Equilibrium Structure of Hydrogen-Bonded Polymer Blends
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ABSTRACT: Deuterium-labeled polystyrene modified by random distributions of the
comonomer p-(1,1,1,3,3,3-hexaflouro-2-hydroxyisopropyl)-a-methyl-styrene [DPS(OH)]
has been blended with poly(butyl methacrylate) (PBMA) and studied with small-angle
neutron scattering (SANS). Miscibility is induced via hydrogen bonding between the
DPS(OH) hydroxyl group and PBMA carbonyl groups. The data suggest that the nature
of the miscible-phase structure in these blends differs from that of the usual homopoly-
mer blends at small scattering angles, which we attribute to the short-range site
specific nature of the hydrogen bond interaction. © 1998 John Wiley & Sons, Inc. J Polym Sci

B: Polym Phys 36: 2745-2750, 1998
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INTRODUCTION

Hydrogen bonding is an effective way of making
miscible blends out of otherwise immiscible poly-
mer components.!™! If polymers A and B are
immiscible over any practical range of tempera-
ture, miscibility can often be enhanced if, for ex-
ample, polymer A is modified by the introduction
of a random distribution of a comonomer that can
form hydrogen bonds with B-chain segments. The
resulting blend is then a lower-critical-solution-
temperature (LCST) system with an effective
chain-averaged interaction parameter. Because of
the strong site-specific nature of hydrogen bond-
ing, the conventional random-phase approxima-
tion would appear to be inadequate. Past studies
demonstrate a clear deviation from a Lorentzian
scattering profile at small scattering angles in
hydrogen-bonded blends of polystyrene and poly-
(butyl methacrylate).%'* Such a deviation has
been associated with either a transient approach
to thermal equilibrium for very dilute bond dis-
tributions,”1° or a thermodynamically reversible
deviation associated with an equilibrium state at
moderate hydrogen-bond densities.'?
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We use small-angle neutron scattering (SANS)
to quantitatively investigate the effect of hydro-
gen-bond density on the structure of long-wave
length thermal composition fluctuations in hydro-
gen bonded polystyrene/poly(butyl methacrylate)
blends. In all cases, the blends studied are well
above the glass transition temperature but below
the extrapolated stability limit. The anomalous
low-q scattering that is observed is attributed to
the details of the hydrogen bond distribution.
Over a fixed window of temperature, this struc-
ture is observed to depend strongly on the density
of hydrogen bonds.

EXPERIMENT

Materials

The systems we consider are blends of modified,
deuterium-labeled polystyrene [DPS(OH)] and
poly(butyl methacrylate) (PBMA) and are identi-
cal to those used in a previous study.'? To induce
miscibility, the comonomer p-(1,1,1,3,3,3-hexa-
flouro-2-hydroxyisopropyl)-a-methyl-styrene
(HFMS) is introduced at random sites along the
DPS chain. Each OH group on the HFMS can
form a hydrogen bond with the carbonyl group on
any nearby PBMA segment. Random copolymer
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Table I. Characteristics of the Pure Components

My, My T, (°C)
DPS(OH)-1.2 60,300 33,400 118 + 5
DPS(OH)-3.5 53,700 28,200 118 = 5
DPS(OH)-10.1 36,000 21,000 123 + 5
PBMA-LL2 71,000 51,000 42 + 5

of deuterated styrene and HFMS was prepared
using 2,2'-azoiso-butyronitrile (AIBN) and tolu-
ene as initiator and solvent, respectively.? The
purified products were characterized by fluorine-
content, gel-permeation-chromatography (GPC),
and infrared analysis and are denoted by DPS-
(OH)-x, where x/100 is the comonomer mole frac-
tion or probability that a given styrene segment is
modified by the presence of the HFMS. For the
DPS(OH)-x components, the average number of
OH per chain (and standard deviation) deter-
mined by elemental fluorine analysis'? is, 6 (+2),
16 (+4), and 28 (=5) forx = 1.2, 3.5, and 10.1,
respectively.!* The PBMA-LL2 was prepared us-
ing AIBN and toluene as initiator and solvent,
respectively, fractionated in toluene and metha-
nol, and characterized with GPC. Glass transition
temperatures were determined using differential
scanning calorimetry (DSC). For all of the blends
described here, DSC identified a single well-
defined glass transition temperature. For the
pure components, molecular weight'® distribu-
tions and glass transition temperatures are
shown in Table I. The blends are all 40/60 DP-
S(OH)-x/PBMA-LL2 by weight, with glass transi-
tion and spinodal temperatures of T, = (63
= 5)°C and T, = (145 = 18)°C (x = 1.2); T,
= (68 = 5)°C and T, = (307 £ 30)°C (x = 3.5);
T,= (71 = 5)°Cand T, = (560 * 50)°C (x = 10.1).

SANS Measurements

Blends for SANS measurements were solvent cast
from toluene, dried in a vacuum oven for 2 days at
90 = 2°C and at 110 = 2°C for one day, melt-
pressed into 1 mm-thick disks, and annealed for
12 h at 90 = 2°C. The 40/60 DPS(OH)/PBMA
composition [¢p, = 0.40 where ¢, is the DPS(OH)
volume fraction] is slightly removed from the
(theoretical) “critical” composition ¢, = BE*/(NY?
+ N¥?) ~ 0.5 where the cubic term in a Landau
expansion of the free-energy of mixing vanishes.®
The pressed samples were transparent to visible
light, and SANS measurements as a function of

temperature and OH content were done on the
8-m instrument at the Cold Neutron Research
Facility of the National Institute of Standards
and Technology using incident neutrons of wave-
length of 12 A. The two-dimensional scattering
profiles were azimuthally averaged and the mea-
sured background was subtracted to yield inten-
sity as a function of the scattered wavevector, q
= 47/A sin(6/2), where 6 is the scattering angle.

RESULTS AND DISCUSSION

A rigorous theory of the SANS structure factor
of hydrogen-bonded polymer blends is not avail-
able. Following a previous phenomenological ap-
proach,? we consider a spatially varying interac-
tion parameter that models fluctuations in hydro-
gen bond density, and which can be written as

xus(r) = x + p(r), D

where y = [ drx(r)/V and [ drp(r)/V = 0. In this
quasi-quenched approximation, hydrogen bonds
in the miscible phase form a network, the struc-
ture of which is taken to be static on the time
scale of thermal composition fluctuations over
length scales smaller than or comparable to the
effective mesh size. The field p(r) models the spa-
tially varying or inhomogeneous part of the inter-
action. For p = 0, we recover the usual homopoly-
mer-blend structure factor

500
SO(Q) - 1+ §2q2 (2)

in the low-g limit, where S(0) and £ are the sus-
ceptibility and correlation length, respectively.
For q larger than a cutoff g, characteristic of p(r),
the scattering is well approximated by eq. (2).

Treating eq. (2) as the “form factor” for the free
(uncoupled) fluctuations, we can formally define
a low-q structure factor associated with the
coupling to p(r) via S(q) = I(g)/S,(q), so that
S(g) — 1 for ¢ > gq.. As shown in Figure 1,
dividing out S, (¢) in this way removes a large
part of the temperature dependence, which is con-
sistent with a picture in which the composition
fluctuates about a fixed bond configuration. In
this work, we fit the residual structure to an
expression of the form

I(@)/S,(q) =S(q) =1+ Aq . 3)
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Figure 1. Low-q structure obtained by dividing the
measured scattering intensity [/(q)] by a Lorentzian fit
of the data above the cutoff wavevector g, [S,(q)]. The
horizontal scale (¢ axis) is common while the vertical
scale is not. In (a), circles correspond to 100°C, dia-
monds to 110°C, triangles to 120°C, and squares to
130°C. In (b) and (c), circles correspond to 100°C, dia-
monds to 120°C, and triangles to 140°C.

Physically, the field p(r) reflects the fact that ther-
mal fluctuations occur in a spatially varying “po-
tential” set by the distribution of hydrogen bonds
and the size of the chains. Over length scales for
which these oscillations can be ignored (¢ > q.,),
the blend appears homogeneous and eq. (2) is
adequate. Over length scales for which these os-
cillations are important (¢ < q.), they act as an
energetic barrier to extended composition fluctu-
ations. It is important to note that the particular
form of eq. (3) used here is simply what works

over the ¢ range in question, which may repre-
sent the limiting form of a more complicated ex-
pression. The fitting results for the total intensity
based on eqs. (2) and (3) are summarized in Table
II and are displayed along with the data in Fig-
ure 2.

Figure 3 shows a double logarithmic plot of the
structure factor for the three different hydrogen
bond densities at a fixed temperature of 100°C. As
the density increases, the energy barrier to ther-
mal fluctuations increases and the mixture moves
further away from the spinodal. As a consequence
of this, thermal fluctuations are suppressed. The
effect of increasing the density of hydrogen bonds
at a fixed temperature is represented schemati-
cally in Figure 4. At low hydrogen bond densities,
the unbound portions of the chains still have
enough freedom to fluctuate. As the density in-
creases, this freedom disappears. Previous stud-
ies® suggest the formation of an intermolecular
complex at sufficiently high OH content in hydro-
gen-bonded blends of PS(OH) and poly (methyl
methacrylate). More data at significantly lower ¢
is needed before we can offer further speculation
as to the nature of the equilibrium structure in
these blends.

One possible scenario is that spatial variations
in the hydrogen bond density give the system a
natural tendency to decompose into some type of
modulated or microphase-separated state. A re-
cent phenomenological model suggests a stable or
metastable intermediate phase between miscibil-
ity (low T) and macroscopic phase separation
(high 7) when the hydrogen bond density is suf-
ficiently dilute.® Evidence for this type of behavior
is shown in Figure 5 for the x = 1.2 sample. The
slope of a Zimm plot of I ~ X(q) vs. ¢? is the inter-
facial coefficient k = ¢/S(0) that gives the free-

Table II. Fitting Parameters for the Fits of the Data Shown in Figure 2

x T (°C) ¢Ad) S(0) (em™) y A A
1.2 100 33.9+20 39.6 + 4.0 2.0 +0.1 —(6.0 =2.0)x 10°°
110 38.8 + 2.0 50.5 = 4.0 1.9 +0.1 —(1.2+0.3)x10°°
120 46.7 = 3.0 714 * 4.0 1.8 +0.1 —(2.0=x0.5)x10°°
130 61.2 = 4.0 124.6 + 4.0 1.9 +0.1 —(14*0.3)x10°°
3.5 100 14.0 + 0.4 6.2 +04 3.6+0.3 (2.6 + 0.5) x 1071
120 15.1 + 0.6 7.1+04 3.8+0.3 (14 = 0.4) x 1071
140 16.9 + 0.6 85+ 0.4 35+0.3 (1.0x0.3)x10°°
10.1 100 5.9+ 0.3 1.4 +0.1 3.6 +0.4 (1.6 05 x10°8
120 6.4*0.3 1.4 +0.1 3.9+04 (4.1 +2.0)x10°°
140 6.7+0.3 1.6 = 0.1 42+ 04 1.7 0.7 x 107°
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Figure 2. Zimm plots of the inverse scattering inten-
sity vs. wavevector squared for (a) 1.2% OH content, (b)
3.5% OH content, and (c¢) 10.1% OH content. The curves
are the fits to the data described in the text and the
insets show the low ¢ behavior. The spinodal temper-
atures deduced from the temperature dependence of
the susceptibility and correlation length!? are (a)
145°C, (b) 307°C, and (c) 560°C.
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Figure 3. At a fixed temperature of 100°C, the total
scattering intensity exhibits an order of magnitude in-
crease between 1.2 and 10.1% OH content. The curves
are the fits described in the text.

energy cost of a composition gradient, % k| V|2
The sudden increase in £ at 140°C (inset) approx-
imately 5 K below the extrapolated spinodal sug-
gests a change in the interfacial energy, which
might be associated with microphase separation
or a shift in the distribution of hydrogen bonds.
That a composition gradient suddenly costs more
free energy seems consistent with a transition
into a lower free-energy, modulated phase.

CONCLUSIONS

In conclusion, we present a quantitative study of
the effect of hydrogen bond density on the equi-
librium-phase structure of hydrogen-bonded DPS/
PBMA blends using small-angle neutron scat-
tering. The results suggest that the random-
phase-approximation approach to miscible-phase
scattering from thermal composition fluctuations
might become invalid at sufficiently large length
scales, which we attribute to the strong site-spe-
cific nature of the hydrogen bonding. As the OH
content increases at a fixed temperature, thermal
fluctuations become suppressed and the low-q
scattering becomes dominated by the structure of
the crosslink distribution. The data strongly sug-
gest that the nature of the miscible-phase struc-
ture in these blends differs from that of the usual
homopolymer blends at small scattering angles,
and this difference warrants further theoretical
investigation.



Figure 4. Schematic representation of a hydrogen-bonded polymer blend. White
beads with varying amounts of the HFMS comonomer (small black beads) correspond
to DPS(OH), while gray beads correspond to PBMA. When the OH content is low (a), the
crosslinks form a diffuse network that limits the extent of long-wavelength fluctuations.
As the comonomer density is increased at fixed temperature (b), these fluctuations are
further suppressed as the system is moved away from the spinodal. When the comono-
mer density is sufficiently high (c) virtually all thermal fluctuations are absent and the
low-q scattering is dominated by the structure of the hydrogen bond distribution. In (c),
self-association of modified styrene segments starts to emerge, further complicating the
picture. Recent studies suggest the formation of an intermolecular complex above 9%
OH content.”



2750 ZHOU ET AL.

| T |
40/60 DPS(OH)-1.2/PBMA-LL2

—o— 100 °C
—— 110 °C
—a— 120 °C
—o— 130 °C
—e— 140 °C

1/1(q) (cm)

100 120 140
0
0.00 | 1 (9 +

0 1 2

q° (10° A®)

w

Figure 5. An increase in the slope of a Zimm plot
[I ~ Y(q) vs. ¢?] at a well-defined temperature suggests
a change in the interfacial structure of the 1.2% OH
blend. The positive intercept at 7' = 140°C indicates
that this temperature is still below the spinodal (T,
= 145°C), suggesting that this change in slope might be
associated with microphase separation. The inset
shows the interfacial coefficient k as a function of tem-
perature, where the units are expressed in terms of
K,RT,, where K,, is the SANS contrast factor between
DPS and PBMA and R is the molar gas constant.
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