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In this paper, we report the results of static and dynamic light scattering investigations of polydimethyl siloxane
(PDMS) solutions in both liquid and supercritical carbon dioxide £C0his study was performed below the

theta point and provides quantitative information on the €avent quality over a large range of temperature
(25—54°C) and density (0.971.01 g/mL). The solvent quality of the G@an be adjusted by independently
varying temperature or density, as demonstrated by the dependence of the second virial coefficient on these
two parameters. The theta temperature was observed to be a strong function déi&¥@y and may be a

weak function of the PDMS molecular weight. The strength of the excluded volume interactions in thePDMS
CO;, solution was determined to be weaker than predicted, and no universal behavior was observed.

I. Introduction relative strength of polymerpolymer versus polymersolvent
o ) ) ) interactions. A, has been measured by either static light

Carbon dioxide (C€) is a byproduct of many industrial  scattering (SLSJ~14or small angle neutron scattering (SANS),
processes. It has many desirable characteristics, including beingy, several compressed traditional organic solvents; however, only
naturally occurring, nontoxic, nonflammable, and thus it seems 5 few such measurements have been performed in compressed
to be an environmentally friendly alternative to reduce large cQ, 16 SANS has been the main technique used to investigate
quantities of solvent and water waste generated by industrial co, solubility of fluoropolymers such as hexafluoropropylene
processes. Liquid and supercritical £@an have gaslike  oxjde (HFPPOY and poly(1,1-dihydroperfluorooctyl acrylate)
viscosities and liquidlike densities. The advantages of the (pppa)1618-20 pEOA was also studied by SLS in Gand
utilization of supercritical C@ as compared to other super- — the solvent quality was demonstrated to improve with,CO
critical fluids, include its accessible critical temperature and density’® The universal dependence @6 on the polymer

pressureTeriical = 31 °C; Porical = 72.8 atm); its environmental  interaction parameted%(T — T,)/T is predicted theoreticallf

friendliness, its nonflammability, and its inertness to many \here N is the number of Kuhn segments per chalnthe

chemllcal reactllons.. o N absolute temperature, an@y the theta temperature. This
Various applications for liquid and supercritical g@ave universal behavior of; was verified experimentally in tradi-

recently been highlighted in the literature, including the tional organic solvenfsand by numerical simulations performed
polymerization of various monomers, especially fluoroolefins, above the theta temperatufe.

low-surface-energy coatings, and the design of resist materials - pojysjloxanes were chosen for the present study, because they
with low absorbi?ce at 193 and 157 nm in the field of 5e easier to characterize in traditional organic solvents, although
microlithography:~ For the successful use of compresse:CO  they are less soluble in GEhan most fluoropolymers. Previous
processes, however, I_<novyledge about the .SO|U'[IOI.’I propertiesyolydimethyl siloxane (PDMS) studies performed in £O
Qf the binary systems is still necessary. For |nd'usFr|aI applica- focused mainly on the boundaries between poor and good
tions, a thorough understanding of solvent quality is key. Most so|yent regimes. These investigations were performed by either
polymeric species are_lnsoluble in @®Amorphous fluo- cloud point curve@? dynamic light scattering (DLS¥ or
ropolymer$® and polysiloxanéshave been observed to be  gaNS24.25 however, they did not give quantitative and direct
soluble in dense Cfover a large range of easily accessible ata related to polymersolvent interactions as provided by the
experimental conditions. In addition, some reports have claimed o, measurements.

limited solubility of some oligomeric materials, including poly- In this paper, we report thé, values for PDMS solutions in

(ether car.bonateé}a.nd poly(propylene oxid). both benzene and compressed,Clhe investigation in benzene
Scattering techniques allow for the measurement of solvent 55 performed to characterize the polymer samples. The studies
quality through the determination of the second virial coefficient CO, were performed over a large range of experimental
Ao, which is a thermodynamic parameter that is related to the ¢ongitions to provide quantitative information related to solvent
quality variation as the temperature or density of the, @@s
"Part of the special issue “Tomas Baer Festschrift’. changed independently. PDMS samples with three different
* Authors to whom correspondence should be addressed. E-mail ad- olecular weightsNlw = 17, 24, and 31 kDa) were studied
d : desi .edu, .edu, mad .edu. . P e
rexss(?,isverseig,mg?r,l,%%# Q?afoﬁn;“ ;t@cuﬁ;p; lﬁ”?_qa am@unc.edu via DLS, whereas only samples with the two larger molecular

8 North Carolina State University. weights were studied by SLS.
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Il. Experimental Section

II.1. Sample Characteristics and ProcedurePDMS samples
were purchased from Polymer Standards. The polydispersity o
all of the samples was 1.05, which was low enough for its

influence on the results to be neglected, because we are no
concerned with phase separation. Benzene (Fisher) and high-

purity CO, (Air Products, SFC grade) were used as solvents.

All the products were used as received, without further treatment

or purification.
The polymer concentration was determined using gravimetric

methods. The scattering experiments were first performed at a

Andre et al.

3.21x 10 5cmtat 25°C for A = 514 nm. For the experiments
performed in benzene, a Rayleigh ratio RF"**"*= 3.00 x

§107> cm ! for 1 = 514 nm was usedf. The dependence of

excess Rayleigh rati®(g,C) on polymer concentratio@ and
scattering wavevectay is given by8

KC _ 1

R0 ~vp@ 2A,C + ... )
|

%—1+§R92q2+... ®)

CO, density that was set at room temperature, and then thewhere A, is the second virial coefficient that describes the

temperature was varied by heating the cell while keeping the
amount of polymer and CQronstant. PDMS samples with low
molecular weightsNl,, = 17, 24, and 31 kDa) were chosen
because they are more soluble in Ctherefore making it easier

polymer—solvent interactiond?(q) the polymer scattering factor,
andRy the radius of gyration. As will be shown later, the size
of the polymers studied were such that the maximum value of
gRy was on the order of 0.1. Thus, the scattered intensity was

to avoid temperatures and pressures where phase separation maydependent of] and the experiments were performedjats

occur. The reproducibility of the measurements was checked
by reloading the cell with polymer and GGnd using an
equilibration time that was 30 min longer than the time required

90°. 1(q,C) was determined by averaging 20 measurements over
a scattering angle interval of 10K is an optical constant,
defined a&®

to reach stable values of temperature, pressure, and scattered

and transmitted intensities. Details of the experimental procedure

are given in the Supplemental Information.

I1.2. Apparatus and Light Scattering Cells. Static and
dynamic light scattering (SLS and DLS, respectively) experi-
ments were performed with equipment from Brookhaven
Instruments, including a spectrometer that was equipped with
a polarized Af ion laser operating at a wavelength/of= 514
nm, and a working output power that varied from 20 mW to
200 mw.

For high-pressure studies, a light scattering cell was manu-
factured in brass with sapphire windows, which was designed

to operate at pressures up to 68.9 MPa. The cell fits on the top
of the Brookhaven goniometer and allows measurements at

angles of 48, 90°, and 138. The polymer concentration in the
cell can be reduced by increasing the inner volume from 8.3
mL to 47.3 mL, using a stainless-steel cylindrical piston. A
syringe pump (ISCO, model 260D) was used to delivep @O
the cell. CQ was filtered by a Swagelok Tee-Type Filter (0.5

um). The pressure was monitored with a pressure transducer

(Sensotec A-205, precision of 1% full scale). The temperature
of the sample was monitored by two Type-K thermocouples
that were connected with a temperature control unit (Omega
CN77353-A2). Temperature control of the cell was maintained
within a precision and stability of 0.8C using a circulating
fluid temperature bath.
11.3. Light Scattering Principles. The relevant parameter

for scattering studies is the scattering wave vegtarhich is

defined by
atng (g
2 SII"(E)

where@ is the scattering angle amg is the refractive index of
the solvent. Thens value for the CQ investigation was
calculated for every experimental condit?ér{the values are
listed in the Supplemental Information).

11.3.1. Static Light Scattering (SLS) the SLS experiments
and for various polymer concentratio@s the relative excess
of scattered intensityl(q,C)) was measured, with respect to the

q= 1)

‘= 47°n(dn/dC)?

4
o, (4)
where a/dC is the refractive index increment andy is
Avogadro’s number. For PDMS in benzeneydC = 0.0919
mL/g at 25°C 2930 Because the values ofdiC for polymers

in CO, are not available, ddC was calculated for every GO
density of interest, based on the expansion of the solution
refractive indexnsotion @s a function of the polymer concentra-

tion:

+mC+

ic (®)

Nsolution = nC02
wherenco, is the refractive index of the COThe refractive
index ch/dC was approximated by linear interpolation between
the two pure components:

dn Nco, ~ Mepms

qc (6)

PpDMS

wherenppums is the refractive index of the polymer (1.405) and
pppwms is the PDMS density (0.97 g/mLS}.

11.3.2. Dynamic Light Scattering (DLSIn DLS experiments,
the time autocorrelation function of the scattered intensity
(gd(t,g)) was measured and expressed in terms of the field
autocorrelation functiong(®(q,t)):28

1*(9,0)l(g,)01

L Dy 1) [2
Sy

g®at) = (7)

where A is an instrument constant. The values Afin our
experiments were in the range of 0-25.5, depending upon
the number of coherence areas selected. The electric field
autocorrelation function is defined as

[E*(0)E(®)T]

(1) —
g9 EO)D

(8)

solvent. The scattering data were converted to the excesswhereE(t) andE(Q) represent the scattered electric field at time

Rayleigh’s ratio,R(q,C). In CO,, the R(q,C) value has been
corrected using a toluene sample refereriRig,C) = 1(q,C)
RO coflioiens for which the Rayleigh ratio igRP"e" =

t and timet = 0, respectively.
For all solutions studied in this work, the exponential
autocorrelations were characterized by a single characteristic
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Figure 2. KC/R as a function of the polymer concentratiGrior PDMS
samples withM,, = 31 kDa at a C@density of 0.97 g/mL and three
different temperatures:l) 25, (a) 37, and @) 54 °C.
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Figure 1. Semilogarithmic plot of the field autocorrelation functions

(g®(q,t)) obtained at 28C for PDMS samples with a molecular weight

of My = 31 kDa, a CQ density of 1.04 g/mL, and a polymer

concentration o€ = 0.0232 g/mL. Different sets of symbols correspond

to wavevectors: W) 0.0284, &) 0.0216, and®) 0.0107 nn1t.

35 } 1
time (zc), which is inversely proportional tg?. In this case, the ‘%
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field autocorrelation functiom®(q,t) is
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D. is the mutual diffusion coefficient. Experimentallp. was Pcoz(glmL)
determined to be independentgpénd was averaged over three 1;’;_96 ‘ 1 04
scattering angles: 4190°, and 137. For illustrative purposes, Figure 3. Molecular weights determined by light scattering in £

experimental field autocorrelation fun'ctiog@;)(q,t) are shown  o5'c plotted as a function of the G@ensity for two samples:m)
in semilogarithmic representation in Figure 1, where the straight 24 and &) 31 kDa. Dashed lines at 24 and 31 kDa correspond to the

lines correspond to the fitted curves obtained using eq 9. molecular-weight values measured in benzene.
The mutual diffusion coefficient varies linearly with the
polymer concentration. For the sake of clarity, Figure 2 presents only some of the
measurements performed for one of the molecular weights
D,=Dy(1+kC+..) (10) analyzed.

The molecular weights of the PDMS samples were deter-
where ky is the diffusional second virial coefficient, which mined in benzene and in GOThe molecular weights deter-
contains both hydrodynamic and thermodynamic interacfidns, mined as a function of C&density are shown in Figure 3 (see
andDy is the translational diffusion coefficient of the polymer ~Supplemental Information for tables of data). There is good
at infinite dilution, which is related to the hydrodynamic radius, agreement (within 10%) between the determination of the

Ry, through the StokesEinstein relation: molecular weights of the PDMS samples measured in benzene
at 25°C and in CQ at every experimental conditioM(, = 24
kT and 31 kDa). This agreement in the molecular weight between
0 6y R, 1) the different solvents supports the calculation of the refractive

index increment, d/dC (see eq 6). In addition, this confirms

wherek is the Boltzmann constariL,is the absolute temperature, that phasr_e separation _does_ not oceur in the range of temperature
and 75 is the solvent viscosity, which is a function of both and density scanned |r_1 this experiment.
temperature and solvent density (see Supplemental Information From the concentration dependence<@¥/R, the product of

for tables of data). the second virial coefficient and the molecular weighi,£y)
can be determinedM,,A; was observed to vary significantly
lll. Results with temperature as the GQlensity was kept constant (see

Figure 4A and B).

I11.1. Static Light Scattering. SLS measurements in benzene
g g For each molecular weight and each £density, the value

and in CQ were conducted to determine the second virial ) . . :
coefficient () and the molecular weights of the PDMS samples ©f MwAz increases with temperature. In Figure 4B, the filled
under various experimental conditiofOnly the data obtained symbols correspond to data measured with an equilibration time

in CO; are fully presented herein. G@ensity and temperature 30 Min longer than that for the data represented by empty

were varied separately, over ranges of 8:201 g/mL and 25 symbols. The results were observed to be reproducible within
54 °C, respectively. the error bars.

The molecular weights of the PDMS samples were deduced When the CQdensity was increased from 0.97 g/mL to 1.01
from the extrapolation to zero concentration of tKE/R g/mL, theM,,A; values increased and the temperature influence
measurements, whereas their concentration dependence allowellecame stronger (see Figure 4A and B). This trend was observed
for the determination of the value &% (see eq 2). for both of the different-molecular-weight PDMS samples that

The expected linear variation ®fC/R with C is shown in were analyzed. Although th,,A; values remained negative,
Figure 2. This behavior was observed for every experimental in the range of experimental conditions investigated, the linear
condition when either temperature or €@ensity was varied. extrapolation of the variation d,,A; with temperature was
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Figure 4. (A and B) Variation of the second virial coefficient
multiplied by the molecular weightM,A;, as a function of the
temperature for C@densities of 0.97 g/mL (square symbols) and 1.01
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Figure 5. (A) Diffusion coefficients multiplied by the C@viscosity
plotted as a function of the polymer concentration, measured at various
temperatures i) 25, (a) 40, and @) 54 °C) for a PDMS sample with
a molecular weight of 31 kDa. (B) Hydrodynamic radii as a function
of temperature (dashed lines indic&evalues measured in benzene)
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g/mL (circular symbols); panel A shows data for a PDMS sample with (PDMS molecular weight of@) 17, @) 24, and &) 31 kDa). (C)
a molecular weight of 24 kDa, whereas panel B shows data for a PDMS Variation of kg, with temperature; data for GQlensities of 0.97 and

sample with a molecular weight of 31 kDa. (C and M)A, as a
function of the CQ density at 25°C; panel C shows data for a PDMS

1.01 g/mL are denoted by filled symbols and empty symbols,
respectively (PDMS molecular weight o®) 17, @) 24, and &) 31

sample with a molecular weight of 24 kDa, whereas panel D shows kDa). (D) Variation ofks with the CQ density at 25°C (PDMS
data for a PDMS sample with a molecular weight of 31 Kdalton. Empty molecular weight of @) 17, @) 24, and 4) 31 kDa).

and filled symbols correspond to the first and second runs, respectively.

TABLE 1: Theta Temperatures as a Function of the CQ
Density (pco,) for the Two PDMS Molecular Weights (My,)

theta temperaturd gexirap (°C)

pco, (@/mL) M, = 24 kDa My = 31 kDa
0.97 66+ 4 71+2
1.01 54+ 6 58+ 4

used to determine the theta temperattigej.e., the temperature
at whichA; = 0 (see Table 1).

The precision of such an extrapolation is limited by the
temperature interval betwedp and the higher temperature at
which experiments can safely be performégis a function of
CO;, density: it changes by12 °C as the C@density varies
within a range of 0.971.01 g/mL. The uncertainty in the
estimate ofTy does not allow us to establish if it is dependent
on the PDMS molecular weight.

At constant temperature, the variation Mf,A; with CO;
density was investigated (see Figure 4C and D). The deDsity

TABLE 2: Hydrodynamic Radius (Ry) in CO,, Averaged
over Various Temperatures and Solvent Densities

averageR, (+£0.2 nm)

Mw (kDa) inCQ in benzeng
17 2.6 24
24 2.9 2.8
31 35 3.3

2R, value in benzene was measured at°25

Figure 5A illustrates the variation dD.ys with polymer
concentratiorC. Multiplying the diffusion coefficienD. by #s
accounts for the variation of the solvent viscosity with temper-
ature and density (see eq 11). In all cadeswas determined
to vary linearly withC. Figure 5B presents the hydrodynamic
radius, R,, obtained from the extrapolation dd; to zero
concentration using eq 11. Data were obtained at different CO
densities and different temperatures. Three molecular wéfghts
were studied by DLS; the hydrodynamic radii were determined
to be independent of both temperature and solvent density. The

effect can be considered to be nonmonotonic; as the solventsizes of these polymers were also measured in benzene. The
density was increaset,,A; first increased and then decreased hydrodynamic sizes in C{are systematically larger than those
for density higher than 1.01 g/mL. To confirm this decrease of in benzene; however, the difference between the two data sets
solvent quality, an investigation over a larger range of density are comparable to the experimental precisig®. nm) (see
would be required. We could not perform experiments in this Table 2 and dashed lines in Figure 5B).

higher pressure range, because of both the pressure limit of the The diffusional “second virial” coefficienkg) was extracted
ISCO pump and the safety limit imposed by the present from Figure 5A (see eq 10), and the results were plotted as a
scattering setup. The nonmonotonic behaviorMfA, was function of temperature in Figure 5C (see also Supplemental
observed for the two different-molecular-weight PDMS samples |nformation). For all three PDMS samplds, increases as the
and indicates that there is no €@eta density 4y) at 25°C. temperature increases at constant,Cdnsity. A similar

I11.2. Dynamic Light Scattering. The DLS technique can
be used to measure the mutual diffusion of the polyrber|ts
extrapolation to zero concentratiol),, is related to the

temperature effect was observed at other,@@nsities. The
coefficientky contains both hydrodynamic and thermodynamic
contributions®? and the solvent quality improvement with

hydrodynamic size of the polymers, whereas the concentrationtemperature measured by DLS was qualitatively consistent with
dependence db. is related to the interactions (see eqs 10 and the changes in the thermodynamic interactioMsA;, as
11). measured by SLS (compare Figures 5C, 4A, and 4B). The
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temperature variation dfl,A, was determined to be stronger

at higher CQ densities, whereas the temperature variation of _06] + 1

ks was determined not to be very sensitive to &i@nsity. When Ta_

the CQ density was increased from 0.94 g/mL to 1.01 g/mL, g

the variation oky with temperature did not change significantly S 04 S

(compare empty and filled symbols in Figure 5C). The variation =’

of kg with the solvent density at 28C is plotted in Figure 5D. :s; [

Over the studied range of parametédgsywas determined to be <02 /

independent of solvent density within the experimental uncer- i 1

tainty. 2=C N"*(1-Ty IT)
T T

IV. Discussion Figure 6. Normalized second virial coefficient plotted as a function

) ) of the interaction parameter for PDMS samples with molecular weights
|V-1-_ Theta Temperature and Interactions. The light of (W) 24 and @) 31 kDa in benzene. The data previously obtained in
scattering data presented previously can be compared to tharaditional organic solvents (not shown) are located between the two

phase behavior of PDMS in supercritical £@cCQ), which solid curves:3*%
was previously investigated by Melnichenko and co-worKers
using SANS for similar and higher molecular weights. They
probed the transition from th conditions to the good solvent
regime, as a function of both temperature and solvent density. AMYZM32
Their study was performed at the overlap concentration, and 27w 0
both the radius of gyration and the correlation length were NAb3
measured. Interestingly, note that, despite a range of experi-

mental conditions (ranging from the good solvent regime to the whereN4 is Avogadro’s numberMy = 381 Da andb = 13
conditions where the polymer precipitated), Melnichenko et al. A are the mass and length of the Kuhn segment, respecfively.
did not observe a size reduction of the polymer coils. They found The interaction parameter is defined’as

that the transition temperature decreased as thg de@sity
increased (70C at 0.93+ 1 g/mL, and 65°C at 0.95 g/mL),
which supports the results presented herein (see Table 1).

The variation ofTy with solvent density or pressure is not a
specific property of either PDMS or scGOndeed, Dickson et
al. studied the phase diagram of PFOMA samples of various
molecular weights and reported a decreasgafith increasing
CO, density, which is consistent with improvement of the
solvent quality?* A variation of thed conditions with either
the pressure or the solvent density has also been reported i
traditional organic solvents for several polymer systems, such
as polystyrene (PS) in trans-decafinand cyclohexané&
polyisobutylene in 2-methylbutariéand PDMS in cyclohexyl effects to be neglected.

idel2

bromlgle. . L ) Experimentally, this behavior was verified for PS in both

By investigating the variation of the correlation length @s @ pecalin and toluen&More recently:’ a Monte Carlo simulation
function of CQ pressure at constant temperatéffét was was used to investigate the properties of polymer chains. The
experimentally observed that a narrow single phase solventqefficientsC, and C, were determined to be independent of
density region can be surrounded by two phase boundaries o system under consideration and equal to 8:20.02 and
reachable by either decreasing or increasing the solvent density, 5o 1 0.08, respectively. Various chain lengths and segrent
This decrease of PDMS miscibility at both high and low £O  gegment interactions were used and simulation data were
density, measured by SANS,is consistent with the trend  qo|jansed onto the experimental data without the use of
observed in Figure 4C and D, where the second virial coefficient additional adjustable parameters. As a consequence, this uni-
A; first increases as CQdensity increases and then starts t0 \arsal model is expected to apply to all uncharged linear

volume for any pair of segments. The second virial coefficient,
A, is a universal functioft of the interaction parametez,

=Cif(29 (12)

T
z2=C N = C2N1’2(1 - T“’) (13)
whereT is the solution temperature,is its relative deviation
from Ty, N is the number of Kuhn segments in the polymer
chain, and botlC; andC; are proportionality coefficients. The
limiting behaviors of the universal function i&) = zfor z <
1 (corresponding to thé solvent) andf(z) = 2588 for z> 1
good solvent limit). This form of universal relation assumes
hat (i) the interaction parameter is a simple functionmaind
Ty, as described by eq 13; (ii) the Kuhn lendptis independent
of solvent; and (iii) the chain is long enough for end-group

decrease for Cg)de'ns.ities higher than. 1.01' g/mL. polymers in@ and good solvents.
The solvent quality information provided in the presentwork  The aforementioned approach was used to treat the PDMS
by SLS and DLS can be compared. As opposed;tbehavior, data collected in benzene whekgremains positive. The theta

no maximum value okg, as a function of C@ density, is temperature ofy = —7 °C and the length of a Kuhn segment,

observed. However, when temperature is increased, the variatiorh = 14 A, were previously reported in the literati#fe.

of A, andky indicates an improvement of the polymer solubility  Figure 6 presents a good agreement of our data on PDMS in

in compressed C{(see Figures 4A, 4B, and 5C). benzene with the universal dependence of the second virial
IV.2. Second Virial Coefficients. IV.2.1. Positie Second coefficient (eq 12) confirmed in earlier experiments on polymers

Virial Coefficient Thermodynamic and conformational proper- in organic solvent3®3” In benzene, the amplitude of the

ties of polymer solutions have been studied for a long fipé. interaction parameterz, is >1, indicating that most of the

In 19669 Berry experimentally confirmed, using PS samples, measurements were performed in the good solvent regime.

that the positive second virial coefficient is simply related to ~ 1V.2.2. Negatie Second Virial CoefficientThere are only

three parameters: the unperturbed state in which the conformafew experimental studies of the paramefgrfor polymers in

tion of a chain molecule is described by random walk statistics, solutions below their theta temperature. Theoretical models

the number of effective segments, and the mutually excluded predict a universal curve whethgMj,/2 MS’ZI(NAb3) is plotted as
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Oy end-to-end distancdyy, is proportional to the square root of
the molecular weight:

= o b/ Ro = V6agR, (14)
io 02! +* pe i where ogn is the ratio of the radius of gyration to the
g +~Hr hydrodynamic radiusogh = 1.27 atT,).5¢ For PDMS in various
s | + ] 0 solvents, 18Ry/\/M,, is equal to 6.1+ 0.1 nm mo}?
<03 - ] gY22930 From Table 2, we obtain the ratio 2R/,/M,, for

1 :+: 2=C N"(1-Ty ). PDMS. Its value was equal to 6& 0.5 nm mot2 g=12in

0.4 ST I CO, and 5.64 0.5 nm mot?2 g=2in benzene.

-3 -2 -1 0

Figure 7. Reduced second virial coefficient of PDMS samples with :
molecular weights ofl) 24 and &) 31 kDa in CQ at a density of chains are not affected by the solvent temperature or the CO

0.97 g/mL. Linear extrapolation of the universal curve into the negative F’e”Sit}’ over the. entire range of EXperimgntaI conditions
A, regime is represented by the dashed line. investigated in this work. This may be explained by the fact
that the expected hydrodynamic swelling was too small, in

a function of the interaction paramefe4?41 The most studied comparison to the experimental precision. A similar conclusion
system in the negativé\, region is PS in cyclohexarfg. is reached for the swelling of our PDMS chains in benzene. To

However, none of the theoretical models successfully describeSUmmarize, the absence of a measurable size variation with the
the variation of A, for PS in cyclohexane below its theta €xperimental conditions is consistent with the fact that the
temperature. Instead, the experimental data for different mo- Polymers investigated in this study are too small for the change
lecular weights do not collapse onto the same “universal curve”. Of their size to be larger than the experimental precision.

The experimental results obtained with PDMS in CO .
solutions at a solvent density of 0.97 g/mL are presented in V- Conclusion

Figure 7. The dashed line is the linear extrapolation of the |n this paper, we report the results of static light scattering
universal curveCif(z) = Cyz, into the negative®; regime. As  (SLS) and dynamic light scattering (DLS) experiments in both
zbecomes more negative, the experimental variatiokofith compressed and supercritical €0’he results show that both
zis weaker than predicted by this extrapolation. Note that linear the size and the average molecular weight measured in CO
extrapolation is not expected to be valid fox —1. The data and benzene are in good agreement. In compressed tgi®
for PDMS in CQ did not collapse onto one single curve. An  study was performed below thepoint. The compressed GO
increase in molecular weight results in a decreasiivalues  solvent quality can be tuned with temperature, as observed by
at a constant interaction parametef his behavior is opposite  poth SLS and DLS. The hydrodynamic radius measured in CO
to that reported for the PSyclohexane systerf.Further study  remained equal to thé size over the entire range of solvent
is needed for a deeper understanding of this nonuniversalquality that was investigated and was in good agreement with
behavior. Two possible sources of nonuniversality can be reported data in othe? solvents.
identified: This study provides quantitative information on £&lvent
(1) The absence of collapse of the normalizedralues®44 quality over a large range of experimental conditions. The
and the molecular weight variation of tfig value observed extrapolated theta temperaturg) was determined to be a
for PDMS in CQ (see Table 1) may be explained by the strong function of CQ density and a weaker function of
contribution of the end grodp*° to the effective polymer polydimethy! siloxane (PDMS) molecular weight. In the PDMS
solvent interactions. Although not yet carefully investigated CQ, solution, the strength of the interactions was weaker than
under subd conditions, the end group effect has been proposed predicted and no universal behavior was observed. An end-group
to explain the molecular-weight variation @ observed with  contribution to the interactions and the approximation of the
various short polymer chains in several solvents, the strong expression of the interaction parameter are proposed as con-
molecular weight dependenceAfin the RitMS—cyclohexane  tributing to the failure of the universality approach.
system}34¢ and the very weak molecular weight dependence |n addition, the observed behavior of PDMS in £®as
of A, for PS-cyclohexané!>! compared with a previous small-angle neutron scattering
(2) The approximation of the interaction parameter by a (SANS) investigation of PDMS. This work confirmed that the
simple function such as eq 13 is not necessarily correct andCQ, density is not the only parameter to control polymer
must be carefully re-evaluated for systems with large absolute soubility and that temperature can have an important role in
values of the interaction parameterThis approximation has  tuning solubility. Furthermore, an increase in £d@nsity was
been verified abovd, for some generic polymeric systems; shown to improve and then reduce the Cflvent quality.
however, it is expected to be valid only very clos@goWithers
et al5? noticed that an additional adjustable parameter may be  Acknowledgment. The authors would like to thank F. Pinero
required to collapse experimentally measured and numerically who engineered the final design of the high-pressure cells. We
simulated swelling coefficiens:>4 are also indebted to J. L. Dickson and K. P. Johnston for access
IV.3. Polymer Size. Good agreement between the PDMS to the preprint of their paper. The authors would like to thank
chain sizes determined in benzene and,@&s been achieved the Kenan Center for the Utilization of Carbon Dioxide in
(see Table 2). This is consistent with the fact that below Manufacturing for financial support and the NSF Science and
neither phase separation nor polymer aggregation was observed'echnology Center for Environmentally Responsible Solvent
within the range of experimentally studied conditions for PDMS and Processes (under No. CHE-9876674).
in CO,. The hydrodynamic radii also agree well with data
obtained for similar molecular weights in bromocyclohexane  Supporting Information Available: Technical details,
at Ty, which were 2.9 and 3.6 nm for the PDMS samples with experimental procedure, and tables of data (PDF). This material
My = 21.2 and 31.9 kDa, respectivélyIn a 6 solvent, the is available free of charge via the Internet at http://pubs.acs.org.

We conclude that, within the error bars, the sizes of PDMS
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