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Reverse Response of an Ion-Recognition Polyampholyte to Specific

lon Signals at Different pHs
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ABSTRACT: We synthesized and characterized for the first time an ampholytic ion-recognition linear copolymer
of [3«(methacryloylamino)propylJirimethylammonium chloride (MAPTAC), acrylic acid (AA), and benzo| 18]crown-
6-acrylamide (BCAm). In this copolymer, the MAPTAC unit has a positive charge. The AA unit has a negative
charge that depends on the pH. The crown receptor of the BCAm unit forms a complex with specific ions such
as Ba®" because of the high complex formation constant which behaved like a fixed positive charge. Thus, the
copolymers behaved as an jon-recognition polyampholytes and shrank at a pH equal to the isoelectric point
(IEP), which shifted to a higher pH when the BCAm complexed with a cation. At that time, the BCAm also
became hydrophilic with water of hydration accompanied by the cation. As a result of the combination of these
two effects, we found that the reverse behaviors of swelling and shrinking occurred at different pHs in response

to the same ion signal.

Introduction

Biopolymers such as protein, DNAs, and RNAs are known
to have various intramolecular interactions, such as electrostatic,
hydrophilic, and hydrophobic interactions, as well as hydrogen
bonds. These interactions are considered to be among the
important factors in determining the structures and functions
of biopolymers. Biopolymers also show many functions in
response to molecular signals. In the case of proteins, phos-
phorylation/dephosphorylation usually changes the polymer's
function. In the case of DNAs, polymer function is mainly
controlled by methylation,

Some synthetic molecular-signal-responsive polymers and
hydrogels have also been reported, insprired by the functions
of biopolymers. A lectin-loaded cross-linked polymer network
of N-isopropylacrylamide (NIPAM) showed distinct swelling
behavior in response to different saccharides.' A temperature-
sensitive hydrogel copolymerized via molecular imprintin
showed a volume change in response to specific molecules.”
An antigen— anlibcdy semi-IPN hydmgel showed reverse swell-
ing behavnor in a buffer solution in response 10 a specific
antigen.” These previous researches utilized the change in cross-
linking density or hydration condition induced by molecular
signals but did not utilize the electrostatic interaction,

Recently, there has been much interest in polyampholyies
because lhey have many similarities to biopolymers such as
proteins.® The polymer chain of polyampholytes contains both
cationic and anionic groups, and the balance of positively and
negatively charged groups can be controlled by changing the
monomer content in the feed solution.™® The balance of
positively and negatively charged groups also changes when
these charged groups are sensitive to the pH of the solution.
Synthetic polyampholytes have an isoclectric point (IEP) at a
spcclﬁc pH, where the polymer chain is electroneutral and
shrinks.” The synthetic polyampholytes also show the antipoly-
electrolyte effect, in which the polymer chain is soluble at the
IEP because of the electric shielding of the fixed charges due

* Corresponding author; Tel +81-45-924-5254; Fax +81-45-924.5253;
e-mail yamag @ res.titech.ac jp.

' The University of Tokyo.

" Tokyo Institute of Technology.

10.1021/ma8019361 CCC: $40.75

to a high salt concentration.® However, this electrostatic
interaction has not been controlled by molecular signals.

Many synthetic hosl t.ompnunds such as crown ethers” and
cryptand complexes'®!! have been dcm%ned and analyzed in
the field of supramolecular chemistry.'” Benzo[18]crown-6-
acrylamide (BCAm), one of the molecular recognition com-
pounds, has a crown ether receptor and traps specific ions such
as K* and Ba’*.'? The copolymer of NIPAM and BCAm was
synthesized, and the shift in the lower-critical-solution temper-
ature was observed when the BCAm captured specific ions."
Recently, we hypothesized on the basis of our previous
researches that captured ions behaved like fixed positive charges
when the BCAm formed a complex with a specific ion because
of the osmotic pressure generated by the Donnan exclusion-
like effect under a specific ion concentration gradient.' In
addition, we found that the complex of a BCAm and a specific
ion retains about 7080 wa.ter molecules and makes the polymer
chain more hydrophilic.'®

In this research, we synthesized a linear copolymer of
MAPTAC. AA, and BCAm (Figure 1). lts phasc-separation
behavior in response to pH, ion species, and salt concentration
was investigated. The effect of the composition of the copoly-
mers was also studied. MAPTAC has a stable quaternary
ammonium base, amide bond, and propyl group, while AA has
a pH-sensitive carboxylic acid group.'® The molecular structure
of poly-MAPTAC-co-AA-co-BCAm contains both positively
and negatively charged groups and well-balanced molecular
interactions, such as electrostatic, hydrophilic, and hydrophobic
interactions, as well as hydrogen bonds. In addition, complex
formation between BCAm and ions has the above-mentioned
unique physicochemical effects, which are expected to trigger
unique phase-separation phenomena of the copolymer,

Experimental Section

Materials. [3-(Methacryloylamino)propyl Jirimethylammonium
chlonide (MAPTAC, 50 wt % aqueous solution) was purchased from
Aldrich Co., Ltd,; inhibitor was removed using an adsorption
column before polymerization. Acrylic acid was purchased from
Wako Chemical Co,, Ltd., and purified by distillation. BCAm was
synthesized according to reported procedures.'® 2,2'-Azobis(2-
methylpropionamidine) dihydrochloride (V-50) was purchased from
Wako Chemical Co., Ltd., and used as an initiator. Standard aqueous

© 2009 American Chemical Society

Published on Web 01/30/2009




Macromolecules, Vol, 42, No. 4, 2009

AA MAPTAC  BCAm

Hy 6=0 ° H2 ¢c=0 ¢=o
o h.l—H N-H
H* CH;

CH,

lon recognition
-

relatively
hydrophobic

B) Hydrophobic-hydrophilic interaction:

hydrophi | ic

lon-Recognition Polyampholyte 981

A) Electrostatic interaction

4c-Nb;, low pH high H
H; &= +c-c);
et
o H
neutral negative

I lon recognition
| y ¢ )

|

|

neutral positive

positive

Shrinking

Al Electrostatic
attraction

Figure 1. Chemical structure, intramolecular interacti and ¢ 7

solutions of hydrochloric acid and sodium hydroxide were pur-
chased from Wako Chemical Co., Ltd., and used for [EP measure-
ments and turbidimetric titrations,

Preparation of the Linear Copolymer, Poly-MAPTAC-co-AA-
co-BCAm was synthesized by free-radical copolymerization. The
molar copolymerization ratios were controlled according to Table
1. Aqueous solutions of MAPTAC, AA. and BCAm were prepared
from degassed RO water. The ratio of initiator was fixed at 0.5
mol % for all monomers, and the weight percentage of monomers
was fixed at 15 wt %. The agueous solution was kept at 50 °C for
48 h under N, after initiating polymerization by visible light for
12 min. The copolymer was dissolved in RO water, purified by

of molecular-recognition response of paly-MAPTAC-co-AA-co-BCAm.

dialysis—using a dialysis membrane for which the molecular weight
cutoff was about 12 000—and dried under vacuum. Chloride ions
contained in the ag solution of MAPTAC were also
removed by dialysis after polymerization,

Characterization. The synthesized linear copolymers were
characterized by FT-IR, elemental analysis, and UV —vis spectros-
copy. The FT-IR spectrum of the linear copolymer was measured
using the KBr disk technique with an MGNA 550 (Nicolet).
Elemental analysis was performed on a 240011 (Perkin-Elmer). The
UV =vis spectrum of the lincar copolymer was measured using a
U-3310 (Hitachi). The absorption intensities in the UV—vis
spectrum were measured using an aqueous solution of copolymers.

..#._r..-
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Table 1. Molar Compasitions of the Monomer Solutions and
Copolymers, with MAPTAC, AA, and BCAm Content as 100

mol %"
P of luti copolymerization ratio
Imol %] MAPTAC AA BCAm MAPTAC AA BCAm

(a) 100 100

(b) 38 62 39 61

(3] 24 76 25 75

(d) 18 82 18 82

{e) 14 43 43 12 9 49
i24) (760 (76) (23) (7 (96)

N 12 37 30 - 65 26
(18) (82) 42) (12) (88) (35)

“ Compositions with MAFTAC and AA content as 100 mol % are shown
in parentheses.

(a) poly(MAPTAC)
’/\J—,;;:C-WM) (38/62)

M

(¢) poly(MAPTAC-co-AA) (24/76)
R

(d) poly(MAPTAC-co-AA) (18/82)

(¢) poly(MAPTAC-co-AA-co-BCAm) (24/76/76) |

Absorbance [-]

L o~

(0 poly(MAPTAC-co-AA-co-BCAm) (18/82/43) |

—~

1800 1600 1400 1200 1000 800
Wavenumber [em™]

Figure 2, FT-IR spectra of poly(MAPTAC), poly(MAPTAC-co-AA),
and poly(MAPTAC-co-AA-co-BCAm),

2

1.'-, —— (c) poly(MAPTAC-co-AA) (24/76)
1%
VY - o. (e) poly(MAPTAC-co-AA-co-BCAm)
b (24/76/76)
\ 4 — — (D poly(MAPTAC-co-AA-co-BCAm)

\ (18/82/43)

\
[

[
i

"
" . £y

Absorbance [-]

0 I N
200 220 240 260 280 300
Wavelength [nm]

Figure 3. UV spectra of poly(MAPTAC:co-AA) and poly(MAPTAC-
co-AA-co-BCAm).

Turbidimetric Measurement. Copolymer solutions change
turbidity when copolymer chains shrink, and this behavior was
measured spectrophotometrically as the optical density at 650 nm.
Turbidimetric titration of the linear copolymer solution was
performed in 0.2 wt % copolymer concentration at 25 °C. The pH

Macromolecules, Vol. 42, No. 4, 2009

was first changed to about pH 2 by adding 0.01 M HCI aqueous
solution, and it was then changed to pH 12 by adding (.01 M NaOH
aqueous solution in 10 uL aliguots. Each time, the pH was measured
using a pH meter HM2IP (TOD-DKK), and the optical density
was measured. Measurements were carried out a few minutes afier
titration to obtain a stable optical density value. The turbidimetric
titration of the linear copolymer solution was also carried out with
various concentrations of CaCly, SrCl;, and BaCly. -Turbidity
changes were also measured by adding 0.1 M aqueous solution of
CaCly, SrCl;. and BaCl; in 10 gL aliquots in both acid and base
conditions and by altenately adding 0.1 M aqueous solution of
BaCl; and [18]crown-6,

Resulis and Discussion

Characterization of Copolymers. Figure 2 shows the FT-
IR spectra of the copolymers. Copolymerization of MAPTAC,
AA, and BCAm was determined by FT-IR measurements. The
peaks are 1650 cm ™' from the amide bond of MAPTAC, 1720
em™' from the carboxyl group of AA, and 1133 cm ™' from the
ether group of BCAm, Figure 3 shows the UV spectra of
copolymers of BCAm, which had an absorbance peak at 255
nm. The copolymerization ratio of BCAm was estimated from
the following propertional relationship between the absorbance
at 255 nm and concentration of poly-BCAm:

Cacam = 121 x 10~ *a mol/L. (1)

where a is the absorbance at 255 nm and Cgcam is the
concentration of poly-BCAm."” The copolymerization ratio of
MAPTAC to AA was determined by the weight ratio of carbon
and nitrogen atoms obtained from elemental analysis. The total
molar copolymenization ratios MAPTAC:AA:BCAm determined
from these measurements are shown in Table |. These molar
copolymernization ratios are in close agreement with those used
in the synthesis. The molar copolymerization ratios are shown
for MAPTAC, AA, and BCAm content as 100 mol %

pH Dependence of Poly(MAPTAC), Poly(MAPTAC-co-
AA), and Poly(MAPTAC-co-AA-co-BCAm). In general, a
polyampholyte shrinks at a pH equal to the IEP, where the
positive and negative charges balance and the solution of linear
copolymer becomes turbid.™'* The monomer of MAPTAC is a
chloride ion salt, and poly(MAPTAC) acts as a positive charge
whose amount is not affected by pH (Figure 1). AA is a weak
acid, and it acts as a negative charge whose magnitude is
affected by the degree of dissociation. Thus, the balance of
positive and negative charges changes depending on the pH
of the solution. The amount of negative charge is low because
of the low degree of dissociation of AA at pHs below the 1EP,
while negative and positive charges balance when the pH equals
the 1EP, and negative charges exceed positive charges at pHs
above the IEP. Since the dissotiation degree a of weak acid
relates to pH by the following equation

o

pH = pK, + lug(l = (1) (2)
the pH of the IEP where the ratio of the positive and the negative
charges inside the linear polymer balance can be estimated.
Using pK, = 4.25 previously reported for poly(acrylic acid),'”
the pH of the IEP was calculated as 4.5, 3.9, 3.7, 3.9, and 3.7
for copolymer (b), (c), (d), (e), and (f) respectively, for (¢) and
(f) without considering the effect of the copolymerized BCAm.

Figure 4 shows the pH dependencies for the turbidimetric
titrations of the 0.2 wt % aqueous copolymer solutions of
poly(MAFTAC), polyitMAPTAC-co-AA), and poly(MAPTAC-
co-AA-co-BCAm). The absorbance of the aqueous polymer
solution of (a) poly(MAPTAC) is low over the entire pH range.
This is because poly(MAPTAC) contains only positive charges

e
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Figure 4, pH dependence of poly(MAPTAC-co-AA) and polyiMAP-
TAC-co-AA-co-BCAm).

inside the polymer chain and is always swollen by clectrostatic
repulsion. The absorbance of copolymers of poly(MAPTAC-
co-AA) vanied according to the pH of the solution. A 0.2 wi %
aqueous solution of copolymer (b) tumed turbid at about pH
5.4; copolymers (c) and (d) tumed turbid and resulted in
precipitation below pH 4.4 and 4.2, respectively. Copolymers
(e) and (f) have the same ratio of MAPTAC 1o AA as
copolymers (¢) and (d) and contain BCAm with 43 and 30 mol
%, respectively, The 0.2 wit % aqueous solution of copolymer
(e) turned turbid at about pH 5.0; copolymer (f) tumed turbid
and resulted in precipitation at about pH 4.6. However, these
values of pH were higher than the pH of the 1EP estimated by
the calculation; their trends were almost the same according to
the monomer compositions. Therefore, behavior as a polyam-
pholyte was confirmed for the aqueous solution of both
poly(MAPTAC-co-AA) and poly(MAPTAC-co-AA-co-BCAm).
Their differences are expected to be due to the different value
of pK, from the reported value with different component of the
copolymerization.

Thus, a solution of copolymer (b) turned turbid when the pH
equaled the IEP. Solutions of copolymers (¢) and (d) tumed
turbid and resulted in precipitation because the copolymer of
high AA content could reach the IEP with low degree of
dissociation and also because of the hydrogen bond between
dissociated AA™ and the relatively hydrophobic uncomplexed
BCAm. The pH of the IEP of copolymers (e) and (f) were
measured to be about 0.5 higher than those of copolymers (c)
and (d). Copolymers (e) and (f) were more soluble than (c) and
(d), probably because the difference of the value of pK, and
the ratio of hydrogen bonds was decreased by copolymerization
with BCAm.
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Figure 5. pH dependence of the copolymer used in Figure de,
poly(MAPTAC-co-AA-co-BCAm) (24/76/76), with salt. (A) Different
ion species of CaCls, S1Cl;, and BaCl,. (B) Concentration dependence
of BaCl;.

The concentration of the Na* ion after wurbidimetric titration
was about 10 mM. The peak of the turbidity of the IEP was
observed at the same pH reproducibly by multicycle measure-
ment of the titration; however, the peak height slightly decreased
because of the increase of the concentration of the added salt,
which is called the anti-polyelectrolyte effect.

Different Ion Species Changed the IEP Shift. The result
for copolymer (e) will be explained after the next two sections.
Figure 5A shows the pH dependence for the turbidimetric
titrations of 0.2 wt % aqueous polymer solution of poly(MAP-
TAC-co-AA-co-BCAm) in the presence of various salts. The
concentration of the salts CaCly, SrCl;, and BaCl; was controlled
to 3.0 mM at the beginning of the titration. BCAm forms
complexes with various ions, and the complex formation
constants increase in the order Ca**, Sr°*, Ba**.*' The balance
of charges inside the polymer chain is also estimated from the
complex formation constant K and eq 2 by considering the
complexed divalent ions into positive charges. Using log K =
1.1 and 1.6 for SP** and Ba®', respectively, which were
previously reported for poly-NIPAM-co-BCAm,"” the pH of the
1EP shifted higher by 0.1 and 0.5 in the presence of 3.0 mM
ions.

An aqueous solution of copolymer in the presence of 3.0 mM
Ca*! jons turned turbid at about pH 4.9, The pH at the 1EP did
not shift from that of the same titration without Ca’' ions
because the complex formation constant of BCAm and Ca*!
ion is low, and the positive charges were not introduced inside
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the polymer chain, The copolymer also became soluble, and
the absorbance decreased because of the anti-polyelectrolyte
effect in the presence of CaCls salt. An aqueous solution of the
copolymer in the presence of 3.0 mM Sr** ions turned turbid
al about pH 5.9. The pH at the IEP shifted by about 1.0
compared with that of the same titration without Sr** ions. This
was because BCAm and Sr* ions formed complexes and
positive charges were introduced inside the copolymer chain.
The solution of the copolymer also became soluble, and the
absorbance decreased because of the hydrophilic change of
complexed BCAm and the antipolyelectrolyte effect. An aque-
ous solution of copolymer in the presence of 3.0 mM Ba®' ion
turned turbid at a pH of about 6.0, This is because the complex
formation constant of BCAm and Ba®* ion is high. The total
positive charges of MAPTAC and those introduced inside the
copolymer chains are in' balance with the negative charges of
dissociated AA, and the polymer chain remained ai the IEP in
the higher pH range. Although the observed shift range of the
pH is wider than the calculated values, their trends are well
consistent with the order of the complex formation constant.
Their differences are expected to be due to the difference of
the values of complex formation constant, which are widely
different according to the copolymerization systems and other
effects such as hydrophilic change of complexed BCAm,

Figure 5B shows the pH dependence for the turbidimetric
titrations of 0.2 wt % of aqueous polymer solution of poly-
(MAPTAC-co-AA-co-BCAm) in the presence of various con-
centrations of BaCly, namely 2.5, 3.0, and 4.0 mM. An aqueous
solution of the copolymer in the presence of 2.5 mM Ba*" ion
turned turbid at about pH 5.9 by complexation of BCAm and
Ba’* ions. An aqueous solution of the copolymer in the presence
of 4.0 mM Ba*' ions became slightly turbid above a pH of
about 6,0, The number of total positive charges on MAPTAC
and those introduced inside the copolymer chains exceeds the
number of negative charges on the dissociated AA. The polymer
chain did not reach the 1EP, and the solution umed slightly
turbid. The anti-polyelectrolyte effect with high salt concentra-
tion and hydrophilic change of complexed BCAm were also
reasons for the low absorbance.

From these results, positive charges were introduced into the
polymer chain by complex formation of BCAm and cations
depending on the complex formation constant and the concen-
tration of the cation. The behaviors of swelling and shrinking
of polymer chains and the amount of positive charge inside the
polymer chains were controlled by the species and the concen-
tration of the ion.

Ion Recognition Changed by an Anti-polyelectroyte Effect.

Figure 6A shows the turbidimetric measurements of 0.2 wi %
aqueous copolymer solutions upon gradually adding 0.1 M
solutions of various salts at pH 5.0, where the copolymer was
at the 1EP without salt. The polymer initially shrank at the [EP
and gradually changed to swelling by the addition of salt
solution. The absorbance decreased in the order of Ba®*, Sr**,
Ca™, which is the order of the complex formation constants,
This is because of the IEP shift to higher pH by complex
formation of BCAm and the cation, and there is also the
influence of the anti-polyelectrolyte effect.

Figure 6B shows the turbidimetric measurements of 0.2 wt
% copolymer solution upon gradually adding 0.1 M solution
of various salts at pH 11.6. The copolymer was initially swollen
and gradually changed to shrinking by the addition of salt
solution. The absorbance increased in the order Ba**, Sr°', Ca**,
which is the order of the complex formation constants, The
carboxylic groups of AA are all dissociated at pH 11.6, and
negative charges are initially in excess. Positive charges are
introduced into the copolymer chain by complex formation
between BCAm and the cation, The polymer chain started to
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Figure 6. Salt concentration dependence of the copolymer (e) (poly-
MAPTAC-co-AA-co-BCAm) (24/76/76). (A) Different ion species of
CaCly, SrCls, and BaCl,. (B) Concentration dependence of CaCly, S1Cl,,
and BaCl;.
shrink at the point where the positive charges balanced the
negative charges. When the number of positive charges exceeded
the number of negative charges, the polymer chain started
swelling again. We also deduce from these results that the
number of positive charges inside the polymer chain was
controlled by the species and the concentration of ions, and the
antipolyelectrolyte effect crucially affected the behavior.
There is another expected effect of adding divalent ions,
which dissociated carboxylic groups can be cross-linked by
divalent ions above the pH of the IEP. It is understood mainly
by electrostatic interaction on their charge size ratio measured
in terms of ionic radii.** Thus, the interaction of added
divalent ions decreases in the order of Ca®*, Sr**, and Ba®*,
This interaction is expected to exist in the copolymer chain
when divalent ion is added into the solution. However, from
the Figure 6B, the copolymer chain shrank more in the order
of high complex forming constant with BCAm, not in the order
of the strength of the cross-link of the divalent ion. From this
result, the effect of complex forming of BCAm with Ba?* is
thought to be stronger than the effect of the cross-link of the
divalent ion. Therefore, we speculate that the effect of the cross-
link by divalent ions is not obvious because the electrostatic
interaction between the dissociated AA and the complexed
BCAm is thought to be dominant in this copolymer system.

Reverse Response of Poly(MAPTAC-co-AA-co-BCAm)
to Specific Ions at Different pHs. Parts A and B of Figure 7
show the alternate salt addition of BaCl, and [18]crown-6 to
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Figure 7. Turbidity change of the aqueous solutions of copolymers
(e) and (f) by altemately adding BaCl; and [I8]crown-6 aqueous
solutions,

0.2 wt % aqueous copolymer solutions of (¢) and (f), respec-
tively. Turbidity was measured both at the IEPs and higher pHs
of alkaline conditions. [18]Crown-6 can remove Ba®* ions from
the polymer chain because the complex formation constant of
[18]erown-6 is higher than that of BCAm. Therefore, Ba*! ions
can be alternately introduced into the polymer chain by adding
a 0.1 M aqueous solution of Ba** and [18]crown-6.

In this measurement, the behavior of swelling and shrinking
was observed for both copolymers (e) and (f). The copolymer
initially shrank when the pH was at the IEP and then changed
to swelling by adding Ba* ions, The copolymer began shrinking
again by adding [18]crown-6, and this behavior was observed
alternately. The copolymer initially swelled in alkaline condi-
tions then changed to shrinking by adding Ba’* ions. The
copolymer changed to swelling again by adding [18]crown-6,
and this behavior was also observed alternately. The absorbance
of the copolymer solution in the shrinking condition gradually
decreased because of the anti-polyelectrolyte effect caused by
the increase in the concentration of sall and [18)crown-6, The
response of the absorbance change to salt concentration of
copolymer (¢) was more sensitive than for copolymer (f). This
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is because copolymer (e) has a higher molar composition of
BCAm than copolymer (f).

Thus, we demonstrated the alternate swelling and shrinking
behavior of an aqueous solution of poly(MAPTAC-co-AA-
co-BCAm) by alternately adding a 0.1 M aqueous solution
of Ba’" and [18]crown-6. The behaviors of swelling and
shrinking in response to the same ion addition were com-
pletely opposite under acidic and alkaline conditions.

Conclusions

We synthesized and characterized for the first time an ion-
recognition polyampholyte. The copolymers of poly(MAP-
TAC-co-AA-co-BCAm) showed the behavior of polyam-
pholytes and shrank when the pH equaled the 1EP, which
was shifted by the ion signal recognized by BCAm, which
can form a complex with specific ions depending on the
complex formation constant and the concentration of the ions,
The intramolecular interactions, mainly electrostatic interac-
tions, were controlled by ion recognition of BCAm and the
pH of the solution, which led to the swelling and shrinking
behaviors of the copolymer in response to both pH and ion
recognition. We found that the reverse behaviors of swelling
and shrinking occurred at a different pHs in response to the
same ion signal. These phenomena are complicated and
interesting, especially in terms of similarity to biopolymers,
which respond to the same signal in different ways depending
on changes in the external environment such as pH and
temperature. The concept of macromolecular design in the
present research is expected to be utilized in fields such as
separation technology, biomaterials, and drug-delivery sys-
tems in the future.
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An analysis of the water permeability of a molecular recognition ion gating membrane was performed.
The ion gating brane shows ding water permeability switching properties in response to
specific ion concentrations, using an ion-responsive polymer isting of ther itive poly(N-
isopropylacrylamide) and crown ether moieties, grafted onto a porous substrate pore surface, To inves-
tigate the precise properties of the membrane, a polycarbonate track-etched membrane having straight
pores with a narrow pore size distribution was used as the substrate, and the jon responsive polymer was
grafted onto its pore surfaces. The gating property of the prepared membrane was examined as a func-
tion of temperature, specific ion concentration, and filling ratio. Estimates of pore size and dimension of

the grafted polymer were obtained using the Hagen—Poiseville equation. We found that the grafted ion-

responsive polymer shows drastic di i | changes in resp

centrations.

Introduction

The living body is a sophisticated system that ex-
presses a range of diverse and outstanding functions.
Methodologies to develop analogous functional sys-
tems using pure artificial materials are inspired by this
biosystem, and this strategy is promising. Molecular
recognition functionality is one of the key elements
required to design distinct systems in living bodies and
also in artificial devices.

Following this strategy, we have proposed a mo-
lecular recognition ion gating membrane (Yamaguchi
eral., 1999; Ito er al., 2002). This sophisticated mem-
brane consists of a porous membrane as a stable
substrate and a grafted polymer as the ion-responsive
moiety (Figure 1), The grafted polymer is a copoly-
mer of N-isopropylacrylamide (NIPAM), which has
thermoresponsive properties, and benzo-18-crown-6
acrylamide (BCAm), which recognizes specific ions
(such as K* and Ba*") (Irie er al., 1993). The ion gating
membrane can close its pores in the presence of the
specific ion, and can open them in the absence of that
ion. The membrane shows marked ability to control

Received on January 15, 2008; accepted on February 25, 2008,
Correspondence concerning this article should be addressed 1o
H. Ohashi (E-mail address: hidenori@chemsys. tu-tokyo. ac_jp).

to temperature and specific ion con-

water permeability in response to specific ion concen-
trations. However, the substrate used in the previous
investigations was porous polyethylene (PE), which has
complex pores and a wide pore size distribution
(Yamaguchi er al., 1999; Ito er al., 2002), and precise
information is required for analysis and application of
the ion gating membrane.

Therefore, we prepared an ion gating membrane
for this study using a polycarbonate track-etched mem-
brane with straight pores and a narrow pore size distri-
bution (Rui ez al., 2005; Friebe and Ulbricht, 2007) as
the porous substrate. and performed an analysis of the
membrane’s water permeability and pore size as a func-
tion of temperature, ionic concentration, and filling
ratio.

1. Experimental

1.1 Materials

Cyclopore® polycarbonate, track-etched with a
porosity of 17% was used as the porous substrate, and
purchased from SPI Supplies Division of Structure
Probe, Inc. BCAm was synthesized from benzo-18-
crown-6 using published techniques (Ungaro er al.,
1976; Yagi et al., 1980). Benzo-18-crown-6 was pur-
chased from Sigma-Aldrich Japan K.K., and barium
chloride (BaCl,) and N-dodecylbenzenesulfonic acid
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sodium salt (SDBS) were purchased from Wako Pure

Chemical Industries, Lid. NIPAM was supplied by

Kohjin Co., Lid.

1.2 Preparation of an ion gating membrane hav-
ing cylindrical pores and uniform pore size dis-
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An ion gating membrane having cylindrical
straight pores and uniform pore size distribution was
prepared using the track-etched membrane and the
plasma graft polymerization technique developed in our
previous work (Yamaguchi er al., 1991, 1996). The
Cyclopore® was treated with argon plasma at a pres-
sure of 10 Pa, and was then exposed 10 air for 60 s 1o
generate peroxide groups on its pore surface. The
substrate containing peroxide groups was immersed in
an extensively degassed (frozen and thawed) aqueous
solution of 5 wi% monomers of NIPAM and BCAm
(the molar ratio of NIPAM to BCAm was fixed at 95:5),
and 4 wt% SDBS as a surfactant. By holding the solu-
tion at 80°C, the peroxide groups were broken to form
active radical sites, and a graft polymerization reac-
tion started from the initiator radicals. The reaction time
was varied from 10 to 60 min to control the filling ra-
tio, After the grafting, any remaining monomers and
surfactant were removed by rinsing the membrane with
water, a 50% aqueous ethanol solution, and hexane for
1 h, respectively. Graft polymerization was evaluated
by weight change, FT-IR spectra, and scanning clec-
tron microscopy (SEM). The filling ratio ¢ of the
grafted membrane is defined by Eq. (1).

wd')‘ D “’;ub * IU'U
s

¢ [%]= (m

ppniylll

where, W, [g] and W, [g] represent the weight of the
grafted membrane and the nongrafted membrane
substrate, respectively. p,,,. [g/cm?] is the density of
the ion-responsive polymer, and is assumed to be
1.0 g/em? for a copolymer of NIPAM and BCAm. V_,
[em?] is the pore volume of the substrate.

Molecular recognition u
ion gating membrane| © parmeation flow

Fig. 2 Filtration apparatus to measure the permeation flux
through a molecular recognition ion gating mem-
brane

1.3 Measurement of permeation flux through the
prepared molecular recognition ion gating
membrane
The water permeation flux through the prepared

ion gating membrane was measured. A schematic dia-

gram of the filtration apparatus to measure the permea-
tion flow is shown in Figure 2. Pure water or an aque-
ous BaCl, solution was passed through a feed chamber
and an appropriate pressure (0.18-0.22 kg f/em?) was
applied across the membrane. The permeation flux was
calculated from the amount of permeated solution.

Here, to eliminate the effect of the applied pressure

and media viscosity on permeation flux J [m¥/(s em—)],

the permeability coefficient L, [m/(kg f s em™)] was
used o evaluate membrane permeability. L is defined

in Eq. (2).

J

L -— (2)
" AP [ﬂ:_l‘cf;‘u'f)

where, AP [kg f/m?] is the pressure applied across the
membrane, and p.... [Pa s] and p; [Pa s] represent
media viscosity at 25°C and the measurement tempera-
ture, respectively. In this series of measurements, the
BaCl, concentration was varied from 1 to 100 mM, the
measurement temperature was varied from 20 to 50°C,
and the filling ratio was varied from 0 to 37%.
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Fig. 3

Scanning electron microscopy images of poly (NIPAM-co-BCAm) grafted polycarbonate track-etched membrane;

filling ratio (a) 0% (nongrafted), (b) 13.9%, (c) 31.0%, and (d) 73.4%
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Fig. 4 Temperature dependence of permeation properties on an ion gating membrane having cylindrical straight pores (fill-
ing ratio 15.3%) for pure water and 10 mM aqueous BaCl, solution: (a) permeability coefficient: (b) pore diameter
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Results and Discussion

2.1 Preparation of an ion gating membrane hav-
ing cylindrical pores and uniform pore size dis-
tribution
From the weight difference measured before and

after the graft polymernization, FT-IR spectra, and SEM
images, successful polymer grafting on the PCTE
substrate was confirmed. SEM images of the grafted
membranes with several filling ratios are shown in the
dry state in Figure 3. It can be seen that the pore size
of the membrane becomes smaller as the filling ratio
increases. With a filling ratio of 73%, the pores were
almost completely filled with grafting polymer, even
in their dry state. The figure also shows successful
grafting on the membrane pore surface.

2.2 Measurement of permeation flux through the
prepared molecular recognition ion gating
membrane
The temperature dependence of the permeability

coefficient for pure water and a 10 mM aqueous BaCl,

solution is shown in Figure 4(a). A membrane with a

15.3% filling ratio was used. Both lines show clear

lower critical solution temperature (LCSTs), where the

permeability drastically changes. In the presence of

Ba* ions, the LCST shifts to a higher temperature. The

observed LCSTs are almost the same as the LCSTs of

the membrane prepared using a PE substrate (Ito eral.,

2002). To examine the effect of Ba’ ions on the gating

property of the membrane, the BaCl, concentration
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dependence of the permeability at 37°C was also in-
vestigated. As shown in Figure 5(a), as the BaCl, con-
centration increases, the permeation flux decreases.
Above 10 mM BaCl,, the permeability decreases
greatly. The tendency is again similar to that of the
membrane prepared using the PE substrate. Further-
more, the filling ratio dependence of the permeability
at the presence and absence of BaCl, at 37°C is shown
in Figure 6(a). The permeation flux decreases as the
filling ratio increases, in both pure water and the 10 mM
aqueous BaCl, solution. This indicates that pore size
is reduced by increases in the amount of graft poly-
mer, and coincides with the trend seen in the SEM
image shown in Figure 3.
2.3 Analysis of pore size of the ion gating mem-

brane with cylindrical straight pores

The ion gating membrane prepared with
Cyclopore® should have straight pores with a narrow
pore size distribution. Therefore, the pore diameter can
be calculated from the permeation flux shown in Fig-
ures 4(a) to 6(a), using the Hagen—Poiseuille equation,
which is valid for cylindrical straight pores. The per-
meation flux J in the Hagen—Poiseuille equation can
be represented by Eq. (3).

e-AP-d*

S . (3)
32‘[1 L 1.!'“'
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where, d [m] and d,, [m] represent the pore diameter of
the grafted and nongrafted membranes, respectively.
L [m] and € [—] are the thickness and porosity of the
substrate. The permeation flux has a fourth power
dependency on pore diameter, because the pore number
density is always constant. We note that at low
permeabilities, the relationship between permeability
and pore size is more complex, given that the pore sizes
will be less uniform because the distribution of the
degree of polymerization and the fluctuation of poly-
mer dimension may not satisfy the conditions of Eq. (3).
Thus, we avoided the application of the equation at
low permeabilities. The pore diameters derived from
the permeation fluxes using the Hagen—Poiseuille equa-
tion are shown in Figures 4(b) to 6(b).

The validity of the evaluation is confirmed since
the pore diameter calculated for the nongrafted mem-
brane in Figure 6(b) is equal to 200 nm, which is the
same as the nominal value of the Cyclopore® substrate
used. Therefore, the pore size on the membrane can be
calculated with this methodology, The dimensions of
the grafted ion-responsive polymer can be evaluated
using the pore diameters of the grafied and nongrafied
membranes. We can observe large dimensional changes
of the ion-responsive grafted polymer in response to
temperature and BaCl, concentration in every figure.
In Figure 6(b) in particular, the dimensional change is
more than 3-fold at relatively low filling ratios. Our
methodology and this information will contribute to

VOL. 41 NO. 8 2008

the applications and designs of the molecular recogni-
tion ion gating membranes.

Conclusions

A molecular recognition ion gating membrane
having cylindrical straight pores was developed by
grafting an ion-responsive polymer onto the pore sur-
face of a polycarbonate track-etched membrane
substrate. Successful preparation of the membrane was
confirmed by its weight change, FT-IR, and SEM im-
ages. The permeation flux of pure water and an aque-
ous BaCl, solution through the membrane was mea-
sured, and the gating properties of the membrane were
investigated and confirmed to be similar to those of
membranes prepared with a PE porous substrate. The
information about pore sizes of the ion gating mem-
brane was obtained using the Hagen—Poiseuille equa-
tion. Our analysis of the grafted ion-responsive poly-
mer size showed a polymer’s large dimensional change
in response to temperature and specific ion concentra-
tion.
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A new free volume theory, which we named “shell-like free volume” theory, is developed for penetrant
diffusivity in polymers by introducing microscopic concept of molecular collisions. Shell-like free vol-
ume is defined as the ambient free space of the penetrant molecule; it is consistent with the notion of
molecular collisions, which is the microscopic origin of molecular diffusion. The microscopic notion can
give physical meaning to all the parameters in the theory, and the par s can be eval d using the
only pure p par s: the experi I viscosity of the solvent, the viscoelasticity of the
polymer, and the molecular surface area estimated from the chemical structure using the semiempirical
quantum chemical calculation. The predictive ability of the shell-like free volume theory is good for self-
diffusivities of molecules with shapes from spherical to chain-like in polymer solutions over wide ranges

of temperature and concentration.

Introduction

Molecular diffusivity is one of the most impor-
tant dynamic physical properties to control device char-
acteristics because it governs molecular transport in
many processes and devices. In particular, penetrant
molecular diffusivity through polymer materials is
important in such applications as separation membranes
(Yamaguchi er al., 1991; Park and Paul, 1997; Merkel
et al., 2000; Ho and Poddar, 2001), cast-drying poly-
mer coating processes (Wong er al., 2005), and po-
lymerization processes (Russell er al., 1993; Tefera es
al., 1997). Practical use of the diffusivity can greatly
facilitate device designs; however, one difficulty is that
the dynamic property is a mixing property, which has
a large number of combinations between constituents,
polymers and diffusing molecules. Therefore, the mo-
lecular diffusivity in a polymer is desired to be esti-
mated using only pure-component physical properties
having a much smaller number. In order to accomplish
the requirement and better expression of the transport
property, a number of theoretical investigations includ-
ing the friction (Cukier, 1984; Phillies, 1989), obstruc-
tion (Mackie and Meares, 1955; Ogston et al., 1973),
molecular (Pace and Datyner, 1979a, 1979b;
Kloczkowski and Mark, 1989), and free volume mod-
els (Fujita, 1961; Vrentas and Duda, 1977a, 1977b)
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have been proposed (Muhr and Blashard, 1982; Tirrell,
1984; Masaro and Zhu, 1999) up until now.

In the present investigation, we develop a new
model based on free volume theory (Doolittle, 1951;
Doolittle and Doolittle, 1957). The well-defined physi-
cal image of free volume theory is that it is only when
a free volume hole of sufficient size opens up nextto a
penetrant molecule that the molecule can jump into the
hole and diffusion can occur. It was formulated by
Cohen and Turnbull (1959) and other researchers (Liu
et al., 2002), and the notion has been widely extended
to penetrant diffusion in polymer systems (Fujita, 1961;
Vrentas and Duda, 1977a, 1977b; Paul, 1983). In these
theories, the idea that both polymers and solvents con-
tribute to the free volume of the system is highly suc-
cessful, especially in the Vrentas-Duda model (Vrentas
etal,, 1996; Vrentas and Vrentas, 1998) and the Cohen—
Turnbull model (von Meerwall er al., 1998, 1999,
2007). The Vrentas—-Duda model has been extensively
studied to express the temperature, concentration, and
molecular shape dependency of self-diffusivity of vari-
ous penetrants in polymers, by introducing the notion
of a polymer jumping unit and the idea that asymmet-
ric molecular shapes influence the free volume distri-
bution (Vrentas and Duda, 1977a; Vrentas er al., 1996).
The Cohen~Turnbull model, extended by von Meerwall
et al. (1998, 1999, 2007), can accurately express the
self-diffusivity of n-alkanes and polyethylene in their
binary systems over wide temperature and molecular
weight ranges, by introducing such concepts as mo-
lecular chain end effects, polymer entanglement, and
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constraint release. These theoretical successes
prompted us to use the sophisticated idea of free vol-
ume contribution in the present study.

Reconsidering the molecular diffusion phenom-
enon from the microscopic viewpoint, it is evident that
molecular random walk movement originates in mo-
lecular collisions with adjacent molecules. From this
standpoint, diffusion in simple systems has been de-
scribed by collision-based models (Lamm, 1954;
Dullien, 1963; Vanbeije and Ernst, 1973; Dymond,
1974; Atkins, 1990). In fact, molecular collisions are
also an important feature of molecular diffusion in
polymer-containing systems. If the microscopic con-
cept of molecular collision is introduced into the dif-
fusion model for polymeric systems, it can contribute
1o a sophisticated model that can describe molecular
diffusivity in polymers based on the microscopically
fundamental notion, but no such model has been de-
veloped. In the present study, we suggest a novel mi-
croscopic notion named “shell-like free volume” by
reexamining microscopic molecular collisions, and
introduce the concept into the fundamental equation
of free volume theory (Cohen and Turnbull, 1959; Liu
et al., 2002). Furthermore, the introduction of the mi-
croscopic concept finally enables estimation of the
molecular diffusivity in a polymer as a mixing prop-
erty, by using only pure-component physical proper-
ties. Then, by comparing experimental and calculated
self-diffusivities of solvent molecules in polymers, the
validity of the developed model is investigated.

1. Theory

1.1 Anovel concept and definition of shell-like free

volume

Molecular collisions create free space around a
penetrant molecule, and only the contacting space is
accessible for penetrant molecular motion, because a
molecule drifts by colliding with adjacent molecules.
In the present study, based on this microscopic idea,
we developed a new concept, “shell-like free volume™
around a molecule, as the amount of mean free space
contacting the molecule (Figure 1). This shell-like free
volume, referred to as D, [cm*/molecule], is taken as
the free volume per molecule in the free volume basic
equation, and the following formula for molecular dif-
fusivity D, [cm?/s] is obtained.

D =D, cxp[—\"/r,m) (1}

where, D, [cm’/s] is a preexponential factor, and '
[em?*/molecule] is the critical molecular volume, which
is the required space for a molecular diffusive jump.
Usually, v is regarded as the volume occupied by a
penetrant molecule at 0 K (Haward, 1970). The shell-
like free volume v, g ., can be calculated as the prod-

Shell-like
. free volume

| Molecular
’ core

Schematic illustration of “shell-like free volume™
around a molecule

Fig. 1

uct of penetrant molecular surface area s, [A¥molecu le)
(the unit is equal 1o 6.023 x 107 cm*/mol in SI units
and for the facilitation of actual calculation, the SI unit
will be used hereafter) and free volume thickness &8 [A]
(the unit is equal to 1 x 10-* cm and the SI units will be
used hereafter). The simple physical meaning of the
parameler v, g, 15 that as the space around the mol-
ecule increases, it becomes easier for the molecule to
move. This image seems to agree reasonably well with
actual images of molecular movement. Here, we note
that our first target is the systems composed of nonpolar
substances in which there is no strong interaction be-
tween the molecules that reduce molecular collisions,
1.2 Calculation of shell-like free volume

Penetrant and polymer each have their own free
volume V, /¥ [cm?/g] of component i (i = 1. 2, where
the subscript 1 represents penetrant, such as solvent,
and 2 represents polymer hereafter). The amount of free
volume V, /yis an inherent property of each substance,
and it can be estimated directly using the substance’s
dynamic physical property, such as the rheological
property of the pure component, as shown later in Sec-
tion 2.4. The free volume thickness of each pure-com-
ponent, & [cm], can be calculated by dividing the in-
herent free volume amount [em?/g] by the molecular
surface area [em*/g] (Figure 2).

8, = (Vi /7)/(s:No/M,) ()

where, 5, [cm*/mol] and M, [g/mol] represent the mo-
lecular surface area and molecular weight of compo-
nent i, respectively, and N, is Avogadro’s number.

Using information about molecular surface area
and free volume thickness, the shell-like free volume
can be calculated. A penetrant molecule contacts with
other molecules on its surface, and the contacting pro-
portion is equal to a surface area fraction g, [em’/em?],
expressed as shown in Eq. (3).

ks S ion of molecular surface area of comy i
" Summation of surface area of all molecules included in system
- o IM) ]
ay (s, /M)
87

__é-(?_.




Free volume thickness
for solvc_l_n

)

2

V

Free volume thickness
for polymer

Schematic illustration of free volume thickness of
solvent and polymer; the free volume thickness of
each component can be calculated by dividing the
pure-component free volume V,,/yby its molecular
surface area sN /M,

Molecular surface area §1
O

Contact with Contact with
solvent &1 polymer O

Fig. 3 The shell-like free volume can be calculated as the
product of molecular surface area s, and free vol-
ume thickness: a penetrant molecule contacts the
solvent over a surface area fraction o, and contacts
the polymer over the fraction o,; the free volume
thickness assigned by the solvent is &,, and that
assigned by the polymer is 8;; the shell-like free
volume v, g 5 is therefore 5,(0,8, + o.8.)

where, @, [g/g] represents the weight fraction of com-
ponent [.

It is reasonable that the free volume thickness of
each component &, should be assigned to the penetrant
molecule in proportion to its corresponding surface area
fraction g, (Figure 3) and the shell-like free volume
can be calculated as shown in Eq. (4).

Vegiey =5 z o9, (4)

Thus, by combining Egs. (1) to (4), the penetrant self-
diffusivity in our model 1s shown by Eq. (5).

D, =D, cxp(—r';"l-mhj

=Dy expl-ViM, /N, [ 5 3| el M (Vu/7)
(1 1 My LY, -|' zm,l:ﬂ.""“,] SNM,
J

VM, Y o (s, /M)

. — (5)
5y “’a("’m’l’]

=D, :xp[—

where, L.'I' [cm?/g] is the r:rilical volume of component
{ and can be calculated as V' = v,'N,/M,. In Eq. (5),
Ta(V, /1 is the total free volume contained in the
mixed system V, /¥y [em'/g] (subscript i is used for
the summation of free volume), and NA}_',m,{st,J is
the total surface area of all molecules contained in the
system S, [em?/g] (subscript jis used for the summa-
tion of molecular surface area), thus, Eq. (5) can be
rewritten as Eq. (6).

(6)

V; M,/N, ]

D, =D, exP[" Si* (Ven /7 Sen)

Equations (5) and (6) are the formulas for “shell-like
free volume” theory.

To make a calculation using Eq. (5), values of the
molecular surface area s, and the free volume amount
V, /yof component i are required as model parameters.
Estimation of the parameters is shown in the follow-
ing sections.

1.3 Calculation of molecular surface area using a
semiempirical quantum chemical calculation

A semiempirical quantum chemical calculation
was used to estimate the molecular surface area of pure
solvents and pure polymers from their chemical struc-
tures. A computer-aided chemistry modeling program,
CAChe (Fujitsu Ltd.), was used for the whole calcula-
tion,

The computation procedure for the molecular sur-
face area is as follows. First, one molecule was pro-
duced on the molecular structure console of CAChe.
The constructed molecular structure was optimized by
using the molecular mechanics calculation, and was
then optimized using a semiempirical quantum chemi-
cal calculation; finally, the isoelectric surface and its
surface area were calculated using a semiempirical
calculation. The PM3 method was chosen as the
semiempirical quantum chemical calculation method
(Stewart, 1989: Dewar er al., 1990), and an electron
density of 0.0020 a.u. (1 a.u. is defined as 6.748 e/A%)
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