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ABSTRACT: Novel polyion-complexed Langmuir-Blodgett (LB) films having a channellike pathway for
transporting ions were prepared from the polyion-complexed monolayers composed of newly synthesized
triblock polyanions (poly(styrene-p-sulfonate)-block-poly(methacrylic acid)-block-poly(styrene-p-sulfonate)
(SsMnS»s)) and a double-chain, cationic amphiphile. The cationic amphiphile was found to complex
preferentially with poly(styrene-p-sulfonate) segments and not with poly(methacrylic acid) segments at low
pH. The polyion complexes formed stable surface monolayers, which were affected by pH in the subphase.
The permeability of the hydrophilic permeants (KCl and tetramethylammonium bromide) across the LB
films of those monolayers (10 layers) was reversibly switched on and off by pH change as a result of the
conformational change of the poly(methacrylic acid) segments, while the permeability of the hydrophobic
permeant (hexyltrimethylammonium bromide) with long alkyl chain was controlled by the phase transition
of the component monolayers rather than by pH change.

Introduction

Biological membranes consist of the lipid bilayer and
protein molecules capable of transporting specific sub-
strates across the membranes. The protein molecules may
undergo reversible conformational changes to make a
channel in the membrane for the specific substrate
transported. If one could develop an artificial membrane
that would possess such a channel function in biomem-
branes, it would be useful not only for biomimetic model
systems of ion transport but also for practical applications
in sensors and separations. Recently, a biomembrane
model from a synthetic macromolecule, which has the poly-
peptide microdomain as a membrane protein model, has
been prepared and has worked as a permeability-
controllable membrane by the conformational change of
polypeptide segment.!

Langmuir-Blodgett (LB) films would be good candidates
for a biomembrane model due to their resemblance in
structural and physicochemical properties to the lipid bi-
layer membrane. Infact,the substrate permeability across
LB films has been successfully controlled by the phase
transition between crystal and liquid crystal of the
component monolayer similar to the lipid bilayer function.?
An attempt to improve the long-term thermal and me-
chanical stability of LB films is, however, required for
most practical applications. Research efforts on LB films
consisting of polymeric monolayers are rapidly expand-
ing.34 Polyion complexation of ionic amphiphiles and
oppositely charged polyions at the air-water interface is
one of the most fascinating techniques for stabilization
and facilitated deposition of monolayers.58 Such polyion-
complexed LB films have been found to be stable enough
in water as a permeation barrier.”® Cast films of the poly-
ion complexes, which have fundamentally a similar layer
structure to the LB films, have been reported to control
the substrate permeability through them by the phase
transition of membrane components.® We have focused
on the incorporation of a conformation-changeable poly-
mer segment as a channel model of biomembranes into
the polyions and on the control of substrate permeability
in the polyion-complexed LB films. Inapreviousreport,1¢
we showed the preliminary result of KCl transport across
the LB films (10 monolayers) composed of poly(styrene-
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p-sulfonate)-block-poly(methacrylic acid)-block-poly(sty-
rene-p-sulfonate) (S,MS,)/1 polyion complexed mono-
layer whose structural formula is shown in Figure 1.
SrMp,,S;./1 complexes formed well-behaved surface mono-
layers that were affected by pH change in the subphase
due to the conformational transition of poly(methacrylic
acid) (PMMA) segments in S,M,,S, triblock polyions.
These PMAA segments in LB films were suggested to
function as a permeating pathway for KCl. The present
paper will describe the results of our more intensive study
on the pH-induced permeation control of a series of
SaMpS,/1 polyion-complexed LB films. We employed
tetramethylammonium bromide (C;N*) and hexyltri-
methylammonium bromide (CgN*) with different molec-
ular size and hydrophobicity from KCl as permeants in
order to elucidate which portion of the LB films they
mainly pass through.

Experimental Section

Materials. Double-chain ammonium salt 1 was prepared as
follows according to the literature.!! The condensation of L-glu-
tamic acid with myristyl alcohol was carried out and the diester
thus obtained was reacted with w-bromoundecanoyl chloride and
then treated with trimethylamine. The structure and purity of
the final product were confirmed by 'H NMR (JEOL, JNM-
GX400 FTNMR spectrometer) spectrum, TLC with flame
ionization detection (Yatron Laboratories, Tokyo), and elemental
analysis (C, H, and N). Methacrylic acid, ethanol, methanol,
and benzene were purified by the usual methods. Other chemicals
used were of analytical grade.

Preparation of Triblock Polyions (S,M,,S,). Triblock
polyions (S,M,S,) were prepared according to the manner
reported previously.’? The radical polymerization of methacrylic
acid was carried out upon UV irradiation (low-pressure Hg lamp)
in a sealed glass ampule at 30 °C with bis(isopropylxanthogen)
disulfide (BX) as initiator-transfer agent-terminator!? and eth-
anol as solvent. After a definite period of time, the ampule was
opened, and the content was poured into a large excess of benzene.
The precipitate was purified by reprecipitation from ethanol
(solvent) and benzene (nonsolvent) and freeze-dried. The
number-average degree of polymerization (m) of the polymers
was determined by VPO (Knauer vapor-pressure osmometer) in
ethanol. The contents of xanthate groups incorporated into the
polymer were determined from UV spectra (Shimadzu UV-2100
spectrophotometer, Kyoto; Apay = 284 nm: 7 — =n* transition of
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Figure 1. Structure of polyion complex composed of polyanion
(S:M,.S,) and cationic amphiphile (1) and a model for the con-
formational change in the form of surface monolayers.

SC(=S8)0, ¢max = 1.13 X 10¢ L mol™! ¢cm™). Subsequently, the
block polymerization of sodium styrene-p-sulfonate was carried
out upon UV irradiation in the same way with PMAA containing
xanthate groups at each end of polymer chain as macrophotoini-
tiator obtained above and water as solvent. After polymeriza-
tion, the content of the ampule was poured into a large excess
of methanol, and then the precipitate was purified by reprecip-
itation from water (solvent) and methanol (nonsolvent) and
freeze-dried. The average degree of polymerization (n) of
blocking sodium styrene-p-sulfonate was determined by esti-
mating the contents of methacrylic acid units in polymer by a
conductometric titration with aqueous NaOH. The polymeri-
zation conditions and characterization of polymers thus obtained
were summarized in Table L.

Preparation of Polyion Complexes (S,M,S,/1). Anaque-
ous solution of 1 (15 mM) was obtained by sonication for a few
minutes with a Branson Sonifier II 250. Equivalent amounts of
an aqueous dispersion of 1 (15 mM) and an aqueous solution of
S,Mp,S, (15 unit mM) were mixed at an appropriate pH. The
precipitates were washed with water and acetone several times
and then dried in vacuo to give a white powder. The stoichio-
metric composition of these polyion complexes was determined
by 'H NMR and elemental analysis. Anal. Caled for S;0M;3S;0/
1: C,68.81; H, 10.42; N, 2.79. Found: C, 68.59;H, 10.74; N, 2.66.
Calcd for S10MsS10/1: C, 67.74; H, 10.14; N, 2.56. Found: C,
67.39; H, 10.54; N, 2.40.

Spreading Experiments. The monolayers were obtained
by spreading of benzene-methanol (8/2 in volume) solutions of
S,M,S,/1 complexes on purified water (“Milli Q" system, Mil-
lipore Ltd.). The concentration of the spreading solution was
1.0 mg mL-!. Ten minutes after spreading, the gaseous mono-
layer was compressed continuously. The compressional velocity
was 1.20 cm?s71. Below this value, the effect of compression rate
onthe monolayer area was within experimental error. Wilhelmy's
plate (filter paper plate) method and a Teflon-coated trough
with a microprocessor-controlled film balance (San-Esu Keisoku
Ltd., Fukuoka) with a precision of 0.01 mN m-! were used for
surface pressure measurements. The measurements of surface
pressure (x)—area (A) curves for all samples were repeated several
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Table I
Polymerization and Characterization of Triblock Polyions
(SaMaS,)
telechelic PMAA® SpMnSa*

feed comp,® feed comp,/ yield,
run [MAA]o/[BX])o Ny m? [xanthate]o/[SS]o % né
1 3.0 21 13 0.050 45 10
2 5.0 20 34 0.025 25 10

@ Photopolymerizations were carried out in ethanol at 30 °C.
®[BX]Jo: concentration of bis(isopropylxanthogen) disulfide;
[MAA]o = 3.0 mol L. ¢ Number of isopropyl xanthate groups per
polymer molecule calculated by the following equation: Ny = M,(Abs/
€0); e = 1,13 X 104 L mol™! em™! Apay = 284 nm); C, concentration of
polymer (g L1); Abs, absorbance at 284 nm; M,, number-average
molecular weight of polymer determined by VPO in ethanol. ¢ Num-
ber-average degree of polymerization (m) calculated by the fol-
lowing equation; m = (My/Mmaa)(1 — [Mi(Abs/eC)]; My, molecular
weight of isopropyl xanthate group?, Myaa, molecular weight of MAA.
¢ Photopolymerizations were carried out in water at 30 °C. / [zan-
thate]o, concentration of xanthate groups at both ends of PMAA
chain; [SS]o = 1.00 mol L. ¢ Number-average degree of polymeri-
zation (n) calculated by the following equation: n = [(10%/6 -
Myaa)m - My N;]/2Mgg; 8, the content of MAA unit in triblock
polymer (mmol g-1); Mgs, molecular weight of SS.

times to check their reproducibility. The pH in the subphase
was adjusted with either NaOH or HCl as required. Langmuir-
Blodgett multilayers were prepared by means of a microprocessor-
controlled film balance, FSD-21 (San-Esu Keisoku Ltd., Fuku-
oka). The dipping speed of a substrate was kept constant at 15
mm min-! for both downward and upward strokes. Multilayers
could be deposited on various materials, such as quartz plate and
a porous polycarbonate film (Nuclepore, pore size 0.2 um, No-
mura Micro Science Co., Ltd.).

Permeation. Permeation experiments were performed be-
tween pure water (14 cm?3) and aqueous KCl, C,N*, or CeN* (50
mM, 57 cm?) with a conventional, thermostated, H-shaped cell.
The film area was 0.79 cm?, and both sides of the cell were stirred
at a constant speed. Permeation of salts (KCl, C;N*, and C¢N*)
was followed by detecting increases in the electrical conductance
in the water side, since good linear correlations between the
conductance and the concentration of salts were obtained in the
range 0.1-50 mM. The calibration equations between conduc-
tance and concentration of salts were as follows: concentration
of KCl (M) = 6.25 X conductance (S) and concentration of
ammonium salt (C;N* or CgN+) (M) = 8.0 X conductance (S).
Apparent permeation rates, P (cm s™), were calculated from eq
1wherek,v,a,and Cyare the initial slope of the salt concentration

P=kv/aC, 6]

in the water side versus time curve (mol cm3 s-1), the volume of
the water side of the cell (14 cm?), the film area (0.79 cm?), and
the concentration of permeants in the salt solution side (50 mM),
respectively. LB films were treated for 20 min with an acidic
(HC)) or alkaline (NaOH) solution with a prescribed pH at room
temperature and then were set in the permeation cell. The salt
permeability across the LB films was measured in pure water
(pH 6.8). The permeation experiment for the bare Nuclepore
was also performed at pH 6.8 in the same way.

Results and Discussion

Preparation and Composition of the Polyion Com-
plexes (S,M,,S,/1). We have shown in previous papers!?
that BX behaves as an effective photoinitiator-transfer
agent-terminator for the polymerization of vinyl mono-
mers upon UV irradiation and that telechelic polymers
containing an isopropyl xanthate group as a photosensitive
moiety at each end of the polymer chain can be readily
prepared. When asecond vinyl monomer was polymerized
in the presence of those macrophotoinitiators upon UV
irradiation, BAB-type triblock polymers were formed. In
the polymerization system, each segment length (m, n) of
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Table II
Chemical Composition of Polyion Complexes Prepared at
Different pHs

comp of polyion

polyion pH complex,® {1]/[SS]
S10M 13810 39 0.97/1
8.7 1.32/1
PSS 6.5 0.96/1

2 Composition of polyion complexes were estimated by :H NMR
as follows. The ratio ([1]/[SS]) of 1 to SS group in triblock poly-
anion was calculated by using the area ratio of the signal of w-CHj3
in 1 to that of C¢H, (phenyl) in the polyion.

the blockpolymers was sufficiently controllable by the
concentration of initiators and the conversion of mono-
mers. In the same manner, triblock polyions, S,M,.S,,
consisting of a PMAA segment and poly(styrene-p-sul-
fonate) (PSS) segments were newly prepared (Table I).
At first, telechelic PMAAs with different chain length (m
= 13, 34) containing a photosensitive isopropyl xanthate
group at each end of the polymer chain were prepared by
photopolymerization of MAA in the presence of BX.
Sodium styrene-p-sulfonate was then polymerized by those
photosensitive PMAAs as a macrophotoinitiator upon UV
irradiation. As a result, two types of triblock polyions
(S10M13S10and S1oM34S10) were obtained as shown in Table
I. Polyion complexes (S,Mn,S,/1) were prepared by
mixing equivalent amounts of an aqueous dispersion of 1
(15 mM) and an aqueous solution of S;M,,S,, (15 mM total
units) at pHs 3.9 and 8.9. The chemical composition of
the S10M13S10/1 complex, a typical sample, thus obtained
was estimated by 'H NMR and summarized in Table II,
in which the data for PSS/1 complex was included for
comparison. Theratio of the content of 1 tothat of styrene-
p-sulfonate (SS) groups in the triblock polyanion ([1]/
[SS]) was calculated by using the area ratio of the signal
of w-CHj in 1 to that of CgHy4 (phenyl) in the polyanion.
When the complex was prepared at pH 8.7, at which car-
boxyl groups of PMAA segment in S;oM;13S;0 might be
ionized since the apparent dissociation constant (pKj,) of
PMAA was reported to be pK, 7.3,!8 the ratio of [1] to
[SS] was [1]/[SS] = 1.32/1; i.e., the cationic amphiphile
1 is suggested to complex not only with PSS segments but
also with PMAA segment in S;0M;3810. On the other hand,
the complex obtained at pH 3.9 has a composition of
[1]/[SS] = 0.97/1, implying that the cationic amphiphile
1 complexed preferentially with PSS segments of S;0M;351¢
triblock polymer and not with PMAA segment. Similar
results were obtained for the complexation of 1 with
S10M34Sio triblock polymer. It has been reported that the
proton resonance of NCHj in the NMR spectrum of the
PSS/dodecyltrimethylammonium bromide polyion com-
plex exhibits an upfield shift compared with that in
solution containing dodecyltrimethylammonium bromide
only due to the ring-current effect of the aromatic groups.12
In the case of our polyion complexes prepared at pH 3.9,
such ring-current shifts were also observed. The proton
resonance of NCH; (3.4 ppm) in a CDCl; solution of 1
shifted upfield to 3.0 ppm upon complexation with
S:M..S,.. This result suggests both the complete removal
of unreacted, free 1 and the preferential complexation of
1 with PSS segments and not with PMAA segment. From
these NMR data and the results of the elemental analysis
(see Experimental Section), the structure of polyion
complexes (S,M,S,/1) prepared at pH 3.9 was confirmed
to be that as shown in Figure 1. Thus, the polyion
complexes prepared at pH 3.9 were used in the following
experiments.

Surface Monolayers. Figure 2 shows the r—A iso-
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Figure 3. pH dependence of Ay value for S;0MySi/1 (a),
S10M13S;10/1 (b), and PSS/1 (c) monolayers at 20 °C.

therms of a 1:1 S;pM34S10/1 complex prepared at pH 3.9,
on water ([NaCl] = 0.1 M) at different pH values, 20 °C.
At low surface pressure, as expected, molecules lie on the
water surface, occupying a large area. With increasing
surface pressure, they begin to associate and orient their
hydrophobic tails. Following a partially condensed state,
there is a transition to a solid state at a transition pressure
of ca. 35 mN ml. At surface pressures below this
transition, in particular, 7—A curves largely changed
depending on the pH of the subphase. Similar situations
were observed for the monolayer of S10M;3S10/1 complex.
The pH dependence of the area at a constant pressure of
20 mN m™! (Ag) is shown in Figure 3, in which data for
the monolayer of PSS/1 complex were included for
comparison. In the case of the S;0M;3S;0/1 monolayer,
the Ag value increased discontinuously at around pH 8,
which corresponds to the apparent dissociation constant
pK, of PMAA (pK, 7.3), due to expansion of the mono-
layer when the pH of the subphase increased. This pH-
induced expansion of the monolayer may be ascribed to
the dissociation of carboxylic acid groups of the PMAA
segment, which should cause a conformational change of
the PMAA chain between a globular coil and an expanded
conformation as shown schematically in Figure 1. Further
drastic increase of the Az value responding to pH was
observed in the case of the S;oM34S10/1 monolayer with
a longer PMAA segment. Thus, such a discontinuous
expansion of the monolayer by pH change is considered
to be related to the PMAA segment length of complexes,
similar to the results in the multilayer state as described
later. On the other hand, the PSS/1 monolayer was not
affected by the pH of the subphase due to the absence of
the PMAA segment.
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Figure 5. Time-transport curves of KCl across the $;)M;38,/1
LB film (A) and S;0M3,S;0/1 LB film (B) in pure water (pH 6.8)
at 20 °C after 20 min of treatment at the prescribed pH. Dashed
line and dotted line indicate the data for bare Nucleopore and
for the PSS/1 LB film, respectively.

In order to reveal the phase transition properties of
monolayers, 7-A isotherms of S;0M;3S10/1 were measured
at various temperatures (10-50 °C), and the limiting area
(Ap), estimated by extrapolating the steepest region to
zero pressure, is plotted against temperature in Figure 4.
The A value increased drastically near 25 °C, which cor-
responds to the phase transition temperature of the mono-
layer from the solid analogue to the liquid analogue.

pH-Dependent Permeability to KCl. Deposition of
the monolayers onto one side of a porous polycarbonate
film was performed at a surface pressure of 30 mN m™,
20°C, on an acidicaqueous solution (pH4). Thesubstrate
was supported by a Teflon plate and thus the transfer
ratio could not be determined. The formation of a Y-type
multilayer, which means that a monolayer can be deposited
onto a substrate during both downward and upward
strokes, was evident, however, since the decrease in the
surface area was the same during downward and upward
strokes for each complexed monolayer. The number of
deposited layers was kept constant at 10 layers because
it has been found that 10 layers are sufficient to cover all
the pores in the substrate film for a similar polymeric LB
film.”® Figure 5 displays time—transport curves of KCl
across the LB films of S;oM;3S10/1 and S;0M34S10/1 pre-
treated at a prescribed pH for 20 min. Figure 5 also
includes the permeation data of PSS/1 LB films (10layers).
The PSS/1 LB film did not show a marked difference in
KClI permeability between pH 4 and pH 10, as expected,
and provided a high barrier capability for KCl permeation.
In the case of S;oM;3S10/1 LB film and $;0M3S;0/1 LB
film, KCI permeation was considerably suppressed and
was close to that for PSS/1 LB film when the LB films
were treated at pH 4. In contrast, at pH 10, the KCl
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Figure 6. Time-transport curves of C;N* (A) or CgN* (B) across
the S16My,S;0/1 LB film in pure water (pH 6.8) at 20 °C after 20
min of treatment at the prescribed pH. Dashed line shows the
data for the bare Nucleopore.

permeation was obviously enhanced. In particular, the
KCl permeation rate for S;oM3S;0/1 LB film is observed
to be ca. 2 times higher than that for the bare substrate.
We do not have any conclusive evidence so far to explain
this phenomenon, but one interesting possible explanation,
which will require further exploration, is that the hydro-
philicity of PMAA segments in the LB film increases upon
treatment at pH 10. As the result, the dissolution of KCl
on the outer film surface and KCl diffusion through the
PMAA segment domains formed in the inner film become
easier compared with those for the bare, hydrophobic
substrate, in spite of the latter’s porosity. Anyway, such
an enhancement of KCl permeation strongly depends on
the PMAA segment length (m): the extent of permeation
enhancement for S190Mj34810/1 LB film upon pH change
was larger than that for S;0M;38;9/1 LB film. Theseresults
suggest that the pH-dependent permeability change of
KClis due tothe conformational change of PMAA segment
brought about by the dissociation of carboxyl groups,
responding to pH, and that KCl may pass through
predominantly the PMAA segment portion in multilay-
ers. When the LB films were again treated at pH 4, the
KCl permeation reverted to the original value. Such
treatments were repeatable at least four times with good
permeation reproducibility.

Hydrophobicity of Permeants. Inorder to elucidate
which portion of LB films the permeants mainly pass
through, we employed two permeants, C;N* and CgN*,
which have different hydrophobicities. Figure 6 shows
time-transport curves of C;N* and CgN* across the
S10M13S10/1 LB film at 20 °C after 20-min treatment at
a prescribed pH. In the case of C;{N*, the permeability
was markedly varied by pH change, similar to the case of
KClpermeation. Incontrast, when one used the relatively
hydrophobic permeant, C¢N*, containing long alkyl chain,
the permeability was little affected by pH change. Further,
the permeability across the LB film was observed to be
larger than that across the bare substrate. This phenom-
enon is also not easily explained, but one plausible
explanation is that because of the hydrophobicity of CeN*
it penetrates the multilayer and in fact concentrates in
the multilayer so that the concentration gradient across
the substrate becomes greater than that in the case of the
bare substrate itself. From these results, it can be
suggested that the permeant C¢gN* has a different pathway
in the LB films from that for C;N* and KCl due to a
difference in their hydrophobicity. If CgN* would per-
meate preferentially a hydrophobic portion of the LB films,
the permeability should be affected by a phase transition
of the component monolayer (1). In order to test this
postulate, the effect of temperature on the permeation
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Figure 8. Arrhenius plots of permeation of C;N* probe through
{(A) S;oMi5S;/1 LB film and (B) bare Nuclepore.

rates was examined. Figures 7 and 8 show Arrhenius plots
of the apparent permeation rate, P (cm s71), of CgN* and
CiN* across the S;0M15S10/1 LB films at pH 6.8. The
Arrhenius plots of the bare substrates provided the usual
straight lines for both permeants. For the permeation of
the hydrophobic CgN* through the LB film, the Arrhe-
nius plot gave a discontinuous jump (five times enhance-
ment) at 25-30 °C, which corresponds to the phase
transition temperature (25 °C) obtained from the tem-
perature dependence of 7~A curves (Figure 4). Such a
permeation rate jump has been observed for the other LB
films composed of a bilayer-forming amphiphile.* Thus,
itis evident that the permeability of C¢N* through the LB
films was controlled by the phase transition of domains
of 1 from solid analogue to liquid analogue. In the case
of the CiN* permeation, on the other hand, the Arrhenius
plot gave the usual straight line,. The PMAA segments in
LB films might be partially ionized in this pH region (pH
6.8). This means that the hydrophilic C;N* permeation
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through the S;0M;3S;0/1 LB films is not affected by the
phase transition, and C;N* is suggested to permeate
predominantly a hydrophilic, partially ionized PMAA
segment region of the complexed LB film. From theresults
obtained above, we can conclude that the permeability of
CeN* across the S,My,S,/1 LB films is controllable by the
phase transition of the membrane component (1) domains
and that of hydrophilic permeants (C;N* and KCl) is
switched on and off by pH change.

Conclusion

The present study demonstrates that (i) triblock poly-
ion complexes containing a free PMAA segment in the
backbone polymer form condensed monolayers that are
affected by varying pH in the subphase, (ii) the perme-
ability of the hydrophilic permeants (KCl and C;N*) across
the LB films of these triblock polyion complexes (10layers)
was reversibly switched on and off by pH change as a
result of the conformational change of the PMAA segment,
and (iii) the permeability of the hydrophobic C¢N* with
a long alkyl chain was controlled by the phase transition
of the component monolayers. We believe that these
findings provide a first example of the preparation of ul-
trathin, permeability-controllable molecular films that
takes advantage of the conformational change of a poly-
electrolyte and that such polyion-complexed LB films are
of particular significance not only in view of their
applicability for sensors and separations but also in view
of their resemblance to the channel function in biomem-
branes.
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