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Abstract

PNIPAAm and PMAA co-grafted porous PE membranes were prepared by a living radical, sequential photografting method, and shown to
have a di-block covalent structure. In addition, DSC results suggest that complexes between the two blocks are formed under certain
conditions. The effect of total co-graft yield and co-graft composition on the temperature- and pH responsive membrane permeability was
examined. The results were explained using a two layer model, and by considering the effect of a graft conformation on the permeability of
the individual layers. Finally, by imposing various combinations of temperature and pH, it was shown that the co-grafted membranes could
be reversibly manipulated to exhibit more sophisticated permeability response than the singly grafted porous membranes.q 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Porous membranes with grafted responsive polymers
have been extensively investigated [1–4]. In two previous
studies, we reported that the graft yield and the location
could significantly influence the temperature response of
poly(N-isopropylacrylamide) grafted porous polyethylene
membranes (PNIPAAm-g-PE), and the pH response of
poly(methacrylic acid) grafted porous polyethylene
membranes (PMAA-g-PE) [5,6]. Grafted polymer chains
are primarily located within the pores of the membrane at
low graft yields, and if a pore-wetting solvent is used during
the grafting procedure. Alternatively, grafts on the external
membrane surfaces may dominate if the graft yield is high
and if a non-wetting grafting solvent is used. Permeation
may thus be mainly controlled by either the pore layer or
the surface layer, and the two mechanisms have opposite
dependencies on graft conformations. Under pore-
controlled conditions, expanded graft conformations result
in reduced effective pore size, and therefore lower perme-
abilities relative to collapsed graft conformations. In
contrast, under surface-controlled conditions, the expanded
graft conformations represent greater degrees of hydration
in the surface layer, and therefore give rise to higher perme-
abilities than the collapsed conformations.

The significance of polymers that respond to more than one
environmental stimulus has been recognized [7–12]. These
polymers are expected to provide more sophisticated respon-
siveness and greater potential for novel applications. For
example, it has been stated that a hydrogel exhibiting swelling
response to both pH and temperature could be used for drug
delivery in conditions where the two are coupled such as blood
clots [9]. However, the advantages of multi-stimuli respon-
siveness over single responsiveness in a clearly defined appli-
cation remains to be demonstrated.

Two main approaches have been used to prepare multi-
stimuli responsive polymers. One approach involves making
interpenetrating polymer networks (IPN) of two polymers
with independent stimuli-responsiveness. This method has
been used to make IPNs composed of temperature-responsive
poly(N-isopropylacrylamide), or PNIPAAm, and a pH-
responsive hydrogel composed of either poly(acrylic acid) or
poly(methacrylic acid) [13,14]. The method was also used to
prepare hydrogels that showed biodegradation only in the
presence of both enzymes for hydrolyzing each IPN compo-
nent [10–12]. A second approach for making multi-stimuli
responsive hydrogels is copolymerization of different respon-
sive components. Random copolymer hydrogels of tempera-
ture-responsive PNIPAAm with pH-responsive comonomers
are among the most studied [7,9,15].

Hydrogels composed of random linear copolymers of
NIPAAm and a pH-responsive unit have been extensively
studied. It has been found that the LCST or the temperature
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responsiveness disappears at a high enough content of the
pH-sensitive components, especially as the pH-sensitive
units are ionized [7]. Block copolymers would contain
long sequences of PNIPAAm and the pH-responsive
component, that may result in hierarchical structures
[16,17] or separated microphases [18,19] such that each
responsive component can be independently activated by
their respective stimulus. Therefore, block copolymers are
more useful for multi-stimuli responsive applications than
random copolymers.

By grafting multi-stimuli responsive block polymers onto
a porous membrane, permeability can be controlled by more
than one factor. Multiple architectures of the grafted chains
can be designed leading to more control over the membrane
permeability. In addition, depending on interactions
between different blocks in response to stimuli, structures
of the block copolymer may be tailored to regulate the
membrane permeability.

Recently, a number of studies on the living free radical graft
polymerization have been reported, which may provide new
possibilities for preparing grafted block copolymers [20–24].
For example, by the combined use of Langmuir–Blodgett and
atom transfer radical polymerization techniques, block copo-
lymers grafted onto a membrane with precisely controlled
architectures and densities have been obtained [23].

On the basis of the knowledge gained inour previous studies
[5,6], the photochemical co-graft polymerization method was
used to incorporate temperature and pH responsive polymers
onto a porous membrane. To obtain the desired block struc-
ture, a sequential photografting procedure was devised based
on a living free radical polymerization mechanism, which
involves a reversible combination of growing polymer chains
with stable free radicals. Living free radical polymerization
has been widely investigated using different initiators called
iniferters (derived from initiator–transfer agent–terminator)
[25,26]. Photoiniferters, which initiate living free radical poly-
merization under UV irradiation, have been used to graft block
copolymers onto membranes [20,24]. The photoiniferter may
be either immobilized on the membrane or dissolved in the
monomer solution. The photoiniferter generates free radicals
at the surface that initiate polymerization, then stays at the end
of the propagating chain, and retains the ability to initiate
further polymerization, giving rise to living ends of the graft
chains as the living graft polymerization proceeds.

In this study, the desired block co-grafts of PNIPAAm
and PMAA on porous membranes were prepared using a
living radical sequential grafting procedure. The effects of
total co-graft yield and co-graft compositions on the
membrane permeability were investigated.

2. Experimental

2.1. Materials

Low density polyethylene (LDPE) porous membranes

produced via thermally induced phase separation were
provided by 3M Company. The PE membrane is a flat
sheet with 50.5mm thickness, 70.5% porosity and an aver-
age pore diameter of 0.19mm as specified by the manufac-
turer.N-isopropylacrylamide (NIPAAm) and photoinitiator
xanthone were purchased from Aldrich Co. and used as
received. Methacrylic acid (MAA), purchased from Poly-
science Co., was purified by distillation under vacuum.

2.2. Graft polymerization

The grafting procedure has been described previously
[5,6] and is therefore only briefly summarized here. 7×
10:5 cm rectangular PE substrate membranes were soaked
in acetone solution containing 0.3 wt% xanthone for 24 h
and dried under vacuum at room temperature to prepare a
xanthone-adsorbed film. PNIPAAm-g-PE membranes were
prepared using a graft polymerization reactor under UV
irradiation provided by a UV reactor as described previously
[5]. A wide range of graft yields were obtained by varying
UV irradiation time at a fixed monomer concentration of
0.22 M. To remove ungrafted homopolymers and residual
photoinitiators, the membrane was washed in water at room
temperature, and soxhlet extracted with methanol, then
dried under vacuum. The process was repeated until
constant dry weight was achieved. The NIPAAm graft
yield was calculated as�Wg 2 Wu�=Wu where Wu and Wg

are the dry weights of the membrane before and after the
PNIPAAm grafting, respectively. The membrane was
soaked in methanol for 8 h, then in an aqueous MAA solu-
tion with a concentration of 0.22 M overnight. The graft
polymerization was conducted using UV irradiation as
described above. No additional photoinitiator was added
prior to PMAA grafting. The grafted membrane was again
subjected to repeated washing and drying process until the
constant dry weight was achieved. The total co-graft yield
was then calculated as�Wcog 2 Wu�=Wu whereWu andWcog

are the dry weights of the membrane before and after co-
grafting, respectively. The co-graft composition was calcu-
lated as the ratio between the dry weight of the PMAA graft
and the total PNIPAAm and PMAA co-graft.

A number of 100% PNIPAAm and 100% PMAA-grafted
membranes were also prepared for this study. The
PNIPAAm-grafted membranes were prepared in the same
way as described above. 100% PMAA-grafted membranes
were prepared using a mixture of water and methanol (1:1
by volume) as the grafting solvent. The choice of solvent
was made to promote PMAA grafting within the pores so
that the graft locations would be comparable to PNIPAAm
grafted membranes prepared in water [5,6].

2.3. Membrane characterization: differential scanning
calorimetry (DSC) and thickness measurement

Co-grafted membranes with total co-graft yields of 410–
472% and varying compositions were wetted in methanol
and then equilibrated at pH 4.4 and 7.4 buffer at room
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temperature for two days. The membranes containing
approximately 4 mg of grafted PNIPAAm were sealed in
DSC pans and scanned in a Perkin–Elmer model 7 differ-
ential scanning calorimeter. The sample was heated at 58C/
min from 0 to 608C under nitrogen against an empty refer-
ence pan. The temperature at the peak of a DSC thermogram
is defined as the LCST.

Membrane thickness was measured at pH 4.4 and 7.4
buffer solution under 37 and 308C using a micrometer
with an accuracy of 0.01 mm. The relative membrane thick-
ness was calculated as the ratio of the membrane thickness
at pH 7.4, 308C vs. at pH 4.4, 378C.

2.4. Permeability measurement

Permeation experiments were carried out using the same
permeation apparatus and method as before [5,6]. The
grafted membranes were cut into discs and soaked first in
methanol to wet the membrane and then equilibrated at
308C, pH 7.4 and 378C, pH 4.4 buffer solution with an
ionic strength of 0.01 M prior to initiating permeation
experiments. After checking for leakage, 25 ml of the buffer
solution, and permeant solution in the same buffer were
added simultaneously to the receptor and acceptor cells,
respectively, and stirred with a pair of magnetic bars. A
small amount (0.2 ml) of the solution was removed from
the receptor cell at periodic time intervals, and solute
concentration was determined by UV (Hewlett–Packard
8452Win Diode-array UV spectrophotometer). The sample
was replaced with 0.2 ml blank buffer. Permeability was
calculated using:

ln�1 2 2Cr=C0� � 22PAt=�LV�

whereCr is the concentration in the receptor cell at timet,
andC0, P, A, L andV are the initial solute concentration in
the donor compartment, permeability, effective diffusion
area, thickness of the membrane and volume of the compart-
ment, respectively. The permeability coefficientP can be
calculated from the slope of the ln(12 2Cr/C0) versust
curve, which was determined by linear regression.

Dynamic permeation experiments were performed by
changing both temperature and pH at certain time intervals.
This was performed by transferring the permeation system
between two water baths with temperatures of 37 and 308C,
and by changing pH buffer solutions in both the permeation
cells simultaneously. A number of cycles were repeated, and
the permeability under each condition in the cycle was
calculated as described above.

3. Results and discussion

3.1. Co-grafting mechanisms and co-graft structure

The structure of PNIPAAm/PMAA co-grafts on porous
PE membranes are of primary importance in determining
the permeability characteristics of the grafted membranes.
In the following sections, the primary and secondary struc-
tures of the co-grafts are discussed. The conclusions of
Section 3.1 will serve as the basis for the discussion of
permeation results in Section 3.2.

3.1.1. Co-grafting mechanism and co-graft primary
structure

Fig. 1 shows the graft yield of PMAA onto PE
membranes that had previously been grafted with
PNIPAAm to varying extents as a function of grafting
time. The figure shows that co-grafting can be achieved
by this sequential procedure, and that PMAA graft yield
increases with grafting time. The dependence of PMAA
graft yield on grafting time is approximately linear, with
an apparent slight acceleration with time. The co-graft
composition can therefore be controlled by independently
controlling PNIPAAm and PMAA grafting times.

The structure of the co-grafts produced by this procedure
is of primary importance in determining the permeability
response of these membranes. Clearly, the grafted
PNIPAAm chains prepared by the sequential procedure
must be attached to PE surfaces. Grafted PMAA chains,
however, may theoretically be positioned either on the PE
surfaces—giving independently grafted PNIPAAm and
PMAA chains, or at the free ends of grafted PNIPAAm
chains—giving PNIPAAm/PMAA di-block grafts. The
sequential procedure was devised to create a di-block struc-
ture that would give rise to independent response of the two
blocks. Xanthone is soluble in methanol�solubility �
4:9 mg=ml�; so the methanol extraction step after PNIPAAm
grafting should remove any residual photoinitiators
adsorbed on PE surfaces, and prevent direct PMAA grafting
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onto PE. No direct proof of complete xanthone removal was
obtained due to the difficulty of identifying trace residual
xanthone. However, a xanthone-coated PE membrane was
extracted with methanol, neither PNIPAAm nor PMAA
could be grafted—suggesting that the methanol extraction
procedure was adequate for removing xanthone adsorbed on
PE surfaces, and that the co-grafts have a di-block structure.

The literature on the living radical polymerization also
supports the di-block structure idea. Yang et al. [24] have
reported the living radical polymerization of PMAA on PE
using xanthone. It was proposed that under UV irradiation,
xanthone is excited and turns into xanthone ketyl radical
after abstracting a hydrogen atom. The radical participates
mainly in a termination process, resulting in grafted PMAA
chains with terminal xanthone ketyl groups. Under further
UV irradiation, the xanthone ketyl groups can decompose to
form free radicals, leading to additional PMAA grafting. A
similar mechanism may apply for PNIPAAm grafting and
subsequent PMAA grafting, as shown in Fig. 2. Such a
living radical polymerization mechanism would result in a
di-block structure with the PMAA chains grafted at the free
ends of PNIPAAm chains.

In Fig. 1, it can be seen that at equal PMAA grafting
times, PMAA graft yield appears to be higher on
membranes with higher PNIPAAm graft yields. An increase
in PNIPAAm graft yield is obtained by increasing the UV
irradiation time. Longer UV irradiation time should corre-
spond to an increasing number of initiation events, and
therefore a larger number of grafted PNIPAAm chains.
Each of the PNIPAAm chains should have a living radical
at its propagating end that can initiate subsequent PMAA

grafting. Then in the PMAA grafting step, there should be a
faster rate of PMAA grafting for the membrane with higher
PNIPAAm graft yields.

3.1.2. Secondary structure of PNIPAAm-co-PMAA-g-PE:
complexation

It was argued in Section 3.1 that grafted membranes with
di-block co-grafts of PNIPAAm and PMAA have been
prepared. The LCST of membranes with varying composi-
tions, and total graft yields in the range of 410–472%, were
measured by DSC in order to determine the transitional
temperatures of these co-grafts, as well as to probe their
secondary structures. Table 1 shows that at pH 7.4, a ther-
mal transition near the LCST of pure PNIPAAm occurs for
membranes of all co-graft compositions. This observation
further supports the idea that the co-grafts are di-block in
structure, such that the PNIPAAm segments can undergo
LCST transitions in much the same way that homopolymers
of NIPAAm do. At pH 4.4, however, no LCST was detected
within the temperature range of 0–608C for membranes with
a PMAA content of 22% or higher. A possible explanation
for the disappearance of the LCST under these conditions is
that at pH 4.4, hydrogen bonding between amide groups on
PNIPAAm and un-ionized carboxyl groups on PMAA (Fig.
3) occurs, resulting in PNIPAAm/PMAA complexes. The
LCST for PNIPAAm is a consequence of temperature-
dependent changes in the balance between hydrophilic
interactions in the form of hydrogen bonding between
amide groups and water, and hydrophobic interactions
among isopropyl groups. The shift in balance between
these interactions results in a coil to globule conformational
change in PNIPAAm chains [27,28]. The presence of a
complex between PNIPAAm and PMAA may result in the
loss of thermal transition because: (1) the amide groups of
PNIPAAm are less accessible to water because of the hydro-
gen bonding with carboxylic acid groups—thus disrupting
the balance between hydrophilic and hydrophobic interac-
tions; and/or (2) the coil to globule conformational change
of the PNIPAAm blocks is inhibited due to the more rigid
structure of the complex.

The possible existence of PNIPAAm/PMAA complexes is
supported by a number of literature reports [7,29–33]. Garay
etal. reported that reversible intermolecular hydrogenbonding
between PNIPAAm and poly(carboxylic acids), i.e. PMAA
and PAA, in acidic solutions (i.e. pH, pKa� occurs, and
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Table 1
LCST of PNIPAAm and PMAA co-grafted membranes with different
PMAA content at pH 4.4 and pH 7.4

PMAA (wt%)a 0 7.6 22.0 47.5 67.1

pH 7.4 32.38C 33.88C 31.38C 31.18C 30.68C
pH 4.4 33.58C 34.88C N.D.b N.D.b N.D.b

a The wt% is based on the total mass of grafted PMAA and PNIPAAm on
each membrane. The membranes measured had total graft yields of 410–
472%.

b Not detectable in the range of 0–608C.
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that the hydrogen bonding results in solution precipitation
[30]. Chen et al. reported that intramolecular hydrogen
bonding between PNIPAAm grafts and PAA backbone
chains in PAA-g-PNIPAAm copolymers occurs at pH 4
[7,29], and that these polymers show LCSTs close to that
of PNIPAAm homopolymers at pH 7.4 over a wide range of
compositions, while LCSTs are lowered at pH 4. It should
be noted for comparison that in random copolymers of
MAA and NIPAAm, the temperature responsiveness is
lost at high enough MAA content both above and below
the pKa of the MAA groups [34].

3.1.3. Summary
In summary, the PNIPAAm-b-PMAA co-grafted

membrane was obtained by sequential photografting of
NIPAAm and MAA onto porous PE membranes. Hydrogen

bonding between PNIPAAm and PMAA results in the
formation of a complex under acidic condition. The
complex structure results in the loss of the LCST for the
PNIPAAm component. The structure of the co-grafts,
together with total graft yield, composition and graft loca-
tion, will influence membrane permeation characteristics.
The permeation results presented in Section 3.2 will be
discussed with these data in mind.

3.2. Permeation characteristics of co-grafted membranes

In this section, the effect of total co-graft yield and
co-graft composition on the membrane permeation
characteristics are examined. Results are discussed in
view of the co-graft structures discussed in the previous
section, the membrane architecture that would result from
those structures, as well as a two-layer membrane model.
Finally, the possibility of multiple permeation set points is
demonstrated.

3.2.1. Effect of total co-graft yield
Fig. 4 shows the permeability of vitamin B12 through co-

grafted membranes as a function of total graft yield. The co-
graft composition was maintained constant for all
membranes—with a constant mass ratio of 1:1 for grafted
PNIPAAm vs. PMAA. Permeation experiments were
conducted under two conditions: (i) the “expanded” condi-
tion corresponding to pH 7.4 and 308C when both the
PNIPAAm and PMAA blocks of the co-grafts are expected
to be in their expanded conformations, and (ii) the nomin-
ally “collapsed” condition corresponding to pH 4.4 and
378C when both the PNIPAAm and PMAA blocks are
expected to be in collapsed conformations—recognizing
that complexes are likely to exist that may inhibit the
collapse of PNIPAAm blocks. The figure shows: (1) perme-
ability in the nominally collapsed state is always higher than
in the expanded state; and (2) in both states, permeability
first decreases with increasing co-graft yield, reaching a
minimum, then increases as co-graft yield increases further.

The observed experimental results can be explained in
terms of a two layer model. The grafted membranes may
be viewed as being composed of two layers: the porous
membrane layer that consists of the PE substrate with poly-
mers grafted in its pores (pore grafts), and the surface layer
that consists of polymers grafted on the external surfaces of
the PE membrane (surface grafts) (Fig. 5). The overall
permeability of the membrane,P, is related to the total
thicknessL, the permeabilityPp and thicknessLp of the
porous layer, and the permeabilityPS and thicknessLS of
the surface layer in the following manner [35]:

L
P
� Lp

Pp
1

LS

PS

The thickness of the porous layer,Lp, is approximately
constant and equal to the thickness of the native PE
substrate, while the surface layer thicknessLS increases
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with total graft yield. The permeability of the surface layer
PS should be comparable to the permeability of a corre-
sponding PNIPAAm/PMAA copolymer hydrogel
membrane, while the pore layer permeabilityPp should
decrease with increasing graft yield as pores become
increasingly filled. The overall permeability may therefore
be controlled by either the surface layer, the pore layer, or
both, depending on the graft yield and location. The two
layer model has been used previously to explain permeabil-
ity results obtained in temperature-responsive PNIPAAm-
g-PE membranes [5] and pH-responsive-PMAA-g-PE
membranes [6]; in those studies, direct evidence for the
existence of two layers were provided by thickness
measurements as well as SEM photographs of the
membrane cross-sections and surfaces.

Due to the large pore surface area, it is expected that at
low total graft yields, the co-grafts would primarily be
located inside the pores with only a small amount of grafting
on the external surface�LS < 0�; the porous layer should
therefore be the rate-controlling layer. Under these circum-
stances, as graft yield increases, increasing blockage of the
pores would result, giving rise to decreasing permeability as
seen in Fig. 4. Fig. 4 shows that at low yields, permeability
in the nominally collapsed state is higher than in the
expanded state. Expanded graft conformations lead to
greater obstruction of the pores, and thus lower permeabil-
ities than the collapsed conformations. Note that although
complexation between PNIPAAm and PMAA blocks is
expected at pH 4.4 and 378C, the complex should have a
tighter, denser conformation than the expanded conforma-
tions, and would therefore provide less blockage of the
pores.

As the graft yield increases, the pores would eventually
become filled, and an increasingly significant surface layer

would be formed; the overall permeability would then
become increasingly influenced by the permeability of the
surface layer. It should be noted that the permeability used
in this paper refers to the thickness-normalized intrinsic
permeability of the membranes or layers within the
membranes. The intrinsic permeability of the surface layer
should not be significantly thickness dependent, and should
be close to that of a slightly crosslinked hydrogel. The
intrinsic permeability of the porous layer should be lower
than that of the surface layer. Then as the surface layer
thickness increases, the relative importance of the surface
layer in determining the overall permeability increases, and
the overall intrinsic permeability increases as a result. This
expected trend with respect to graft yield is observed in Fig.
4 for both the expanded state and the nominally collapsed
state. If at sufficiently high graft yields, the surface layer
becomes so thick that it becomes completely rate-control-
ling, then the overall permeability would be the same as that
of a hydrogel membrane. In this situation, the nominally
collapsed conformation would present a denser barrier to
diffusion than the expanded conformation, and a lower
permeability would be expected for the collapsed state. In
Fig. 4, permeability in the expanded state is always lower
than in the collapsed state, suggesting that the surface layer-
controlled limit is never reached within the range of experi-
mental conditions tested. However, the difference in perme-
ability between the two states appears to be getting smaller
with increasing graft yield in the high graft yield range,
suggesting that the surface layer-control limit would even-
tually be approached at higher graft yields.

3.2.2. Effect of co-graft composition
The effect of co-graft composition on permeability was

studied at two different ranges of total co-graft yields: 208–
235% and 410–472%; the two ranges were selected to
represent membranes with varying degrees of pore layer
vs. surface layer control.

The thicknesses and permeation characteristics of the
lower graft yield range membranes are shown in Figs. 6
and 7. Thickness measurements and permeation experi-
ments were conducted under conditions that represent either
fully expanded conformations (308C, pH 7.4) or nominally
collapsed conformations (378C, pH 4.4). The ratio of
thicknesses between these two conformational states is
defined as the relative membrane thickness. In Fig. 6, it
can be seen that the absolute thicknesses of the membranes
are larger than the ungrafted PE substrates (0.05 mm), the
membranes are thicker in the expanded state compared to
the collapsed state, resulting in values that are larger than
one for the relative thicknesses between expanded and
collapsed states. These observations indicate that some
grafts exist on the external membrane surfaces. It can also
be seen that although relative thickness is nearly composi-
tion-independent, absolute membrane thickness increases
with increasing PMAA content. This may indicate that the
PMAA grafts are preferentially grafted onto the external

T. Peng, Y.-L. Cheng / Polymer 42 (2001) 2091–21002096

Total co-graft yield: 208-235%

Expanded Collapsed

PMAA wt%

0 20 40 60 80 100

R
el

at
iv

e
m

em
br

an
e

th
ic

kn
es

s

0.80

0.90

1.00

1.10

1.20

1.30

1.40

M
em

br
an

e
th

ic
kn

es
s

(m
m

)

0.05

0.10

0.15

0.20

Co-graft yield: 208-235%

Expanded state

Collapsed state

Fig. 6. Relative membrane thickness (A) and absolute membrane thickness
(X, W) as a function of PMAA content. Error bars are standard
deviations�n� 4 pieces of the membrane from the same synthesis batch).



surfaces compared to the PNIPAAm grafts. Due to the
sequential photografting procedure, a higher PMAA
content, or lower PNIPAAm content, means that surface
adsorbed xanthone photoinitiator is removed from the
pore surfaces at a lower partial graft yield, and therefore,
a higher amount of polymer is subsequently attached onto
the end of previously grafted chains via a living radical
mechanism. This situation would result in a higher propor-

tion of grafted polymers on the membrane surface with
increasing PMAA content.

Fig. 7 shows the permeability of vitamin B12 through the
low graft yield range membranes as a function of PMAA
content. It can be seen that permeability in the collapsed
state is always higher than in the expanded state. Since at
this graft yield range, pore layer control is expected to be
important, the expanded grafts would obstruct pores more
than the collapsed grafts, and would therefore lead to lower
permeabilities. Fig. 7 also shows that permeability increases
with the PMAA content for both collapsed and expanded
graft conformations. Since, as described earlier, increasing
PMAA content represents increasing amounts of graft on
the external surface, there would be correspondingly less
grafts in the pores, leading to reduced pore obstruction,
and therefore higher overall permeability.

The thicknesses and permeation characteristics of the
higher graft yield range membranes are shown in Figs. 8
and 9. Fig. 8 shows that these membranes are thicker than
ungrafted PE membranes (0.05 mm), and are thicker in the
expanded state than the collapsed state. The same observa-
tion was seen in Fig. 6 for the lower graft yield membranes,
and can similarly be attributed to the presence of grafts on
the external membrane surfaces. Comparison of Figs. 6 and
8 shows that the higher graft yield membranes are thicker
than the lower graft yield membranes, as would be expected.
It can also be seen that absolute membrane thicknesses, as
well as the relative membrane thickness between the
expanded and collapsed states, both increase with increasing
PMAA content. As discussed earlier, due to the procedure
used to prepare co-grafts, PMAA is expected to be more
localized on the external surfaces than PNIPAAm, therefore
thicker surface layers are expected with increasing PMAA
content. An additional factor may influence thickness at the
higher graft yields: there may be a significant presence of
PNIPAAm on the external surface at these yields; the
composition of the surface layer may influence membrane
thickness, and thus result in a dependence of thickness on
the overall PMAA content. In studies of PNIPAAm and
PMAA grafted dense membranes [36,37], as well as
PMAA and PNIPAAm hydrogels of similar crosslinking
densities [9,38,39], swelling ratios of the two polymers in
their collapsed and expanded states are seen to be
comparable. These literature reports suggests that surface
layer composition should not have a strong effect on overall
membrane thickness, and the PMAA dependence seen in
Fig. 8 should simply be attributed to the increasing localiza-
tion of grafts in the surface layer with increasing PMAA
content.

Fig. 9 shows the permeability of vitamin B12 through co-
grafted membranes with the higher range of co-graft yields
under fully expanded and nominally collapsed conditions. It
is observed: (1) in both expanded and collapsed states,
permeability increases with PMAA content; and (2) at low
PMAA contents, permeability in the collapsed state is lower
than in the expanded state, but the trend reverses as PMAA
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content increases. These observations can be most readily
explained by first examining the permeability of the surface
and porous layers individually. It may be argued that since
the surface layer is composed of only hydrated grafts, the
surface layer permeability should be comparable to the
permeability of a corresponding hydrogel membrane. Data
from the literature on diffusion coefficients of rhodamine,
and partition coefficients and permeability of vitamin B12

through PNIPAAm and PMAA hydrogels of comparable
crosslinking density [40–42] allowed calculations to be
made that showed vitamin B12 permeability through
expanded PNIPAAm and PMAA hydrogels have compar-
able values of about 1026 cm2/s, while permeability through
the collapsed PNIPAAm (,1029 cm2/s) is orders of magni-
tude lower than through the collapsed PMAA (,1026 cm2/
s). This trend in permeability is qualitatively consistent with
known volume changes for these two hydrogels between
their swollen and collapsed state [41]. Thus permeability
of the surface layer either remains constant (expanded
state) or increases (collapsed state) with increasing PMAA
content. In addition, the permeability data for low graft yield
membranes shown in Fig. 7 can be used to infer that pore
layer permeability should be of the order of magnitude 1028

to 1027 cm2/s, and should increase with PMAA content
due to the preferential localization of PMAA grafts on
external surfaces. Fig. 10 schematically shows the PMAA
dependence of permeability for the two layers in both
conformations.

Looking at the combined effects of the pore and surface
layers shown in Fig. 10, it is readily apparent that as PMAA
content increases, the overall membrane permeability in
both the expanded and collapsed states must increase, as
was observed in Fig. 9. In addition, membrane permeability
in the expanded state should increase only moderately with
PMAA content, only due to the effect of increasing PMAA
on the pore layer. In contrast, in the collapsed state, perme-
ability of the pore layer increases moderately while perme-
ability of the surface layer increases dramatically—
resulting in a significant increase in overall permeability
with PMAA content. The difference in the effect of
PMAA content on overall membrane permeability in the
expanded and collapsed state results in the crossover seen
in Fig. 9.

It is also of interest to note that the crossover in Fig. 9
occurs at around 22% PMAA—the same co-graft composi-
tion at which the LCST transition became undetectable by
DSC (Table 1). If the surface layer is prevented from collap-
sing due to complexation between PNIPAAm and PMAA,
then permeability through the surface layer should be signif-
icantly higher than if collapse could occur. The marked
increase in the permeability in the collapsed conformation
between 7.6 and 22% PMAA may therefore be attributed to
complex formation.

3.2.3. Responsive membrane with multiple permeability set
points

To demonstrate the range of permeability control achiev-
able with multi-stimuli responsive membranes, permeation
experiments were conducted by randomly changing the pH
and temperature among four different conditions that repre-
sent the possible combinations of the collapsed or expanded
conformations for PNIPAAm and PMAA: (308C/pH 7.4),
(378C/pH 7.4), (308C/pH 4.4), and (378C/pH 4.4). Experi-
ments were conducted using 4400 dalton FITC-dextran
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since more dramatic permeability changes are expected for
solutes of this size than vitamin B12 [5,6]. Two membranes
were used, each with a PNIPAAm to PMAA ratio of 1:1,
and with two different total co-graft yields of 208 and
438%. The results (Figs. 11 and 12) show that perme-
ability can be controlled in a reversible fashion, and
that there are four permeability set points for each
membrane corresponding to the four different conditions,
demonstrating that a more sophisticated permeability
response can be obtained by co-grafted membranes than
membranes grafted with only a single stimulus-responsive
polymer. The response times, after new conditions were
imposed, were not quantitatively determined, but perme-
ation results show that a new steady state had generally
been reached at the typical first time point of 2 h after
changing conditions.

Figs. 11 and 12 also show that for both membranes, the
permeabilities can be ranked in the following order:
P�378C=pH 4:4� . P�308C=pH 4:4� . P�378C=pH 7:4� . P�308C=pH 7:4�:
At 308C, pH 7.4, both PNIPAAm and PMAA blocks are
fully expanded, giving the largest possible co-graft chain
dimensions, and the lowest permeability if the overall
membrane permeability is governed by the pore layer. At
378C, pH 7.4, PNIPAAm blocks collapse, showing the
LCST, while PMAA blocks are expanded. At 308C, pH
4.4, complexes are present. The hydrophilic groups in the
co-grafted polymer (i.e. amide and carboxylic acid groups)
involved in the hydrogen bonding are no longer available
for water molecules. The complex should have a tighter,
denser conformation than the partially expanded conforma-
tion at 378C and pH 7.4. At 378C, pH 4.4, the structure of the
complex becomes even more compact due to increased
hydrophobic interaction between the methyl groups of
PMAA and isopropyl groups of PNIPAAm with tempera-
ture [31,33]. The rank order in permeability for the various
conditions therefore correlates inversely to the expected
graft chain dimensions, implying that for both membranes,
the pore layer is a strong determinant of the overall permea-
tion characteristics. Although it is expected that the surface
layer should play a larger role in determining the permeation
characteristics of the higher graft yield membrane than the
lower graft yield membrane, the complexation that occurs at
pH 4.4 reduces the extent of collapse possible in the surface
layer, thus minimizing the mass transfer resistance and the
degree of mass transfer control of the surface layer. Never-
theless, since grafted chain conformations have an opposite
effect on the permeability of pore layer vs. the surface layer,
differences in the degree of control exerted by the pore layer
would ultimately be manifested in a different rank order in
permeability. Further comparison of Figs. 11 and 12 show
that, although the rank orders in permeabilities are the same
for the two membranes, the actual values of permeabilities
are different for the two membranes under the same condi-
tions—an indication of the shift in the degree of pore layer
control.

4. Conclusions

Membrane preparation, co-graft structure and permeation
characteristics have been studied with the following
conclusions:

1. Both temperature and pH responsive membranes with a
wide range of co-graft yield and composition can be
prepared by the sequential photografting method. The
process shows living radical polymerization characteris-
tics leading to a di-block co-graft structure.

2. The co-grafted membrane with the PMAA content
ranging from 7.6 to 67.1 wt% shows the LCST at pH
7.4. In contrast, the co-grafted membrane with the
PMAA content above 22 wt% shows no LCST at pH
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4.4 due to complexation between PMAA and PNIPAAm
blocks.

3. The permeability of the co-grafted membrane is
controlled by the co-graft architecture which, in turn, is
affected by the total co-graft yield and co-graft
composition.

4. More sophisticated permeability response behavior is
possible with multi-stimuli responsive membranes than
membranes that can respond to only one stimulus.
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