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Measurements of the Flory-Huggins Interaction Parameter Using a Series of

Critical Binary Blends
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The Flory—Huggins interaction parametey, for a series of critical binary blends of polyisobutylene and
deuterated polybutadiene was measured by small-angle neutron scaftesiag.determined by fitting the

scattering intensity profiles single-phase blends to the well-established random-phase approximation. Our

experiments, which covered a wide range of chain lengths, suggegtdeatnds on both blend composition
and the ratio of the homopolymer chain lengths

Introduction

The Flory—Huggins theory continues to be the starting point
for quantifying the interactions between chemically dissimilar
polymer chaing:2 In this theory, the free energy per unit volume
for mixing two polymers labeled “1” and “2"AGy, is
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whereg; is the volume fraction of component 1 in the mixture,
v is a reference volume which we set equal to 0.2,rnis the
Boltzmann constanfT is the absolute temperature, aNdis
the number of repeat units per chain of tyge= 1, 2), where
each repeat unit is assumed to have a volume equal \fde
computeN; using
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whereN; is the number of chemical repeat units in chaand
vi is the volume of each chemical repeat unit. The volume
fraction of component 1 at the critical point is given by

1
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For blends that are in perfect agreement with the FHory
Huggins theoryy should be independent ¢f andN;. In many
systems, however, this is not the c&s®.It is generally assumed

N; andN,.13 There are relatively few cases where polymer blend
thermodynamics are studied as a function of component
molecular weight (e.qg., ref 3). In this study we examine a series
of blends composed of polymers willy ranging from about
200 to 3600. We use small-angle neutron scattering (SANS)
measurements from single-phase blends to deterpias first
suggested by de Genn¥sThe SANS technique works best
when the blend is at the critical composition, because small
changes iy near the critical point result in large changes in
the scattering profile. We thus report data obtained from critical
blends, calculated using eq 3 for our polymer pairs.

Experimental Section

Component 1 in the polymer blends was polyisobutylene
(PIB), and component 2 was deuterated polybutadiene (dPBD)
with 63% 1,2-addition. Deuterated polybutadiene was synthe-
sized via anionic polymerization using techniques described in
ref 15. The G=C double bonds were saturated under high
pressure using deuterium gas. Polyisobutylene was synthesized
via cationic polymerization, also described in ref 15. The
polymers used in this study are listed in Table 1. Binary blends
were prepared according to the methods described in ref 15.
The compositions of the blends studied in this paper are listed
in Table 2. Blends are labeled B] wherex denotes the value
of the ratioNy/N, of the polymers used to make each blend.
SANS measurements were made on beamline NG7 at the
National Institute of Standards and Technology in Gaithersburg,
MD. The raw data were corrected for detector sensitivity,

that ¥y depends on blend composition but is independent of background, empty cell, incoherent scattering, and scattering

component molecular weight, i.ex(¢1).2~1? This implies that

due to inhomogeneous deuteration using standard metkods;

a quantitative understanding of polymer blend thermodynamics then they were converted to absolute coherent scattering
will require more sophisticated theories that go beyond the one- intensity, |, versus magnitude of the scattering vectpfg =

parameter FloryyHuggins theory. There is, however, no con-
sensus on how to improve upon the Fletuggins theory.
Measurements gf for a chosen pair of polymers are typically

made using one set of polymers, i.e., for a particular value of
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4zsin(@/2)/, where 6 is the scattering angle andl is the
wavelength of the incident beam).

Results and Discussion

The random-phase approximation (RPA) gives the following
expression for the coherent SANS profilég).1*
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Figure 1. SANS intensity/, versus magnitude of the scattering vectpr,

at 383 K for each blend: B[0.92)(), B[0.29] @), B[4.24] [O]), B[0.20]
(+), and B[1.19] (left-pointing solid triangle). The solid curves are the RPA
fits to the scattering profile.

Table 1. Characterization of Polymer$

name My (kg/mol) PDI p (g/mL) N o
PIB(13) 12.5 1.04 0.9134 227 NA
PIB(45) 44.6 1.04 0.9140 810 NA
PIB(57) 56.8 1.02 0.9144 1031 NA
dPB63(10) 10.5 1.02 0.9125 191 3.44
dPB63(58) 62.0 1.01 0.9187 1120 3.65
dPB63(187) 197.2 1.02 0.9123 3589 3.04

a M, is the weight-average molecular weight (for deuterated species the
weight in parentheses is that of the hydrogenated analogue); PDI is the
polydispersity indexMy/M,, whereM, is the number-average molecular
weight; p is the average density measured using a density gradient column;
N is the number of reference volumes comprising a single chainnarmsl
the average number of deuterium atoms pgreépeat unit.

Table 2. Composition of Binary Blends Used To Measurg

blend component 1 component2 ¢ N1/N;
B[0.06] PIB(13) dPB63(187) 0.799 0.0632
B[0.20] PIB(13) dPB63(58) 0.690 0.2027
B[0.23] PIB(45) dPB63(187) 0.678 0.2257
B[0.29] PIB(57) dPB63(187) 0.651 0.2873
B[0.72] PIB(45) dPB63(58) 0.540 0.7232
B[0.92] PIB(57) dPB63(58) 0.510 0.9205
B[1.19] PIB(13) dPB63(10) 0.478 1.1885
B[4.24] PIB(45) dPB63(10) 0.327 4.2408
B[5.40] PIB(57) dPB63(10) 0.301 5.3979

whereg, = 1 — ¢1 andP;(q) is the Debye function and is given
by

é.)z{exp[_ @RI+ @R~ ()

P.(q) =
(@ (q

Ry; is the radius of gyration of a chain of speciesd is related
to the statistical segment length of a chain of type by Ry;?
= Nil;%¥6.

Our procedure for extractingfrom SANS is outlined in ref
16. In Figure 1 we show typical RPA fits through the SANS
data obtained from selected blends at 383 K witand a. as
the only adjustable parameteesis given byo = 1(T)/l1 siq=
I2(T)/12st¢ Wherel; s, are the nominal values for the statistical
segment lengths established in the literatife s,yandl, siare
0.58 and 0.75 nm, respectively. Tae/alues for all of the blends
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Figure 2. (a) Dependence of on blend compositiong,, at selected
temperatures: 4747), 383 (@), 342 @), 322 (+), and 302 K Q). The

solid lines are least-squares linear fits though each data set. Typical
uncertainty iny is about 1 x 1073, (b) y versusNi/N, for selected
temperatures: 4747), 383 (#), 342 @), 322 (+), and 302 K Q). The

solid lines are least-squares linear fits though each data set (semilogarithmic).
Typical uncertainty iny is about 1x 1073,

in the temperature range of 30274 K were between 0.89 and
1.02. It is evident from Figure 1 that the RPA fits capture all
aspects of the SANS profiles.

In parts a and b of Figure 2, we show the dependenge of
on ¢; andNy/N,, respectively. Since the blends are at the critical
composition, ¢1 and Ni/N, are related by eq 3. We use
(291 — 1) as the abscissa in Figure 2a for convenience as this
quantity is zero whemi/N, = 1. For the case of blends with
Ni/N2 =~ 1, we see excellent agreement betweerytharameters
measured from the different blends. The valuey @btained
from blends B[1.19] and B[0.92] differ by about 10% (which
is the typical experimental uncertainty jn determined by
SANS) in spite of the large difference iNy; N; is 227 for
B[1.19] and 1031 for B[0.92]. Thil:/N, ~ 1 data seem to imply
that the thermodynamics of PIB/dPBD blends are in good
agreement with the FloryHuggins theory. However, thg
parameters measured from blends wifiN, values that are



Ind. Eng. Chem. Res., Vol. 47, No. 10, 2008553

Table 3. Intercepts and SlopesA(T) and B(T), for the Fit of x = the National Science Foundation under Grants CBET-0625785
A(T) + B(T)[2¢1 — 1] and DMR-0514422. We acknowledge the support of the
T(K) A(T) B(T) National Institute of Standards and Technology, U.S. Depart-
302 0,004 24 —0.006 09 ment pf Commerce, in providing the neutron research facilities
322 —0.002 39 —0.005 39 used in this work.
342 —0.000 97 —0.004 81
363 0.000 14 —0.004 33 i i
383 0.000 98 —0.003 98 Literature Cited
403 0.001 57 —0.003 77 (1) Flory, P. J. Thermodynamics of high polymer solutiohsChem.
423 0.001 98 —0.003 72 Phys.1941 9, 660.
igg 8885 gg :8882 ‘213 (2) Huggins, M. L. Solutions of long chain compoundsChem. Phys.
474 0.002 82 ~0.003 09 1941 9, 440.
’ ' (3) Han, C. C.; Bauer, B. J.; Clark, J. C.; Muroga, Y.; Matsushita, Y.;
: _ Okada, M.; Qui, T. C.; Chang, T. H.; Sanchez, I. C. Temperature,
'(I;??)Ie+4b(l_r|];elgcge([’iltls”\?3d Slopes{(T) and D(T), for the Fit of z = Composition and Molecular-Wei‘ght Dependence of the Binary Interaction
Parameter of Polystyrene Polyvinyl Methyl-Ether) BlenBlslymer1988
T (K) c(m D(T) 29, 2002.
302 —0.004 21 0.003 22 (4) Bates, F. S.; Muthukumar, M.; Wignall, G. D.; Fetters, L. J.
322 —0.00233 0.002 85 Thermodynamics of Isotopic Polymer MixtureSignificance of Local
342 —0.000 88 0.002 55 Structural Symmetryd. Chem. Phy51988 89, 535.
363 0.000 25 0.002 30 (5) Schwahn, D.; Hahn, K.; Streib, J.; Springer, T. Critical Fluctuations
383 0.001 10 0.002 11 and Relaxation Phenomena in the Isotopic Blend Polystyrene Deuteropoly-
403 0.001 72 0.001 99 styrene Investigated by Small-Angle Neutron-ScatterihngChem. Phys.
423 0.002 17 0.001 94 1990 93, 8383.
443 0.002 58 0.001 79 (6) Herktmaetzky, C.; Schelten, J. Critical Fluctuations in a Binary
463 0.002 91 0.001 67 Polymer Mixture.Phys. Re. Lett. 1983 51, 896.
474 0.003 04 0.001 61 (7) Ito, H.; Russell, T. P.; Wignall, G. D. Interactions in Mixtures of

Poly(Ethylene Oxide) and Poly(Methyl Methacrylatéflacromolecules
significantly different from unity show departures from the 1987 20, 2213. . . _
values obtained wheNi/N, ~ 1. Values obtained from blends (8) Murray, C. T.; Gilmer, J. W.; Stein, R. S. Neutron-Scattering

; . . Investigation of the Interaction between Components in Concentrated,
with N1/N, < 1.0 are systematically smaller than those obtained Miscible, Amorphous Polymer BlendMacromolecules 985 18, 996.

from Ni/N, > 1.0. These general pbserva}tions hold for .aII of (9) Hahn, K.; Schmitt, B. J.; Kirschey, M.; Kirste, R. G.: Salie, H.:
the temperatures that were examined (Figure 2). The lines in Schmittstrecker, S. Structure and Thermodynamics in Polymer Bfends
Figure 2 are least-squares linear fits through the data, and theNeutron-Scattering Measurements on Blends of Poly(Methyl Methacrylate)
results of the fits are tabulated in Tables 3 and 4. The data in 2"d Poly(Styrene-Co-AcrylonitrilePolymer1992 33, 5150.

. - . (10) Krishnamoorti, R.; Graessley, W. W.; Balsara, N. P.; Lohse, D. J.
Figure 2 thus suggest thamay, in fact, be a function of two The Compositional Dependence of Thermodynamic Interactions in Blends

variables,¢, an_d N1/No. The dependence oy is similar to of Model Polyolefins.J. Chem. Phys1994 100, 3894

that reported in polystyrene/polyvinylmethyl ether blefds, (11) Mori, K.; Okawara, A.; Hashimoto, T. Order-disorder transition
where it has been argued that compressibility effects are of polystyrene-block-polyisoprene. 1. Thermal concentration fluctuations
responsible for the linear composition dependefct. is in single-phase melts and solutions and determination of chi as a function

. . - ._of molecular weight and compositiod. Chem. Phys1996 104, 7765.
conceivable that similar effects are responsible for the composi (12) Taylor-Maranas, J. K.. Debenedetti, P. G.: Graessley, W. W.:

F'On dependence ofin PIB/dPBD blends'_T_he theoretical work Kumar, S. K. Compressibility effects in neutron scattering by polymer
in ref 12 also suggests that compressibility effects cause theplends.Macromolecules997 30, 6943.

measureg to depend on molecular weight. It is clear that further (13) Balsara, N. P.; Eitouni, H. Bthermodynamics of Polymer Blends
experimental work, wherein botk; and Ni/N, are varied 2007; Chapter 19.

independently, is needed to establish the variables that affect (14) de Gennes, P. Gscaling Concepts in Polymer PhysidSornell
the Flory—Huggins interaction parameter. Finally, it is worth university Press: Ithaca, NY, 1979,

, o o ' 15) Reynolds, B. J.; Ruegg, M. L.; Balsara, N. P.; Radke, C. J.; Shaffer,
noting that the compositions of the critical blends studied here (D.')Line?\l/eroY.rSShull K.usggLohse Déjéa{ﬁermodyngmiis of po|yn?erer

were calculated on the assumption tpas independent of, blends organized by balanced block copolymer surfactants studied by mean-
N;, and N2. The proximity of the blends to the true critical field theories and scatteringlacromolecule2004 37, 7401.

composition will have to be reevaluated after all of the variables ~ (16) Kline, S.SANS Data Reduction and Analysi®rsion 4.2; National
that affecty have been identified Institute of Standards and Technology: Gaithersburg, MD, 2003.

Receied for review August 6, 2007

Revised manuscript receed October 2, 2007

N.P.B. gratefully acknowledges the initial training in polymer AcceptedOctober 4, 2007
science that he received from Professor E. Bruce Nauman, his

Ph.D. advisor. This material is based upon work supported by IE0710723

Acknowledgment



