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Universal aspects of macromolecules in polymer blends, solutions, and supercritical mixtures
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We demonstrate that macromolecules in miscible polymer blends may behave a®¥)geod, poor poly-
meric solvents for each other. We construct a conceptual phase diagram, delineating the range of validity of the
random-phase approximation, outside of which polymers contract or expand beyond their unperturbed dimen-
sions, contrary to common assumptions. Remarkably, the correlation length for polymer blends, solutions, and
supercritical mixtures collapses onto a master curve, reflecting universal behavior for macromolecules in
polymeric and small-molecul® solvents.
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Polymer blends are of increasing scientific and commeriration fluctuations. Considering a polymer blend as a special
cial importance, and over the past two decades there hasmse of a polymer solution with a high-molecular-weight sol-
been a significant increase in the use of small-angle neutrovent[14], one might expect that the RPA should be strictly
scattering(SANS) to determine the miscibility of various valid only for “ideal” or ® blends of noninteracting poly-
macromolecules, based on the de Gennes random-phase apers (y=0). To our knowledge, Brereton and Vilg[§]

proximation(RPA) [1-4]: were the first to suggest that the RPA may break down if the
quality of the polymeric solvent becomes sufficiently poor or
S LQ)= S;,i(Q) + S;é(Q) —2x. (1) good and calculated conditions for a “pretransition to a

O-type state” in a polymer blend. They also envisioned de-
Si(Q) is the total scattering structure factor, which containsviations ofRy from Ry(®), though surprisingly, with only a
information on both intramolecular and intermolecular corre-few exceptiong12,15,184, the concept of th€) state and its
lations between polymer segments and is related to the coconsequences for the structure-property relationships in
relation length of the concentration fluctuatiogs, Sq;(Q) polymer blends have not yet been generally appreciated by
is the single-chain structure factor which contains informa-experimentalists. In this paper, we systematically explore the
tion on the intramolecular correlations, and thus on the diinterrelation betweerR, and ¢ in polymer blends using
mensions(e.g., the radius of gyratioR ;) of the polymer SANS, and we demonstrate the existence of @hénes in
components i(=A,B); the scattering vector is given b9  the phase diagrams of polymer blends, in addition to bin-
=4\~ 1sing, where @ is the scattering angle andis the  odals and spinodals traditionally discussed in the literature.
neutron wavelength, angdis the Flory interaction parameter The occurrence of th@ lines is used to delineate the range
which accounts for all nonideal contributions to the free en-of validity of the RPA as well as to explore universal aspects
ergy of mixing. The RPAE(. (1)] is based on the assump- of the polymer behavior in polymeric and small molectle
tion that the dimensions of polymer chains remain un-solvents.
changed on mixing and retain the unperturbed radius of The two competing characteristic lengttgand Ry) in
gyrationR,(0) (as in a melt or in a polymer solution at the nonoverlapping polymer solutions at tk temperature are
temperature However, several theoreticdb—7], com-  related via[13,17]
puter simulation[8,9], and experimental results10—12
have suggested that this assumption may not hold universally
and thatRy may shrink or expand with temperatu(€) or £(0)=Ry(0)/v3. 2
concentration ¢).

The deviation ofRy from Ry(®) is well documented in
polymer solutions, i.e., mixtures of macromolecules with
small molecule solventdiquids or supercritical fluid$13]).

In the “good” solvent domain T>0), polymer coils swell
due to excluded volume interactions, and o< ® (in the
“poor” solvent domair) they collapse due to dominating at-

Here we extend this relation to polymer blends, which pos-
sess an additional characteristic length corresponding to the
Ry of the polymeric solvent. For “ideal” blendg(T=0)

=0, Eq.(1) may be rewritten as

tractive forces between monomers. The effect of temperature —1_ N.vaS-(02R2 )11
on the degree of swelling=Ry/Ry(0) is maximal in dilute S(Q) [aNAVASD(QRy.)]
solutions (weakly interacting chainsand diminishes when +[¢BNB‘UBSD(Q2RéYB)]_1, (3

¢~ ¢*, wheregp* is the polymer overlap concentration. The

pairwise attractive and repulsive interactions compensate at

the ® temperature wherBy(0) is unperturbed by excluded whereS,(Q) is well approximated in the limit of sma@ by
volume effects and is also independent of the critical concenthe Ornstein-Zernike function:
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S(Q)=S(0)/(1+Q%¢?) (4)

and ¢;, N;, andwv, are the volume fraction, degree of poly-

merization, and monomer volumes of the componénénd

B, respectively.Sy is the Debye function for ideal polymer

coils:

Sp=(2yH)(y—1+e™Y), y=Q%R?:,. (5)

Expanding the Debye functions in E@) in the limit Q=0,
we may generalize Eq(2) and extend it to polymei®
blends:

E(O)=Ry (©)/V3, (6)
where

()

In Eq. (7), k=(paNava)/(deNgvg) is an “asymmetry fac-

R2,(©)=(1+k) " [R2 ,(®)+kR2 5(0)].
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FIG. 1. (8 Ry () of dPDMS (Myy=19500) in a blend0.1
dPDMS+0.9hPDMS (M,=19500)]-PEMS  ¥,=23000),
¢(h+d)PDMS:O'51; § (.) in a blend dPDMS'PEMS, ¢dPDMS

tor” which accounts for the cumulative asymmetry between=0.51. (b) Ry (V),(A) of dPMMA (M,,=58500) in a blend

the components. We note that in the strong asymmetry limif0.138dPMMA +0.862hPMMA

(k=0, k=), as well as in the ideal symmetry limit (
=1, Rya=Rys), Eq.(2) for the ® polymer solutions with a

(My,=63000)]-PVPh |y,
=8000); ¢ (O),(®) in a blenddPMMA-PVPh. Open symbols,
dpuma=0.5; solid symbols, ¢ppyma=0.3. Dashed lines show

single R, is recovered. Equatiof6) may be used for deter- Ro(®)aroms=35=1 A andRy(®)spuma=61+2 A [20].

mining the® temperatures from the variation of the correla-

tion length & versusT=|T—T¢|/T, whereT is the critical

temperature of phase demixing. Using the mean-field scalingomponentA. If all A chains are deuterateat£ 1), the pre-

law &= &y 7|" "% [1] as well as the conditioné
=£(0)|1=¢, it may be shown that

O=Tc{1F[émi/E(©)] 7Y, 8

where “=" and “ +" correspond to upper critical solution
temperaturd UCST) and lower critical solution temperature

(LCST) blends, respectively.

The polymer blends studied were mixtures of deuterated.

(d) and protonatedh) polydimethylsiloxane(d+h PDMS)
with polyethylmethylsiloxandPEMS), (h+d) polymethyl-
methacrylate (PMMA)—polyvinylphenol (PVPh,
d-polystyrene (dPS-polyphenylmethylsiloxane (PPMS,
and dPS-polyvinylmethyletheiPVME). hPDMS, dPDMS,

PEMS, and PPMS were synthesized and characterized as

scribed previously[13,18. dPS, PVME, dPMMA, and

hPMMA were obtained from Polymer Source, Canada an
PVPh was obtained from Aldrich. The polydispersity index

of all polymers was generall,,/My=<1.07, except for
PVPh My, /My~2.5).

The coherent cross sectidr{Q), from an incompressible
mixture of identical labeled(deuteratedl and protonated

polymers(componentA) in a protonated polymeric solvent

(componentB) is given by[13,19
1(Q,x)=K*Sa(Q) +L*S(Q). 9

The prefactorK* andL* in Eq. (9) are functions of scat-

factor K* =0, and one obtaing(T) directly from I(Q,x
=1)~S5(Q). For mixtures of +h) PMMA+PVPh, the
parameteL*, [Eqg. (9)] is exactly zero ak=0.138 and Eq.
(9) gives the single chain scattering direcfB0]. For mix-
tures of d+h) PDMS and PEMS there is no ratio<
<1, to achieve “zero averaged contra$f9] and eliminate
S(Q,x) completely, though its contribution can be mini-
mized by choosing small concentratida.g., x~0.1) and
subtractingL* S,(Q) [Eq. (9)] as described elsewhef21].
SANS experiments with PDMS-PEMS blends were car-
ried out at Oak Ridge National Laboratory and the other
blends were investigated at the ForschungszentrufichJu
Germany. The range of scattering vectors was 0005
<0.03 A1, The sample temperature was controlled to bet-
ter than +0.2 and +0.02 K in the Oak Ridge and lich
xperiments, respectively. The data were corrected and
placed on an absolute scale using procedures described else-

d/vhere [22]. The structure factor§, A(Q) and S;(Q) were

obtained from Eq.(9) and used to calculat§ and R, at
different temperatures using Eqg) and (5).

The temperature variation &y and £ in PDMS-PEMS
and PMMA-PVPh blends is shown in Fig. 1, where Rygof
dPDMS remains constant at all temperatures and the average
radii, Rg=37=3 A, agree with the unperturbed dimensions
for dPDMS Rg(®)=35A [20]. In contrast, the correlation
length varies strongly with temperature, diverging as
T=Tc~418.15K ¢>Ry), and leveling off ¢/Ry~1.65
+0.05) forT>Tc [Fig. 1(a@)]. Quite the opposite effects are
observed in PMMA-PVPh blends, whed®MMA coils are

tering lengths of the deuterated and protonated monomers sfvollen beyond th€ dimensions and is much smaller than

componentA, the protonated polymeric solve(@omponent

B), as well as the mole fractiofx) of deuterated chains of

Ry [Fig. 1(b)]. The observed variation of(T)/R, in the
weakly interacting PDMS-PEMS blenéig. 1(a)] is similar
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mer blends. As in polymer solutions, in the good polymeric
solvent domain T<0_,T>0), excluded volume effects
work to expandRy beyond the unperturbed dimensions. This

7ol dPS - PPMS " dPS - PVME

‘3: 8.0} ‘3:40_ effect is facilitated in compositionally asymmetric blends
© S 3 (k=0 or k=, ¢;<¢{), where individual chains of the
o 50f o 20k dilute component are subject to minimal screening effects
o wp

and expand due to a favorable interaction with the good
. ® . (Ef) . polymeric solvent, as reported jii1,12. Conversely, in the
30 32 34 36 232 233 234 235 236 poor polymeric solvent domainf¢-0, ,T<®y), the domi-
HT (1077K) UT (107/K) nating attractive intramolecular interactions between the seg-
FIG. 2. (@ & vs T! in the LCST blend dPS My, ments facilitate_: contraction of th(—_} minority component, as
=246 000)-PVME (l,y=201000),5y=0.19.(b) &2 vs T in the ~ WaS o_bserved ||h10]._ At the same tl_me, the majority species
UCST blenddPS (M,=2620)-PPMS My=2530), dppe=0.48.  EXperience predominantly the environment of the same com-
Solid lines are described by the mean-field equaioR—¢,2/1 ~ Ponent and thus exhibit the unperturbed dimensions as in
—Tc/T| with parametersé = 15.7+0.05 A, Tc=431.15-0.1 K  Polymer melt at botfT>® andT<0 [6-8,28. The devia-
(dPS-PVME) and £&,=6.70.05A, Tc=233.75:t0.5K tion of Ry from Ry(®) in strongly asymmetric blends re-
(dPS-PPMS). stricts the applicability of the RPA to the regions shown
schematically in the conceptual phase diagram of the weakly
interacting UCST and LCST homopolymer blenfisig.
to that found in polymer solutions in poor organic solvents3(b)], which summarizes the available experimental observa-
(e.g., polystyrene-acetorfd7]), which remain microscopi- tions as well as results of computer simulations.
cally phase-separated% Rg) at all temperatures. Likewise,  Our results show that polymer blends reproduce main fea-
dPDMS and PEMS do not mix randomly and thus PEMStures of the temperature-concentration phase diagfgrof
behaves as a poor polymeric solventdtDMS. In contrast, polymers in small molecule solvents, though the behavior of
the behavior of the hydrogen-bonded blend PMMA-PVPh ispolymer blends is much richer due the availability of an
similar to that found in polymer solutions in good solventsadditional “degree of freedom” related to the molecular
(e.g., polystyrene-tolueng23]), which are randomly mixed weight of the polymeric solvent. Recently, we have demon-
at T>Tc and thus PVPh is a good polymeric solvent for strated that th& condition may also be induced in mixtures
dPMMA [24]. of polymers with supercritical fluids by varying temperature
The variation of¢ with temperature in the LCST blend and/or pressurgl3]. Using the de Gennes scaling tempera-
dPS-PVME (pgps=0.19) and the UCST blend dPS-PPMS ture variablg1] 7* =(T—T¢)/(® —T¢), which accounts for
(¢gps=0.48) is shown in Fig. 2. Using experimental valuesthe temperature distance from both tBetemperature and
émts Tc [Fig. 2@)], andé,(©)=81 A [Eq.(6)], we calculate Tc, we represent the correlation length of the concentration
via Eq. (8) a “lower” O temperature of dPS-PVMB, fluctuations in the scaling form
=142+1 °C. ®_ may also be determined independently via
the conditiony(®)=0. Using experimental datg,25 on
x(T) for dPS-PVME blends with the same concentration E=E(O) () (10
¢gps=0.19 and extrapolating tg=0, we obtain®, =142
+4 °C, which confirms the consistency of both methods for
determining the®, . Analogous calculations for dPS-PVME with the exponent»*=0.5 in the mean-field domain
blends[4,25] with various¢ andM, of components give the (T=0,7*=1) and »*=0.63 in the critical region
values of®, shown in Fig. 8a). Similarly, the inset in Fig. (T=Tq,7*=1), and&(0) defined by Eq(6). As is seen
3(b) shows the “uppe® temperatures” @) for the UCST in Fig. 4, the correlation lengthg/ &, (®) of various @
blend dPS-PPMS, calculated via E8) using the parameters systems—both LCST and UCST polymer blends, polymer
éme, Tc [Fig. 2b)], and£,(®)=7.9 A [Eq. (6)] obtained in  solutions, and mixtures of polymers with supercritical
this work and our previous studi€$8,26. We note that both  fluids—collapse on a master curve in the wide range of the
®_ and® are independent of the molecular weight of com-molecular weight 2500—200 006) temperature 65—484 °C,
ponents, but vary with the concentration of dPS due to thend the critical temperature40—160 °C. We believe this to
perturbation of the segment-segment interactions caused tpe the first demonstration of the universality of the structure
deuteration27]. The effect of isotopic substitution is oppo- and thermodynamic properties of polymer molecules in the
site in sign for UCST and LCST blends, respectively, with® polymeric, liquid, and supercritical solvents.
the latter becoming more miscibland the former legsas a In summary, we have demonstrated that, like small mol-
function of ¢4ps. The magnitude of the effect is also signifi- ecule solvents, polymers may behave as p@grand good
cantly different for entropy-driveLCST) and enthalpy- polymeric solvents for the other component of polymer
driven (UCST) phase demixing. blends, and we suggested a conceptual phase diagram, which
We believe the data presented in Figa)3are the first outlines the range of validity of the RPA. We have also dem-
demonstration of the existence of i@, and ®, lines, onstrated that macromolecules behave universally in poly-
which separate poory(>0) and good solvent<0) do-  meric, liquid, and supercritic# solvents over a wide range
mains in the phase diagrams of both LCST and UCST polyeof thermodynamic parameters. We believe that the occur-
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FIG. 3. (Color) (a) Lower ® temperatures®, ) of the LCST blendsiPS-PVME obtained using conditiop=0 (*) and Eq.(8) (O) from
the datay(T) and &(T) tabulated in4,25]; V and A are®, reported in[12,16. The inset shows the upp@r temperatures®,) for the
UCST blendsdPS-PPMS calculated from E¢). Solid lines are guides to the eyd) Generic phase diagram of the weakly interacting
UCST and LCST® homopolymer blendgone component deuterajedrhe vertical dotted lines correspond = ¢* of the dilute
component. The RPA is valid in blue domains and breaks down in the strong asymmetridéniitolue and reddish domajndue to the

shrinking or swelling of polymer coils of the minority component.
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rence of the lower and upp@& points as well as their sig- phase diagram corresponding to the pd&drand good poly-
nificant variation with the concentration of a deuterated commeric solventg29].

ponent may provide new insight and interpretation of some _ o )
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of the Ginzburg number in polymer blends and the way theyl. P. Russell, and M. Shibayama for useful discussions and
may cross over from the mean field to fluctuation regimesM. Stamm for discussions and providing the isotopically
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specific aspects of the polymer behavior in the regions of thenany.
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