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ABSTRACT: The architectural effects of branch points and chain ends on the bulk thermodynamic interaction
parameteryes, in binary blends of branched polymers with their linear analogues have been investigated using
small-angle neutron scattering (SANS) and a series of well-defined, regularly branched polystyrenes with the
same molecular weight and differing only in the number of branch points or chain ends. The valgmofeases

as the number of branch points increases for constant number of chain ends or as the number of chain ends
increases for constant number of branch points. A Gaussian field theory for an athermal blend predicts the general
trend in bulkyes with the number of chain ends but does not capture the changeg imith changes in the
number of branch points. Differences in chemistry among the various branch points probably have to be included
to quantitatively predict changes jax for shorter branches. Qualitative variations in the size of the branched
molecules in solution compare favorably with a Gaussian model for the branched chain’s radius of gyration. The
variation in the average statistical segment length with chain architecture was also determined from the SANS
data.

Introduction as well as the short-chain branching. The long-chain branching
Polymer blending is one of the most versatile methods for Was found to §ignificantly narrow the miscibility window for
modifying the properties of materials. Blends containing these polyolefin blends.
branched polymers are of particular intete%tas they present Greenberg et df20 experimentally measured for the first
possibilities for tailoring both bulk and surface physical proper- time the effect of regular, long-chain branching on the thermo-
ties® without large changes in the chemical nature of the material. dynamic interaction parameter in blends using well-defined 4-,
Tailoring both bulk and surface properties of blends requires a 5-, and 6-arm star PS molecules in isotopically labeled blends
knowledge of the bulk thermodynamics. For linear binary blend with linear chains. From SANS data Greenberg et al. estimated
systems it is well-known that the bulk thermodynamics varies the value ofy., the entropic contribution to the interaction
with molecular weight difference’sghemical microstructuré? parameter due to long-chain branching alone, by assuming that
tacticity 1011 and isotopic labeling® of the components.  yerr could be represented by a sum xfand yisotopic Where
However, experimental studies on the effects of long-chain yisotopic describes the interaction due to the isotopic difference.

branching have been undertaken only by a few groups. They also assumed that the valuey@iopic could be measured
In an early study, Faust et #.found when changing the  experimentally using a linear/linear isotopic blend in which the
architecture from linear to 22-arm star of the PS ((:2&8) chain lengths of the component matched those of the star/linear

x 10° g/mol) component in a blend with poly(vinyl methyl blend. The magnitude of. was found to increase with the
ether) [PVME] (0.99x 1C° g/mol) the minimum temperature  number of arms of the star and decrease with increasing length
in the LCST did not shift, but the shape of the LCST curve of the arms in qualitative agreement with the theory of
changed subtly. On the other hand, Russell é? ebported a Fredrickson et aP! which we review below. While reasonable
shift up in the cloud-point curve of 1T when the architecture ~ agreement between theory and experiment is found for blends
of a PS chain was changed from that of a linear to a 4-arm starwith stars having fewer than 10 arms, the experimental values
in a blend of PS and poly(vinyl methyl ether). The discrepancy of x. are substantially below the theoretical values for cases of
between the results from the two groups was likely due to the stars having more than 10 arms, as shown in the Appendix.
magnitude of the observed changes with architecture beingMartter et ak? measured the value gt for blends of linear
smaller than the experimental uncertainties in determining the and well-defined star polybutadienes with SANS. The magnitude
cloud-point temperature. Recently, Chen et®dl studied the of y. varied in a nonmonotonic fashiony.(12-arm) >
effect of long-chain branching on the miscibility of blends of y.(4-arm) > y.(6-arm) > y.(8-arm). However, qualitative
poly(ethylener-ethylethylene) (PEE). One of the random co- agreement with the theoretical predictions from Fredrickson’s
polymer components had only short-chain (ethylethylene) group!was found in two aspects;. decreased with increasing
branching, while the other had comb-type random branching concentration of the star, and decreased with increasing size
of the star arms. A measurement of the interaéfion star/
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a. Group I b. Group Il is given as an integral involving the pure-component single
polymer structure factor§(q). In the above)V, is the total
% S@J volume of a chain of type, and¢; is the volume fraction of
that chain in the blend.
6-star 6-branched Within Flory—Huggins theory, the excess free energy density

M is assumed to be of the quadratic foom;(1 — ¢1), and the
traditional Flory interaction parameter is then given simply as
6-pom 9-branched

%@ ¥ = a(vyv,) v 3

6-branched 13-branched where we have assumed incompressibility of the polymer, i.e.,

Figure 1. Structures and abbreviated names for the highly branched ¢2 =1~ ¢1. An architectural contribution to the interaction
polystyrénes in group I, for which the number of end groups is fixed energy densitye, can then be associated with an appropriately

at 6 and the number of branching points varies from 1 to 4, and in Normalized second derivative & with respect tap = ¢x:
group II, for which the number of end groups varies from 6 to 13 and
the number of branching points is fixed at 4. _ 1 FF 1 preo Si(g) — S(a) 2

o=—5=—->-="/[ 7 dq
€ 2 2J0 —
monotonically with the number of arms up to 14. Hutchings et 2kgT a9 87 ¢S,(a) + (1 = 9)S,(q) (4)
al?* investigated melts of 3-, 4-, 8-, and 12-arm stars with one

deuterium-labeled arm. They reported that the stretching of the The subscript denotes the entropic origin of this contribution

arms increased with the number of arms. TRg of the {0 the interaction energy density. A high wavevector cutaff,
deuterated arm of the 8-arm star with an arm molecular W9|ght ~ (alaz)—l/z, is introduced to control a divergence of the integra|

of 33K was 8% larger than the value expected from the Gaussianthat occurs at that length scale for the “conformationally
approximation, and for the 12-arm star with 31K arms the asymmetric” case of differing statistical segment lengéhsz
stretching increased to 30%. However, they did not observe ag, As discussed below, since the polymers studied here differ
clear trend in the variation ofer with the number of arms. In- only in their long-branch architecture, we assume the statistical
this work, we have extended the study of the effect on bulk segment lengths of different chains are essentially equal (at least
thermodynamics to more general chain architectures. In the priorjocally) and can perform the integral for, above without a
studies with stars, the number of arms was always equal to thecuytoff (i.e., Ap — o).
number of chain ends, and the star center was the only branch Fredrickson et al. applied this approach to blends of branched
point. Here, we have separated the effects of chain ends andand linear chains in which the repeat unit chemistries of the
branch points in the chain architecture by studying two groups two chains were identical and the branched polymer was a star-
of novel, well-defined, highly branched polystyrenes prepared pranched or a regular comb-branched cRaifihey calculated
by anionic polymerizatiof? In one group the number of branch  corrections to the FloryHuggins theory to account for the
points in the molecule was varied from 1 to 2 to 4, and the entropic effect of the long-chain branching, assuming that the
number of ends was fixed at 6. In a second group the number|ong chain branch obeyed Gaussian statistics with the same
of branch points in each molecule was fixed at 4, and the numberstatistica| segment length as the linear chain. Consequently,
of ends varied among 6, 9, and 13 as shown in Figure 1. within a Gaussian model for conformations, the architectural
contribution toy arises from differences in the single-chain
structure factors at length scales corresponding to the branching
We briefly review the general approach of Fredrickson étal. features on the branched polymer (arm lengths, distance between
for calculating the free energy of mixing for binary blends of branch joints, etc.) and thus depends only on parameters
polymers due to differences in either short-chain or long-chain describing the coarse-grained architecture.
branching architecture, which we then apply below to the  For blends of star and linear homopolymers, the entropic
branched polymers studied in this paper. In this coarse-grainedcontribution to the interaction free energy density, is
approach, the chains are assumed to be long enough for theiexpressed in terms of the number of armsand the arm radius

con_for_matlons to be de_scrlb_ed by ‘Gaussian statistics, with o gyration,R, = /N2a2/6, of the star polymer, whei, is the
statistical segments .Of t)_/pe:halns having lengtk; and volume number of segments in an arm. For star polymers with a large
vi. An excess contribution to the free energy occurs because, mper of short arms or for large homopolymers for which the
the conformational fluctuations of a given polymer chain, and condition of  — 3)(R/R,)2 > 1 is met, withR; being the radius

hence its entropy, are affected by the density fluctuations of gyration of the linear chain, the approximateiversalform
the surrounding chains. The length scale and magnitude of these,¢ o, is given as

density fluctuations differ for chains of different architecture.
By capturing the effects of these density fluctuations to Gaussian 1 (o — 3)3/2

Field Theory for Architectural Contributions to

order, the total free energy density of mixigf;, can be written A (5)
< V21— )R}
AF _ b, F*
_kBT = vl In ¢, + 72 In ¢, + _kBT 1) whereg; is the volume fraction of the linear component and is

not too close to unity. This universal expression suggests that
e the entropic contribution tg, should increase with the
number of arms in the star, decrease with an increase in the
length of the arm, and decrease with an increase in the
FE 1 concentration of the star. Note that this is consistent with the
4= In + 2 picture that high-functional branch points with short arms have
ke T 2(271)3f [6:5(0) + ¢25(@] da @) a much greater densitydensity correlation function on Sho&DV

where the excess free energy density (neglecting terms linea
in ¢1 and ¢,)
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Table 1. Molecular Characterization of the Branched Polystyrenes and Linear Analogues

polymer name arnvi2 (g/mol) precursoM2 (g/mol) totalM2 (g/mol) NP Mw/Mn oc w

linear linear 40 000 381 1.02 0 2
6-arm star 6-star 6300 36 300 345 1.04 1 5.8
6-end pom-pom 6-pom 3800 18 200 40 500 386 1.03 2 5.8
6-end branch 6-branch 3000 18 100 35800 341 1.02 4 5.9
9-end branch 9-branch 2400 17 700 38900 370 1.02 4 9.0
13-end branch 13-branch 1300 17 700 34 200 322 1.04 4 13.0
deuterated linear d-PS 36 000 316 1.02 0 2

aDetermined by GPC with three detectors: refractometer, viscometer, and light scattétingber of segments determined with a segment volume of
100 cn#mol. ¢ Number of branch points.Number of chain ends.

: : : : - - Table 2. Butadiene Composition and Solution Properties of the
Igngth scqles in comparison with a I]near chain. Thg size of the Branched Polystyrenes and Linear Analogues
linear chain plays no role in the universal expression.

; ; ; total BD wt % in
Theoretical studies on blends of a linear and a branched polymer branched P5S blPenie)  g°c  Re(A)

polymer having long chain branches have also been carried out—

by other research group%:3° The Schweizer group used the 'G'S”Segr 11 21%22 35 L 4??675
_polym_er reference interaction site modf_el (PRISM) theory to 6-pom 15 175 0.87 233
investigate the influence of chain branching on bulk thermody-  g-pranch 1.4 12.8 0.64 405
namics?%-28 Their calculations ofy. in star/linear blendd-30 9-branch 1.8 11.7 0.58 36.8
suggested a weaker dependencg.0bn the number of arms 13-branch 2.6 9.6 0.47 36.2
than predicted by the field theory. They suggested that for  acalculated using BD (wt %3 100 x [54 x BD unit/Mj of branched
sufficiently long linear chains the dependencejypfon the PS] (£5%) from the data determined b NMR and MALDI-TOF.
number of arms nearly disappeared or reversed. b Determined in toluene at 3% (40.005).¢ Branching factorg’ = [#]sta/

None of the theories have specifically considered the pom- [’g"zeaé(éc%)o“)-d Determined by dynamic light scattering in toluene at 25
°C (2.0 A).

pom or end-branched structures studied here. In this paper, we
will apply the Gaussian field theory described above, using using a recently developed methoxysilyl functionalization mefiod.
single-chain structure factors corresponding to the given polymer All chlorides of the chlorosilyl end-functionalized precursor polymer
branching architecture, assuming Gaussian conformations. Thewere converted into methoxy groups in order to be able to remove
parameters entering the structure factors, such as the statisticalhe excess linking agent by precipitation. Then the methoxysilyl
segment length and arm molecular weights, will be those end-functionalized precursor polymer was reacted with excess living
extracted from experimental data. This will allow a direct arm polymer. All of the reaction product mixtures containing the

S . I final branched polymers were fractionated to eliminate uncoupled
prediction for the entropic contribution jodue solely to long-

X . - . . arms. The synthesis conditions and properties for each branched
chain architectural differences. The comparisons with the noymers are described in detail elsewh&&he number of arms
measurements will also suggest some aspects of the experimentah each branched polymer was determined by characterizing the

systems that remain to be captured theoretically. arm polymer, the precursor polymer, and then the branched polymer
) ) by gel permeation chromatography with three types of inline
Experimental Section detection: refractive index measurement, differential pressure
Materials. Linear hydrogenous and deuterated polystyrenes were Méasurement, and light scattering. The number of end grdyps (
synthesized anionically in benzene wisecBuLi initiator. The was calculated from the molecular weights of the arm polymers,

living arm poly(styryllithium for the 6-arm star polymer was also Precursor polymer, and branched polymer, except for the 6-arm
prepared withseeBuLi, and it was then end-capped with one or ~Star polymer and the linear polymer, using the following equation:
two units of butadiene to reduce the steric hindrance during the

linking reaction while minimizing the effect of the presence of the f= Mpbranched™ M precursor (6)
butadiene units on bulk thermodynamics. All living arm polymers M
linked at a junction point to form the 6-end pom-pom polystyrene,

6-end branched PS, 9-end branched PS, or 13-end branched PS The molecular weights of all the branched polymers and linear
were also end-capped using one or two units of butadiene. Theanalogues were controlled to be&36 000 g/mol to exclude effects
exact amount of butadiene attached to each arm polymer wason the interaction parameter due to molecular weight differences
determined usingH NMR and MALDI—-TOF mass spectrometry.  between the two components in a blend. The molecular character-
The molecular weights of the arm polymers were varied from 6000 izations of the chain functionalities and the molecular weights for
to 1200 g/mol, depending on the number of end groups in the each branched polymer and a linear analogue are summarized in
molecule, to achieve the same overall molecular weight. The living Table 1. Molecular properties for the polymers reported in ref 25
arm polymer for the 6-arm star polymer was coupled with 1,2-bis- are reproduced in Table 2 for convenience. The values of branching
(dichloromethylsilyl)ethane. The precursor polystyrene for the 6-end factor, g, which were calculated using intrinsic viscosity data
pom-pom PS was initiated with a difunctional initiator and measured at 3%C in toluene, were in good agreement with calcu-
polymerized anionically in benzene. The two living end groups were lations made using an expression for irregularly branched chains
end-capped with excess tetrachlorosilane. Finally, the excess livingfrom Zimm and Stockmaye® They were also consistent with
arm polymer was coupled with the chlorosilyl end-functionalized hydrodynamic radii of the polymers measured in good solvent
precursor polymer. The precursor polymers for the 6-end branched, (toluene) with dynamic light scattering at 2E.

9-end branched, and 13-end branched polystyrenes were prepared Sample Preparation. Blends containing 50 vol % branched
using a trifunctional initiator. The three chain ends of the precursor hydrogenous polymers with the deuterated linear analogue were
polymer were end-capped with excess methyltrichlorosilane, tet- prepared by dissolution of the polymer in toluene. Solutions were
rachlorosilane, or 1,2-bis(trichlorosilyl)ethane to create the 6-end, filtered five times with 0.2:m pore Whatman anotop 25 (Whatman
9-end, and 13-end branched polymers, respectively. The two International Ltd.) filters and then directly cast into films in Teflon
precursor polymers for the 6-end and 9-end branched polymers werebeakers, allowing 3 days in a fume hood for evaporation of the
reacted directly with an excess of the appropriate living arm solvent. The films were then dried under roughing vacuum at 70
polymer. However, the 13-end branched polymer was prepared °C for 7 days to ensure removal of the excess toluene. The Q{BQ/

n,arm
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polymer blend films were pressed inside 1 mm thick brass washers
having an inner diameter of 1 cm. To obtain transparent, bubble-
free films, the samples were pressed at 220under 3000 kg
between pieces of Mylar foil.

Measurements.SANS measurements were performed on the
NG3 30-m SANS instrument at the Cold Neutron Research Facility
of the National Institute for Standards and Technology (Gaithers-
burg, MD). A neutron beam with a nominal wavelength of 6 A
and a spreadA#/4) of 0.15 full width at half-maximum was used.
Measurements were taken at a sample-to-detector distance of 4.5
m, providing a range of values of the scattering veqtof 0.007—

0.14 A1. The samples, sandwiched between quartz windows, were
placed in sample holders provided by the National Institute of
Standards and Technology laboratory. The sample holders wererigure 2. Structure of a 6-end branched polymer showing the possible
then placed inside a seven-slot computer-controlled aluminum interactions between various segments.

sample changer, the temperature of which could be controlled

between room temperature and 225 (0.1 °C). Sample tem- arms are identical. There are two types of correlations. One is
peratures were varied from 120 to 200 in steps of 20C. This the correlation between two segments in the same arm, which
sample changer sat inside a stainless st_eal vacuum chamber thas described by the correlation functi®gi(q). The other is
was evacuated to 450mHg and then backfilled with nitrogen gas  the correlation between segments in two different arms and is

to 9btajn a slight positive pressure, and this pos.i'.[ive Pressure wasgescribed by the correlation functi@gx(q). The expressions
maintained throughout the measurement. Equilibration times of of Ssea(q) and Sesz(q) are given by

about 15 min were allowed after each set-point change. In addition
to measurements of the samples, data were collected with the beam

—X' ]
blocked, for an empty quartz-windowed cell, and with the instru- Sipy(Q) = D(X) = 2" —1+Xx) (10)
ment empty for estimating the background and empty cell contribu- Bl X2
tions. Exact sample thickness was measured to normalize the raw
data. To correct for incoherent scattering, 100% hydrogenous PS ) 1—eX\?
and 100% deuterated linear analogue samples were measured. S5,(Q) = F(X) = ” (11)

Results and Discussion whereF(x') denotes the correlation function between two arms,

SANS Fitting and Single-Chain Structure Factors. The X = @R, and RSarm = nga?/6 is the squared radius of
absolute coherent scattering intensit{g), obtained from a  gyration of the branchng is the number of segments in the
binary isotopic blend of monodisperse polymers is related to pranch. The form factor of a star polymer can be expressed by
the structure facto§(q) of the blend by considering all possible correlations among the segments and

) number of armsf:
(b, — by)

I(q) =———S) ) 1 f—1

v Sual@) = TSb0a(0) + 7 Sea(0) (12)
whereV is a reference volumey; is the coherent scattering
length for polymeri averaged over the reference volume, and _ 1he form factors for the 6-end pom-pom, 6-end branch, 9-end
qis the scattering vector. The structure factor for a binary blend Pranch, and 13-end branch chains can be obtained similarly.
of polymers is given in the random phase approximation (RPA) AS an example, the correlations contributing to the form factor

for an incompressible, isotopic melt3as for the 6-end branched polymer are depicted in Figure 2. The
form factor can be expressed as the sum of three major
- 1 1 contributions:
S = + —2 (8)
N9 Si(d)  Ny,S,(a) of N.2 N, 2 NN
—_B A A B
whereg; is the volume fraction of componeitN; is the number Sprancf@) = N2 Sea(@ + N? Sa(@ +2 N? Se(@) (13)

of segments in the chains of polymieandyer is the effective

thermodynamic exchange interaction parameter on a per segmenivhereN is the total number of segments of the moleciNg (
basis.Si(0) and S(q) are the form factors which capture the + Ng), Ng is the total number of segments of the inside chains
characteristics of the single polymer chains 1 and 2. The form (Ng = fgng), and N, is the total number of segments of out-
factor for each polymer architecture was obtained through side branchesNay = fana). na and ng are the number of

manipulation of the expressions given by Beffoind Ham- segments in each outer branch and each inside branch, respec-
mouda3® tively, andfs andfg are the number of outside branches and
The form factor for linear polymers within the Gaussian chain inside branches, respectively. In eq B8g(q) describes the
approximation is the well-known Debye functioD(x): correlation between segments in a branch of the precursor
polymer (B) and is given by
26— 1+x)
Sin(@) =D(x) = e 9) 1 fg—1
Se(d) = ESBBl(q) +- f Se2(0) (14)
wherex = ¢?Ry? and R? = N;na?/6 is the squared radius of
gyration of the linear polymeiN;, is the number of segments S51(9) = D(%g), Ss(Q) = F(xB)2 (15)

in the linear polymer, and is the statistical segment length.
The form factor of a star polymer can be obtained by wherexs = g?nga?/6. The correlation functiorgsg(q) for the
considering the correlations between the segments when theprecursor is that for a star polymer. The function describd'ﬁgv
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as| Table 3. Statistical Segment Length angrert Parameters for Isotopic
= linear hPS/linear dPS Blends
301 o  6-star hPS/linear dPS _
& 6-branch hPS/linear dPS A _ren=ATHB
25} a(A) A Bx10
il polymer 12C°C 140°C 160°C 180°C 200°C (+0.1) (£1.3)
é linear 6.4 6.6 6.6 6.7 6.6 0.64 —135
=18F 6-star 6.4 6.6 6.4 6.5 6.5 082 —16.3
50 6-pom 5.7 5.8 5.9 59 59 0.93 —-17.7
i 6-branch 5.7 5.8 5.8 5.8 5.8 0.93 —16.8
5| 9-branch 5.8 5.8 5.9 5.9 5.9 0.99 —17.3
13-branch 5.8 59 6.0 5.9 5.9 1.17 -14.7
0 L L L I L L
000 002 0.04 006 0.08 010 012 0.14 a Statistical segment length using segment volumel00 cn#/mol
q (A" (0.3 A).
Figure 3. SANS experimental data with fits to the RPA for three 8 M : : :
different blends of 50 vol % hydrogenous PS (hPS) with linear m Linear
deuterated PS of equal molecular weight at 220 e G-star
. . 6 4 6-pom ]
correlation between segments in the outer arms of the branched
h . . v 6-branch
polymer (A), Saa(g), can be obtained from the consideration o
of all the possibilities: ol i E
1 fa—fg fg — 5
Saa(@) = =Sy + Sanz t Sz (16) 2r .
fa fafg fg
— D X — F X 2 (1] S L 1 1 1 L =
Swa(9) ) Sma(0) (Xa)" ) 20 212223 24 258 26 | 27
Saaz(@) = F(Xa) E(xp) (17) AIT x 10° (1/K)

Figure 4. Variation inyes for binary blends with chain ends constant,
containing 50 vol % of the hPS component, linear or branched having
6 chain ends: W) linear, (o) 6-star with one branch point®) 6-pom

— 2. A2 : : with two branch points, andw) 6-branch with four branch points.
where xa = gmaa76. The last correlation functiobs(q) Uncertainty bars for the linear/linear blends correspondingt@a x

captures the cross-correlation between segments of the outefg-4 gre shown.
branches of the polymer and the segments of the inner branches

of the precursor and is given as of 5.5 x 1074 K~ for the thermal expansion coeffici@htvas
used. The only parameters allowed to vary to fit the raw data
were the statistical segment lengtlandyes. The values of the
statistical segment lengths apgh determined in this way are
listed in Table 3. Strictly speaking, all the branched polymers
have, in addition to non-styrenic chemistry at their cosess
butyl fragments at the ends of all the arms. Since the details of
E(xg) = € this chain end chemistry are identical for all branched polymers,
we neglect these details in the extraction of the value of an

Finally, the form factor for an end-branched polymer can be €ffectivey. A second detail is the fact that some of the arms
obtained from eq 13 using eqs 14, 15, and 19. The structure@r® “end-capped” with butadiene units for purposes of linking
factor for the 6-end pom-pom polymer was obtained similarly. t0 the branch point. In a previous publicatiéwe verified that

The parameters in the form factors suchnas\;, andf, are the inclusion in the star chain of an average of 1.5 units of
known values because the materials have been thoroughlyPutadiene on the ends of the arms next to the core does not
characterized. By modeling the data using egs 7 and 8 with the Measurably perturb the value g for a 4-arm star/linear blend.
form factors appropriate for the polymers with various archi- e will discuss below how these BD units might contribute to
tectures, the values ofy anda for the branched component  the effective interaction parameter for the branched molecules
(the value ofa for the linear component was held fixed) can be Under study here.
determined for a polymer blend. Effect of the Number of Branch Points. The variations of

Examples of the scattering curves obtained at @for the x Wwith temperature for blends of linear deuterated PS and
linear h-PS/lineard-PS, 6-stah-PS/lineard-PS, and 6-branch/ branched PSs with different numbers of branch points from 1
linear d-PS blends, each with 50 vol &PS component, are  to 4 and number of ends fixed at 6, as well as for the linear/
given in Figure 3. The scattering curves, while having very linear isotopic blend, presented as a base case, are summarized
similar overall intensities, display clear differences. Over most in Figure 4. The uncertainties are presented for the linear/linear
of the observedj range, the scattering intensity is lowest for blend as an example. The interaction parameter for the isotopic
the blend of lineah-PS with lineard-PS. The intensity for the  linear/linear PS blend is positive and of the order of 40’he
blend of 6-stath-PS with lineard-PS was the highest in the precise magnitude (for example, 3010~ at 120°C) was
middle region ofg (0.06-0.04 1/A) but actually drops slightly  slightly higher than the value (2.2 104 at 120°C) obtained
below the intensity of the linear/linear blend at the smallest by Bates and Wignal for an isotopic linear/linear PS blend
values ofg. Therefore, even the shapes of the raw scattering of the same composition (50 vol %) but much larger chain
curves evidence differences due to architectural variation. To lengths N = 1.15 x 10* for deuterated component amNl=
account for change in molar volume with temperature, the value 8.7 x 1 for hydrogenous component).

E(%p) = €%, X5 = q'2na’l6 (18)

1 1
Se(@ = ESABl(q) + BTSAsz(Q) (19)

Sap1(9) = F(x4)F(Xg), Sae2(9) = F(X4)F(Xg)E(xg) (20)

(21)

Ccbv
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None of the differences among the blends studied here can 18— -, . T T
be ascribed to differences in the overall chain sizes of the [“ o Gbeansh
components, as they are as nearly the same as reasonably 1B . 9-branch T
achievable by synthesis. An estimate using the Gaussian field 12'_ v 13-branch |
theory for the effect of overall chain molecular weight also |
supports this statement. Thus, the larger magnitudespfor o gl -
the blend of 6-star as compared to the magnitudg.efor the 5 .
isotopic linear/linear blend, for instance, must be due to an j 6| .
architecture effect (including branch points). The magnitude of
the increase~+1.2 x 107%) due to the introduction of 1 branch 2 iy
point with 6 arms in one component agrees quantitatively with n' . . ) .
Greenberg et al.’s resui. The value ofyer for the blend with 20 21 22 23 24 25 26 27
the 6-pom polymer having two branch points was larger than AT x 10° (1K)

that for the 6-star/linear blend. Since the precursor polymer for _. o . -

. . . Figure 5. Variation iny.« for binary blends containing 50 vol % of
the 6-pom polymer actually contains a two arm junction the jinear hPS component or branched component having 4 branch
consisting of the difunctional initiator having twsecbutyl points: @) linear, @) 6-branch, &) 9-branch, and¥) 13-branch. The
fragments, the 6-pom polymer can alternatively (at a higher level uncertainties are of the order of the size of the plotting symbols.
of detail) be considered as having three junction points. In any
case, when the number of junction points is increased in going 9-branch blends is within the experimental uncertainty, both
from the 6-star to the 6-pom branched component, the value of the enthalpic and entropic contributions for the 13-branch blend
et also increases. When the branched component was change@re significantly higher than those for the other two blends in
from the 6-pom with 2 or 3 junction points to the 6-branch chain this group.
with 4 junction points, the value of the effective interaction  In addition to pure architectural effects, the changegein
parameter increased further. So we saw consistently that themay thus have contributions due to changes in the number of
magnitude of the effective interaction parameter increased asspecific end groups. It is also true that the linking agents used
the number of junction points in the branched component to make the different end-branched stars differed in their detailed
increased from O (linear) to 1 (6-star) to 2 or 3 (6-pom) to 4 structure. In particular, the 13-end branch chain includes outer
(6-branch). junction points containing two silicon atoms rather than one.
| However, we believe it is likely that the more obvious change
in molecule chemistry arising from moving from 6 to 9 to 13
ends with butyl fragments contributes more strongly to the
change inyet than does the more subtle change in junction

The slopes of all the lines in Figure 4 and the statistica
segment lengths determined from the fitting of the SANS data
are listed in Table 3. The slopes for the three branched PS/
linear blends were similar and differed from that for the linear/ 4 ) L
linear blend. The difference in slope between the linear/linear chemistry. In(_jeed, a plot of the er_lthalplc contributionyte
blend and branched PS/linear blends could conceivably be(parameterA in Table 3), subtracting out the value for the

caused by both the different core structure and the larger numberjbsottollf;IC Imeart/hnear blznd, IS r(t))uri;jhly \I}\r;ear Itn metrzltqjmber of
of chain ends of the branched polymers. There might be a small utyl Iragments, as we discuss below. We note that these group

difference between the blends with linear polymer and those specific contributions should become increasingly minor as the

with the branched polymers in the temperature-dependentlengths .Of the branches jncrease: Nqnetheless for very long
portion of yes, but the magnitude of this temperature-dependent chalns, ".c the group spec_|f|c con_trlbgnons scalens, t_hey
contribution varied little among the blends with the different W'”. dominate the entropic contsr/|2but|ons due to architecture
branched polymers with 6 ends. If the difference in slope which are expected to scale Bs®* (see eq 5).

between the 6-star blend and the other two blends with branched HOW 'close did . the b'ranch/'llnear blends come to bu!k
chains is significant, it is due to the different core structures in se_paratlon_? AS an imprecise estimate, we _conS|der acomparison
the various molecules. with the c_:ntlc_:al valge Ofyef (xc) for an isotopic, compos!tlonally
) symmetric linear/linear blend. A mean-field estimation jer
Effect of Number of Chain Ends. SANS measurements of i the Flory approach ige = 2/N.. Specifically, yc for a

binary blends of linear deuterated PS and three molecules ingymmetric linear/linear blend analogue to the 13-branch/linear
which the number of branch points was fixed at 4 and the pland, in whichNyaneh = 322, is ca. 6x 10°3. Even the 13-

number of chain ends varied among 6, 9, and 13 elucidated thepranchylinear blend was still far from bulk phase separation at
effect of the number of chain ends gex. The variations irye the lowest temperature considered. While the more highly
with temperature for the three blends are plotted in Figure 5 pranched chains are less miscible with linear analogues, the
along with data for the linear/linear blend. The slopes of all the branching could be still higher or the molecular weight about a
curves in Figure 5 and the corresponding statistical segmentfactor of 4 higher before bulk separation would be expected to
lengths from the fitting of the SANS data are listed in Table 3. pe 5 problem. This suggests such blends could be much more

From the analysis of blends with star polymers above, we would ysefy| than blends of linear chains and dendrimers, which readily
anticipate the general trend g increasing with increasing  phase separate.

functionality of branch points and shortening of branches. Comparison with Theory. Since the structure factors are
Indeed, as the hydrogenous polymer changed from 6-branch toynown, 5, can be calculated using egs 3 and 4 once the segment
9-branch to 13-branch, the value jfr increased. length is fixed. The statistical segment length fit for the linear/
Over the temperature range investigated most of the changelinear isotopic blend was in good agreement with the reference
appears as simply a parallel shift up as the number of chainvalue,a= 6.7 A3 The values of statistical segment length for
ends is increased, suggesting that much of the change is entropicthe star are the same as those for the linear chains within the
However, closer analysis reveals that the slopes of the fitted uncertainties, while the statistical segment lengths fit for the
lines also increase somewhat as the number of chain endsother branched polymers were smaller. This is perhaps surprising
increases. While the increase in slope going from 6-branch to from the point of view that the star should be stretched relaébe{/
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] ] ] ) blend of theA parameter determining the temperature dependence of
Figure 6. Comparison of;. values (open circles) for blends of linear 4.« (see Table 3) vs the number séebutyl groups in the branched
and branched chains calculated from the Gaussian field theory assumingsolymer molecule. The line is a linear fit to the data.

a= 6.2 A with they, values (filled squares) determined by fitting the

experimental data at 12, allowinga to vary as a fitting parameter ; ) ; ;
as described in Table 3 and then subtracting the contribution due to However, the precursor chain of the 6-pom is connected in the

isotopic labeling from the overall value gfs. middle by a difunctional initiator having tweecbutyl frag-
ments, and the precursor chains of the 6-branch, 9-branch, and

to the linear polymer, and the 13-branch has outer branch poim313-branch all have a core composed of the trifunctional initiator
which are nearly as high in functionality as the star. having threesecbutyl fragments. Thus, if theecbutyl frag-
Although it may appear that one could use these different ments on the chain ends result in enthalpic effects for the bulk
values ofa directly in the structure factors, resulting in an thermodynamics, theecbutyl fragments on the junctions will
apparent conformational asymmetry contribution yoit is as well. Figure 7 plots th(_a _change over the linear/linear blend
perhaps more sensible to use an average valae®fie reason of the A parameter describing the temperature dependence of
for differences ina is to account for stretching or compres- Xeft VS the number ofseebutyl fragments in the branched
sion of branches in the branched chain. This stretching likely Polymer molecule. While various factors, such as the number
does not occur uniformly throughout the chain; for instance, @nd type of other branching groups, need to be accounted for,
we expect the chain near high-functional branch points to be the linear trend in 'Flgure 7 is consistent WI'[.h the possibility
more strongly stretched than is that part of the chain farther that one can associate an enthalpic contributiopefdor each
from the joint. Since the monomers on the linear and branched S€€bUtyl fragment. We note that in the limit of very long arms
chains are identical, it is perhaps reasonable to assume thafnd linear chaln§3/';he entropic contribution predicted by the
the local density correlations on the monomer scale are very tN€ory iclales ali— which is expected to be subdominant to
similar for monomers from either component. This would the O(N™%) enthalpic contribution from specific branch or end
suggest again that the mismatches in the single-chain structuredroups. Nonetheless, the entropic contribution from architecture
factor are primarily on length scales greater than the monomerMay still be comparable in significance for moderately long
size. This conclusion seems to be borne out below by the trendsChains- _ , , .
in the end-branched series and the good agreement in the overall A related issue is the role of packing on the mixing free
magnitude ofyr with that predicted from our theory that does  €nerdy. For long enough branched and linear chains, differences
not have conformational asymmetry. (Conformational asym- N Packing are expected to occur primarily at the junction and
metry contributions are much larger.) Thus, for the purposes of €nd groups. Indeed, the measured densities in the glassy state
comparison, an average segment length of 6.2 A was used inof the different molecules studied here are indistinguishable,
the theory for all the polymers, although the experimentally and so we do not expect compre;s[blllty gffec.ts to be significant.
derived values of are somewhat smaller for the branched 1he packing differences near |nd|V|duaIJunct|.on orend groups,
chains. The values of all other molecular parameters were taken"OWeVer, can be expected to be absorbed into group specific

to be those from the experimental determinationyf contributions toyesr together with the enthalpic contributions
The theoretically estimateg values for the blends with mentioned above. While the temperature dependence shown in

branched components of different architectures are compared19Uré 7 suggests that the contributions are predominantly
in Figure 6 withy, values obtained from fitting the experimental €nthalpic, further systematic studies, for instance by varying
SANS data at 120C and subtracting away an estimate of the chain I_engths and branching groups, will be necessary to check
contribution due to isotopic labeling. The general increase in heS€ issues. ,

the theoretical value with an increase in the number of chain It iS also of interest to see how well the theory predicts

ends for the chains with a fixed number of branch points matcheschanges in the size of the chaimssolutionwith changes in
the general trend in the experimental values, although the architecture. Again, only a crude comparison is possible at the

magnitudes differ. However, the trend seen for the variation Présent, butthis comparison suggests good qualitative agreement

with increasing number of branch points with fixed number of between theory and experimental results. The value of the radius

ends was the reverse of that seen in the experimental values® 9yration is readily extracted from the theory by simply

We speculate that this is because the theoretical calculation@1lyZing the structure fact&a). For sufficiently small values
did not capture enthalpic contributions;tes due to differences ~ ©f @ the structure factor is well approximated by the equation
in the chgmistries pf the varioys junction points. For all chains o 2
but the linear chains, all chain ends aecbutyl fragments. - R,
For the 6-star polymer the arms are connected at one junction Sa~1- 3
point with a silane-type structure. The outside branching points
for a 6-pom, a 6-branch, a 9-branch, and a 13-branch chain also The radii of gyration extracted from the structure factors with
have structures dictated by the type of linking agent used. a taken to be 6.2 A are shown in Figure 8. TheF?gevaIuesCDV

+ .. (22)
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Figure 8. Comparison between the radii of gyration (open circles) of Number of arms

the various branched polymers calculated from the Gaussian field theory Figure 9. Plot of the variation iry corrected for isotopic effects as a
and the hydrodynamic radii (see Table 2) (filled squares) measured by function of the number of arms in the star in various star/linear isotopic

dynamic light scattering in good solvent (toluene, °Z5. blends reported by Greenberg et&xperimental (diamonds), universal
theoretical approximation (triangles), and exact theoretical calculation
Table 4. Interaction Parameter Values at 220°C for PS Isotopic (circles).

Blends Discussed in Ref 18

The structure factors for the end-branched polymers were

frort]:‘i?]rﬁl,ﬂérsm developed using the expression of Benoit. The magnitude of
¥ at220°C Ay expression the effective interaction parameter increased as the number of
blend (x107%)  (x107%P  (x1079 branch points increased while the number of chain ends was
linear/linear 6 0 fixed. The value of the effective interaction parameter also
4-arm star/linear 9 3 22 increased with increasing number of chain ends. A Gaussian
S-arm starflinear 9 3 4.3 field theory is successful in predicting the important qualitative
E;%rrrggs;ﬁgﬂgze};rm star/linear 1?7 ! 11 7'67.4 variations in the size of the branched moleculeg in solution with
hydrogenous 12-arm star/linear 35 29 152 topology. This theory also reasonably predicts the overall
hydrogenous 14-arm star/linear 36 30 87 magnitude and trend in bulks with the number of chain ends
deuterated 15-arm star/linear 71 65 214 for constant number of branch points but does not succeed in
ﬁe”terated 16-arm star/linear 1 65 266 capturing the changes i with changes in the number of
ydrogenous 17-arm star/linear 37 31 315 . . .
hydrogenous 21-arm star/linear 42 36 100 branch points for constant number of chain ends. This may be

a Averages ofy between labeling scheméesDifference between the due to the fact that the theory neglects differences in the
X . . . . « .
experimental value of for a given blend and the value measured for the chemistries of the branch points. Although such effects diminish

linear/linear isotopic blend. as the branches become sufficiently long, they may still
dominate the entropic effects due to architecture, which are

should be characteristic of the behavior of chains in a theta predicted to vanish even more quickly.
solvent. Making measurements at exactly the theta state for each
of these different architectures is not a simple matter, as the Acknowledgmentis made to the donors of the American
theta temperature in a given solvent varies with the architecture Chemical Society Petroleum Research Fund for partial support
of the chain. Thus, we have chosen to make a qualitative of this research. The authors are also grateful for partial support
comparison with the hydrodynamic radii of gyration measured from an Ohio Board of Regents challenge grant. Neutron
in good solvent, presented earlier in Table 2. Of course, the scattering experiments were performed at the NIST facilities
“goodness” of solvent at a fixed temperature is also a function supported by the NSF under Agreement DMR-9986442. M.D.F.
of the architecture, so the values of hydrodynamic radius haveand J.L. thank Dr. Derek Ho for assistance with the SANS
not been measured in rigorously identical solvent conditions, measurements and Dr. Boualem Hammouda for assistance with
but we anticipate that for rather good solvent (far from the theta developing the structure factors.
state) these differences in solvent quality with architecture will _
not be very important. If the statistical segment lengths were Appendix
properly matched, the hydrodynamic radius would be expected In ref 18, incorrect values foy calculated from the theory
to be 0.66Ry in the theta state but could be comparable to or of Fredrickson et a! were reported for the blends containing
larger thanRy in a good solvent. In fact, as shown in Figure 8, stars with more than 10 arms. In Table 4 we report the correct
the experimental values @, in good solvent and theoretical  values in a format consistent with that of Table Il in ref 18.
values of theta statg; are quite similar, and certainly the theory  The quantityAy used in ref 18 and in this appendix is the
captures the main trends observed experimentally. These trendgxperimental value of attributed to architectural effects alone
are (1) that the star has the smallest chain size in solution and(i_e_,){e)l obtained by subtracting the experimentally measured
(2) that otherwise the chain size decreases monotonically with value ofy for a linear/linear isotopic blend from that for a given
“increased branching” as linear6-pom> 6-branch> 9-branch  blend of branched and linear chains. We note that all these
> 13-branch. blends were of off-symmetric composition~{8 wt % in

) branched chain). When the correct theoretical values are
Conclusion considered, the agreement between theory and experiment is

The effects of the number of branch points and number of not as close as incorrectly reported in ref 18.

chain ends in a branched chain on bulk thermodynamics in In Figure 9 we plot the experimental valuesjotorrected
binary blends of well-defined, regularly branched polysty- for the isotopic contribution with values from the theoretical
renes with their linear analogues were examined using SANS. calculation using the universal expression and also the theor&t'Be)
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values computed using the exact expression. For the lowest(15) Russell, T. P.; Fetters, L. J.; Clark, J. C.; Bauer, B. J.; Han, C. C.

numbers of arms there is quantitative agreement between the 16
experiment and universal approximate expression. For numbers6)

of arms above 10 the theoretical values exhibit the same

qualitative trends seen in the experimental data, but the effects

Macromoleculesl99Q 23, 654.

Chen, Y. Y.; Lodge, T. P.; Bates, F.5.Polym. Sci., Part B: Polym.
Phys.200Q 38, 2965.

(17) Chen, Y.Y.; Lodge, T. P.; Bates, F.B.Polym. Sci., Part B: Polym.
Phys.2002 40, 466.

are predicted to be much larger than seen experimentally. Using(18) Greenberg, C. C.; Foster, M. D.; Turner, C. M.; Corona-Galvan, S.;

the exact theoretical expression improves the agreement slightly

for numbers of arms greater than 10, reducing the theoretical

values by about 15%. However, the agreement between theory

and experiment is less good with the exact calculation for blends
with stars having fewer than 10 arms.
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