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ABSTRACT: The effect of sulfonation level and domain size of hydrophilic channels on humidity-induced
phase transitions in poly(styrenesulfonate—methylbutylene) (PSS—PMB) block copolymers was studied as a
function of the relative humidity (RH) and temperature of the surrounding air by a combination of water
uptake measurements and in situ small-angle neutron scattering. The equality of the chemical potential of
water in the gas and polymer phases was exploited to determine the change in the partial molar entropy
of water at order—disorder transitions. PSS—PMB samples with 5 nm domain spacing exhibited a disorder-
to-order transition with increasing temperature at fixed RH, while the PSS—PM B samples with 7 nm domain
spacing exhibited an order-to-disorder transition with increasing temperature at fixed RH. There is evidence
to suggest that the disorder-to-order transition is driven by an increase in the partial molar entropy of the
water molecules, while the order-to-disorder transition is driven by more familiar driving forces wherein

entropic contributions stabilize the disordered phase.

Introduction

The partial molar entropy of components in polymer mixtures
is a thermodynamic function of fundamental importance. The
major breakthrough provided by the Flory—Huggins theory
(FHT) was an expression for the partial molar entropy of
homogeneous mixtures containing polymer chains.' ™ This led
to a quantitative understanding of macrophase separation in
polymer blends. Similarly, the major breakthrough provided by
self-consistent-field theory (SCFT) and the random phase ap-
proximation (RPA) was the ability to compute the partial molar
entropy of individual components in microphase-separated
systems wherein chain conformations are altered by the effective
fields created by the microphases.* ® This led to a quantitative
understanding of order—disorder transitions in block copoly-
mers® and more complex multicomponent blends.’~'> A con-
venient feature common to all of these theories—FHT, RPA, and
SCFT—is that the entropic contributions can be calculated from
molecular structure, which can be determined independently. The
only adjustable parameter in these theories is y;;, the Flory—
Huggins interaction parameter between components 7 and jin the
mixture, Wthh is related to internal energy contributions to the
free energy."

On the experimental side, one seldom measures partial molar
entropy directly. The traditional approach has been to assume
the applicability of either FHT, RPA, or SCFT and determine
¥ by fitting experimental observations to the predictions of these
theories. In theory, y;;should be proportional to 1/7and P (T and
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P are temperature and pressure, respectively) but independent of
all other parameters such as component molecular weight, blend
composition, and microphase-separated morphology. In vir-
tually all cases, it is found that this is not true.'* Fitting X VS
1/T data generally leads to large intercepts, and the magnitude of
this intercept is often referred to as “entropic” contributions to
x. Similar problems arise when the measured ¥ 1s found to
depend on chain length'® and composition.'® There is clearly a
need for developing methods for determining the partial molar
entropy of components directly, i.e., without reference to theories
such as FHT, RPA, and SCFT. This is especially true for
mixtures of more complex components such as polyelectro-
lytes and water where the applicability of the above-mentioned
theories is questlonable

In a recent paper'® we demonstrated that the change in the
partial molar entropy of water in a block copolymer at an order—
disorder transition (ODT), As,, can be determined directly by
measuring the ODT of the mixture in equilibrium with humid air.
This approach, which is built on the assumption that the ODT is a
first-order phase transition, exploits the fact that the chemical
potentlal of a component in the gaseous phase, which is easy to
predict,” is equal to that of the same component in the more
complex phase such as a microphase-separated block copolymer
electrolyte where predictions are more difficult. The proposed
approach is perfectly general and can be applied to any volatile
component (e.g., organic solvents) in contact with a block
copolymer.

This paper is part of a series on the thermodynamics and phase
behavior of poly(styrenesulfondte methylbutylene) (PSS—PMB)
copolymers in the presence of humid air.'®?**' In ref 20 we
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demonstrated that the water content of PSS—PMB membranes in
contact with air at a fixed humidity increased with increasing
temperature if the width of the PSS phase was below 6 nm. This
was found to be true over a wide range of water concentration (RH
of the air was varied from 50 to 98%) and temperatures (ranging
from 25 to 90 °C). This resulted in a significant increase in proton
conductivity within the membrane with increasing temperature.
This “antidrying” property may lead to more efficient high-
temperature fuel cells. In subsequent papers we explored the nature
of microphase separation in dry PSS—PMB block copolymers as a
function of temperature®' and the alignment of the microphases at
the polymer/humid air interface.”> We demonstrated remarkably
rich morphologies of lamellae, gyroid, hexagonally perforated
lamellae, and hexagonally packed cylinders in nearly symmetric
PSS—PMBs wherein the volume fraction of the PSS phase lies
between 0.45 and 0.5. In this range of compositions, only lamellar
phases are seen in uncharged block copolymers. It is therefore clear
that self-assembly of sulfonated block copolymers is radically
different from that of uncharged block copolymers. The purpose
of this work, which follows ref 18 where the technique for
measuring Asy, was developed, was to measure As,, in a series of
PSS—PMB copolymers and to study its effect on the phase
behavior of PSS—PMB/water mixtures.

Experimental Section

Polymer Synthesis and Characterization. Polystyrene—poly-
isoprene block copolymers with polydispersity index of 1.03
were synthesized and characterized using methods described in
ref 21. Selective hydrogenation of the polyisoprene block was
conducted in the presence of a homogeneous Ni—Al catalyst
with cyclohexane as the solvent, using a 2 L Parr batch reactor
at 83 °C and 420 psi, following procedures given in ref 23.
The hydrogenated block copolymers are referred to as poly-
(styrene—methylbutylene) (PS—PMB) copolymers. The num-
ber-averaged molecular weights of the blocks of the PS—PMB
copolymers are M, ps = 1.4 kg/mol, M, pmp = 1.4 kg/mol and
My ps = 2.5 kg/mol, M, pmp = 2.6 kg/mol. We use the terms P1
and P3 to refer to these polymers where 1 and 3 are the nominal
molecular weights of each of the blocks in kg/mol. The PS blocks
of the PS—PMB copolymer were then sulfonated using proce-
dures described in ref 24. Samples with different degrees of
sulfonation were prepared by controlling reaction time. Samples
are labeled according to the sulfonation level (SL); for example,
in P1(18), 18% of the styrene monomers in the PSS block were
sulfonated.

In-Situ Small-Angle Neutron Scattering (In-Situ SANS). The
in-situ SANS samples were prepared by solvent casting
the polymer from THF solutions on 1 mm quartz windows.
The sample thickness ranged from 110 to 150 um, and a circular
area with a diameter of 1.8 cm was exposed to the neutron beam.
The samples were studied using the 30 m NG3 beamline at the
National Institute of Standards and Technology (NIST)
equipped with a sample holder wherein the humidity of the
surrounding air and sample temperature were controlled.”
Water from a well located within the sample chamber was used
to humidify the air around the sample. In our experiments, the
well was filled with either pure D,O or pure H,O. The uncer-
tainty of the sample humidity and temperature for the NIST
humidity sample chamber are +1% RH and &1 °C, respectively.
The lowest RH limit and the highest temperature limit of the
NIST environmental chamber are RH = 25% and T = 80 °C,
respectively. Samples were equilibrated for at least 30 min before
measurement. Separate transient measurements were conducted
as a function of sample thickness to ensure that this equilibra-
tion time was adequate for the temperature and humidity steps
used in our study. The raw data were converted to absolute
coherent scattering intensity, 7, as a function of scattering wave
vector ¢ (=4 sin(6/2)/1, where 0 is the scattering angle and 1 is
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the wavelength of the incident neutrons) after corrections for
detector sensitivity, background, empty cell, and incoherent
scattering were made, using standard procedures.”® The wave-
length of the incident neutron beam (1) was 0.6 nm (A1/4=0.10),
and sample-to-detector distances of 1.0, 3.0, and 12.0 m were
used. This enabled access to scattering at ¢ values in the range
0.03-5.9 nm™".

Water Uptake Measurements. Polymer films with thickness
ranging from 100 to 150 um were prepared by solvent casting
from 10 wt % THF solutions. The films were dried at room
temperature for 3 days under a N, blanket and under vacuum at
60 °C for 5 days. The dry weights of the membranes were
obtained right after vacuum drying. The films were then exposed
to humidified air in an ESPEC SH-241 humidity chamber. The
increments of weight were measured using a Mettler balance
with 0.01 mg accuracy. Samples were studied as a function of
temperature ranging from 25 to 80 °C and RHs from 50 to 98%.
The water uptake is calculated using the dry film as the basis:

water uptake =
weight of wet film —weight of dry film
weight of dry film

x100% (1)

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.

Results and Discussion

The morphology of dry P1 and P3 copolymers as a function of
SL and temperature was determined using methods outlined in
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Figure 1. Phase diagrams of (a) P1 series and (b) P3 series in dry state
on temperature versus sulfonation level (SL) plots. The dashed lines in
(b) represent uncertainty of the phase boundary.
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Figure 2. Water uptake, w,/wp, x 100 (%), where w,, is the weight of
water and wy, is the weight of polymer, of P1(31), P1(18), and P3(9) at a
fixed RH = 85% as a function of temperature. Error bars represent 1
standard deviation.

ref 21 (SAXS and electron microscopy), and the results are shown
in Figures la and 1b, respectively. Increasing SL results in the
stabilization of the ordered phase, which is consistent with
previous results.>! For P1 samples, P1(31) was disordered at
room temperature while P1(32) was ordered and exhibited an
ODT from gyroid to disorder at Topt = 54 + 1 °C. Obtaining
samples with 31 and 32% SLs was fortuitous because the
relationship between sulfonation reaction time and SLs appears
to depend on many factors beyond our control. For P3 sam-
ples, P3(9) was disordered at room temperature while P3(16)
was ordered and exhibited an ODT from lamellae to disorder at
Topt =62 £ 1 °C. In this case, repeated attempts to synthesize
sulfonated samples with SL values between 9 and 16% were
unsuccessful. There is thus considerable uncertainty in the
boundary between the lamellar and disordered phases in P3 at
low SLs. The dashed lines in Figure 1b indicate the bounds for
the boundary. The transition from disorder to order at room
temperature of P3 occurs at SL = 12.5 4 3.5%, which is sub-
stantially lower than that of P1 (compare Figures la and 1b). This
is due to differences in chain length (N =99 for P3 while N = 54
for P1; N is the number of monomer units based on a reference
volume of 0.1 nm®) and the strong increase of y between PSS
and PMB chains with increasing SL.%!

In Figure 2, we show the water uptake data of P1(31), P1(18),
and P3(9) as a function of increasing temperature at a fixed RH=
85%. The data are similar to those reported in ref 20 where data
obtained from various PSS—PMB systems are reported. The
concentrations of water in P1(31), P1(18), and P3(9) increase with
increasing temperature of the surrounding air at fixed RH. This
“antidrying” property is only obtained in PSS—PMB copolymers
wherein the width of the hydrophilic phase is less than 6 nm.*
The data in Figure 2 indicate the antidrying is a property of PSS—
PMB copolymers at SLs as low as 9%.

The effect of the humidity and temperature of the surrounding
air on the equilibrated structure of P3(9) is shown in Figure 3,
where we show in-situ SANS profiles obtained from a 113 um
thick film exposed to a D,O/air environment. At RH=25% and
T =25 °C a broad primary peak at scattering vector ¢u.x =
0.89 nm ™" indicates the presence of a disordered phase. A mono-
tonic increase in I(gmax) With increasing RH is observed. When
the RH is switched from 50 to 60%, we see a discontinuous
decrease in the full width at half-maximum (fwhm) of the primary
peak, as shown in the inset of Figure 3, and the emergence of an
additional scattering shoulder at ¢ = 2¢,.x. This indicates the
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Figure 3. In-situ SANS intensity, 7, versus scattering vector, ¢, of P3(9)
at 25 °Cas a function of RH with D,O vapor. The presence of a second-
order scattering peak at ¢ = 2¢,.x indicates the presence of a lamellar
ordered phase at RH > 60%. Inset box clearly shows a discontinuous
decrease in fwhm of the primary scattering peak at RH = 60%,
indicating a humidity-induced disorder-to-order transition.

presence of a lamellar phase at RH > 60%. Using the data in the
inset of Figure 3, we conclude that the disorder-to-order transi-
tion (DOT) of P3(9) at 25 °C occurs at RH =60 + 5%.

In-situ SANS data from P3(9) obtained as a function of
increasing temperature at a fixed RH = 85% are shown in
Figure 4a. In this experiment D,O was used to humidify the air
surrounding the sample. Up to a temperature of 46 °C, we
observed the presence of a sharp primary scattering peak at ¢ =
(max With a fwhm in the vicinity of 0.25 nm ™" (inset of Figure 4a).
The presence of a second-order scattering peak at ¢ = 2¢ax
indicates the presence of a lamellar ordered phase in this tem-
perature window. Increasing the sample temperature to 48 °C
results in an abrupt increase in the fwhm of the peak (inset of
Figure 4a), the disappearance of the second-order peak, and a
discontinuous decrease in the intensity of the primary scattering
peak (Figure 4a). These observations indicate the presence of an
ODT at 48 °C and RH =85%.

In-situ SANS data from P3(9) with H,O in the humidified air,
obtained as a function of increasing temperature at a fixed RH =
85%, are shown in Figure 4b. An abrupt increase in fwhm of
primary SANS peak at 48 °C is taken as the signature of the ODT
in PSS—PMB/H,0 mixtures (Figure 4b, inset). Since Topr in
the presence of H,O and D,O are within experimental error
(Figures 4a and 4b), we conclude that the effect of deuterium
substitution on phase behavior of PSS—PMB/water mixtures is
negligible.

In nearly all of the data published on scattering from block
copolymers in the vicinity of the ODT [e.g., refs 27—29], the ODT
is characterized by a change in the slope of the 1/1(¢ynax) versus
1/T data. In addition, 1/1(¢ax) approaches zero as the ODT is
approached from the disordered side due to a dramatic increase
in the magnitude of concentration fluctuations.****3! The data
obtained from PSS—PMB/D,O mixtures differ dramatically
from these expectations. This is made clear in Figure 4c (filled
symbols) where we plot 1/1(¢may) versus 1/T for the PSS—PMB/
D,0 data set shown in Figure 4a. We see little change in 1/1(¢nax)
as the ODT of PSS—PMB/D,0 mixtures is approached from the
disordered side. In fact, 1//(¢mnax) increases slightly [i.e., 1(¢max)
decreases] as the ODT is approached from the disordered side.
This unexpected result is due to two opposing tendencies.
As temperature decreases, the magnitude of the concentration



Article

Absolute Intensity (cm™)

q(nm’)
(b) M 036f R 5 ‘TE
|~ L S
go.az» ‘;
~ -
= =
Zo2s} (2]
g | &
™} -t
024} o =
EEEEEEN
C 2
30 35 40 45 50 55 60 E
o
[72)
o
<
32
36
Q\o\
56 A
1 2 3 4 5
-1
q(nm’)
0.28 e . ; : . . T
026 ( )DDD O = wDO|]
L c <
024} o ° WHO|]
022} ]
I H] |
. 020} O .
3 L EID ]
L 018} . Uoppo o T
< - Disorder 1
~ 016 -
13 r 4
Z 014} Order .
012} .
010k B ammmE
0.08 Illl-. i}
1 L 1 1
0.0030  0.0031 0.0032  0.0033
(K"

Figure 4. In-situ SANS intensity, /, versus scattering vector, ¢, of P3(9)
as a function of temperature at RH = 85% (a) with D,O vapor and
(b) with H,O vapor. Both results indicate a temperature-induced
lamellar-to-disorder transition at 48 °C. Inset box clearly shows a
discontinuous increase in fwhm of the primary scattering peak at 7 =
48 °C. (¢) 1/l(¢max) versus 1/T plots using SANS profiles in (a) and (b).

fluctuations increases as the ODT is approached from the
disordered side, but the neutron scattering contrast between the
PSS-rich and PMB-rich regions decreases due to the fact that
the D,O molecules associated primarily with the PSS-rich regions
evaporate into the surrounding air (note that our system exhibits
“antidrying”). This is confirmed by examining the unfilled data in
Figure 4c¢, which were obtained from PSS—PMB/H,0 mixtures.
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Figure 5. In-situ SANS data of P1(18) at RH = 85% as a function of
temperature with D,O vapor. (a) SANS intensity, /, versus scattering
vector, ¢. The presence of a second-order scattering peak at ¢ = 2¢ax
indicates the presence of a lamellar ordered phase at 7' above 55 °C. (b)
Full width at half-maximum (fwhm) of the SANS peaks versus
temperature. A discontinuous decrease in fwhm of the primary scatter-
ing peak at T = 55 °C indicates a humidity-induced disorder-to-order
transition.

Here we see the changes in the slope of the 1/I(¢max) versus 1/T
data in the vicinity of the ODT, as expected. It is clear that the
nature of the concentration fluctuations in our system are more
accurately reflected in the H,O experiments than the D,O
experiments. However, the nature of the ordered phase is better
studied in the D,O experiments; note that the low contrast
between the hydrophobic and hydrophilic domains in PSS—
PMB/H,0 mixtures precluded observation of the second-order
peak from the lamellar phase (Figure 4b). For completeness, the
neutron scattering length density (SLD) of PS, PSS (SL= 100;%2,
and PMB is 141 x 107°, 2.05 x 107°, and —0.31 x 107° A7,
respectively.

P3(9) was examined at several other values of RH and behavior
similar to that reported in Figure 4 was also observed: Topr=150°C
at RH=70% and Topr =44 °C at RH =95%. At RH < 60%,
P3(9) was disordered over the entire accessible T-window. In the
disordered state, the SANS intensity of P3(9)/H,O mixtures
decreases monotonically with increasing temperature, which
implies upper critical solution temperature (UCST) behavior.
The phase behavior of dry P3 samples also indicates UCST
behavior; i.e., ordered microphase-separated phases are seen at
low temperatures while disordered homogeneous phases are seen
at high temperatures. For brevity, we do not show these data
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Figure 6. Phase behavior of P3(9), P1(18), and P1(31) on temperature
(T) versus molar ratio of water to polymer in the membrane (1,/n,)
plots. The ny/n, values were obtained from water uptake measure-
ments. The letters D and L show the values of T and n/n, near the
phase boundary where the disordered and lamellar phases were
obtained.

here. The thermodynamic properties of P3(9) under humid
conditions are thus similar to those of P3 samples under dry
conditions.

In-situ SANS data obtained from P1(18) in D,O/air environ-
ment at RH =85% as a function of increasing temperature are
shown in Figure 5a. At low temperatures we obtain a broad
scattering profile, indicating the presence of a disordered phase.
Increasing the temperature to 55 °C results in an abrupt decrease
in fwhm of the primary scattering peak (Figure 5b) and the
appearance of a second-order scattering peak at ¢ = 2¢ax. It 18
clear that in spite of the similarities of P3(9) and P1(18) in the dry
state (Figure 1) and water uptake characteristics (Figure 2),
the behavior obtained in humid conditions is totally different.
While P3(9) exhibits an ODT with increasing temperature, P1(18)
exhibits a DOT with increasing temperature. The DOT tempera-
ture, Tpor, of P1(18) was determined as 55 °C at RH = 85%.
Similar phase behavior was observed at other RH values: Tpor=
60 °C at RH=75% and Tpor =50 °C at RH=95%. P1(18) was
disordered across the entire temperature window for RH < 65%.

The phase diagrams of P3(9), P1(18), and PI(31) in the
presence of humid air are shown in parts a, b, and c of Figure 6,
respectively, in plots of T"versus ny,/ny,, where n,, and n, represent
moles of water and block copolymer, respectively, in the sample.
The water uptake measurements were used to obtain the water
concentration in the membrane (n/n,). A nearly vertical line
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Figure 7. Molar concentration of water in the surrounding air (py, mol
of water per m* of dry air) at different RH values versus ny/n, of P1(31)
at 25 °C, P1(18) at 60 °C, and P3(9) at 50 °C. The DOTs of P1(31),
P1(18), and P3(9) determined by in-situ SANS are indicated by an
inverted arrow (1) while the ODT of P3(9) is shown by an arrow (1).

distinguishes between order and disorder in both P3(9) and
P1(18) samples. However, the role of temperature is reversed in
the two cases: increasing temperature stabilizes the disordered
phasein P3(9) and the ordered phase in P1(18). For completeness,
we also show the phase diagram of P1(31) using data presented in
ref 18. In this case, increasing temperature stabilizes the ordered
phase as was the case with P1(18). The nearly vertical division
between order and disorder is not seen in this sample. Whether it
is due to the limited temperature window of our experiments or
an intrinsic difference between P1(18) and P1(31) is not clear at
this juncture.

We use the thermodynamic framework introduced in ref 18 to
analyze the phase behavior of PSS—PMB/water mixtures shown
in Figure 6. The final result of that analysis, which was based on
equating the chemical potential of water in the air and polymer
phases, is

Yy RT 3,
ar, A(aww/np))T n A(amw/np))T

d(m/np) Asy Asy,

(2)

where T is the phase transition temperature, s, is partial molar
entropy of water, py, is the concentration of water vapor in the air
(moles of water per unit volume of air), A refers to the difference
between the quantity of interest in the ordered and disordered
states, and u,, is the chemical potential of the water in the block
copolymer. The analysis assumes that the discontinuity of water
concentration in the copolymer across the ODT is negligible, and
the coexistence between ordered and disordered phases occurs
over a narrow window. Our only justification for making these
assumptions is that they are consistent with all of our experi-
mental measurements conducted thus far (e.g., Figure 2).

The water uptake data (e.g., Figure 2) for P1(31), P1(18), and
P3(9) were converted into plots of py, versus ny/n,, and typical
results thus obtained are shown in Figure 7. The inverted arrows
(V) in Figure 7 indicate the location of DOTSs for the three systems
while the arrow (f) shows the ODT for P3(9). There is generally a
subtle change in the water uptake in the ordered state relative to
the disordered state. In the case of sample P3(9), we see an
increase in the gradient of the py, versus ny/n, data at the DOT.
On the other hand, for sample P1(31), we see a decrease in the
gradient of the py, versus n,/n, data at the phase transition. Note
that our thermodynamic analysis is based on slope differences of
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Figure 8. Molar concentration of water in the surrounding air (py,, mol
of water per m® of dry air) at different RH values versus ny/ny of (a)
P1(18) at 60 °C and (b) P3(9) at 50 °C. Least-squares linear fits through
the py versus ny,/n, data obtained in the ordered and disordered states
are used to calculate A[dp,,/d(ny/np)lpoT-

linear—linear py, versus ny/n, data (eq 2) while Figure 7 shows the
data on a semilog plot.

It is clear from Figure 7 (and numerous other data sets
obtained from PSS—PMB copolymers) that the dependence of
Py Versus ny/n, is generally unremarkable. We find no evidence of
dramatic changes in the dependence of py, on ny/n, at ODT. We
thus conclude on the basis of eq 2 that any dramatic changes in
the slope of T versus ny/n, data must arise from dramatic
changes in As,,. On the basis of eq 2, we also conclude that a
vertical phase boundary in a T versus ny/n, plot (Figure 6) is
obtained if As,, is zero (or nearly so) but A[dpy,/d(ry/n,)] s finite.
We thus conclude from the data in Figure 7 that As,, =0 at ny,/n,=
7.7 for P3(9) and at ny/n, = 26.5 for P1(18). The finite slopes of
the T} versus ny/n, dataat 7.7 < ny/n, < 27.2for P3(9),at26.5 <
ny/n, < 44for P1(18),and 46.5 < n,/n, < 92.5for P1(31) seenin
Figure 6 indicate that As,, is finite in these regimes. The slopes of
the phase boundaries in these regimes are —0.45 + 0.41 K for
P3(9), —0.62 £ 0.14 K for P1(18),and —1.23 £ 0.04 K for P1(31).
All of the uncertainties listed here and in the paragraph below are
based on the Student distribution with a confidence interval of
80%. In the discussion below, we study the implications of these
phase boundaries.

Since the numerator of the last term in eq 2 can be obtained from
water uptake measurements, the measured slopes of the
T, versus ny/n, phase boundaries in Figure 6 can be used to
estimate As,,. In Figure 8 we show py, versus n,/n;, plots for P1(18)
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Figure 9. DSC trace obtained from P1(32) and P3(16) at a rate of 1 °C/
min. The temperature dependencies of heat flow versus temperature are
shown. The difference between the baselines of the two samples is due to
background subtraction of DSC data.

and P3(9). The lines in Figure 8 are least-squares linear fits through
the py, versus n,,/n, data obtained in the ordered and disordered
states. As noted above, there is only a subtle change
in the water uptake characteristics at the DOT. The value of
Aldpy/d(n/np)lpor of P1(18) is —(1.8 £ 0.8) x 107> mol/m’
(Figure 8a), which in turn yields As,, = 16.1 £+ 3.9 J/(mol K) at
60 °C. The above method was used to calculate As,, at other DOT
points of P1(18) yielding values of 18.4 at 55 °C and 11.5 at 50 °C.
The average value of As,, for P1(18) is thus 15.3 4 3.7 J/(mol K).
Similarly, As,= 5.8 £ 0.47 J/(mol K) for P1(31)."® For P3(9)
Aldpy /1) lpor = (3.6 £ 0.5)x 10~ mol/m’ (Figure 8b), which
is an order of magnitude lower than that of P1(18). The small
difference in slopes and the fact that 7 is insensitive to changes in
ny/ny, (Figure 6a) leads to considerable uncertainty in our analysis
of the P3(9) data. We obtain Asy, = —11.4 £ 10.5 J/(mol K) for
P3(9). We have only used one point to evaluate Asy, (50 °C). At this
temperature the ordered window is the widest, thereby enabling
determination of the dependence of py, on ny,/n, with the greatest
accuracy (see Figure 6a).

Estimates of the partial molar entropy change of the polymer
chains, Asp, were obtained from DSC experiments on P1(32) and
P3(16). These are samples with SL values that are similar to those
of the polymers of interest but with accessible ODTs in the dry
state (Figure 1). Ideally, we would have liked to conduct DSC
experiments on P1(31), P1(18), and P3(9) samples under con-
trolled humidity, but we did not have access to such instrumenta-
tion. The DSC traces of dry P1(32) and P3(16) shown in Figure 9
indicate that the changes in molar enthalpy at the ODT of the
samples, Ah,, are —714 and —702 J/mol, respectively (the
molecular weights of P1(32) and P3(16) are 3200 and 5400 g/
mol). As,, which is then equal to Ah,/Topr, is —2.13 and —2.06 J/
(mol K) for samples P1(32) and P3(16), respectively.

Consider a binary polymer blend of chains with equal numbers
of monomers, N. The expression for AG, the Gibbs free energy
change of mixing per unit volume, according to the Flory—
Huggins theory, is

AGv ¢ In¢;  (1—¢y)In(l—¢y) .
T =5+ I +rp(1—¢) ()

where ¢ is the volume fraction of component 1 in the mixture, vis
a reference volume, k is the Boltzmann constant, 7'is the absolute
temperature, N is the number of repeat units per chain, where
each repeat unit is assumed to have a volume equal to v, and y is
the Flory—Huggins interaction parameter based on the reference
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Figure 10. Dependence of ¢, values on temperature at RH = 65%
for P1(31) (open symbols) and at RH = 95% for P1(18) and P3(9) (filled
symbols). Tpor of P1(31) and P1(18) and Topt of P3(9), obtained from
in-situ SANS, are indicated in the figure by arrows.

volume v. The first two terms of the right-hand side of eq 3
represent AS, the entropy change of mixing. The partial molar
entropy change of mixing of polymer 1, As, = R In ¢,. For
a critical mixture with ¢; = 0.5, setting AG =0, eq 3 gives In ¢, =
—yN/4. For a mixture on the verge of phase separation, y N =2,
and Asp/R=—yN/4=—0.5.

The purpose of the calculation given above is to present
arguments indicating that for simple polymer systems in the
vicinity of phase separation transitions As,/R is expected to be a
negative number of order unity that is independent of the
molecular weight of the chains. We note in passing that the
partial molar entropy change of a polymer mixture at the critical
point is zero, as is the case for all second-order phase transitions.
The ODT in block copolymers is a weak first-order phase
transition,***™* and we thus expect As,/R to be a negative
number of order unity. In a private communication, G. H.
Fredrickson suggested a method for estimating As,/R for a
symmetric block copolymer at the ODT. He argued, based on
his analysisin ref 33, that the free energy change at the ODT'is 1.19
(xN)'3, of which 0.4(yN)'? can be attributed to chain stretching
and the remainder to interfacial energy in units of kT per chain.
This penalty, when balanced against the enthalpy of a fully mixed
state (yN/4, identical to the polymer blend case described above),
yields yN = 10.4 at the ODT. Assuming that As, is dominated
by the stretching contribution, Fredrickson obtained Asy/R =
—0.4(;N)'?, which, at the ODT, yields As,/R=—0.88. This value
is similar to that obtained for the blend. Our experiments on
P1(18) and P3(9), which indicate that Asp,/R is independent of
molecular weight and approximately equal to —0.25, are qualita-
tively consistent with the theoretical arguments given above.

Lacking a more sophisticated model, we assume that the total
molar entropy change in the humidified samples at the vicinity of
ODTs and DOTS, Ao = (nwAsy + npAs,)/(ny 4 1), where As;,
is based on the results obtained from the dry samples and As,, is
determined from our analysis based on eq 2. In the cases of P1(31)
and P1(18), we obtain Asyy to be 5.6 £ 0.5and 14.7 4 3.5 J /(mol
K), respectively. It is clear an increase in the total entropy of the
system is a major driving force for the humidity-induced order
formation observed in P1(31) and P1(18). On the other hand,
AStorar for P3(9) is —10.8 £ 9.9 J/(mol K). In this case, entropic
effects oppose order formation, as is typically the case.

In Figure 10 where we plot the temperature dependence of ¢pax
of P3(9), P1(18), and P1(31) at RH values where accessible ODTs
and DOTs were obtained. Sample P1(18) is particularly note-
worthy as ¢n.x decreases by 26% as temperature is increased
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Figure 11. Partial molar entropy change at the order—disorder transi-
tion, As,, as a function of SL and d. The error bars correspond to a
confidence interval of 80%. The data point at SL = 31% and d = 5nm
was taken from our recent publication.'® The plot indicates that the Asy,
is positive when the domain size is smaller than 6 + 1 nm. The projection
of data on the As,,—d plane suggests that As,, decreases with increasing d.

from 25 to 75 °C. Such large changes in ¢y, indicating sub-
stantial swelling of the lamellae with increasing temperature, are
generally not observed in conventional block copolymers. This is
also the sample with the largest positive As,,. Modest swelling
with increasing temperature is observed in P1(31) where As,, is
positive, but not as large. Modest deswelling with increasing
temperature is observed in P3(9) where As,, is negative. The
behavior of P3(9) is similar to that of dry conventional block
copolymers in the vicinity of the ODT. It is evident that there is a
complex relationship between overall water uptake, swelling or
deswelling of the microphases, and the partial molar entropy of
water in hydrated PSS—PMB systems.

In Figure 11 we plot As,, as a function of d, the domain size of
the dry polymers at 20 °C, and SL. The magnitude and sign of
Asy, appear to depend on both of these parameters. Positive
values of As,, are obtained in small channels at high SLs. An
understanding of the microscopic underpinnings of As,, is re-
quired to decouple the effects of dand SL and to understand why
As,, 1s positive in some systems. One possible scenario is that
positive As,, values are obtained because the dissociation of SO; ™
counterions occurs more readily in the ordered state relative to
the disordered state. In this case we expect SL to have a dominant
effect on As,,. On the other hand, if water molecules themselves
have more entropy in the ordered state due to lack of interrup-
tions of the hydrogen-bonded network, then we expect d to also
play a role in determining As,,. The projection of the limited data
thus obtained on the Asy,—d plane (Figure 11) suggests that As,,
decreases with increasing d (confidence interval is 80%). Further
work is needed to substantiate this suggestion.

Conclusion

Humidity-induced phase transitions in poly(styrenesulfonate—
methylbutylene) (PSS—PMB) block copolymers were accessed by
varying sulfonation levels and molecular weights of copolymers.
PSS—PMB samples with 5 nm domain spacing exhibited a
disorder-to-order transition with increasing temperature at fixed
relative humidity, while the PSS—PMB samples with 7 nm
domain spacing exhibited an order-to-disorder transition with
increasing temperature at fixed relative humidity. These phase
transitions have a relatively small effect on the water uptake
characteristics of the copolymers. Analysis of the data suggests
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that the disorder-to-order transition is driven by an increase in
the partial molar entropy of the water molecules, while the order-
to-disorder transition is driven by more familiar driving forces
wherein entropic contributions stabilize the disordered phase.

It is important to distinguish the present study from the vast
body of previous literature on mixtures of block copolymers and
selective solvents (e.g., refs 35—37). Most of these studies are
restricted to uncharged systems, and all of the measurements were
performed on closed systems where the solvent concentration in
the polymer was fixed. In contrast, our study concerns an open
system containing charged block polymers wherein the water
concentration in the copolymer is governed by chemical equilib-
rium. If the fundamental thermodynamic relationship for the
system is known, then data obtained from closed systems can
readily be used to predict the properties of open systems (and
vice versa).*® In the absence of knowledge of the fundamental
relationship, however, data obtained from open systems provide
unique insight into the underpinnings of the observed pheno-
mena. For example, the phase diagrams shown in Figure 6 can
readily be obtained from experiments on closed systems. It would,
however, not be possible to elucidate the role of the partial
molar entropy of the solvent molecules from such experiments.
We hope that the present work provides motivation for further
studies on open block copolymer/solvent mixtures.
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