that are disordered but continuous. These do not
require further alignment. The domain size is comparable with
the radius of gyration of side chains,35 down to 1 nm,36−38

comparable with the size of small molecule solutes. The
nanostructure can be controlled by modulating the copolymer
architecture, composition, and molecular weight. The copoly-
mers can be functionalized,39−41 making it possible to create
specific interactions between these chemical groups and the
solutes permeating through the membrane.
Here, we aim to gain mechanistic insight into permeation

through nanostructured polymers. We study how differences in
polymer nanostructure affect the relative contributions of solute
size and polymer-solute interactions on transport rate. For this
purpose, we selected an aromatic polymer, poly(ethylene glycol
phenyl ether acrylate) (PEGPEA). We compared the
permeation rates of solutes through two polymer films that
incorporate PEGPEA: a graft copolymer with PEGPEA side
chains that self-assembles into continuous nanodomains ∼1−3
nm in diameter and cross-linked PEGPEA. We correlated the
permeabilities of several solutes through these films with their
chemistry and size. We have shown that the chemical structure
differences have a stronger influence on selectivity in the graft
copolymer due to nanoconfinement and increased solute-
PEGPEA contacts, similar to that observed in nanochannels
described above,42 whereas permeability through the homoge-
neous cross-linked polymer is dominated by size effects. We
also demonstrated that the microphase separated copolymer
provides more effective separation of molecules of similar size
but different chemical structure. This is, to our knowledge, the
first documentation of increased permeation selectivity due to
nanostructure in a self-assembled system.
The graft copolymer we studied has a polyvinylidene fluoride

(PVDF) backbone that microphase separates from PEGPEA.
We synthesized this copolymer by a “grafting from” approach,43

using poly(vinylidenefluoride-co-chlorotrifluoroethylene), P-
(VDF-co-CTFE) (Solvay Specialty Polymers, Mn 149 kDa),
as a macroinitiator for atom transfer radical polymerization
(ATRP).39,44 A Cu(I)−ligand complex abstracts chlorine atoms
from CTFE units45 that initiate the polymerization of ethylene
glycol phenyl ether acrylate (EGPEA) to form the side chains.
The molar ratio between VDF and CTFE in P(VDF-co-CTFE)
was measured to be ∼11:1 by 19F NMR (Figure 1a),
corresponding to 14 wt % CTFE.

P(VDF-co-CTFE) was previously used as an ATRP macro-
initiator,46 but the initiation efficiency of the chlorine atoms in
CTFE was not determined before. These atoms are bound
relatively strongly in comparison with preferred ATRP
initiators, so the initiation may not be as fast or efficient as in
systems with better control. We determined the initiation
efficiency from the 19F NMR spectrum of P(VDF-co-CTFE)-g-
PEGPEA, termed PVDF-g-PEGPEA for the sake of brevity
(Figure 1b). The peak at −112.5 ppm, attributed to
-CF2CF(PEGPEA)CF2CF2CH2- (h′),47 is absent in the back-
bone spectrum. Using this peak and the peak at −109.5 ppm,
attributed to the convolution of -CF2CH2CF2CF2CFCl- (b, b′)
and -CF2CFClCF2CFClCH2- (f, f′), the percentage of initiated
chlorine was calculated to be 74%. Using 1H NMR (Figure 1c),
PVDF-g-PEGPEA copolymer was found to contain 70 wt %

Figure 1. 19F NMR of PVDF (a) and PVDF-g-PEGPEA (b) and 1H
NMR of PVDF-g-PEGPEA (c).
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PEGPEA and a molecular weight of 500 kDa. Each side chain
consists of, on average, 10 EGPEA units.
The PVDF-g-PEGPEA copolymer was designed to form a

continuous network of PEGPEA nanodomains, ∼1−3 nm in
diameter, due to the chemical incompatibility of its two
components and its molecular architecture.
PVDF and PEGPEA microphase-separate given the large

difference between their solubility parameters δ,48 used to
predict polymer miscibility, and correlated with the Flory−
Huggins interaction parameter, χ:49

χ δ δ δ= − = ΔV
RT

V
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2
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2
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where T is the temperature, R is the gas constant, and V is the
molar volume of the repeating unit50 (116.6 cm3/mol).
Solubility parameters for PVDF and PEGPEA are 17.5 and
23.1 MPa1/2, respectively.48 This corresponds to χ = 1.5 for this
polymer pair, a high value indicating they will be
immiscible.51,52

We have verified microphase separation by differential
scanning calorimetry (DSC) of the copolymer and relevant
homopolymers (Figure 2a). PVDF-g-PEGPEA shows a glass-
transition temperature (Tg) of ∼13 °C, matching that observed
for PEGPEA homopolymer. The Tg for PVDF, expected

around −35 °C,53 was not observed, likely due to the
temperature range of the instrument. The existence of PVDF
domains is evidenced by the melting peak around 165 °C,
observed in both P(VDF-co-CTFE) and PVDF-g-PEGPEA.
PVDF domains are partially crystalline, ∼20% for P(VDF-co-
CTFE) and 10% for PVDF-g-PEGPEA.
Extensive literature shows that copolymers with comb

architecture microphase-separate into network-type morpholo-
gies.35,36,38,52,54,55 Approximately 50:50 volume ratios lead to
bicontinuous networks of each domain. When the side chain is
the majority component, a network of the side chain domains
interspersed with backbone domains is observed.36,38,52,54,55

The domain diameter is comparable with the side chain radius
of gyration, Rg.

35 Based on this, we expect PVDF-g-PEGPEA to
microphase separate to form PEGPEA nanodomains that form
a network of “nanochannels” that span the material whose size
scale is comparable with the Rg of the side chains.
The unperturbed root mean squared radius of gyration of a

polymer Rg can be estimated by56

= ∞R
c nl

6g

2

(3)

where c∞ is the characteristic ratio, n is the number of C−C
bonds (20 for a 10-mer), and l is the C−C bond length (0.154
nm).57 While we could not find the c∞ value for PEGPEA, that
of poly(ethylene glycol phenyl ether methacrylate) (PEGPE-
MA) is 16.19,58 yielding an Rg of 1.13 nm. That of PEGPEA
should be slightly lower. Even in an all-trans conformation, a
10-mer would have an end-to-end distance of 2.5 nm.
Therefore, this copolymer is expected to form ∼1−3 nm
PEGPEA domains, slightly larger than solute molecules.35−38,48

To characterize the nanostructure, small-angle X-ray
scattering (SAXS) was performed on PVDF-g-PEGPEA using
synchrotron X-rays at Kyushu University Beamline (Figure 3).

The pattern shows a small bump at q = 0.052 Å, corresponding
to a characteristic length of ∼12 nm. We estimated the width of
PEGPEA channels that correspond to this characteristic length
to be 1.2−3.6 nm (Supporting Information), in agreement with
the estimates from Rg.
Guinier-Porod analysis59 (Figure 3, inset) shows power-law

behavior with exponent 1.8 at low-q, which suggests a lamellar

Figure 2. DSC thermograms of PEGPEA, PVDF-co-CTFE, PVDF-g-
PEGPEA (a) and PVDF-g-PEGPEA with and without IPA (b). The
heating rate is 10 °C/min.

Figure 3. SAXS profile of PVDF-g-PEGPEA. Inset: same plot in log−
log scale (Guinier-Porod analysis).
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network structure.60 At high-q, the pattern follows Porod’s law
indicating Gaussian chains within amorphous domains.61,62

Overall, SAXS analysis supports a microphase-separated
morphology with a continuous network of PEGPEA domains,
interspersed with PVDF domains.63 While it is hard to tell if
PVDF domains are continuous, their presence is sufficient to
form confined PEGPEA nanochannels.
We prepared ∼2 μm thick films, or dense membranes, of

PVDF-g-PEGPEA by casting a 15 μm layer of a 15 wt %
copolymer solution in DMF with a blade applicator and then
soaking it in isopropanol. To serve as a control without
microphase separated nanostructure, we prepared a ∼60 μm
thick cross-linked PEGPEA film by photoinduced polymer-

ization of a mixture of 16:1 EGPEA/poly(ethylene glycol)
diacrylate (PEGDA, 258 g/mol) by weight. The solubility
parameters of PEGDA and PEGPEA are similar, so no
microphase separation is expected.
To observe nanoconfinement effects in the graft copolymer,

the solvent needs to selectively swell PEGPEA but not PVDF,
so that solutes permeate only through PEGPEA-filled “nano-
channels”.36,64,65 Isopropanol was selected as the solvent
because it swells PEGPEA but not PVDF based on literature,65

solvent uptake, and diffusion experiments (not shown). DSC
also supports the selective swelling of PEGPEA by IPA. Figure
2b shows that the Tg of PEGPEA shifts to lower temperature
(−4 °C) if the copolymer is soaked in IPA before DSC analysis.

Table 1. Molecular Volume, Solubility Parameters, and Single-Solute Permeation Properties through Copolymer and Control
Membranes of Five Solutes

diffusion rate
(10−10 mol/min) permeability (10−11 m2/s)

permeation selectivity with
respect to MCH

molecule MV (Å3) δ (MPa1/2) Δδ (MPa1/2) copolymer control copolymer control copolymer control

MCHa 125.5 16.1 7 0.15 0.13 0.28 7.1 1 1
PFSb 139.8 31.8 8.7 0.32 0.67 0.6 37 2 5
NBa 108 23.2 0.1 3.31 1.44 6.13 80 22 11
ANIa 109.8 26.3 3.2 2.21 1.53 4.09 85 15 12
DMNPb 182.2 26.4 3.3 1.66 0.15 3.07 8.4 11 1
PEGPEA 23.1
PVDF 17.5

aConcentration measured with GCMS. bConcentration measured with UV−visible spectrophotometry.

Figure 4. Single-solute diffusion rates vs molecular volume, MV (a−c) and solubility parameter difference between solute and PEGPEA, Δδ1,2 (b−d)
for copolymer and control membranes. Dashed lines show linear regression of the data points. Error bars indicate average error margins (25%) from
three measurements for each solute.
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Plasticization confirms IPA is preferentially swelling the
PEGPEA domains.
We performed permeation experiments using a side-by-side

diffusion cell to measure permeation rates (see Supporting
Information for procedure). Solute concentration was meas-
ured by UV−visible spectroscopy or gas chromatography−mass
spectroscopy (GCMS) and used to determine the mass transfer
rate of the solute through the membrane. Single-solute
permeation tests were run on six different molecules:
nitrobenzene (NB), methylcyclohexane (MCH), 4-methylphe-
nol (MP), anisole (ANI), pentafluorostyrene (PFS), and
dimethoxy naphthalene (DMNP; Table 1). All molecules
have similar diameters (5−6 Å).36,37 All except MCH are
aromatic and can interact with the aromatic groups of PEGPEA
through π-stacking interactions.55 The solutes have varying
solubility parameters. Permeation rates and permeabilities (eq
1)66 through PVDF-g-PEGPEA and cross-linked PEGPEA
membranes are reported in Table 1, together with the
molecular volume (MV, calculated using Molecular modeling
Pro), and solubility parameter δ.48

We plotted our data in terms of permeation selectivity, R, by
normalizing the permeability of each molecule, Pmol by that of a
reference, Pref.

=R
P
P
mol

ref (4)

We selected the lowest permeability solute, MCH, as the
reference to emphasize the differences between the permeation
rates of different molecules through each material. According to
the solution-diffusion model, selectivity should not change
upon the introduction of an impermeable phase.
We plotted permeation selectivities of different solutes versus

solute molecular volume to indicate solute size, and the
difference between the solubility parameters of the solute and
PEGPEA, Δδ1,2, to indicate chemical affinity (Figure 4). Solutes
with higher molecular volume will have lower diffusivity DA. If
this effect dominates, permeability and selectivity should
decrease with increasing solute size. Solutes that preferentially
interact with and partition into PEGPEA are expected to have
smaller Δδ1,2 values (1, solute; 2, PEGPEA). If the separation is
dominated by chemical structure differences, smaller Δδ1,2
values are expected to lead to increased permeability.
For the PVDF-g-PEGPEA copolymer membranes, there is no

correlation between selectivity and molecular volume (Figure
4a). Instead, a strong correlation is observed between the
permeation selectivities and Δδ1,2 (Figure 4b). Permeability
decreases with increasing Δδ1,2, following an essentially linear
trend. This indicates that PEGPEA−solute interactions are the
dominant parameter determining solute permeability through
this copolymer. No correlation is observed with Δδ1,2 when 1 =
molecule and 2 = PVDF, further indicating that permeation
occurs exclusively through PEGPEA domains.
The cross-linked PEGPEA control membrane shows

distinctly different trends. There is a strong, roughly linear
correlation between permeability and molecular volume
(Figure 4c). Permeability is not correlated with Δδ1,2 (Figure
4d). In the absence of confining nanostructure, diffusion rates
are dominated by solute size provided the solutes are
sufficiently soluble.
This suggests that a microphase-separated nanostructure that

confines permeation can lead to a significantly different
permeation selectivity mechanism, increasing the influence of

chemical structure effects (solubility, affinity) over that of solute
size and diffusivity. By confining solute transport into
functionalized nanochannels of size comparable to the solutes,
a distinctly different basis of separation can be obtained.
Furthermore, higher diffusion selectivities are obtained in the

nanostructured copolymer. This can be seen in single-solute
experiments (Figure 4), but membrane selectivity can change
upon exposure to more than one solute at a time.11,15,67 We
conducted competitive permeation experiments using feed
solutions containing 1 mM of each of NB (aromatic) and MCH
(nonaromatic; Figure 5). Despite comparable molecular

volumes, the permeation rate of NB (2.5 ± 0.9 × 10−10 mol/
min) through PVDF-g-PEGPEA is 15× higher than that of
MCH (1.6 ± 0.7 × 10−11 mol/min). The cross-linked PEGPEA
control membrane shows a lower selectivity of 6. This shows
that the nanostructure in PVDF-g-PEGPEA increases perme-
ation selectivity due to aromaticity by confining flow and
enhancing the effect of π-stacking interactions between
PEGPEA and NB.
This study demonstrates that the confinement of the

permeable polymer into a self-assembled nanostructure at a
size scale that is comparable with solute size can significantly
change which molecular parameters solute permeation rates
correlate with. In the absence of nanoconfinement, smaller
solutes diffuse faster. In contrast, in a microphase-separated
copolymer that forms PEGPEA nanodomains through which
permeation occurs, permeation rates show little correlation

Figure 5. Diffusion rate of NB and MCH in competitive permeation
experiments through PVDF-g-PEGPEA copolymer (a) and cross-
linked PEGPEA control (b) membranes.
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with solute size. Instead, permeation selectivity is strongly
based on the solubility of solutes in PEGPEA. This is, to our
knowledge, the first documentation of the effect of microphase-
separated nanostructure on permeation selectivity and the
distinct change in separation mechanisms. We believe that
these initial insights will lead to a better understanding of how
polymer self-assembly can be utilized to rationally design and
create materials for various applications, from chemically
selective membranes to barrier materials.
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