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ABSTRACT: We have investigated the effect of deuterium labeling on the thermodynamic interactions in
blends of labeled and unlabeled saturated hydrocarbon polymers. Small-angle neutron scattering (SANS)
was used to evaluate the Flory-Huggins interaction parameter x at several temperatures and compositions.
Light scattering was also used in several cases to confirm the location of phase boundaries. We find that
deuterium labeling changes x relative to the value for hydrogenous components and that the direction of the
change depends on which of the two components is labeled. For blends of hydrogenated polybutadienes, x
always increases when the more branched component is labeled, a pattern first noted by Crist and Rhee and
also consistent with the expectation that deuterium substitution reduces the cohesive energy density (solubility
parameter) of hydrocarbon substances. A solubility parameter formalism is developed by which x for
hydrogenous components can be estimated with reasonable accuracy from SANS data obtained for the two
combinations of singly-labeled components. It also provides a method for assigning relative values of the
solubility parameter for a wide class of saturated hydrocarbon polymers.

Introduction

Deuterium labeling now plays an essential role in many
areas of research on polymers in the liquid state. Various
differences in the properties of protons and deuterons are
exploited in depth profiling studies of diffusion,! interfacial
and coexistence phenomena,? and surface segregation.?
Their large difference in neutron scattering length provides
the basis for studies of chain dimensions,* local chain
dynamics,’ surface structure,® and thermodynamic inter-
actions.” The aim, of course, is to achieve a better
understanding of behavior for ordinary, fully protonated
systems, and indeed most liquid-state properties are
virtually indistinguishable for hydrogenous and deuterated
polymers of the same species. On the other hand, the
studies themselves involve mixtures of labeled and un-
labeled components, and the isotopic contribution to their
interactions, although small on the segmental level, can
become important when summed over the entire chain.’°

The effects of deuterium substitution are most directly
observable near phase boundaries, and in particular near
critical points, where the overall interactions are delicately
balanced and even small additional contributions can shift
the critical temperature significantly. The upper critical
solution temperature for blends of oligomeric polystyrene
and polybutadiene was increased by about 14 °C when
perdeuterated polybutadiene of comparable chain length
was used!® and by about 30 °C when a comparable
perdeuterated polystyrene was used.!! The lower critical
solution temperature for blends of polystyrene and poly-
(vinyl methyl ether) increases by as much as 40 °C when
perdeuterated polystyrene is used.!2-15 The O temperature
is affected by deuterium substitution;¢ © for polystyrene
in cyclohexane is 35 °C when both components are
hydrogenous and 36 °C when both are deuterated, but 40
°C when only the solvent is deuterated and 30 °C when
only the polymer is deuterated. Deuteration substitution
also affects the critical temperature for small-molecule
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mixtures.!”18 The changes are usually smaller, and the
behavior is complicated by labile exchange and hydrogen
bonding in most of the systems investigated, but where
these effects are not too large, such as the methanol-
cyclohexane system, the results seem to parallel the 6
temperature behavior. Flory-Huggins interaction pa-
rameters in the range of 10-3 have been measured for
mixtures of hydrogenous and perdeuterated components
in several polymer species, and values of this order have
been predicted theoretically from differences in the length
and polarizability of CH and CD bonds.?

We have found sizable isotope effects during the course
of investigating thermodynamic interactions in the blends
of simple hydrocarbon polymers.1® The components were
prepared by catalytically saturating the double bonds of
nearly monodisperse polybutadienes with various vinyl
contents, using H; in one case to obtain the fully
hydrogenous form and D; in another to obtain the partially
deuterated (fp = [D)/([H] + [D]) ~ 0.35) form. Upper
critical solution behavior was observed in all cases. Inone
instance the critical temperature T, was changed by ~60
°C when the deuterium label was simply switched from
one blend component to the other. Crist and Rhee have
also observed such shifts with label swapping?° in blends
of polymers that are similar to ours,?!?2 and they also noted
a consistent pattern in the shift direction, depending on
the structure of the components. In this paper we report
several additional instances of shifts in T, obtained by
small-angle neutronscattering (SANS) and light scattering
measurements. We also include some data for blends in
which either both components are hydrogenous or both
are deuterated. We confirm the Crist-Rhee pattern and
offer a tentative explanation, leading to a scheme of
correction for the isotopic contribution as well as a method
for establishing relative values of the solubility parameters
for saturated hydrocarbon polymers.

Experimental Procedures

Polybutadienes were synthesized by anionic polymerization!®2
in the presence of modifiers (1,2-dipiperidinoethane, tetrameth-
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Table I Table II
Characterization of Samples Isotopic Interaction Parameters from Matched Pair Data*
degree of fractional (XHD)apparent X 10*
sample code polymerization N deuteration fp sample 27°C _52°C _ 83°C 121°C _ 187°C
e Do 1800 g'ggz HO7TA/DSTA  -156  -19  -24  -30  -37
H88 l')88 1610 0'37 H97B/D97B 0.6 0.3 -0.1 -0.6 ~-1.0
H78 D78 1290 0'290 HB88/Ds88 1.6 1.2 0.3 0.8 -1.6
H66' D66 2030 0' 405 H78/D78 0.4 0.3 -0.6 -0.9 ~-1.2
H52, D52 1510 0.34, Hé6/D66 24 20 14 10 05
H38. D38 1830 0'37‘ H52/D52 3.4 2.4 1.8 1.5 0.7
HPEB. DPEB 550 0‘269 H38/D38 3.8 3.6 3.2 2.6 2.5
HPEP DPEP 855 0. 475 HPEB/DPEB 0.9 0.7 -0.3 0.0 0.2
’ 200 HPEP/DPEP 3.2 2.5 1.9 1.2 0.6

ylethylenediamine, tetrahydrofuran, and triethylamine) to
prepare a series of nearly monodisperse samples representing a
range of vinyl contents. An aliquot of each was saturated with
H; to produce statistical, stereoirregular copolymers of the
following linear and branched C, units.!®

CH,
1y g
—C—C—C—C— ~C—C—
e R iy

Seven saturated polybutadienes, ranging from 38 to 97 mol %
of the branched C; units, were used in the study. One sample
each of polyisoprene and poly(2-ethylbutadiene) was also syn-
thesized anionically, but without modifiers in order to maximize
the fraction of 1,4 enchainments, and then saturated with H, to
produce polymers containing the following chain units.

s
H CH;H H H HC—CHj,
1 LT P
PEP: —CI:—CIZ—CIJ—C—- and —(IZ-CI—-
H H HH H H
CH CH
[ o ?
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s e aai e
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Thestructure on the left is the major constituent in each polymer
(~93 mol %), corresponding to strictly alternating, stereoir-
regular copolymers of ethylene with propylene (PEP) and of
ethylene with butene-1 (PEB). The minor constituent (~7 mol
%) is assumed to be distributed statistically along the backbone.

Separate aliquots of all the polydiene precursors were saturated
with D, to provide a partially deuterated companion for each of
the nine hydrogenated polymers. Apart from deuterium sub-
stitution, the fully hydrogenous and partially deuterated versions
of each polymer are structural twins,'® and we refer to them as
matched pairs.

According to DSC measurements, samples H38 and D38 are
slightly crystalline and melt at 42 °C. The others are amorphous
at room temperature and above. Chemical microstructures and
sequencing were established by NMR, deuteration content by
density measurements, and molecular weights by dilute-solution
lightscattering.® The molecular weight distributions are nearly
monodisperse (M,/M, < 1.08) and unchanged during saturation
according to size-exclusion chromatography. Polymerization
index N (number of saturated diene units per chain) and fractional
substitution fp in the partially deuterated version are listed in
Table I. Percentages of the branched C, units in the seven
saturated polybutadienes are given in their code names.

SANS measurements were performed on the 8-m instrument
at the NIST Cold Neutron Research Facility in Gaithersburg,
MD. Sample preparation, experimental procedures, and data
workup are described elsewhere.”? The static structure factor
S(q) for each blend was obtained at several temperatures from
27 to 167 °C for a range of scattering vector magnitudes, 0.008
< q (A1) < 0.075, where ¢ = (4x/)\) sin (6/2), X is the neutron

@ Estimated uncertainty in (xHp)apparent i8 #1.5 X 1074,

wavelength (9.0 A), and 4 is the scattering angle. The light
scattering apparatus and procedures used to establish phase
boundaries for the blends are also described elsewhere.!®

Analysis of SANS Data

The structure factors were analyzed in the framework
of Flory~Huggins (FH) theory?¢ and the random-phase
approximation (RPA),? leading to the following relation-
ship between S(g) for a two-component polymer blend in
the single-phase region and the form factors P;(g), the
number of monomeric units per molecule N;, the mono-
meric unit volumes v;, and the volume fractions ¢; of the
individual components:

1 1 1 2x

= + -
S(q) uv;N,¢,Pi(@) vNyp,Polq) U

where x is the FH interaction parameter for the blend,
and v = (v1v2)!/2 is a reference volume.

The form factor of each component was obtained from
S(q) for an equal volume mixture of its matched pair, for
which case eq 1 reduces to

1 4

S(@ NP

where xup is the isotopic interaction parameter. The
fitting procedure to determine xyp and P(q) from matched
pair data is described elsewhere;!° the values obtained for
xHp are listed in Table II. Values of x for the blends,
consisting of the hydrogenous version of one component
and the deuterated version of another, were then obtained
from S(q) by computing the difference function!®

1 1 1
Eq) = 9[ + - ] 3

? 2Lu,Ny¢,Pi(q)  v,N,0,Py(q) S(q) ©
and extrapolating to obtain E(0) = x. The extrapolation
was always a relatively easy one, as shown by the examples
in Figure 1.

We estimate the absolute error in both xxp and x to be
about *1.5 X 104, due mainly to the uncertainties in
absolute SANS calibration, molecular weight, and deu-
teration level.’®* Most values of xxp are zero within these
error bars. Some are larger, however, and all drift
downward with increasing temperature. These features,
as well as the large negative values for H97A/D97A, are
unexpected.!® For all these reasons we have designated
the matched pair interaction coefficients as (xup)apparent
in Table II. Relative errors should be much smaller than
#+1.5 X 104 among values for the same blend at different
temperatures and between values when the labels are
switched from one component to the other, since those
comparisons are insensitive to calibration and molecular
weight errors.

In some cases the spinodal temperature of a blend, T,
was obtained by light scattering measurements. This was

@

- 2xyp (matched pair) (2
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Figure 1. Excess function at low q for the H88/D78 (¢ = 0.50)
blend. Values at 83 (4), 121 (0), and 167 °C (<) yield 10¢x =
11.0, 10.3, and 8.5 when extrapolated to the ¢ = 0 intercepts.

5_r.,.w,,ﬁj,.,,er
4F o o]
[ 9 o
T .
w 3T % % 7]
- i D-78 / H-88 o
g b o
@ 2+ a o) H-78 / D-88 ~
-~ L DD o
» - a o]
b o
1 B 0 © 4
]
0'.,‘.1.“.|..H|441,
0 1 2 3 4

¢ x10* (A%

Figure 2. Comparison of structure factors for the H88/D78 and
D88/H78 (¢ = 0.50) blends at 138 °C.

compared with the SANS estimate of T, obtained by

extrapolation of the experimental x (T) data from midrange
compositions (0.25 < ¢ < 0.75) to x(Ts):

o _1 1
=2 —=—+
x(T 2[”1N 19 U2N2¢2] @

Results

The effect of label swapping shows up clearly in S(g) for
the blends. Structure factors for the H88/D78 and D88/
H78 blends at the same composition and temperature (¢
= 0.50, T = 138 °C) are compared as Ornstein—Zernike
plots of the low g data in Figure 2. The lines have the
same slope, which indicates that chain dimensions are the
same in the two blends, but they are displaced vertically
from one another, which indicates that the interactions
are different.

The temperature dependence of x for the same two
blendsisshown in Figure 3. The data for each blend agree
well with the conventional form

x=A/T+B )

but x is larger for the D88/H78 blend by an amount Ax
~ 3 x 10, decreasing slightly with increasing temperature.
The phase-separation temperature of the two blends is
significantly different, being 68 + 3 °C for H88/D78 and
133 £ 3 °C for D88/H78 from light scattering determi-
nations. From SANS (eq 5) the values of T, at ¢ = 0.50
are 60 and 115 °C, respectively.

Values of x for the HPEB/DPEP and DPEB/HPEP
blends at ¢ = 0.50 are compared in Figure 4. The
temperature dependence of both blends departs consid-
erably from eq 5, yet the difference between HPEB/DPEP
and DPEB/HPEP follows the same pattern as the 78/88
blends; Ax is ~1.5 X 10~ in this case, again with a weak
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Figure3. Interaction parameter versus temperature for the H88/
D78 and D88/H78 (¢ = 0.50) blends.
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Figure 4. Interaction parameter versus temperature for the
HPEB/DEPB and DPEB/HPEP (¢ = 0.50) blends,
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Figure5. Interaction parameter versus temperature for the H78/
DPEB and D78/HPEB (¢ = 0.50) blends.

trend toward smaller values at the higher temperatures.
The pattern is repeated for the H78/DPEB and D78/
HPEB blends, shown for ¢ = 0.50 in Figure 5. In this case
x is nearly independent of temperature in both, and Ax
ranges from 6.5 X 10 at 27 °C to 3.5 X 10~ at 167 °C.
Aside from the magnitude of Ax, which varies from one
blend pair to another, the effect of switching labels persists
in a similar fashion regardless of the temperature depen-
dence of x.

Interaction parameters for the H66/D52 and D66/H52
blends at 167 °C are shown as functions of blend
composition in Figure 6. The values for each blend are
nearly independent of composition, indicating good agree-
ment with FH theory for 0.1 < ¢ < 0.9, yet x is consistently
larger for D66/H52, Ax being ~4 X 10~ in this case. From
light scattering determinations, the phase-separation
temperature at ¢ = 0.50 is 108 = 3 °C for H66/D62 and
175 % 6 °C for D66/H52 (Figure 7a,b). From SANS (eq
5) the values of T, at ¢ = 0.50 are 95 and 180 °C,
respectively. Again, both SANS and light scattering
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Figure 6. Interaction parameter versus volume fraction of the
66 component for the H66/D52 and D66/H52 blends at 167 °C.

confirm that switching the labels from one component to
the other changes the interaction strength.

Interaction parameters obtained at ¢ = 0.50 and at two
representative temperatures, 109 and 167 °C, are listed in
Table I1I for the eight swap comparisons in this study. In
all cases the difference in x that results from switching
the labels decreases somewhat with increasing tempera-
ture. The magnitude of Ax ranges rather widely from one
blend pair to another, and there is no obvious correlation
with the differences in deuteration level of the labeled
component (see Table I). Indeed, from Table II,
(XHD)apparent itself also seems uncorrelated with the level
of deuteration. Finally, note that, for all six blends of
saturated polybutadienes, the interaction parameter is
always larger when the more highly branched component
carries the labels. This is the pattern found by Crist and
Rhee?® for other blends of saturated polybutadienes,
generally in a lower range of branch contents.

Discussion

Several possibilities to account for the label swapping
effects were considered. Simple additivity of the isotopic
and structural interactions leads directly to Ax = Axup,
where Axup denotes the difference in xup for the two
deuterated components involved. This relationship is
clearly incompatible with the values of A(Xup)apparent from
the matched pair experiments (Table II) and the corre-
sponding values of Ax in Table III. We also considered
the random copolymer approach,” which includes cross
terms to express the isotopic and structural contributions
to the total interaction. Many adjustable parameters are
involved, however, so the meaning would be difficult to
access. In searching for a simpler explanation, we exam-
ined the solubility parameter approach?151¢ and found
some encouraging results.

From its origins in regular solution theory, the FH
interaction parameter can be expressed in terms of §; and
2662, the solubility parameters of the constituent polymers:

x = g6y = 0p)* ©)

where v is the reference volume, and §; and é; are defined
as the positive square roots of the cohesive energy density.
The reference volume v = (v,v2)!/2is essentially unchanged
by a label switch (v; and v; change by less than 0.2% with
labeling?), 80 x at each temperature is governed by (5; -
61)? alone. The behavior of x for blends of hydrogenous
and deuterated species thus depends on how § changes
with deuterium substitution and chemical structure of
the individual components.
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Figure 7. Normalized light scattering intensity versus time after
quenching to various temperatures for 66/52 (¢ = 0.50) blends
with four labeling combinations: (a) H66/D52, spinodal tem-
perature 108 * 3 °C; (b) D66/H52, spinodal temperature 176 +
5 °C; (c) H66/H52, spinodal temperature 148 = 3 °C; (d) D66/
D52, spinodal temperature 133 + 3 °C.

Suppose deuterium labeling always changes the solu-
bility parameter of a polymer in the same direction. That
seems reasonable at least for hydrocarbon polymers where
only dispersive interactions are involved. Both C-H bond
length and bond polarizability are reduced by deuterium
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Table III
Interaction Parameters for Blends (¢ = 0.50)
x X 104 at x X 104 temp
sample 167 °C at 109 °C range (°C)
H97A/D88 6.7 8.9 52-170
D97A/H88 6.8 9.3 52-170
H97B/D88 54 8.2 27-170
D97B/H88 5.9 8.7 27-170
H88/D78 8.5 11.0 84-170
D88/H78 11.1 14.3¢ 125-170
H78/D66 8.5 10.6 84-170
D78/H66 9.7 11.9 110-170
H66/D52 8.4 11.7 110-170
D66/H52 12.4° 16.1® 140-170
H52/D38 5.1 7.1 52-170
D52/H38 7.6 10.1 110-170
HPEB/DPEP 9.9 10.5 27-170
DPEB/HPEP 11.1 12.2 27-170
H78/DPEB 13.7 15.0 27-170
D78/HPEB 17.0 19.3 27-170

¢ Extrapolated from higher temperatures. ® Interpolated from data
for blends at ¢ = 0.25 and 0.75.

substitution,®?” and the relative magnitudes of those
changes suggest that é would in fact decrease with labeling.
Reduction in § with deuterium substitution is also con-
sistent with the observation that deuterated species
migrate to free surfaces in isotopic mixtures of similar
chain lengths.?

Consider now a set of saturated hydrocarbon polymers
with systematically varying chemical microstructure, such
as the hydrogenated polybutadiene (HPB) series. Itseems
reasonable to expect that § would vary monotonically with
the microstructure, specified for examplein the HPBseries
by the fraction of branched C, units in the chains. There
are no data to support that supposition directly, but group
contribution methods for estimating 62 are at least
consistent with it. Moreover, solubility parameter esti-
mates for the two end points of the HPB sequence,
polyethylene and polybutene-1, based on the group
assignments in ref 28, suggest that § would decrease with
increasing branched C4 content. That inference is also
supported by the reduction in 6 with branching in small-
moleculehomologs.?® Itisalsoconsistent withthe decrease
in P*, the characteristic pressure from P-V-T measure-
ments, with branching for saturated hydrocarbon poly-
mers.30

Now consider the effect of labeling for blends of two
members of the HPB series, denoting the more branched
member as component 1. According to the arguments
above, d; would be larger than é; when both components
are hydrogenous. Since ¢ is reduced by deuterium
substitution, the difference 6, — §; would increase if the
more branched component 1 were labeled with deuterium.
The difference would decrease, however, if the labels were
placed instead on the less branched component 2. Then,
from eq 6, the observed interaction parameters for blends
of saturated polybutadiene should always be larger when
the more highly branched component is deuterated, which
is the Crist-Rhee pattern that was discussed earlier.

This same argument about the effects of deuterium
substitution should apply to any binary liquid whose phase
behavior is dominated by dispersive interactions. The
results are summarized by the following two rules on the
direction of the effect and bracketing of values. First,
with the unlabeled system as reference, both x(T) and T
increase when the component with the lower solubility
parameter (cohesive energy density) is labeled. Second,
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both x(T) and T, decrease when the labeling is switched
to the other component, and the values for the unlabeled
and doubly-labeled systems lie between the two singly-
labeled extremes. The © temperature for polystyrene in
cyclohexanel® obeys both rules: © increases when the
component with the lower solubility parameter (cyclo-
hexane) is labeled, and Oy, and 644 lie between 6,4 and
O4n. The cyclohexane-methanol system!” does likewise,
although in this case nondispersive interactions may also
play somerole.!® The only counterexample we have found
isthe oligomeric polystyrene—-polybutadiene system where
labeling of either component appears to increase T'.1011

Asdiscussed above the HPB blends obey the directional
rule. To test the bracketing rule, phase-separation tem-
perature was determined by light scattering measurements
for H66/H52 (¢ = 0.50), a blend of two hydrogenous
components (Figure 7c), and for D66/D52 (¢ = 0.50), a
blend of two deuterated components (Figure 7d). Those
values, 148 £ 3 and 133 + 3 °C, respectively, fall between
the results for H66/D52 of 108 = 3 °C (Figure 7a) and for
D66/H52 of 175 £ 5 °C (Figure 7b), as required by the
solubility parameter argument. It thus appears that
labeling effects in the HPB blends are consistent with the
solubility parameter arguments.

Interrelations between xnn when neither of the blend
components is labeled, x4» when the more branched
component 1 is labeled, xnq when the less branched
component 2 is labeled, and x4q when both are labeled
follow directly from adopting the solubility parameter
approach (see the Appendix):

X2 = X2+ xum ¥))
thm = xhhm _ xﬂml/z ®

= 1/2 1/2 1/2
del/2 = Xhh 2+ XHD1 /2~ XHD2 / )

in which xuyp1 and xups are the labeling corrections,
nominally the matched pair interaction parameters for
the two components. The difference between the inter-
action parameters obtained in swap experiments is thus
related to the isotopic contributions by

Y 1/2

Xan 2= Xpa"/? = Xupr™’* + Xup2/” (10)

When the effect of labeling is the same for both components
(xHD: = XHD2), the equations simplify to

X = [Oan™? + xpg"/ 2212 (11)

Xdd = Xhh (12)

We believe that eq 11 is adequate for estimating xu, since
the deuteration levels are not greatly different among the
various components. Calculations using the values of xqn
and xnq in Table III show that eq 11 can be replaced, with
negligible error, by a simple average

Xnn = (Xgn + Xna)/2 (13)

Estimates of the critical temperature for unlabeled com-
ponents can also be made, but the averaging depends on
how the temperature dependence of x is changed. Thus,
for example, if only the parameter B in eq 5 is affected by
labeling,

()= ()2l (7). ()] a0
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while if only A is affected,

(Tdan + (T
(T = (Tgg = —P5— (1)

Considering the other approximations, the simple average
is certainly adequate.

Solubility parameter theory is applicable only to systems
having positive interaction parameters. That is certainly
true for the blends and, within the error bars except for
H97A/D97A, to (XHD)apparent from the matched pair
experiments. On the other hand, there is some inconsis-
tency in magnitudes between (XHp)apparent and the values
of xup required to explain the observed Ax = x4n — Xhd for
theblends. Consider the example of x4, = 16.1 X 10~ and
xnd = 11.7 X 10~ (D66/H52 and H66/D52 blends at 109
°C, Table III). Equation 10 requires xup:'/? + xup2!/? =
5.9 X 10-3, and taking xup: = xxpz for estimation purposes,
that gives xup ~ 1075, This value is at least an order of
magnitude smaller than (Xup)apparent ~ 107* obtained for
the H52/D52 and H66/D66 match pairs. Similarand even
much larger discrepancies in the swapped label-matched
pair comparisons are found for the other blends. Taken
in isolation, those results are not particularly disturbing
because the experimental errors in (XxHp)apparents ~1.5 X
104, would mask such small xyp values. However, the
xHp magnitudes required to rationalize the swapped label
results (<107 are also much smaller than estimates for
our samples based on SANS data for mixtures of per-
deuterated and hydrogenous samples® when adjusted for
partial deuteration:®! xyp ~ 2 X 104, This inconsistency
may reflect some fundamental flaw in the solubility
parameter approach, or our use of it, but it is at least
conceivable that the effects of deuterium substitution are
somehow diminished when competing with the much
stronger interaction strengths that result from differences
in chemical microstructure.

Solubility parameter theory is based on the theory of
dispersive (induced-dipole-induced-dipole) interactions
and thus applies, in principle at least, only to the enthalpic
part of x. Strazielle and Benoit'® apply the isotopic
correction only to x — xs, Where ¥, is the entropic part and
which they show is not changed by deuteration, and then
add x; back into the result. There is a significant entropic
component in x for HPB blends,® so for consistency eqs
7-9should be applied in the same way. However, resolving
x into its components is rather uncertain, so we have
omitted that refinement.

There is an interesting and potentially useful byproduct
of these label-switching effects. To the extent that the
solubility parameter formulation is applicable and the
reduction of the solubility parameter by deuterium
substitution is universal, the effect itself provides a method
for assigning solubility parameters to polymers, relative
tosome reference species, from measurementsof x. Values
of x4 and xun4 for a blend can of course be used to estimate,
or at least bracket, xnn through eq 13 and therefore obtain
(85 ~ 6;)2 for hydrogenous components from eq 6 in the
usual way. In addition, however, they provide the sign of
5 — 81, based on the rule that the larger of x4n and xnq is
obtained when the component of the lower solubility
parameter is labeled. Thus, for example, 5 for PEP must
be larger than é for PEB because x for that pair is larger
when PEB is labeled (Table III). Likewise, 6 for PEB
must be larger than § for HPB-78 because x is larger when
HPB-78 is labeled. Self-consistency of the numerical
assignments can be tested with “redundant” bridges, e.g.,
by data on H78/DPEP and its swap in the examples above.
The ordering should also be consistent with cohesive energy
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densities as inferred from P~V-T measurements.’® In a
later publication we will report the results obtained by
these assignment procedures for a wide range of saturated
hydrocarbon polymers.

Conclusions

We have shown not only that the thermodynamic
interactions in polymer blends can change significantly
when one of the components is labeled with deutegium
but that the direction of that change depends on which
of the two components is labeled. From SANS measure-
ments on the eight blends of saturated hydrocarbons
considered here, the differences in FH interaction pa-
rameter x that results from label switching range up to 6
X 10 and produce differences in critical temperature T,
as large as 70 °C. When neither component is labeled or
when both are labeled, T, lies between these singly-labeled
extremes. The magnitude of these differences changes
rather unpredictably from one blend to another, but the
effect of choice in the labeled component, whether it
increases or decreases T relative to the nonlabeled value,
varies systematically within a homologous series of blends.
These observations are shown to be consistent with a
simple theory based on solubility parameter arguments.
It appears that the thermodynamic interactions in blends
of purely hydrogenous components can be estimated
reasonably well by a simple averaging of the results for a
blend with one component labeled and another with the
labeling switched. The direction of the change produced
by such single-component labeling indicates which com-
ponent has the lower solubility parameter, a result which
should prove useful in establishing a rank ordering of values
for hydrocarbon polymers.

Added in Proof: Recently, Rhee and Crist3? and
Budkowski et al. have presented explanations for the label-
switching effect which parallel the treatment presented
here.
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Appendix. Effect of Deuteration on Solubility
Parameters

From eq 6, the difference in blend component solubility
parameters is given by

8, -8, = £(xRT/v)"/* (A1)

where the positive root applied if d; > §;. The effect of
deuterium substitution can be expressed as

6,(h) - 8,(d) = 4, (A2)

where the A; can depend on the chemical structure of
component i as well as the amount and location of the
substitution. Weassumethatthereplacementof hydrogen
by deuterium always reduces the solubility parameter, so
the values of A; are positive.

Fromeqs A2and A3, thesolubility parameter differences
for the four labeling combinations of the blend—hh, dh,
hd, and dd—are given by
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hh: 8,(h) - 5,(h) = A, (A4)
dh: 5,(h) - 8,(d) = Ay + A, (A5)
hd: 8y(d) = 8,(h) = Ay - A, (A6)
dd: 8y(d) = 5,(d) = Ag+ A, - A, (AT)

where A, is the solubility parameter difference for unla-
beled components, as defined by eq A4. Equations 7-9 of
the text, which apply only if A is positive and larger than
the A;, follow directly from eq Al, applied to eqs A2 and
A3 to obtain the isotopic corrections xup;/2 and xgpe!/?
and to eqs A4—A7 to obtain xnn!/2, xanl/2, xna'/2, and x4q'/2.
We ignore the small differences in reference volume v
among the four labeling combinations. If A, is negative,
the signs on xup;!/2 and xupz!'/2 are reversed. In either
case, of course, x increases relative to xn, when the
component having the smaller solubility parameter is
labeled.
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