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ABSTRACT: Small-angle neutron scattering was used to

investigate poly(N-isopropylacrylamide) (PNIPAM) polymer One Phase

solutions in d-water/d-ethanol mixtures. A wide poor-solvent o oot . @| onephase

region was observed for mixtures near 60% d-water/40% d- 3 3 g| feeer

ethanol mixture. Spinodal lines were determined, permitting a E : 5

mapping of the mixing/demixing regions of the phase diagram g‘ § E‘

which comprises two main branches: the left branch (with & $ =

mostly d-ethanol) where phase separation occurs upon cooling One Phase One Phase

Region

(UCST) and the right branch (with mostly d-water) where Region
phase separation occurs upon heating (LCST). The ternary Water % Water %
random phase approximation model was used to analyze
SANS data. Three Flory—Huggins interaction parameters
(PNIPAM/d-water, PNIPAM/d-ethanol and d-water/d-etha-
nol) were obtained. These display the reassuring 1/T behavior but show strong dependence on d-water/d-ethanol fraction. The
conformation of polymer chains was determined by monitoring of the radius of gyration. Chains tend to swell with increasing

temperature except close to the boundary of the left branch of the phase diagram (40% d-water) where they are observed to
shrink.

Co-solvency Co-nonsolvency

Bl INTRODUCTION (vinyl alcohol) also exhibit cononsolvency behavior in certain
solvent combinations.”~> Poly(N-isopropylacrylamide) (PNI-
PAM) is one of the most studied water-soluble polymers which
displays cononsolvency behavior in binary mixtures of several
solvents, such as water and ethanol.>> PNIPAM has been
investigated extensively due in part to its thermoresponsive
properties in aqueous solutions. While a large amount of
attention has been devoted to PNIPAM-based gels, relatively

behavior. On the other hand, semidilute PEO solutions in water few studies have éonscht.ed phase diagrams of PNIPAM
phase separate upon heating; they obey a lower critical solution homopolymer so.h%tlon in mixed solvents. o

temperature (LCST) phase behavior. When dissolved in PNIPAM exhibits co?onstl)lvency behavior in mixtures .Of
ethanol/water mixtures, PEO follows an interesting phase water and methanol. While evidence of cononsolvency behavior

6 )
diagram characterized by a transition from UCST to LCST as was seen as early as 1987,” some of ;he first studies of PNSIPAM
solutions are due to Schild et al.” and Winnik et al,” who

Mixing solvents can either enhance or decrease the solvation of
polymers. Most water-soluble polymers dissolve better in
solvent mixtures (cosolvency). For example, poly(ethylene
oxide) (PEO) dissolves well in ethanol and in water and
dissolves even better in ethanol/water mixtures. Semidilute
PEO solutions in ethanol phase separate upon cooling; they
obey an upper critical solution temperature (UCST) phase

the water fraction in the binary solvent mixture increases. The

transition region between these two limits shows no hint of observed that PNIPAM precipitated in qual volume mixtures

phase transition and is “perfectly” mixed over a wide of water and methanol. Zhang and Wu~ studied the chain

temperature range.' collapse of individual PNIPAM chains in mixtures of water and
A small number of polymers follow the cononsolvency phase methanol using laser light scattering (LLS) and observed a coil-

behavior wherein their solubility in a mixture of good solvents to-globule transition of the chains as the methanol content in

decreases or even vanishes. For example, polystyrene dissolves

in cyclohexane and N,N-dimethylformamide (DMF), but is Received: August 8, 2013

largely immiscible in mixtures of the two.> Other polymers, Revised:  September 9, 2013

such as poly(ether imide), poly(vinylpyrrolidone), and poly-
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Figure 1. Schematic representation of cosolvency (left) and cononsolvency (right) of polymers in mixed water/ethanol mixtures, showing variation
of the phase transition line (UCST or LCST) between the mixed (one-phase) and demixed (two phase) regions with increasing water fraction in

water/ethanol mixtures.

the solution increased between 17 mol % to 50 mol %. As
methanol was added in excess of 50 mol %, the polymer
globules expanded and the chains regained a coil conformation.
Tucker and Stevens'® observed similar coil-to-globule transition
using atomistic molecular dynamics simulations of PNIPAM
oligomers in water.

Costa and Freitas'' studied the phase behavior of PNIPAM
in solvent mixtures by measuring the cloud points of the
solutions as the composition of the mixture varied. For water/
methanol mixtures, they observed LCST behavior, with a
spinodal temperature that decreased as methanol was added up
to approximately 35 mol %, and then increased as additional
methanol was added. The decrease in spinodal temperature for
moderate amounts of methanol is indicative of decreased
PNIPAM solubility in the solution. A similar LCST behavior
was observed for water/acetone mixtures, where the spinodal
temperature decreased to a minimum at approximately 20 mol
% acetone, and then increased as additional acetone was added.
Costa and Freitas also observed a unique solvation behavior for
PNIPAM in mixtures of water and ethanol, water and propanol,
as well as water and dimethylformamide (DMF). As in the case
of PEO/water/ethanol solutions, these solvent blends are
characterized by UCST and LCST behavior in pure ethanol
and water, respectively. However, the curvature (characterized
by the second derivative with respect to water content) of the
spinodal temperatures with respect to the fraction of water in
the solvent is reversed from the case of PEO. This implies that
the one-phase and two-phase regions of the phase diagram are
reversed for PNIPAM as compared to PEO, and hence, a
region exists in the phase diagram where PNIPAM is
completely insoluble in the solvent mixture. Figure 1 shows
this trend schematically in the case of a PEO-like polymer (left)
and a PNIPAM:-like polymer (right). Similar PNIPAM phase
behavior has been observed in dimethyl sulfoxide (DMSO)/
water mixtures.'” On the basis of spectroscopic measurements,
Yamauchi and Maeda attribute the UCST/LCST behavior of
PNIPAM in DMSO/water mixtures to competitive hydrogen
bonding between the DMSO, water, and PNIPAM molecules.
A statistical mechanical theory proposed by Tanaka and co-

workers, applied to methanol/water mixed solvent, supports
the competitive hydrogen bonding hypothesis.'

Here, the technique of small-angle neutron scattering
(SANS) is used to investigate cononsolvency of PNIPAM
polymer in dilute deuterated-ethanol/deuterated-water mix-
tures as a function of deuterated water content and temper-
ature. The SANS technique is sensitive to composition
fluctuations making it a useful tool for mixing/demixing
phase behavior investigations in polymer solutions. SANS is
also valuable for conformation studies in polymer solutions.

B EXPERIMENTAL SECTION

Polymer Synthesis. N-Isopropylacrylamide (NIPAM) (Sigma,
97%) was purified by recrystallization from a 1:3 mixture (by volume)
of benzene and hexane. 2,2’-Azobis(isobutyronitrile) (AIBN) (Sigma,
98%) was recrystallized twice from hot water. Anhydrous dioxane,
dichloromethane, and ethyl ether were used as received. S-1-Ethyl-S'-
(a,a’-dimethyl-a”-acetic acid) trithiocarbonate (EDMAT) was
synthesized according to the literature.'*

RAFT polymerization was carried out at 65 °C in 50% mass fraction
dioxane as previously reported."> EDMAT was used as a chain transfer
agent (CTA) and AIBN was the initiator. In a typical RAFT
procedure, NIPAM, EDMAT and AIBN([NIPAM]: [EDMAT]:
[AIBN] = 350:1:0.1) was mixed in dioxane, and sealed in 20 mL
glass vial equipped with a magnetic stirrer. It was degassed by three
freeze—thaw cycles and then the vial was flame-sealed under vacuum.
Polymerization was carried out at 65 °C for 3 h. The reaction was
terminated by cooling, and the resultant product was diluted in
dichloromethane and precipitated into anhydrous diethyl ether 3
times.

Sample Preparation. PNIPAM with M, = 18 000 g/mol was used
to prepare a series of 4% mass fraction PNIPAM solutions in d-
ethanol, in d-water and in d-ethanol/d-water mixtures. Note that 4%
PNIPAM fraction is well below the overlap concentration, and
corresponds to the dilute regime. Deuterated solvents were used in
order to enhance the neutron contrast. The series of prepared samples
correspond to 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
and 100% d-water in the d-water/d-ethanol mixture series. The low d-
water and high d-water fraction samples dissolved well and were
homogeneously mixed. The intermediate d-water (50%, 60% and
70%) samples did not dissolve within a reasonable temperature
window and were therefore not measured.
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Small-Angle Neutron Scattering (SANS). Measured temper-
atures were between 0 and 70 °C (every 10 °C) for the 0%, 10%, 20%,
30%, and 40% d-water fraction samples or between 0 and 35 °C (every
5 °C) for the 80%, 90%, and 100% d-water fractions. These sample
conditions were guided by PNIPAM miscibility constraints. Note that
the actual sample temperatures lagged slightly behind the set
temperatures; for instance the 0 °C set temperature corresponds to
3 °C actual temperature, the 25 °C set temperature corresponds to 25
°C actual temperature and the 70 °C set temperature corresponds to
67 °C actual temperature.

SANS was performed on the 30 m NG3 instrument at the National
Institute of Standards and Technology, Center for Neutron Research
(NCNR, Gaithersburg, MD). SANS measurements were taken for two
sample-to-detector distances of 1 and 4 m for the ethanol-rich solvent
mixtures, and three sample-to-detector distances of 1, 4, and 13 m for
the water-rich solvent mixtures. The neutrons had wavelengths of 4 =
6 A at the 1 and 4 m detector distances, and A = 8.4 A at the 13 m
detector distance. The different wavelength at the 13 m detector
position is due to the use of lenses to increase neutron flux on the
sample. Standard data acquisition and data reduction techniques were
employed to obtain radially averaged SANS data.

Bl RESULTS

Small-Angle Neutron Scattering. Figures 2, 3, and 4
represent SANS data for 4% PNIPAM in pure d-ethanol (0% d-

4% PNIPAM in d-ethanol
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Figure 3. Scattering intensity for 4% PNIPAM in 40% d-water/60% d-
ethanol for increasing temperature, showing UCST behavior.
Statistical error bars correspond to one standard deviation.
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Figure 2. Scattering intensity for 4% PNIPAM in d-ethanol decreases
for increasing temperature, showing UCST behavior. Statistical error
bars correspond to one standard deviation.

water), in 40% d-water/60% d-ethanol and in pure (i.e,, 100%)
d-water, respectively. This is typical scattering data for polymer
solutions characterizing polymer/solvent interactions or
“solvation” behavior. In d-ethanol, PNIPAM has a wide upper
critical solution temperature (UCST) temperature window for
mixing (Figure 2). The 40% d-water sample was also measured
over a wide temperature window (Figure 3). The PNIPAM in
pure d-water sample was measured over a limited temperature
window (maximum temperature of 35 °C) since higher
temperatures prompted lower critical solution temperature
(LCST) demixing. Figure 4 shows the expected scattering from
PNIPAM chains at intermediate and high values of Q (solvation
feature), as well as the low-Q composition fluctuations (onset
of phase separation) signal. Only the solvation feature is of
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Figure 4. Scattering intensity for 4% PNIPAM in d-water increases for
increasing temperature, showing LCST behavior. The low-Q_onset of
phase separation feature becomes dominant as temperature increases.

interest here. Statistical error bars are comparable in size to the
plotting symbols.

Phase Diagram. In order to determine the phase diagram
for the 4% PNIPAM in d-water/d-ethanol mixtures, the
scattering intensity in the thermodynamic (ie, Q = 0) limit
is needed. A simple empirical model is used to fit SANS data for
samples with d-water fractions between 0% and 40%.

d=(Q) _ C LB
dQ 1+ (QE)" (1)
where dZ(Q)/dQ is the Q-dependent differential scattering

cross section, C is the “solvation intensity”, and B is the
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incoherent scattering background due primarily to Q-
independent scattering from hydrogen. £ is a correlation length
and m is the Porod exponent.

For samples with higher d-water fractions (between 80% and
100%), this model is used to fit the intermediate and high-Q
data in addition to a power law model A/Q" for the low-Q data
representing composition fluctuations that get stronger as
temperature increases. Nonlinear least-squares fits were
performed for all SANS data and the fitting parameters were
obtained for the various measured temperatures and d-water
fraction samples. The parameters most relevant to demixing
thermodynamics are the solvation intensity C, the correlation
length &, and the high-Q Porod exponent m.

Plotting 1/C (inverse solvation intensity) for increasing 1/T,
where T is the absolute sample temperature, shows a linear
behavior in the one phase region, as shown in Figure S. A

25 —

15 LCST

——0 % d-water
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Figure S. Variation of the inverse solvation intensity 1/C with inverse
absolute temperature for 4% PNIPAM in various d-ethanol/d-water
solvent mixtures. The UCST behavior is characterized by a negative
slope while LCST is characterized by a positive slope. Statistical error
bars correspond to one standard deviation.

negative slope represents the UCST behavior corresponding to
low d-water fraction samples while a positive slope represents
the LCST behavior corresponding to almost pure d-water
fractions. Statistical error bars correspond to one standard
deviation. Note that close to the pure d-water solvent limit, the
low-Q_signal due to the onset of phase separation merges with
the intermediate-Q signal due to chain solvation so that it is not
possible to determine the solvation intensity reliably especially
for the high temperatures (T > 25 °C).

Extrapolation of this linear behavior (shown in Figure S) to
1/C = 0 from the mixed phase region yields an estimate for the
spinodal temperature (reached when the solvation intensity C
diverges). The extrapolated spinodal temperatures are plotted
in Figure 6 across the various samples with different d-water
fractions. The low d-water region (UCST behavior) and the
high d-water fraction (LCST) region are well mapped out while
the region in-between is only delineated. The 1-phase (mixed)
and 2-phase (demixed) region are marked. The midregion is
dominated by a wide demixing window centered around 60% d-
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Figure 6. Variation of the UCST and LCST spinodal transition
temperature lines for 4% PNIPAM solutions for increasing d-water
fraction in d-ethanol/d-water solvent mixtures. The two freezing
points are marked by crosses at the corners. Samples do not dissolve in
the “poor solvent region” window.

water fraction. This corresponds to approximately 81.36 d-
water molecules and 20.86 d-ethanol molecules for each
PNIPAM monomer. The freezing points for pure d-ethanol
(=114 °C) and pure deuterated water (1 °C) are marked with
crosses at the corners. Note that the spinodal line in the left
branch of the phase diagram obtained through the extrapolation
procedure is below freezing while the right branch is above
freezing.

Ternary Random Phase Approximation. The random
phase approximation (RPA) model is used for an in-depth
analysis of the SANS data. The RPA model has proven useful
for investigations of the mixing/demixing thermodynamics of
polymer mixtures. It is applied here to the ternary mixture of a
polymer (PNIPAM) and two solvents (d-water and d-ethanol).
It should be noted that this model is approximate.

The ternary RPA model'®" is described here briefly. The
three components are defined as 1: PNIPAM, 2: d-water and 3:
d-ethanol, the degrees of polymerization as n,, n,, and ns, the
volume fractions as ¢, ¢, and ¢;, and the specific volumes as
vy, ¥, and vy for the three components. The bare structure
factors (when interactions are not included) are expressed as

SIOI(Q) = ”1¢1V1P(Q): ng = "24’21’2 and 5303 = ”34’31’3
)
P(Q) is the polymer single-chain form factor described later,
where the scattering variable Q = (47/4) sin(6/2). Note that
the cross terms (S}, etc.) do not contribute. The following
parameters are defined:

1 245
Vo= g
S33 V13
1 2%,
Vp=—%——
S5 Y23
1 Yo a3 U
Vo= g+ -

0
S5 Via Vi3 3 (3)
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in terms of the Flory—Huggins interaction parameters yy,, 113,
and y,; and the reference volumes v, = (v1,)"% vj3 =
(vv3)"% and vy = (vyv3)"% The fully interacting system
structure factors can be expressed as:

SH(1 + V5,83,)

Sn(Q) = A
Szz(Q,) — ng(l —Z‘/HSIOI)
SY(1 + V89
Slz(Q) — 11( +A 12 22) (4)

The denominator is given by A = (1 + V;;89)(1 + V,83,)—
V,,89,S%,. The relation A = 0 yields the spinodal condition.
The SANS macroscopic scattering cross section (in units of
cm™) is given by:
d2(Q)
dQ

+2(p, = )P, = 1)S12(Q) (5)

Here p,, p, and p; are the neutron scattering length densities.
For the PNIPAM/d-water/d-ethanol mixture, the following
parameters were used

n =15893, n,=n; =1

= (p, = £,)°Su(Q) + (p, = p,)*$,(Q)

v, = 1.61 X 10 cm?, v, =3.0 X 10 %em?,
v; = 9.74 X 10 Pem®

p, =187 x 107A7, p, =637 x 10 °A?,
_ —63—2
py =607 X 10 A (6)

Recall the component numbering: 1, PNIPAM; 2, d-water; 3,
d-ethanol. The only remaining factor to determine is the single-
chain form factor P(Q). The volume fractions of the three
components are ¢, = 0.034, ¢, = Pa,,(1 — ;) where ¢y, is the
d-water relative fraction in the d-water/d-ethanol mixture and
¢; = 1 — ¢, — ¢, Since excluded volume interactions
contribute in polymer solutions, a form factor which accounts
for this parameter is employed.

Polymer With Excluded Volume. A model describing
polymer chain conformations with excluded volume is used.
The form factor for this model'”'® is given by

2.2

Here v is the excluded volume parameter which is related to
the Porod exponent m as v = 1/m, a is the polymer chain
statistical segment length, n is the degree of polymerization, and
x is the integration variable. This integral was performed17 to
yield:

1 1 1 1
PQ) = UUI/Z”}/(Z, U) - le/”y(;’ U) (8)

Here, y7(x,U) is the lower incomplete gamma function:

U
y(x, U) = /0 dt exp(—t)¢*! ©

The variable U is given in terms of the scattering variable Q
as

Qi  QRS(v+ 12w +2)

v 6 6 (10)

The radius of gyration squared has been defined as

2 2v
2 an

R =
¢ (w+1)(v+2) (11)

Note that fully swollen chains have a Porod exponent of 5/3
(good solvent), Gaussian chains have a Porod exponent of 2 (®
solvent) while collapsed chains have a Porod exponent of 3
(bad solvent)."

Flory—Huggins Interaction Parameters and Radius of
Gyration. Using the ternary RPA model developed in the
previous sections, SANS data were analyzed for each temper-
ature and each d-water/d-ethanol fraction (ie, ¢g4,). The
varying fitting parameters are Ry v, and the incoherent
background B along with the three Flory—Huggins interaction
parameters y1,(T)a)s Y13(Tda)s and 1o3(T,g,). The 1/T
dependence is made explicit by splitting ;(T)a.) = Ej(Pay) +
P,j(gbdw)/ T for all three y parameters. The inverse solvation
intensity 1/C (shown in Figure S) is characterized by a
parabolic dependence on ¢g,. This suggests the following
separation E;(¢g,) = Ay + Bij¢dwzand Fij(¢dw) =G+ Dij¢dw2
for a total of 12 y-related varying parameters, but with a large
number of SANS data points (Q-dependent scattering
intensity) to constrain possible parameters.

Since the right branch of the phase diagram (0.8 < ¢bg,, <1)
contains interference from the low-Q signal in SANS data (as
shown in Figure 4) separating the solvation feature
(intermediate and high-Q signal) is difficult, especially for T
> 25 °C. Thus, emphasis will be made on the left branch of the
phase diagram (0 < ¢4, < 0.04).

Figure 7 shows the variation of the three y parameters with
increasing ¢bq,, fraction. One can see that y;, decreases while y;3
and jy,; increase. Smooth lines are drawn though the data as

4 T T T T T
PNIPAM/d-water _s_z_ for 3°C
» 35 —_—— o
E - %, for3°C
1} i
£ 5L Pt | Ty, for3°C
s
© =y _for20°C
o A 12
s 25 d.water/d-ethanol >y, for20°C
=
§ .l ¢y, for20°C
% "9"yvufor39°C
2 1.5 ===y, for39°C
=)
=g ==8==y for39°C
:|=: 1L 23
> PNIPAM/d-ethanol Ty, for 58°C
f 05 + e %, for 58 °c
=== for 58 °C
0 ! L | I I -
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
¢dw

Figure 7. Variation of the three Flory—Huggins interaction parameters
for increasing d-water fraction and for four sample temperatures (3, 20,
39, and 58 °C). The components are numbered as follows: 1,
PNIPAM,; 2, d-water; 3, d-ethanol. Statistical error bars correspond to
one standard deviation.
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guides to the eye. Note the highly nonlinear dependence of the
¥ parameters on composition g,-

The same parameters are plotted in parts a and b of Figure 8
for increasing 1/T. The interaction parameter between water

1, it has a negative slope. For these values, y;; has a mostly
positive slope. It is interesting to note that the y,; (d-water/d-
ethanol) parameter also has a negative slope with low d-water
content, and then switches to a positive slope when water
content increases. However, the 1/T dependence of y is
maintained throughout the range of measured temperatures.
Figure 9 summarizes the fit results for the radius of gyration
R, and its variation with temperature. Polymer coils tend to
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Figure 8. Variation of the three Flory—Huggins interaction parameters
with 1/T for three d-water fractions for (a) the left branch of the phase
diagram (¢bg,, < 0.4) and (b) for the right branch of the phase diagram
(0.8 < g, < 1). Statistical error bars correspond to one standard
deviation.

and ethanol cannot be obtained from SANS in the limiting
cases of pure water or pure ethanol solvents. These points in
Figures 7 and 8 are instead obtained by extrapolation. Note that
for the limiting cases of 0% d-water and 100% d-water, the
binary RPA model predicts that a negative slope with respect to
1/T indicates LCST behavior, while a positive one indicates
UCST behavior. This simple rule does not hold for ternary
mixtures with composition-dependent parameters. Note for
example, that in the left branch of the phase diagram (¢, <
0.4) 1, (PNIPAM/d-water) has a positive slope, yet for ¢, =

76 T T T T T T
=== % d-water
—e— 10 % d-water
74 H —e—20 % d-water b .
——30 % d-water
_ ——40 % d-water
<
= 72 + -
14
c
$ ¢
® 70 - -
5
o ; ?
® 68 B
3
3 ?
14 66 - |
64 B
Il | | 1 1 1

0 10 20 30 40 50 60 70

Temperature (°C)

Figure 9. Variation of the radius of gyration with increasing
temperature for the various d-water fractions. Statistical error bars
correspond to one standard deviation.

swell for increasing temperature for the low d-water fractions.
For the 40% d-water fraction polymer chains shrink instead. R,
shows an interesting trend reversal. This effect is real and well
outside of fitting statistics.

B DISCUSSION

SANS measurements reproduce and extend the ?hase diagram
(¢f, Figure 6) determined by Costa and Freitas'' using cloud
point measurements for PNIPAM in solvent mixtures of water
and ethanol. The behavior of PNIPAM in ethanol and propanol
is quite different from that of PNIPAM in water and methanol,
which exhibits only LCST behavior. A particular finding of
Costa and Freitas is that as the hydrophobic portion of the
alcohol increases, as in moving from methanol to ethanol, the
structure of the alcohol competes with hydrogen bonding
between the water molecules and hydroxyl group of the
alcohol. Thus, as the amount of water increases, ethanol
becomes confined to hydration structures and cannot interact
with the PNIPAM chain, which has been suspected to interact
more favorably with ethanol than water.

The analysis of SANS data using the ternary RPA model
provides additional insight into the thermodynamics that
govern the behavior of PNIPAM in solvent mixtures. In
particular, Figures 7 and 8 provide information regarding the
interaction of PNIPAM with water (red) and ethanol (blue), as
well as the interaction between water and ethanol (green).
Figure 7 demonstrates that for d-water fractions up to 40%, the
Flory—Huggins interaction parameter between d-ethanol and
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PNIPAM is smaller in magnitude than that for PNIPAM and
water, as speculated by Costa and Freitas'' and Mukae et al.*
Hence, PNIPAM and ethanol interactions are energetically
favored as compared to PNIPAM/d-water or d-water/d-ethanol
interactions. Furthermore, while the PNIPAM and d-ethanol
interaction increases as g, increases, it remains much smaller
in magnitude than the interaction parameters between the
other components. In addition, the interaction parameters for
PNIPAM/d-water and d-water/d-ethanol display a nontrivial
behavior with respect to water content as compared to
PNIPAM/d-ethanol. We speculate that this behavior may be
due, in part, to a competition between the formation of d-
water/d-ethanol complexes (e.g, hydration structures) and
solvation of the PNIPAM chains. For example, spectroscopy”
and molecular dynamics simulations®* have established that the
local structure of the hydrogen bonding network of water
around ethanol depends strongly upon the mole fraction of
water present. Molecular dynamics simulations by Pang et al.
found PNIPAM interactions with mixed methanol/water
solvents weaken as methanol is added.”® Thus, it may be that
at certain compositions of the solvent mixture, interaction of
the solvent with itself is favored over interaction with the
polymer chains, giving rise to the nonlinear behavior presented
in Figure 7. Nevertheless, the origin of the nonlinear behavior
of the interaction parameters with respect to d-water content is
not understood from a molecular perspective presently, and
remains a topic for future investigation, for example, by
systematic molecular dynamics simulations.

The behavior of the PNIPAM radius of gyration, Figure 9, is
in good agreement with trends measured by Zhang and Wu”**
for PNIPAM in water/methanol mixtures. The values of R; are
also in accord with recent SANS and light scattering
measurements of a PNIPAM with similar molecular weight in
water.” Interestingly, R, increases at 0 °C as ¢, increases from
30% to 40%. The increase in R, observed for 40% d-water (o0
°C) may be due to clustering of PNIPAM chains in solution.
However, the increase is small (less than 1 nm), and lower than
what would be expected for clusters of several chains, implying
that this is unlikely the source of the increase. In general,
however, PNIPAM chains are found to shrink as d-water is
added to the system, and expand as T increases away from the
spinodal line, as predicted and previously measured.”**

B SUMMARY

The PNIPAM polymer has decidedly unusual behavior in many
ways. Most water-soluble polymers dissolve better in solvent
mixtures. However, the PNIPAM polymer behaves differently.
Some solvent mixtures are worse at dissolving PNIPAM than
the individual solvents themselves. Using the SANS technique,
the phase behavior of a dilute PNIPAM solution in d-ethanol/
d-water mixtures was investigated. The mixing/demixing phase
diagram shows a region dominated by the UCST behavior in
the d-ethanol rich branch and a region dominated by the LCST
behavior in the d-water rich branch of the phase diagram. The
region in-between is dominated by cononsolvency where the
polymer does not dissolve.

A ternary random phase approximation model is used to
analyze SANS data. A polymer form factor that incorporates
chain swelling/shrinking is used to better represent chain
conformations in solution. The three Flory—Huggins inter-
action parameters YpnipAM/d-water XPNIPAM/d—ethanob and
Hd—water/d—cthanol Were obtained. These display the usual 1/T
behavior as well as a strong dependence on d-water fraction

@4y This strong dependence on d-water fraction remains an
open topic for future investigation. Slopes of the y vs 1/T
variation depend on the d-water fraction; these could be either
positive or negative. The proper slopes are recovered for the
binary mixtures limits; the PNIPAM/d-ethanol parameter
corresponds to UCST trend (phase separation upon cooling)
while the PNIPAM/d-water parameter corresponds to LCST
phase separation trend (phase separation upon heating). The
radius of gyration is observed to increase for increasing
temperature at low d-water fractions. This trend reverses close
to the boundary of the left branch of the phase diagram (i.e., for
¢dw = 04)

The various trends in the radius of gyration and Flory—
Huggins interactions parameters, obtained from the analysis of
SANS data, point to an intricate solvation behavior and
interplay of the two solvents around the polymer. SANS
indicates that solvent mixing is far from random but cannot
determine the structure of solvent molecules around the
polymer. The binary mixture of PNIPAM in pure d-water does
not follow a simple demixing behavior as temperature is
increased, and will be the subject of future investigations.
Furthermore, the nonlinear variation of the Flory—Huggins
interaction parameters with d-water content warrants further
investigation by atomistic molecular dynamics, for example.
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