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ABSTRACT: The phase behavior of ion-containing block copolymer membranes in equilibrium with humidified

air is studied as a function of the relative humidity (RH) of the surrounding air, ion content of the copolymer,
and temperature. Increasing RH at constant temperature results in both disorder-to-order and order-to-order
transitions. In-situ small-angle neutron scattering experiments on the open block copolymer system, when combined
with water uptake measurement, indicate that the disorder-to-order transition is driven by an increase in the
partial molar entropy of the water molecules in the ordered phase relative to that in the disordered phase. This
is in contrast to most systems wherein increasing entropy results in stabilization of the disordered phase.

Introduction To our knowledge, all previous studies of ion-containing

There is a growing need to characterize phase transitions of0lock copolymers in the presence of humid air are restricted to
open systems wherein the chemical potential of the species beinghicrophase-separated systethis® Accessing the disordered
exchanged between the system and the surrounding bathState is of fundamental importance as the entropic and energetic
becomes an important variable. An example of a physical systemdriving forces for order formation are balanced at the order
where such information is important is a fuel cell. Fuel cells disorder transition. FloryHuggins interaction parameterg,
that use hydrogen and air as inputs and produce electric powerare routinely used to describe polymer/polymer and polymer/
and water as outputs are of particular significance due to their Solvent interaction!™” In most casesy between polymer
potential to serve as clean energy sources. Polymer electrolytechains decreases with increasing temperature, and when it
membranes (PEM) such as Nafion are used to conduct protonsdecreases below a certain critical value, a transition from order-
from the anode to the cathodie. PEMs, comprising amphiphilic ~ to-disorder is observed. In pioneering studies, Lodge et al.
chain molecules with hydrophobic and hydrophilic segments, showed that the phase behavior of mixtures of block copolymers
are open systems that exchange water with the surrounding airand selective organic solvents can be understood in terms of
and their proton conductivity is closely coupled to the presence effective polymer-polymery parameters? The extent to which
of contiguous hydrated channels within the membrane. While such a framework applies to systems where the selective solvent
orderorder and orderdisorder transitions (OOT and ODT, is water remains to be established.
respectively) in systems containing amphiphilic molecules such  Here, we show that increasing the relative humidity (RH) of
as phospholipids, surfactants, and block copolymers have beerthe air surrounding a block copolymer membrane results in a
the subject of extensive reseafch? they are typically studied  disorder-to-order transition at fixed temperature. In particular,
in closed systems at a fixed composition. The purpose of this at fixed RH above 54%, increasing temperature leads to a
paper is to present results of a fundamental study of temperature-disorder-to-order transition. This is in contrast to data obtained
and humidity-induced OOTs and ODTs in an open block from the dry block copolymer, where increasing temperature
copolymer-based PEM system at equilibrium with humid air. leads to an order-to-disorder transition. We show that this

qualitative difference arises because the partial molar entropy
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was synthesized and characterized using methods described in rethus enable quantification of the room-temperature morphology of
19. Selective hydrogenation of the polyisoprene block was con- our PSS-PMB copolymers.

ducted in the presence of a homogeneous Aicatalyst with In-Situ Small-Angle Neutron Scattering (In-Situ SANS).The
cyclohexane as the solvent, ugia 2 LParr batch reactor at 8& SANS samples were prepared by solvent-casting the polymer from
and 420 psi, following procedures given in ref 9. The hydrogenation THF solutions on 1 mm quartz windows. The sample thickness
reaction was repeated about four times until no detectable dieneranged from 50 to 13@m and a circular area with a diameter of
group was observed in tHél nuclear magnetic resonance (NMR  1.59 cm was exposed to the neutron beam. The samples were
in de-acetone) spectrum of the polymer. All of the NMR experi- studied using the 30 m NG7 beamline at the National Institute of
ments were conducted on a 500 MHz Bruker AV500 spectrometer. Standards and Technology (NIST) equipped with a sample holder
The NMR spectra also confirmed that the styrene units were not wherein the humidity of the surrounding air and sample temperature
saturated, and gel permeation chromatography confirmed that therewere controlled. Water from a well located within the sample
was no chain degradation. The hydrogenated block copolymers arechamber is used to humidify the air around the sample. In our
referred to as poly(styrerenethylbutylene) (PSPMB) copoly- experiments, the well was filled with pure,©. The wavelength
mers. The number-averaged molecular weights of the blocks of of the incident neutron beami)(was 0.6 nm A4/A = 0.10), and

the PS-PMB copolymer aréM,, ps= 1.4 kg/mol andVi, pms = 1.4 sample-to-detector distances of 1.0, 3.0, and 12.0 m were used.
kg/mol. We use the term P1 to refer to these polymers where 1 is This enabled access to scatteringj&alues in the range 0.63%.9

the nominal molecular weight of each of the blocks in kg/mol. The nm~1. The uncertainty of the sample humidity and temperature for
PS block of the PSPMB copolymer was sulfonated using the NIST humidity sample chamber af#l% RH and+1 °C,
procedures described in ref 16. Samples with different degrees ofrespectively. Samples were equilibrated for at least 5 min before
sulfonation were prepared by controlling reaction time. The polymer measurement. Separate transient measurements were conducted as
in the reaction mixture was purified by dialysis against pure water a function of sample thickness to ensure that this equilibration time
using a cellulose dialysis membrane with a 3.5 kg/mol molecular was adequate for the temperature and humidity steps used in our
weight cutoff (VWR) for 10 days. Some polymer is lost in this  study.

step as the polymer molecular weight is below the cutoff of the = Water Uptake Measurements.Polymer films with thickness
dialysis membrane. Controlling the time required for this step is ranging from 50 to 7«m were prepared by solvent casting from
crucial as waiting too long results in loss of the polymer sample 10 wt % THF solutions. The films were dried at room temperature
while waiting for only a short period of time results in acid for 3 days under a Nblanket and under vacuum at 8Q for 5
contamination of the polymer. NMR measurements were used to days. Prior to water uptake experiments, the films were exposed to
determine the acid concentration in the polymer as it was dialyzed. vacuum for 24 h and then hooked on the end of the quartz spring

The polymer was then recovered by vacuum drying at@@or 7 balance (RUSKA, spring constakt= 4.9 mN/m), located in an
days. The sulfonated block copolymers are referred to as polysty- ESPEC SH-241 humidity chamber equipped with specially designed
renesulfonate polymethylbutylene (PSSPMB) copolymers. glassware to prevent breakage of the quartz spring due to air flow

It is customary in the literature to use ion-exchange capacity in the humidity chamber. The spring is nonrotating and has a
(IEC) to quantify sulfonation levels. The IEC value quantifies the reference pointer, which is used to measure the increment of total
moles of sulfonic acid (SA) groups per gram of polymer (mmol/g) length of the spring upon hydration. Samples were studied as a

and is defined as function of temperature ranging from 25 to 908 and RHs from
50 to 98%. The water uptake is calculated using the dry film as
the basis:
IEC = mol of SA )
mol of SA x 185.23+ mol of S x weight of wet film —

104.15+ mol of MB x 70.12 welght of dry film

weight of dry film

water uptake= x 100% 2)

Samples are labeled according to the IEC; for example, P1(1.513)
has IEC= 1.513 mmol/g with 30 mol % sulfonation level while
P1(0) refers to the unsulfonated PBMB copolymers.

Small-Angle X-ray Scattering (SAXS).1 mm thick PSS PMB
samples were prepared by solvent-casting using THF as a solven
under nitrogen blanket for 2 days followed by vacuum drying at
50 °C for 10 days. Synchrotron SAXS measurements were
Source (APS). Sample temperature was controlled wirpC . Were performed with a TA Insiruments DSC model 2920 with a
using a sample stage provided by the APS. Samples Were_hea_ltlng rate of 1_C/m|n. The instrument was calibrated using
equilibrated for at least 15 min before measurement. The resulting indium, zinc, elln:i gn_. For th? m_easuremeﬂl,q mg of dry plolymer d
two-dimensional scattering data were averaged azimuthally to obtain V2> &hcapsuiated in ar|1 a L_Jmlnumf pan using a sampié press an
intensity vs magnitude of the scattering wave veddjq = 47 run against an empty aluminum reference pan.
sin(@/2)/4, whered is the scattering angle). The scattering data were Results and Discussion
corrected for the CCD dark current and the scattering from air and . L ) )
Kapton windows. .Thg phase behawo_r of the Pl_ series in contact with ambient

Transmission Electron Microscopy (TEM). The PSS-PMB air, air with an approximate relative humidity, RH32%, was
samples prepared by the same method used to prepare the SAXSharacterized by synchrotron SAXS and cross-sectional TEM.
samples were cryo-microtomed-afL00°C to obtain thin sections ~ The water concentration in the polymer under these conditions
with thicknesses in the 56 80 nm range using an RMC Boeckeler is expected to be less than 3 wt % on the basis of the
PT XL ultramicrotome. The electron contrast in the dry polymer extrapolation of water uptake results. In-situ SANS measure-
samples was enhanced by exposure to ruthenium tetroxideRUO  ments (described below) show that humidity of the surrounding

vapor for 50 min. Imaging of stained samples was performed with air affects the phase behavior of PSEMB only when RH>
a Zeiss LIBRA 200FE microscope operating at 200 kV equipped 54%. For simp?licity we refer to the charact)éristics of PSS

with a cold stage{160°C) and an Omega energy filter. To prevent . : . .
beam damage, the polymer sections evacuated zt R were PMB in contact with ambient air as those of dry PSSVIB

placed on the cold stage before they were exposed to the electrorFOPOlymers. Figure 1a shows SAXS profiles for the P1 series
beam. Images were recorded on a Gatan 204848 pixel CCD  as a function of IEC at 22C. P1(0) is a completely disordered
camera (Gatan Inc., Pleasanton, CA). All data sets were acquiredlow-viscosity liquid. Consequently, it is not surprising that the
using Digital Micrograph (Gatan, Inc.) software. The TEM images SAXS profile of P1(0) is featureless. Increasing the IEC value

The reported water uptake values are based on measurements
from five independent samples. The standard deviation of the
measurements was less than 5% of the averaged values. We also
carried out water uptake measurements using a Mettler balance with

.01 mg accuracy. Differences between the two measurements were
within £2.5%.

Differential Scanning Calorimetry (DSC). DSC experiments



Macromolecules, Vol. 41, No. 6, 2008 lon-Containing Block Copolymer Membrane2273

IO L T T T T 10" T 77 T T T T T
a
(a) i
10'F E . __1- Disorder
] 10°F 8 Order
F - 80 ]
= ]
=: &0
m 1 i i
: P1(2.168) - 10°F We"a 18 78 2o 22
£ 1 g E IEC (mmol/g)
E L
2 Py
= 7]
c
)
=
F'1(0.B77);
Wi MBS ) ]
il et e g o ) G g e ) .Pj(o.) 1
08 10 12 14 16 18 20 22 24
-1
q(nm’)

08 10 12 14 16 18 20 22 24

q (nm’)

Figure 2. SAXS profiles of the P1(1.582) as a function of temperature
indicating ODT at 54°C. Scattering profiles are offset vertically by
factors of 3.3, 3.3 3.3, and 3.3 for clarity. The inset shows the phase
diagram of P1 series as a function of IEC value.

poly(ethylene oxide) (PEPEO) copolymer with 0.83 and 0.90
kg/mol PE and PEO blocks, respectively, studied in ref 21. This
PE-PEO copolymer was disordered above the melting point
of the PE and PEO crystals; i.e., microphase separation was
driven entirely by the crystallinity of PE and PEO chains and
not thermodynamic repulsion between chains. Consequently, the
domain spacing of lamellar structure for the-PEEO copoly-
" oS mer, which ranged from 7.5 to 11.0 nm, is considerably larger

) - o ] than that expected from typical data obtained from amorphous
Figure 1. (a) SAXS profiles of P1 series as a function of IEC at 22

°C and (b) cross-sectional TEM image of P1(1.582). Scattering profiles blOCl_( copolymers. In comparison, the domain spacing of the
are offset vertically by factors of 2,222% and 2 for clarity. PSS gyroid phase of P1(1.582) is 5.2 nm. To our knowledge, the
domains were darkened by Ry&taining. ordered phase in P1(1.582) is the smallest ordered structure

obtained by self-assembly in block copolymers.

from O to 1.513 results in the appearance of a broad SAXS peak, The SAXS intensity at all accessiblg values decreases
_characteristic of disordered block copolymers. A slight incr(_aase monotonically with increasing temperature, irrespective of the
in IEC from 1.513 to 1.582 mmol/g induces a morphological gyfonation level of the copolymer. This is illustrated in Figure
transformation from a disordered state to an ordered gyroid 2 \where we show SAXS profiles of P1(1.582) at selected
structure. This increase in IEC also results in the solidification temperatures. The higher order peaks of P1(1.582), indicative
of polymer P1. The Bragg peaks af6o*, v8q*, v14q¥, of the gyroid phase, disappear at a temperature between 53 and
x/l_ﬁq*, x/%q*, and «/Zlq*, whereq* = 27/d211 (d = domain 55°C. The ODT temperatur@opr, of P1(1.582), is thus 54
spacing) withdz11 = 5.15 nm, seen in Figure 1a are consistent 1 °C. The Topr of P1(2.168) is seen at 11& 1 °C. The
with the la3d space group. The Miller indices corresponding methodology outlined above was used to map out the phase
to the observed Bragg peaks are (211), (220), (321), (400), (420),diagram of the dry P1 series as a function of temperature and
and (422§° The gyroid structure is observed over a wide range |IEC, and the resulting phase diagram is shown in the inset of
of IEC values, up to 2.168 mmol/g. Figure 2. Throughout this paper we use parsimonious interpola-

This gyroid morphology was also clearly observed by TEM. tions and extrapolations to connect individual phase boundary
The cryo-microtomed sections were vacuum-dried before the data points, as is the case in the inset of Figure 2.
experiments, and the electron contrast in dry samples was In-situ small-angle neutron scattering (in-situ SANS) data
enhanced by exposure to ruthenium tetroxide (juw@por by were obtained from P1 samples placed in a humidity- and
staining styrene units. Figure 1b shows TEM results from P1- temperature-controlled sample environmetil% RH and
(1.582) where the wagon-wheel structure, typically obtained +1 °C) at the 30 m NG7 beamline at the NIST. The lowest RH
from gyroid samples, is seen. The dimensions of the unit cell limit and the highest temperature limit of the NIST environ-
as measured by SAXS and TEM are in reasonable agreementmental chamber are RE 25% andT = 80 °C, respectively.
For example, the spacing of tfi2g11} planes (5.2 nm) obtained  The protocols needed to establish equilibrium after changing
by SAXS corresponds to half the “spoke” length observed in the temperature and humidity of the surrounding air were
TEM (4.8 nm). determined in independent experimefitgvhen a 123:m thick

To our knowledge, the smallest block copolymer to exhibit P1(1.513) film was exposed to aO/air environment at fixed
an ordered phase in previous literature is a polyethyldoek temperature of 28C, as shown in Figure 3a, the broad primary
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25 °C showing a humidity-induced gyroid-to-lamellar transition. The
three profiles at 95C were obtained as a function of tim@ &fter RH
was switched from 75 to 95%;= 30, 60, and 120 min.

to a decrease in SAXS intensity, regardless of IEC value, and
stabilizes the disordered state in samples where the DOT is
accessible. In contrast, increasing temperature results in an
increase in the SANS intensity and stabilizes the ordered phase
in P1(1.513) at RH= 60%. Similar effects were observed at
other RH values:Tpor = 75 °C at RH= 54%, Tpot = 50 °C

at RH = 65%, andTpotr = 35°C at RH= 70%. It is evident

that the presence of moist air has a qualitative effect on the
nature of phase transitions in block copolymers.

Exposing a dry 97%im thick P1(1.582) sample with a gyroid
morphology to increasingly moist air resulted in a humidity
induced OOT to a lamellar morphology at R¥95%, as shown
in Figure 4. The lack of higher order peaks in the SANS profile
at RH= 25% is due to well-known differences in the resolution
of SAXS and SANS instrumeni. The scattering intensity
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Figure 3. (a) In-situ SANS profiles of P1(1.513) as a function of RH
at 25°C showing humidity-induced disorder-to-order transition. Inset
shows a discontinuous change in fwhm of the primary scattering peak
at RH= 70%. (b) In-situ SANS profiles of P1(1.513) as a function of
temperature at R 60%, indicating a temperature-induced disorder-
to-order transition.

peak indicative of a disordered phase was seen at low humidity.

The scattering intensity increases significantly with increasing
RH due to the increase in,D concentration within the polymer

increases with increasing RH up to RH75%. When RH was
further increased to RH= 95%, we observed the nucleation
and growth of a lamellar phase with= 5.98 nm. The primary
scattering peak of the lamellar phase is distinct from that of the
gyroid phase, and this facilitates tracking the gyroid-to-lamellae
phase transition. It takes akio? h to complete the transition.
At intermediate times peaks corresponding to both gyroid and
lamellar phases were evident (Figure 4).

The methodology described above was used to map out the
phase behavior of a variety of P1 samples, and the results are

and the concomitant increase in the scattering contrast betweersummarized in Figure 5&c usingT vs RH plots at fixed IEC

the hydrophobic and hydrophilic microphases. When the RH is
increased from 70 to 72%, we see thg* land 2g* Bragg
reflections withg* = 1.15 nn1?, indicating the presence of a
lamellar phase with domain spacirdjpo = 5.46 nm. The

values. The letters D, L, and G indicate disorder, lamellae, and
gyroid phases, respectively. The DOTs and OOTs are indicated
by squares, and the solid lines show the phase boundaries. At
a low IEC value of 0.877 we see disorder over most of the

humidity at which the disorder-to-order transition (DOT) takes T—RH window with a lamellar phase in the high high RH
place was determined by noting the humidity jump that causes corner. At an intermediate IEC value of 1.513 tfie-RH
a discontinuous change in the full width at half-maximum window is more-or-less equally divided between disorder at low
(fwhm) of the primary peak, as shown in the inset of Figure temperature and a lamellar phase at high temperature. Quali-
3a. tatively different behavior is seen at a high IEC value of 1.582,
Typical temperature-dependent in-situ SANS profiles at a where a gyroid phase is seen at low temperatures and a lamellar
fixed humidity are shown in Figure 3b, where data obtained phase is seen at high temperatures.
from P1(1.513) at RH= 60% D,O vapor are shown. The peak The phase behavior of P1 as a function of temperature, IEC,
intensity increases monotonically with increasing temperature and humidity of the surrounding air, was obtained by the
up to a temperature of 6€. Heating the sample to 6% results combination of experiments described above, and the results
in an abrupt decrease in fwhm of the peak and the appearancere plotted inside a cube in Figure 5d. The left and back surface
of the Z3* peak corresponding to the lamellar phase. Note that of the cube at RH= 25% represents the phase behavior in the
in the dry state (ambient humidity) increasing temperature leadsdry state, plotted as temperature vs the IEC value, and is
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Figure 5. (a—c) Phase diagrams of P1 samples as a functiohaid RH at given IEC values. D, L, and G indicate disorder, lamellae, and gyroid
phases, respectively. The DOTs and OOTs are marked with squares and the solid lines. (d) 3-dimensional phase cube of P1 block copolymer as a
function of temperatureT, relative humidity of the surrounding air, RH, and ion content, IEC.

sof | ' T T T T ] lamellae and gyroid/lamellae within the cube were obtained
A ] using a Renka-Cline gridding algorithm, which is part of the
45 ° . OriginPro 7.5 software package.
— 40l [ I The results of water uptake measurements on P1(1.513)
2 A e N ] as a function ofT and RH are shown in Figure 6. These
235} - T measurements combined with the in-situ SANS data enable
2 w0l A ° ] determination of structure as a function of water concen-
B ° ] tration inside the polymer. The results of this analysis are
o 5F A gm 1 shown in Figure 7a, wher&or of P1(1.513) as a function of
% 20| : " i water concentration within the polymer. It is evident thgbr
= :. L] m T-25°%) 1 is a linear function of water concentration in the mem-
15 ) e T=35C|T brane, expressed ag/n,, wheren,, andn, represent moles of
10k 4 . A T-50°%]|] water and block copolymer, respectively. The slope of the line

T U T Y H is —1.15 K. We note in passing that the Gibbs phase rule
S0 55 60 65 70 75 80 requires coexistence regions at the phase boundaries. The width

RH (%) of these regions in our system are smaller than the steps used
Figure 6. Water uptake results from P1(1.513) as a function of to study phase behavior and were thus within experimental
humidity atT = 25, 35, and 50C. resolution.

Equality of the chemical potential of watesy, in the ordered
and disordered phases along the coexistence line (e.g., Figure

identical in content to the inset of Figure 2. The third axis of 7a), indicates that
the cube represents changes in RH. The disordered phases '
(8#55’)) (3#55’))
=\——| dT+|—] d 3
T an, | 0w G

occupy the low IEC and low RH section of the cube. The gyroid [,,(©) 3#(0)
phase is mainly seen at low RH while the lamellar phases are|—| dT+|—] d
Ny T

seen at high RH. In Figure 5b, the surfaces between disorder/ T

any
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I The water-uptake measurements can be recast to give the
_%or . dependence op;, vs ny/ny. p,, VS Nw/n, data of P1(1.513) at
X T 25 °C are shown in Figure 7b. Note that egs 4 and 6 indicate
5 320 - T that there is a change in the slope in gfevs nw/n, data at the
A humidity-induced DOT at constant temperature. This is in

310

y reasonable agreement with the data in Figure 7b. The SANS
data indicate that the DOT occursrafn, = 87 + 1, while the
change in slope of thg,, vs ny/n, occurs any/n, = 77 & 8.
We offer no substantive explanation for the slight difference in
the DOTSs seen in the SANS and water uptake measurements,
other than to note the vast difference in instrumentation,
humidity control, and the use ofJD in SANS and HO in the
water uptake experiments. Least-squares linear fits thorough the
W=7 bor = ] pw VS Nw/n, data obtained in the ordered and disordered states
give A[duw/d(Nw/Ng)loor = —8.10 J/mol. Using eq 6 along with
the measured slope of th&/d(n./ny) data enables a measure
of Asy, which for P1(1.513) is 7.04 J/(mol K). Using the same
analysis for the other accessible DOTSs led to estimatesspf
of 4.62 and 5.86 J/(mol K) al = 35 °C andT = 50 °C,
respectively. The average value &§, is 5.84 J/(mol K).

Note that the sign ofAs, is nontrivial. It indicates that the

Disorder
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I =1.8x10°
08|

(mol/m?)
RH (%)

Py

0.6

=52x10° 1

sy in the ordered state is higher than that in the disordered state.

We estimated\s,, the difference between the partial molar
entropy of the polymer chains in the ordered and disordered

states, by conducting DSC on dry P1(1.582) (in ambient air).
We report data obtained during the second heating run at a rate
of 1 °C/min in Figure 8. A clear endothermic peak is observed
in the vicinity of Topt (60 °C), and the associated latent heat is
0.21 J/g. It is clear that the enthalpy difference between ordered
Figure 7. (a) Phase behavior of P1(1.513) as a function of molar ratio and disordered stateAH, is negative, as is usually the case in
of Water to polymer in the membraneu(n,). The nw_/np \_/alues were block copolymers. Since\H = TAS at the ODT, ASJ of
obtained frpm W?ter upta_ke r:easureme(r;_ts shqwn in I(:jl_gf;fure 6. (b) Molar P1(1.582) is estimated to be2.0 J/(mol K). The partial molar
\C,g{bceint\;gmﬂpzt \ggtfé.'r}geeD%J{r%%?e:nm%nﬁ%;tin_'sifJeSn;\,\ng is entrqpy change of polymer molecules has the usual sign. Tp
indicated by an arrow. obtain an estimate of the factors that govern the thermodynamic
properties of PSSPMB membranes in humid air, we assume
where superscripts (O) and (D) represent ordered and disorderedhatAs, is not affected by the presence of water or small changes
phases. Pressure angl the other variables that determing, in IEC. This enables determination dfsq, the total molar
are assumed to be constant, as is the case in the experimentgntropy of ordering of P1(1.513), &Siotai = (NwASy + NpAS)/
Rearranging eq 3 and using Maxwell’'s equations gives (nw + np) = 5.62 J/(mol K), which is only slightly smaller than
the average\s, value. It is clear that the total entropy of the
system is dominated by that of the water molecules. DSC
experiments on PSPMB systems under controlled humidity
4) would provide more accurate estimatesAsf, but we did not
have access to such instrumentation. While we have determined
As, for DOTSs, it should be clear that the same methodology
is, in principle, applicable to all of the phase boundaries plotted
in Figure 5d.

It has been shown that the entropy of water molecules in
hydrophobic environments depends crucially on the size of the
hydrophobic moieties and entropic effects dominate when the
size is less than 0.4 n#.The smallest length scales of the

65
60
dpl,/d(n, / n) 1%
50
45
40

0-5 k 1 1 1 1 L 1 |
0 20 40 60 80 100 120

n,/n (mole ratio)
9]

Ol
A
dT — (a(nwlnp))T
d(n,/ny) As,

wheres, is the partial molar entropy of water, ardrefers to
the difference between the quantity of interest in the ordered
and disordered states, respectively.

Assuming that the surrounding air obeys ideal gas behavior,
the chemical equilibrium of water in the membrane and the
water vapor in the surrounding air leads to the following

expression: e L :
P hydrophilic domains in our samples are considerably larger than
v this limit. It is conceivable, however, that the hydrophilic
=" =40 Pu domai th d that water i tered i
Hy = Hy, = ty, + RTIn|— (5) omains are not homogeneous and that water is sequestered in
Ow small pools around the SOionic groups. As a result, theories

of the hydrophobic effect developed for bulk liquid may not
where superscript v stands for the vapor phasg,is the directly apply. Heterogeneous distributions of ionic species in
concentration of water vapor in the air (moles per unit volume), partially sulfonated homopolymers are well-establistefx-
and the superscript O refers to the standard state. Taking theperiments to see whether similar effects are present in ourPSS
derivative ofu,, in eq 5 gives PMB copolymers are currently underway.
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