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Abstract: This paper introduces a fundamentally new concept in adsorbents, whereby the sorption of an
aqueous solute by a cross-linked polymer is controlled by a gel to liquid-crystalline phase transition. To
demonstrate proof of principle, a bilayer forming surfactant, N, N-dioctadecyl, N, N-dimethylammonium bromide
(DODAB) has been immobilized onto a cation exchange resin, Dowex 50WX2, and its thermotropic phase
behavior and solute-adsorption properties have been investigated. Examination by a combination of
differential scanning calorimetry and X-ray scattering has confirmed the retention of a gel to liquid-crystalline
phase transition of the surfactant, occurring between 296 and 318 K. Adsorption measurements that were
made for 4-chlorotetrahydropyran, 1,2-dichloroethane, and benzyl alcohol have also confirmed uptake by
the resin in the liquid-crystalline phase and release in the gel phase.

Introduction Our concept of SCRs is a direct outgrowth of work that we

previously reported, in which a synthetic ionophore was found
to be “squeezed out” of a lipid bilayer when the membrane was
converted from the fluid-like to the solid-like stété? The

The removal of organic contaminants from water sources is
a growing environmental problem that is attracting new
chemistries and new engineering approachésn principle, - )
the creation of new classes of adsorbents that can adsorb organigrIVIng force for such expulglop was presumed to be dge to
compounds at one temperature and release them at anothe?trong van der Waals association between the acyl chains of
would represent attractive new materials for such purposes. In%ighﬁg:ggassr&?ggggp'gi rtehlgt'gzsti: \(/)\:‘e?hki(saro%hsoe?sggggldwe
a broader context, thermally controllable adsorbents could beh oF;hesized that cros.s-linked olvmers. bearin ender;t bi-
considered for a variety of other applications: for example, as yp poly ’ gp

“temporary solvents” (i.e., catalysts) for concentrating organic Iayer-.f.ormmg surfactants, might exhibit ‘similar behavior.

reactants, as thermally responsive chromatographic materiaIsSpeC'ﬂca”y’ we postulated that at elevated temperatures, these

for molec,ular separations. as carriers of druas’8tc polymer-bound surfactants would form fluid-like regions within
in the work cht i repo’rted herein. our pri?n{;\ry a.im was 1o the resin, having a relatively high affinity toward organic solutes.

. L . At reduced temperatures, solid-like regions would then form,
provide proof of principle for a fundamentally new concept in

adsorbents, whereby adsorption is controlled by a gel to liquid- having reduced affinity toward these same solutes.
crystalline phase transition. Specifically, we sought to demon- Experimental Section

sFrate the fe.a3|blllty of creatlng cross-linked polymers., bearing General. Commercial samples of DOWEX 50WX2 (5000 mesh,
bllayer-formlng Sl.”f?d?nts' Wh'c_h would adsorb organic SOIUt?S H* form) and DODAB were obtained from Supelco (Bellefonte, PA)
from water in their liquid-crystalline phase and release them in 4,4 kodak (Rochester, NY), respectively. Amberlyst A26 (hydroxide
their gel phase. Thus, we sought to create a new class Ofform) and CTHP were obtained from Aldrich (Milwaukee). Prior to
polymeric materials that we term “self-cleaning resins” or SCRS. use, Amberlyst A26 was washed, sequentially,hwit M aqueous
NaOH, water, and methanol/water (1/1, v/v). All gas chromatographic

lI}EE_high UniL\J/ersity._ analyses were performed using a Shimadzu model 17A gas chromato-
(1) (;'g‘rgﬁi?(” S.n’\'ﬂ‘{?rg'r'é)gze R. A Donohue, D.; Keely, J.Groundwater graph equipped with a flame ionization detector. Swelling was

Contamination: Optimal Capture and Containmehewis Publishers: determined from height measurements using 2 mm diameter glass

Boca Raton, FL, 1993. ) o ) i capillary tubes. Differential scanning calorimetry measurements were

(2) Wang, ¥.; Banziger, J; Dubin, . L.; Filippelli, G.; Nuraje, Bniron. made using a Shimadzu DSC-60 calorimeter, which was equipped with

Sci. Technol2001, 35, 2608-2611.
(3) Benner, S. G.; Blowes, D. W.; Gould, W. D.; Herbert, R. B.; Ptacek, C. J. a thermal analyzer, TA 60 WS. DSC scans were made from 10 to
Environ. Sci. Technol1999 33, 2793-2799. ° : .
(4) Sudbeck, E. A.; Dubin, P. L.; Curran, M. E.; SkeltonJ.JColloid Interface 65 °C using a scan rate of ZC/min.
Sci 1991, 142, 512-517.

(5) Wang, Y.; Kimura, K.; Huang, Q.; Dubin, P. L.; Jaeger,Macromolecules (8) Otto, S.; Engberts, J. B. F. Ndrg. Biomol. Chem2003 1, 2809-2820.
1999 32, 7128-7134. (9) Otto, S.; Osifchin, M.; Regen, S. . Am. Chem. S0d999 121, 10440~

(6) Yamamoto, H.; Heyamoto, N.; Matsui, T.; Murayama, N.; ShibatitJ. 10441.
J. Thermophys2003 24, 1385-1394. (10) A similar phenomenon has been reported for a fluorescent pyrrolopyrimidine

(7) Otto, S.; Engberts, J. B. F. N. IReactions and Synthesis in Surfactant (U-104067) in bilayers made from 1,2-dipalmitosirglycero-3-phospho-
SystemsTexter, J., Ed.; Marcel Dekker: New York, 2001; pp 247 choline (DPPC): Epps, D. E.; Wilson, C. L.; Vosters, A. F.; KezdyJF.
263. Chem. Phys. Lipid4997, 86, 121-133.
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Chart 1 Temperature (K)
285 295 305 315 325 335
% — HsC @ 0.5
750, HaC”
X
Vo o lon Exchanged DOWEX 50WX2 0
\ '\Sos Na 50-100 mesh (x,y=mol fraction)
y 1a, x=1.0; y=0.0
b, x=0.4; y=0.6 2 05|
¢, x=0.2; y=0.8 g
Preparation of Polymer-Bound Surfactants. The preparation of
1b was carried out as follows: DODAB (2.6 g, 4.12 mmol) was -1
dissoved in 10 mL of methanol at 3&. This solution was then cooled
to room temperature and passed through a column containing 21 g of
Amberlyst A26. A portion of the filtrate was analyzed for hydroxide 15

content by titration with 0.1 M aqueous HCI. This methanolic solution
of N,N-dioctadecyIN,N-dimethylammonium hydroxide (DODAH) was
then used, directly, to immobilize the cationic surfactant onto DOWEX
50WX2 via acid/base reaction as follows.

A 2.02 g sample of DOWEX 50WX2 (50100 mesh, H form)
was washed, sequentially, with water x420 mL) and CHOH/water
(2/1, viv) (2x 20 mL) and suspended in 10 mL of @BH/water (1/1,
v/v). This resin was then treated with 0.4 equiv of a stock (0.6 M)
methanolic solution of DODAH. Analysis of the external solution
confirmed that all of the DODAH had been taken up by the resin, as
evidenced by its neutral pH. Titration of the resulting dispersion with
aqueos 1 M NaOH solution converted the remaining 0.6 equiv of
sulfonic acid groups to sodium sulfonate groups. The dispersion was
then centrifuged, the excess solvent was removed, and the resin wa
washed, sequentially, with GBH/water (1/1, v/v), methanol, and
water. Subsequent freeze-drying (48 h) afforded 0.865 g (98%.of
Anal. Calcd: N, 1.34. Found: N, 1.36. Resle was prepared in a
similar manner (Anal. Calcd: N, 0.89. Found: N, 0.90). For the
preparation ofla, treatment with te 1 M NaOH solution was omitted
(Anal. Calcd: N, 1.95. Found: N, 1.90). In all cases the isolated yields,
based on the expected weight gain, were between 96% and 100%.

Solute Adsorption and Releaseln a typical experiment, a 4-mL
vial equipped with a Teflon-lined screw cap was charged with 20 mg
of dry polymer. An aqueous solution of 4-chlorotetrahydropyran (CTHP,
300 uL of a 5 mM aqueous solution) was then added, and the resin
was allowed to equilibrate at the desired temperatur8 fowith gentle
agitation using an Environ Shaker (model 3527). Removal of al50
aliquot from the external aqueous solution and injection inta5@f
an aqueous solution containing €EN (internal standard), followed

Figure 1. DSC trace forlb in the presence of excess watAtd = 40 J/g
of polymer or 42 kd/mol of surfactant.

X-ray Scattering. All X-ray scattering measurements were con-
ducted in transmission mode, with CuwxKadiation (wavelengtii =
0.15418 nm) produced by a PANalytical PW3830 generator with a PW
2773/20 tube. Wide-angle X-ray scattering (WAXS) was conducted
with a pinhole camera (Statton camera with hot stage, W. H. Warhus)
flushed with helium. Monochromatization was achieved with a planar
pyrolytic graphite monochromator (Huber 151) in the incident beam.
WAXS patterns were recorded on image plates (Kodak) read with a
Molecular Dynamics Phosphorlmager Sl, providing a digital version
of the diffraction pattern directli£ Small-angle X-ray scattering (SAXS)

%atterns were acquired with an Anton-Paar compact Kratky camera

flushed with helium, a Braun OED-50M one-dimensional position-
sensitive detector, and a custom-built hotst&geata were corrected

for empty beam scattering and absorption, normalized for sample
thickness, placed on an absolute intensity scale with a polyethylene
strip traceable to a Kratky Lupolen standard, and desmeared for slit
length, all as described elsewhéfeAbsolute SAXS intensitie$/lV

are plotted against the magnitude of the momentum transfer vegctor
= (42/A) sin 6, where® is one-half the scattering angle.

Results and Discussion

Resin-Bound N,N-DioctadecyIN,N-dimethylammonium
lons. For proof of principle, we prepared a series of resins from
a cation exchange resin, Dowex 50WX2 f(Horm), and a
bilayer forming surfactantN,N-dioctadecylIN,N-dimethylam-

by gas chromatographic analysis, allowed for a quantitative assessmenimonium bromide (DODAB). Specifically, we immobilizédiN-

of the extent of CTHP that was removed from solution. Specifically,

dioctadecyN,N-dimethylammonium (DODA) ions onto DOWEX

the moles of adsorbed CTHP were calculated from the difference 50WX2 at three different loadings, to gid@, 1b, andlc (Chart

between the solution concentrations of CTHP in the absence and in

the presence of the polymer. In all cases, adsorption equilibrium was
reached within 3 h. Experiments that were carried out Wigh(and
also with 1b) showed complete reversibility; samples that were first
equilibrated at 323 K and subsequently equilibrated at 296 K (3 h)
gave concentrations of CTHP in the external solution that were the
same as those found at 296 K in the absence of this 323 K equilibration.
To determine maximum capacity, typically, 10 mglafwas added
to a 4-mL vial equipped with a Teflon-lined screw cap. Initially, 80
uL of a stock solution of CTHP (190 mM) was added to the vial and
equilibrated at 296C for 3 h with gentle agitation using an Environ
Shaker (model 3527). A 44L aliquot was then withdrawn and analyzed
for CTHP remaining in solution. The amount of adsorbed CTHP was
then determined by the amount of CTHP remaining in solution. Three
additional increments of this stock solution were added, sequentially,
in volumes of 270, 280, and 644.. After addition of each increment
and equilibration for 3 h, the solution phase was analyzed by
withdrawing 40uL and analyzing for CTHP by gas chromatography.

1). Initial attempts that were made at direct ion exchange, using
the sodium form of the resin plus 1 equiv of DODAB in
methanol, proved unsuccessful; that is, none of the surfactant
was immobilized on the support after 24 h at 296 K as evidenced
by quantitative TLC. However, acitbase reaction of the H
form of the resin witiN,N-dioctadecyN,N-dimethylammonium
hydroxide in methanol/water (1/1, v/v) led to quantitative,
titratable conversions.

In their dry statelaandlb (but notlc) exhibited a distinct
waxy appearance. When contacted with water at 323.&,
showed no detectable swelling as determined by height mea-

11) Dean, D. M.; Rebenfeld, L.; Register, R. A.; Hsiao, B.JSMater. Sci
1998 33, 4797-4812.

(12) Adams, J. L.; Quiram, D. J.; Graessley, W. W.; Register, R. A.; Marchand,

G. R. Macromolecules1996 29, 2929-2938.

Register, R. A.; Bell, T. Rl. Polym. Sci., Part B: Polym. Phy$992 30,

569-575.

(13)
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Figure 2. (a) SAXS and (b) WAXS patterns fdib through a heating/cooling cycle. From top to bottom: 296 K (below transition), 308 K (halfway through
transition), 333 K (above transition), and then cooled to 296 K and held at that temperature for 1 h. Patterns are shifted vertically for claritgnThe bo
two traces in panel (b) are the room-temperature WAXS patterns of dry DOWEX 50X2f@a) and water, whose broad signatures can be seen in all

of the WAXS patterns.

35 these polymers when the temperature was then lowered to 296
g K. To confirm that resins of this type are stable in the presence
30 - o 8 ° of high aqueous salt concentrations, we susperddeéd a 1 M
. o o ° NaCl solution fo 8 h at 50°C. Examination of the aqueous
2 55 | phase by thin layer chromatography showed no detectable
g o release of DODA from the resin.
= 50 | Gel to Liquid-Crystalline Phase Transition Behavior.
% Examination oflb by differential scanning calorimetry (DSC)
5 15 | 8 in the presence of excess water showed a broad endotherm
- A a a A . A between ca. 296 and 318 K (Figure 1). A very similar endotherm
S was observed fota (not shown). The thermal behavior b€
§ 101 proved to be irreproducible; some DSC scans showed a very
g weak endotherm within this temperature region, while others
5 . + + showed no endotherm at all. Control experiments that were
carried out with Dowex 50WX2 (Naform) did not reveal an
0 © , endotherm over this temperature range. In the absence of water,
290 300 310 320 330 an initial heating scan dfa and1b showed an endotherm that
Temperature (K) was similar to that found in the presence of water. However,
Figure 3. Plots ofumoles of adsorbed CTHP/g of resin as a function of subsequent heating scans did not show an endotherm. Thus,
temperature fola (O), 1b (O), and1c (a) and Dowex 50WX2 (N&form) the presence of water appears to be essential for the reversibility
(+). For each experiment, 20 mg of resin was equilibrated with/d00f of this transition.
a5 mM aqueous solution of CTHP at a given temperature. Recent studies have shown that the DSC behavior of
Table 1. Maximum Adsorption onto 1a and XAD-42 multilamellar vesicles of DODAB depends, in large part, on
schlorotetrahydropyran 12-dichioroethane _ benzyl alcohol their thermal history:1°In contrast, sonicated DODAB vesicles
temperature (K) » AD4 n D4 12 x4 generally exhibit one broad endotherm between ca. 306 and 318

0 o 5 K.1415This endotherm corresponds to a gel to liquid-crystalline
é?g g'ég 45é% (21'14% ; 9 %%% 22'30 phase transition that has been characterized by enthalpies ranging
: : : i i i from 26 to 41 kJ/mot415The similarity of the DSC behavior
a All values listed are the number of millimoles of adsorbed solute per Of 1b (and also oflLa) to that of sonicated DODAB vesicles led

gram of dry polymer?Value obtained upon cooling a suspension at s to postulate that a similar phase transition was taking place
maximum adsorption from 318 to 296 KThe moles of adsorbed ithi ph | bead P gp
4-chlorotetrahydropyran, 1,2-dichloroethane, and benzyl alcohol per mole wit ”_1 the po ymefr eaas. -

of resin-bound DODA were 3.58, 3.21 and 2.04, respectively. This hypothesis was verified by the small-angle X-ray

scattering (SAXS) data fdtb shown in Figure 2a, and the wide-

surementsib showed only slight (ca. 10%) swelling. In sharp

i WA (14) Cocquyt, J.; Olsson, U.; Olofsson, G.; Van der MeereiGdfoid Polym.
contr_ast_, _under the same cond@mﬁs,swelled by ca. 300%! Sci 2008 283 13761381,
No significant changes in swelling were detected for each of (15) Brito, R. O.; Marques, E. Fchem. Phys. Lipid2005 137, 18-28.
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angle X-ray scattering (WAXS) data shown in Figure 2b. At adsorbed per gram dfa at 318 K and that 15% of it was
296 K, the ordered lateral packing of the DODA acyl chains is released afte3 h at 296 K.Extending the desorption time to
reflected by the WAXS peak at 2F,Avhich disappears upon 24 h resulted in the release of 63% of the solute.
heating to 333 K. The SAXS pattern at 296 K shows two  To estimate adsorption capacities, aqueous solutions of CTHP,
reflections corresponding to a lamellar structure of limited 3 2-dichloroethane, or benzyl alcohol were added, incrementally,
coherence length and a periodicity of 3.63 nm, essentially to 1aso that the percentage of solute remaining in solution could
identical to bulk DODAB!® Heating to 333 K leads to a broader  pe accurately determined by measuring differences in solution
SAXS peak at 9% larger spacing, concomitant with the concentrations. Table 1 summarizes our principal findings. In
disordering of the acyl chains. At 308 K, halfway through the thjs table, we also report maximum quantities of solute that were
transition, the SAXS and WAXS patterns are essentially linear gdsorbed onto Amberlite XAD-4 (a common nonionic polymeric
combinations of those at 296 and 333 K, as expected for a first- adsorbent) under similar conditions. The maximum capacities
order phase transition. The changes in the WAXS and SAXS are similar, but while XAD-4 shows the conventional slow and
patterns are fully reversible upon cooling to room temperature smooth decrease in adsorption capacity as the temperature is
and holding for 1 h. raised,lais qualitatively different in both the direction of the
Solute Adsorption and ReleaseThe ability of 1a, 1b, and change (increased adsorption with increased temperature) and
1c to bind and release organic solutes as a function of the relatively abrupt nature of the change, allowing temperature

temperature was first assessed by measuring the adsorption ofg pe used as a “switch” for adsorption/desorption.
4-chlorotetrahydropyran (CTHP) from water. As discussed

previously, CTHP is attractive as a model solute because of its Conclusions
moderate solubility in water, its inability to associate, ionically,

with polyelectrolytes, and its relatively high lipophilicity. o n thi.s. study., we havg demonstrated the .feasibility of
Specific experimental procedures that were used were similarimmobilizing a bilayer-forming surfactant onto an ion-exchange
to those previously reported. resin with retention of gel to liquid-crystalline phase transition

In Figure 3 are shown plots gfmoles of adsorbed CTHP/g behavior. We have also shown that three organic solutes of
of resin versus temperature fba, 1b, 1c, and the sodium form  Varying polarity (4-chlorotetrahydropyran, 1,2-dichloroethane,
of Dowex 50WX2. In the case dfa, no adsorption could be and benzyl alcohol) can be adsorbed onto such resins while in
detected at 296 K. As the temperature was increased to 318 K,the liquid-crystalline phase, and released when converted into
however, a steady increase in adsorption was observed; furthethe gel phase. When a moderate concentration of 4-chlorotet-
increases in temperature resulted in a modest decrease ifahydropyran (i.e., 5 mM) was equilibrated with, release from
adsorption. Lowering the temperature from 318 to 296 K led the polymer was found to be quantitative; when a high
to the complete release of CTHP; that is, this thermally induced concentration was used (i.e., 190 mM), a significant amount of
adsorption was completely reversible. Similar results were found the solute was retained by the resin. How much of this retention
for 1b.18 In contrast, moderate adsorption of CTHP ohtwas is due to kinetic or thermodynamic factors, however, remains
found, which was independent of temperature. Similarly, 0 be established. Finally, it should be noted that the mechanism
adsorption of CTHP onto the sodium form of Dowex 50WX2 by which this adsorption occurs is fundamentally different from
was also independent of temperature, and the extent of adsorpthat found with lower critical solution temperature (LCST)
tion was relatively low (Figure 3). polymer gels. With the latter, a large increase in adsorption is

To test for generality, and also to demonstrate the feasibility found as the critical temperature is reached, which is ac-
of binding larger quantities of solute, we examined the adsorp- companied by a large decrease in volume (e.g-4D%) due
tion and release behavior & with respect to 1,2-dichloroet-  to the loss of imbibed watérln sharp contrast, the swelling of
hane and benzyl alcohol as well as CTHP, using higher solute 1& 1b, and1cis virtually unchanged across the gel to liquid-
concentrations. Thus, when 20 mg Td was exposed to 0.3  crystalline transition.

mL of 190 mM of CTHP at 318 K, we found that 1.24 mmol Efforts currently in progress are aimed at exploring the full
of CTHP was adsorbed per gram Id of dry polymer after 3 scope of SCRs where the kinetics and thermodynamics of solute
h. When the temperature was reduced to 296 K, 44% of this adsorption/desorption are being investigated as a function of
solute was released after 6 h. In the case of 1,2-dichloroethanethe structure and composition of the solute, the surfactant, and
using a 81 mM solution of this solute in water, the extent of the cross-linked polymer employed. Comparisons are also being
adsorption at 318 K corresponded to 1.02 mmol per gram of made between ionically and covalently bound surfactants as well
1a; returning the temperature to 296 K led to a 54% release of as liposomal analogs. The results of these studies will be
the solute after 6 h. Finally, using a 300 mM aqueous solution reported in due course.

of benzyl alcohol, we found that 2.05 mmol of solute was . .
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