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mental Section, are shown in Figure 4 and are more re-
vealing. PVF, (Figure 4A) displays a main relaxation (3)
at —35 °C as well as the broad « relaxation at ~90 °C131619
PVF (Figure 4B) displays a main relaxation at 70 °C in
addition to another very broad relaxation at 15 °C in good
agreement with data presented in the literature.!®!® The
pattern of the 50/50 wt % blend (Figure 4C) displays a
well-defined relaxation at —35 °C and a very broad relax-
ation between 60 and 95 °C. The patterns shown in Figure
4 taken as a whole indicate that the PVF, and PVF hom-
opolymers used here are also immiscible in the amorphous
phase.
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Phase Behavior of Amorphous Binary Mixtures of Perdeuterated
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ABSTRACT: A series of amorphous binary mixtures of normal and perdeuterated 1,4-polybutadienes has
been examined by small-angle neutron scattering (SANS). Contrary to the generally held assumption that
isotopic polymer mixtures form ideal solutions, we conclusively demonstrate that these mixtures are characterized
by an upper critical solution temperature (UCST). This isotope effect derives from a small, measurable difference
in segment volume between normal and perdeuterated species. Above the UCST, the SANS results are
quantitatively predicted by the mean-field theory of de Gennes for homogeneous binary polymer mixtures.
Increasing the degree of polymerization raises the critical temperature, resulting in phase separation. Owing
to the combined effects of the close proximity to the consolute point and a small segment—segment interaction
parameter (x =~ 107%), the phase-separated mixtures exhibit extensive interfacial mixing; Porod analysis of
the SANS results reveals an average interfacial thickness of (D) = 250 A. Overall, these findings demonstrate
that normal and perdeuterated amorphous polymers represent a new class of materials with which to study
polymer—polymer phase behavior.

Introduction

The introduction of coherent elastic small-angle neutron
scattering (SANS) to the study of macromolecules over a
decade ago'? represents one of the most significant ex-
perimental developments in the relatively brief history of
polymer science. A recent review article® outlines the broad
range of applications of this technique to the investigation
of solution and bulk properties of polymers and polymer
mixtures. What most distinguishes SANS from smali-
angle X-ray scattering (SAXS)4 is the unique ability to
selectively introduce a scattering length density difference
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(contrast) between or within molecules by substituting
deuterium for hydrogen. In general, it has been assumed
that this method of isotope labeling produces no other
perceptable chemical or physical effects in polymer melts.

Isotope substitution leads to numerous alterations in the
physical and chemical properties of condensed matter.
Perhaps the most universally recognized thermodynamic
effects are the differences in melting and boiling tem-
peratures exhibited by isotopically different molecules (or
atoms). For example, heavy water boils at 101.4 °C and
melts at 3.8 °C,? deuterium (*H,) melts and boils at 4.5 and
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3.2 °C, respectively, greater than hydrogen (*H,),* and
perdeuteriobenzene melts and boils at 6.8 and 79.1 °C
compared with the corresponding temperatures of 5.5 and
80.1 °C for normal (hydrogenous) benzene. Such ther-
modynamic differences also occur in high polymers.

Apparently Stehling et al.® first documented the fact
that perdeuteriopolyethylene exhibits a melting temper-
ature approximately 6 °C greater than that of normal
polyethylene, suggesting that mixtures of these molecules
could segregate upon crystallization; this was subsequently
verified by researchers studying polyethylene crystalliza-
tion by SANS.” Strazielle and Benoit® demonstrated that
the 8 temperature of polystyrene in cyclohexane varied
by about 4 °C depending upon the isotopic constitution
of either the solvent or polymer. And recently, studies of
phase transitions in polymer—polymer mixtures revealed
that the consolute temperature varies markedly upon
substituting deuterated for normal polymer;>'° Yang et al.1®
report that the lower critical solution temperature (LCST)
of polystyrene—poly(vinyl methyl ether) mixtures increases
by as much as 40 °C when normal polystyrene is replaced
by the perdeuterated equivalent.

In each of the examples cited, substitution of deuterium
for hydrogen has been observed to influence a phase
transition. These effects are readily appreciated since
phase transitions occur when entropic and energetic con-
tributions to the free energy of a system exactly satisfy
those criteria embodied in classical thermodynamics.
There is nother particularly striking about the fact that
subtle variations in the physical properties of a molecule,
such as doubling the mass of all of the hydrogen atoms,
produces minor variations in phase transition tempera-
tures. That the critical temperature for a binary polymer
mixture is influenced by isotope substitution is not sur-
prising; this effect has also been observed in mixtures of
small molecules.!! Unfortunately, these isotope-related
shifts in phase transition points are generally of no utility,
serving merely to complicate contrast enhancement tech-
niques. On the other hand, isotope-induced phase tran-
sitions in binary liquid mixtures of otherwise chemically
identical components constitutes a fundamentally im-
portant and useful phenomenon. Until the present, how-
ever, studies of such effects have been exclusively restricted
to mixtures of He and *He.!2

In the present paper we report in detail on the SANS-
determined phase behavior of binary liquid mixtures of
perdeuterated and normal 1,4-polybutadienes; the initial
findings of this research have been published elsewhere.!?
These results provide the first example of an isotope-in-
duced phase transition in amorphous mixtures of otherwise
chemically identical polymers, clearly demonstrating that
such mixtures do not form ideal solutions as generally
assumed.

Experimental Section

Normal (protonated) and perdeuterated 1,4-polybutadienes
were prepared by anionic polymerization of butadiene at 50 °C
in benzene using n-butyllithium (~1 X 10~ M) as the initiator.
The initiation rate was selectively increased by the addition of
a 3:1 ratio of anisole relative to lithium. Polymerizations were
terminated with methanol. Butadiene monomers were obtained
from Matheson (instrument purity) and Merck, Sharp and Dohme,
LTD. (98.8 atom % deuterium labeled), and purified using
standard techniques. The polymers were recovered by precipi-
tation in methanol followed by vacuum drying and storage under
a highly purified argon atmosphere. The polymers were char-
acterized for number-average degree of polymerization Ny and
polydispersity Nw/Ny by membrane osmometry and high-
pressure size-exclusion chromatography (HPSEC); these results
are summarized in Table I. Polybutadiene microstructure was
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Table 1
1,4-Polybutadiene® Molecular Characterization
polymer isotope N, x 1073¢ N, /N
B2 2H 4.2 1.10
B3 1H 3.8 1.12
B5 H 0.91 1.05

%53% trans, 36% cis, 11% vinyl as measured by 3C NMR.
®Number-average degree of polymerization as determined by
membrane osmometry. °Polydispersity index as determined by
HPSEC.

determined by *C NMR spectroscopy using a 15% (w/v) solution
of sample B5 in deuteriochloroform. Independent analysis of the
olefinic and aliphatic regions of the 3C NMR spectrum, based
on the chemical shift assignments of Clague et al.,!* confirmed
a microstructure characteristic of lithium-catalyzed polybutadiene:
53% trans, 36% cis, and 11% vinyl. This microstructure agrees
within experimental error with that reported by Atkin et al.® for
perdeuterated polybutadiene prepared under the same conditions.
These samples are referred to as 1,4-polybutadiene. Further
details concerning the synthesis and characterization of poly-
butadienes can be found in a previous publication.!

The density of samples B2 (o, = 0.9962 g/cm?®) and B3 (p; =
0.8941 g/cm® was measured at room temperature by a water
displacement technique!® using approximately 1.5 g of each
polymer. These measurements were further substantiated by
density gradient column measurements (o; = 0.996, p, = 0.894).
Of particular significance to the present work is the relative specific
volume difference AV/V between perdeuterated and normal
1,4-polybutadiene (see Discussion), where AV = V, -~ V,. On the
basis of a mass correction corresponding to 98.8 atom % deuterium
substitution (see above), AV/V = 4.1 X 1073, Within experimental
error, this value agrees with that measured for various aliphatic
and aromatic liquid hydrocarbons.'

Small-angle neutron scattering (SANS) data were obtained over
the range of scattering wavevectors 3.5 X 102 < ¢ < 0.2 Al on
the 30-m instrument located at the National Center for Small
Angle Scattering Research, Oak Ridge National Laboratory, em-
ploying 4.75-A-wavelength neutrons characterized by a wavelength
distribution of AA/X = 0.05. Scattered neutrons were counted
on a two-dimensional position-sensitive area detector and corrected
for background and cell scattering, detector sensitivity, sample
thickness, and transmission. All scattering patterns were found
to be azimuthally isotropic and were therefore azimuthally av-
eraged to one-dimensional form. The SANS instrument was
calibrated in units of absolute differential scattering cross-section
per unit solid angle per unit volume of sample (cm™, £5%) with
an irradiated aluminum secondary standard (A1-4), which was
independently calibrated against the incoherent scattering from
water and vanadium, and the coherent scattering from a well-
characterized polystyrene sample.

Scattering sample temperature was controlled (£0.1 °C) via
a circulating temperature bath. Successive data sets were collected
following a temperature change until the scattering intensity
became time invariant, at which point the reported data were
collected.

SANS specimens were prepared by dissolution of polymer B2
with either B3 or B5 in cyclohexane, followed by solvent evapo-
ration and drying under vacuum (~107 torr). Aliquots of dry
polymer mixture were squeezed between quartz windows; this
procedure was conducted under vacuum (107 torr) in order to
avoid any entrapment of bubbles. Homopolymer scattering
specimens were also prepared from samples B2 and B3 with the
same procedures. SANS specimens were stored under a high-
purity argon atmosphere prior to measurement.

Speciments subjected to neutron scattering measurements were
also examined by light scattering. The angular dependence of
the light scattering intensity was measured with an automated
laser light scattering goniometer using the 5145-A argon laser line.
The scattered intensity was strongly modulated by a static speckle
pattern due to the coherence of the incident laser beam and
essentially static refractive index inhomogeneities in the sample.
This modulation was removed by destroying the laser beam co-
herence with a rotating ground glass phase scrambler while still
maintaining a well-collimated beam. With this technique, the
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Table 11
Structural Characteristics of Phase-Separated Mixtures
mixture & &b DrfA Lp, um Ly, um

B2B3(0.38) 0.384 0.13 + 0.02 270 0.30 5.6
B2B3(0.29) 0.294 0.13 = 0.02 240 0.28 4.6
B2B3(0.20) 0.200 0.13 £ 0.02 225 0.37
B2B3(0.10) 0.100 0.07 £ 0.01 30-40
B2B3(0.05) 0.050 0.008 = 0.001 250 36

¢ Stoichiometric volume fraction of polymer B2. ®Volume fraction of polymer B2 as determined by SANS. ¢Interfacial thickness deter-
mined by SANS. ?Porod heterogeneity length determined by SANS. ¢Heterogeneity length determined by light scattering.
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Figure 1. Small-angle scattering of neutrons from normal (O)
and perdeuterated (3) 1,4-polybutadiene homopolymer at 296
K. The g-independent 1nten51ty derives predominantely from
incoherent scattering events. SANS data obtained from mixtures
of such polymers have been corrected for incoherent scattering
by subtracting a weighted sum of these pure component inten-
sities.
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Figure 2. Coherent SANS results from mixtures B2B5(0.31) (0)
and B2B5(0.65) (O) obtained at 296 K. The solid curves are the
predicted scattering profile for homogeneous (single-phase)
mixtures (eq 1 and 7) with x = 8.7 X 1074, Sensnmty of the
predicted scattering intensity to variations in x is indicated by
the upper (£5 X 107%) and lower (+1.3 X 107%) sets of dashed
curves.

angular dependence of the scattering intensity was quite smooth
and yet the angular resolution was still better than 1.5°. The
scattering angle was corrected for the refractive indices of poly-
butadiene and quartz. The range of momentum transfers for the
light scattering measurements reported corresponds to an external
angular range of 2°-15°.

Results and Analysis

We have investigated the neutron and light scattering
characteristics of two sets of binary mixtures prepared by
blending sample B2 with samples B3 and B5 (Table I).
These mixtures are referred to as B2B3(®) and B2B5(®)
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Figure 3. Coherent SANS results from two representative
phase-separated mixtures, samples B2B3(0.29) (O) and B2B3(0.05)
(O). The curves correspond to the estimated single-chain scat-
tering contribution to the total scattering intensity. SANS in-
tensity in excess of the curves (g < 0.01) derives from interfacial
(Porod) scattering.
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Figure 4. Representative coherent SANS results (R,g > 1) for
a homogeneous and a phase-separated mixture, samples B2B5-
(0.31) (¢) and B2B3(0.29) (O), respectively. The upper curve has
been calculated (eq 4 and 7) based solely on experimentally de-
termined parameters. The lower curve has been fit to the data,
providing an estimate of domain composition.

in Table II, where ® denotes the volume fraction of the
perdeuterated component.

The incoherent contribution to the measured neutron
scattering intensities has been approximated based on a
linear combination of the g-independent incoherent
scattering intensities obtained from samples B2 and B3,
as illustrated in Figure 1, where ¢ = 47! sin (6/2) rep-
resents the scattering wavevector. Although this linear
incoherent scattering correction is not rigorously correct,?
the errors associated with its application are negligible over
the reported range of intensities and wavevectors. Co-
herent scattering intensities were obtained by subtracting
the estimated incoherent intensity from the measured
scattering intensity. The low g coherent scattering results
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Figure 5. Temperature dependence of the critical scattering from
(homogeneous) sample B2B5(0.31). The curves have been ob-
tained based on the homogeneous binary mixture correlation
function (eq 1) by adjustmg the segment-segment interaction
parameter x.

for sample sets B2B5 and B2B3, measured at room tem-
perature (296 K), are presented in Figures 2 and 3, re-
spectively. Higher wavevector results are given in Figure
4 for two representative samples, B2B5(0.31) and B2B3-
(0.29). Sample B2B5(0.31) was further examined during
a series of heating and cooling seéquences, covering a tem-
perature range from 247 to 363 K. SANS results obtained
at several representative temperatures are presented in
Ornstein-Zernike form (reciprocal intensity vs. ¢2) in
Figure 5.

Mixtures constituting the B2B3 sample set were found
to scatter visible light in considerable excess of that
characterizing homopolybutadiene. This was particularly
evident in samples B2B3(0.38), B2B3(0.29), and B2B3-
(0.20), which were observed by the unaided eye to be
slightly cloudy. The light scattering results obtained from
these three samples are presented in Figure 6; the corre-
sponding data from B2B3(0.10) and B2B3(0.05) qualita-
tively resemble the featureless results from B2B3(0.20) and
have thus been omitted. The angular dependence of the
light scattering intensity for samples B2B5(0.31) and
B2B5(0.65) was indistinguishable from that for poly-
butadiene homopolymer at 296 K.

We have found the small-angle neutron scattering results
from sample sets B2B5 and B2B3 to be qualitatively very
different, deriving from differences in phase state, the
former being homogeneous (single phase) and the later
phase separated (two phase). In order to facilitate data
interpretation, these two sets of SANS results are treated
separately. A unifying analysis of these findings is pres-
ented in the Discussion.

Homogeneous Mixtures (Samples B2B5). de Gen-
nes!® has calculated the scattering structure factor S(g) for
homogeneous binary polymer blends based on the mean-
field random-phase approximation (RPA)

S7Hg) = [N:12gp(Ry1,q)]™ + [No(1 - ®)gp(Rez,q)]™ — 2x
(1)

in which gy is the Debye function
£pRpq) = 2[R + e*P - 1] /Rt (@)
and R, is the radius of gyration of an ideal (Gaussian) coil
R’ =a’N/6 (3)

where N is the weight-average degree of polymerization,!®
a is the (segment) length dictated by N and Gaussian
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Figure 6, Light scattering results from phase-separated mixtures
B2B3(0.38) (O), B2B3(0.29) (0), and B2B3(0.20) (a).

statistics, x is the Flory segment-segment interaction
parameter (see eq 14), and & = &; = 1 - &, (incompres-
sibility assumption).

In the limit R,q > 1, eq 1 reduces to

S(g) = 12&(1 - &) /a%¢? (Reg > 1) 4)

while in the limit R,q << 1, S(g) can be represented in
Ornstein—Zernike form?8

S(@) = %lxs -0/ 1+ %)  (Rg<kl) (5
= (a/6)[®(1 - ®)(xs — x)1V/2 (6)

where £ and xg refer to the composition fluctuation cor-
relation length and stability limit (see eq 15), respectively.

We have analyzed the neutron scattering data from
samples B2B5(0.31) and B2B5(0.65) based on eq 1. The
scattering intensity is given by

I(Q) = V_l(bH - bD)2S(Q) 7

in which V = 1.00 X 102 ¢m? is the polymer segment
volume, (see Experimental Section) and by = 0.413 X 10712
cm and by, = 6.659 X 10712 cm are the coherent scattering
lengths of the normal and perdeuterated segments.’® The
statistical (segment) length a has been estimated from
literature data® to be a = 6.9 A. As indicated by the upper
solid curve in Figure 4, eq 4 quantitatively accounts for
the high ¢ SANS data based solely on experimentally
determined parameters. This confirms the homogeneous
(single-phase) state of this sample. At lower scattering
wavevectors, the structure factor S(g) becomes sensitive
to segment-segment interactions. Therefore, the results
presented in Figure 2 have been modeled with eq 1, using
x as a fitting parameter; all other parameters including
scattering intensity have been independently determined.
Both sets of SANS data are quantitatively predicted by
the theoretical scattering function as indicated by the solid
curves in Figure 2, yielding a single interaction parameter
x = 8.7 X 107 the dashed curves illustrate the sensitivity
of the prediction to variatiens in x.

The temperature dependence of x has been determined
by fitting eq 1 to the g < 0.01 A! data obtained during
the heating and coohng of sample B2B5(0 31) as illustrated
by the solid curves in Figure 5. It is important to em-
phasize that the Ornstein-Zernike form of S(g) given by
eq 5 is not applicable to these results since the data have
been collected over the range R,q = 0.8 based on the radius
of gyration of polymer B2; this point is evidenced by the
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Figure 7. Temperature dependence of the segment-segment
interaction parameter obtained by fitting the homogeneous binary
mixture correlation function to the SANS results (Figure 5). x,
corresponds to the calculated (eq 15) limit of single-phase stability.

curvature in the calculated curves in Figure 5. As pres-
ented in Figure 7, x has thus been determined to be in-
versely related to temperature, x = 0.326(+0.004)T"! -
2.3(£1.7) X 107, independent of sample thermal history.
The error associated with the constant term in x(7T) derives
from the uncertainty in the degrees of polymerization and
SANS intensity calibration.

Phase-Separated Mixtures (Samples B2B3). For
two-phase binary polymer mixtures eq 4 is replaced by
(neglecting interfacial mixing, see below)

S(g) =
{@(®/(1 - )] + 2'[®,"(1 - ®,)]}/a*¢* (Rg > 1)

®

where ®' (=1 - &) and &, refer to the volume fraction
of phase (") and component 1 in phase () respectively.
Hence, for R,q > 1 phase separation reduces the magni-
tude, without affecting the form, of the scattering intensity
relative to the homogeneous state. This point is demon-
strated by the SANS data from sample B2B3(0.29) in
Figure 4. In the symmetrical case (N; = N,) &, =1~ &/
= &,,%! whereby the absolute scattering intensity affords
a direct measure of phase composition. On the basis of
the near equivalence in polymerization indices of polymers
B2 and B3 (Table I), we have thus determined the phase
composition &, of the B2B3 mixtures. These results are
listed in Table II. All the B2B3 samples are characterized
by a measured phase composition ®, significantly less than
the composition ® corresponding to the mixing stoi-
chiometry, indicating that these mixtures have phase
separated.

The effects of phase separation on the SANS measure-
ments are also dramatically manifested in the low ¢ region
of the scattering results found in Figure 3. At wavevectors
g 5 0.01 A-! the scattering intensity exhibits positive de-
viations from Porod’s law, indicative of an isotropic two-
phase structure characterized by diffuse interphases. As
first demonstrated by Ruland,?? the actual interfacial
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profile can be modeled as the convolution of an ideal (step)
interface with an appropriate smoothing function. The
measured scattering intensity is thus given by

I(q) = 27 (s /v)(p; — p;)*q*h*(q) 9

where h(q) is the Fourier transform of the interfacial
smoothing function, p; is the average scattering length
density of domain 7, and s/v is the interfacial area per unit
volume. For ideal periodic structures?

(s/v)y =22/Lp (10)

where Lp represents the Porod heterogeneity length.

Helfand? and Leibler? have theoretically shown that
the composition profile of the interfacial region of coex-
isting polymer phases consisting of symmetric components
(N, = Ny; a; = a,) is given by the classical?®® mean field
profile

®(x) = %[1 + (1 - 2&,) tanh (x/D)] (11)

in which &, is the domain composition (x — —«<) and D
is a measure of the interfacial thickness. From this rela-
tionship, the attenuation function h(g) can be determined
to be?

o = | “dx e da(x) /de (12

o (L= 280(xDg/2)
@ =~k =Da/2)

The Porod intensity can be obtained by subtracting the
coherent scattering associated with the mixed regions
within each domain from the total coherent scattering
intensity. In the limit L, »> D (Table II), this contribution
to the total intensity can be accurately estimated by ex-
trapolation of eq 1, based on the composition determined
for R,g > 1 and Dq > 1. These corrections, indicated by
the solid lines in Figure 3, have been determined by using
the compositions &, listed in Table II, and x = 8.7 x 10
as determined independently in the homogeneous state
(Figures 2 and 7) at room temperature. Porod plots (In
(g*D) vs. ¢?) of the corrected data are presented in Figure
8. We have determined the interfacial thickness D and
two-phase heterogeneity (Porod) length Lp by fitting eq
9 and 13 to these data as illustrated by the solid lines in
Figure 8; these results are summarized in Table I. With
the exception of sample B2B3(0.10), all the mixtures ex-
amined are characterized by approximately the same in-
terfacial thickness, (D) = 250 A. Owing to the relatively
large values of both ¢, and Lp, the uncertainty associated
with the single-chain scattering correction renders the
interfacial thickness measurement for sample B2B3(0.10)
statistically meaningless; it has therefore been omitted
from Table II. Also listed in Table II is the heterogeneity
length L;g = 2mq;.,,, determined from the location of the
peak observed in the light scattering data for samples
B2B3(0.38) and B2B3(0.29) (Figure 6).

Phase Diagram. The free energy per segment for a
mixture of two polymers can be approximated by!®

(1-®)
ksT N, N,

(13)

In(1-®)+ x®(1-9) (14)

where kg is the Boltzmann constant, x is the Flory in-
teraction parameter (see following section), and & and N
are defined as in eq 1. We have computed the coexistence
(F(3') /8% = dF(®")/3®) and stability (3°F/3®* = 0) limits
for mixtures B2B3(®) and B2B5(®) in terms of the degree
of polymerization N; of the perdeuterated polymer B2
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Figure 8. Porod plot of the SANS data (corrected for single chain
scattering) obtained for the phase-separated mixtures (Figure 3).
The curves correspond to the theoretical scattering function for
a classical (mean-field) interfacial composition profile from which
the interfacial thickness D and Porod heterogeneity length Ly
have been determined.

(Table I), as presented in Figure 9. The conditions for
stability and criticality (62°F/d®* = 9°F/3%°) can be ex-
pressed explicitly in terms of the product xN;

(xNps = [®! + (N;/N,)(1 - 8)1/2 (15)
®¢c = N,'/2/(N1Y/2 + N,'/3) (16)
(XNI)C = (N11/2 + N21/2)2/2N2 (17)

Comparison of the room temperature SANS results ob-
tained from samples B2B5(0.31) and B2B5(0.65) (Figure
2) suggests that the interaction parameter does not depend
strongly on composition. Therefore, we have assumed a
single value of xN; = 4.0 for all of the mixtures investi-
gated at T = 296 K. Sample locations in phase space have
been assigned to Figure 9 accordingly.

Discussion

Overall, the results presented in the previous section
conclusively demonstrate that mixtures of normal and
perdeuterated 1,4-polybutadiene, otherwise of identical
chemical structure, are characterized by an upper critical
solution temperature (UCST); i.e., these mixtures do not
form ideal solutions. As a consequence, increasing the
molecular weight of the components induces composition
fluctuations and subsequently phase separation as evi-
denced by the SANS results obtained from samples
B2B5(®) and B2B3(®).

In the following discussions we focus on examining the
underlying molecular origin of this documented isotope
effect and consider the Porod scattering results, obtained
from the phase-separated mixtures, in the context of
current theories regarding polymer—polymer interfacial
mixing.

Isotope Effect. Several years ago, Buckingham and
Hentschel?” predicted that mixtures of normal and deu-
terated high molecular weight polymers should exhibit
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Figure 9. Phase diagram for mixtures B2B5(®) and B2B3(®)
based on the Flory-Huggins approximation to the mixing free
energy (eq 14), where N; and ® represent the weight-average
degree of polymerization and volume fraction of polymer B2,
respectively. The solid and dashed curves correspond to the
coexistence and stability limits. xN; = 4.0 at 296 K has been
determined based on the SANS results obtained from the two
homogeneous mixtures; this assumes that x does not depend on
composition.

segregation effects. These authors noted that all proton-
ated and deuterated organic molecules are distinguished
by slightly different molar volumes V, generally within the
range 102 < AV/V < 107 (analogous although consider-
ably greater differences in the atomic volumes of *He and
“He were speculated® long ago to be responsible for the
low-temperature (=~20.9 K) UCST observed in liquid mix-
tures of these isotopes). In order to calculate the phase
behavior of such mixtures, Buckingham and Hentschel
(following Prigogine®) conceptually divided the mixing
process into two steps: (i) compressing and dilating each
pure component such that both polymer segment molar
volumes equal that corresponding to the mixed state; (ii)
mixing these components at constant volume, temperature,
and pressure. Thus, the overall free energy of mixing is
simply given by the sum of the change in free energy for
each step, AF,;, = AFD + AF®  Buckingham and
Hentschel estimate that interaction energy contributions
to step ii are insignificant relative to the combinatorial
entropy of mixing, so that AF® can be closely approxi-
mated by eq 14 with x = 0. AF® is calculated based on
classical thermodynamics® to be a function of composition,
AV/V, V, and isothermal compressibility x. Assuming no
excess volume of mixing (V = &V, + &,V,) and differ-
entiating AF_;, with respect to composition, Buckingham
and Hentschel have determined the phase diagram for
mixtures of deuterated and protonated polymers. Owing
to the definition of AF®, this phase diagram resembles
that presented in Figure 9, except that it is explicit in
temperature rather than yx, specifically predicting an upper
critical solution temperature (UCST), in qualitative
agreement with our results. This theory can be quanti-
tatively evaluated by comparing the predicted critical point
for a given composition with that corresponding to the
experimentally determined value of x. For simplicity, we
consider the symmetrical case (N = N; = Ny; &, = &, =
0.5) for which Buckingham and Hentschel predict

Nc = 4kpTx/V(AV/ V)2 (18)

For normal and perdeuterated 1,4-polybutadiene, « = 5.3
X 10710 Pa 11 V = 1,00 X 10722 ¢cm®?, and AV/V = 4.1 X
1073, Therefore at 296 K the predicted critical degree of
polymerization is No = 5.2 X 10%. This result can be
compared with the SANS-determined x parameter by
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using the symmetrical version of eq 17, No = 2/x. Based
on the interaction parameter corresponding to 296 K
(Figure 7), the experimentally determined value is N¢ =
2.3 + 0.5 X 10%. Thus, this simple theory identifies the
qualitative nature of the observed isotope effect in both
high molecular weight polymers and helium. (Since sub-
mitting this paper we have quantitatively identified the
nature of the isotope effect as described in ref 35.)

It should be noted that the above-described theory is
a special case of the equation-of-state theory presented by
Flory® over two decades ago. In general, equation-of-state
contributions to the free energy of mixing are manifested
as a lower critical solution temperature (LCST) and a
composition-dependent interaction parameter; both of
these effects derive from differences in component thermal
expansivity, compressibility, and “contact agility”.% In the
present case these physical differences are negligible; the
only significant difference is in segment volumes.

Interfacial Mixing. Helfand et al. provided the first
description of interfacial mixing in phase-separated poly-
mer mixtures. In the limit of strong incompatibility xN
> (xIN)g the composition profile across a phase boundary
is given by eq 11, where the characteristic length depends
on the magnitude of the interaction parameter

D =a/(6x)"* (19)

Until present, interfacial thickness measurements have
been restricted to this narrow interface regime, D ~ 10
A% whereby sufficient Porod scattering intensity is
obtained by examining microphase-separated block co-
polymers characterized by large surface-to-volume ratios.

More recently, Leibler®* has developed a mean-field
formalism describing polymer-polymer interfaces for
mixtures lying near the consolute point. This approximate
theory also predicts a classical (mean-field) interfacial
profile as given by eq 11, except that the characteristic
length now depends on the relative distance of a sample
from the critical point. For the symmetric case (N; = N,
= N)

D =4a/[(9/2)(x - 2/N))'/? (20)

so that the interfacial thickness is predicted to diverge at
the consolute point. In the limit N — «, this expression
reduces to the exact form (eq 19) differing only by a factor
of (4/3)/2. This discrepancy most likely derives from
neglecting higher order terms in the free energy expansion;
i.e., eq 20 is applicable as xIN — (xN)¢.

The Porod scattering results presented in Figure 8
provide quantitative information regarding three distinct
aspects of interfacial mixing in phase-separated polymer
blends: (1) the form indicates the composition profile of
the interface, (2) the slope establishes interfacial thickness,
and (3) the absolute level (intercept) provides a measure
of the total surface area of a sample. We initially consider
each of these features separately..

For gD = 1, the form of the Porod scattering from a
two-phase mixture becomes sensitive to the detailed
structure of the interface as illustrated in Figure 10. The
linear and sigmoidal models referred to in Figure 10 have
been previously discussed by Vonk3 and Hashimoto et al.3
respectively, while the classical form corresponds to that
given by eq 11. It is evident that the observed intensity
in this scattering regime is quite sensitive to the level of
mixing in the “wings” of the interfacial profile. Within
experimental error, the SANS results presented in Figure
8 discriminate in favor of the theoretically derived inter-
facial composition profile (eq 11) as demonstrated by the
solid curves.
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Figure 10. (A) Linear (——-),% sigmoidal (-+-),3? and classical
(—) (eq 11) interfacial composition profiles between symmetric
polymers expressed in units of interfacial thickness D. (B)
Theoretical small-angle (Porod) scattering (eq 9 and 12) corre-
sponding to the illustrated composition profiles. In the limit Dg
<« 1 these scattering patterns are indistinguishable.

The phase-separated mixtures are characterized by es-
sentially a single interfacial thickness (Table II) (D) = 250
A, which is more than 25 times greater than that previously
reported for poly(styrene—diene) block copolymers.?#2 On
the basis of the interaction parameter (assumed to be
composition independent) determined in the homogeneous
state (Figure 7) and by the neglect of small difference in
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degree of polymerization between polymers B2 and B3
((N) = 4400), the predicted interfacial thickness (eq 20)
is calculated to be D = 160 A. In light of the approximate
form of the theory and the assumption that x does not
depend on &, the calculated and experimental results are
in reasonable agreement.

The measured Porod heterogeneity lengths Ly listed in
Table II fall into two distinct categories: Lp = 0.3 um (&
= (.38, 0.29, 0.20) and Lp =~ 35 um (® = 0.10, 0.05). This
is consistent with the relative locations of these samples
in phase space (Figure 9). Mixtures situated above the
stability limit (dashed curve) are expected to spontane-
ously demix (spinodal decomposition) upon the removal
of solvent, producing a fine-grain heterogeneous mor-
phology,?! while mixtures located within the metastable
gap, between the coexistence (solid curve) and stability
limits should demix via a nucleation process, leading to
a considerably coarser two-phase structure.?!

Finally, the heterogeneity length, L;g (Table II), de-
termined by light scattering (Figure 6) is approximately
15 times that obtained from the Porod analysis of the
SANS data Figures 3 and 8). L;g is expected to be several
times larger than Lp since the former represents a
“weight-average” length, determined by the average dis-
tance between domains, while the latter corresponds to the
total sample volume-to-surface ratio, regardless of domain
size distribution.? Furthermore, Lp has been calculated
based on the assumption of an ideal periodic structure (eq
10); a spherical or convoluted morphology would lead to
a several-fold underestimation of Lp relative to L1g. The
two-phase structures are thus most likely both highly
disperse and convoluted in structure. This is consistent
with the preparation history of these mixtures (solvent
casting) and the probably spinodal decomposition process
of demixing.

Conclusions

We have conclusively demonstrated by means of
small-angle neutron scattering (SANS) measurements that
binary liquid mixtures of perdeuterated and normal 1,4-
polybutadienes are characterized by an upper critical so-
lution temperature (UCST) in contradiction with the
typical assumption of ideal solution behavior; we have also
recently demonstrated this effect in mixtures of per-
deuterated and normal polystyrenes.® This phenomenon,
which is quantitatively predicted by Buckingham and
Hentschel,?” derives from a small measurable difference
in segment volume between normal and deuterated poly-
mers. Increasing molecular weight above the critical value
produces phase separation, accompanied by extensive in-
terfacial mixing over distances comparable to the size of
the polymeric constituents. The interfacial composition
profile has been determined by SANS to be in qualitative
agreement with the mean-field theory of Leibler.*

These findings clearly indicate that the isotope labeling
technique must be employed with caution. However, it
can also be concluded that normal and deuterium-labeled
polymers represent an exciting new class of mixtures with
which to study high molecular weight polymer—polymer
phase behavior.
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