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ABSTRACT: The solution properties of a fluorinated alkyl methacrylate, poly(1,1,2,2-tetrahydroperfluorooctyl
methacrylate) (PFOMA), in liquid and supercritical carbon dioxide fO@ere studied by static and dynamic

light scattering. The solvent quality of G@vas found to improve with increasing temperature ang G@énsity

as exhibited by an increase of the second virial coefficient. Both the hydrodynamic radius expansion factor and
the second virial coefficient of PFOMA solution were found to be functions of a single interaction parameter that
can be independently changed by either temperature or density variations. Furthermore, we demonstrate that the
relationship between two directly measurable quantities, the second virial coefficient and the hydrodynamic
expansion ratio, is the same for both temperature-induced ana@l@®ity-induced variations of solvent quality.

I. Introduction 1 T . .

As a so_lvent, supercrit?ca_ll ca_rbon O!ioxide (scp;@ossesses_ Good Solvent
many unique characteristics including an easily accessible
critical point (a critical temperature,, of 31.1°C and a critical
pressurep., of 73.8 bar@ A unique feature of scCQis the
ability to easily tune the solvent quality by changing the
temperature ) or CO, density p).2 Many amorphous fluo-
ropolymers are soluble in liquid or supercritical carbon di-
oxidel* The ability to dissolve polymers in scG@reates new
opportunities in chemical manufacturing, such as spin-coating
and spray-coating from liquid CQseparations, and complex- 07 . . . ]
ation of organic acids and heavy metai$® Therefore, it is 280 300 320 340 360
necessary to understand the solvent properties of f6the Temperature (K)
various polymers envisaged for these applications. Figure 1. Theta curve (dependence 6fdensity onf-temperature)

Various experimental techniques have been used to characterfor PFOMA solution in CG.
ize polymer solutions in carbon dioxidé&:1® The most com-

monly used method to characterize polymer solubility in a 544 CQ density. The focus of this work was to construct
superecritical fluid is to perform phase equilibrium measurements ¢, ctions of a single interaction parameter which enable one to
to determine cloud point curves as a function of temperature or g angitatively predict the strength of interactions and sizes of
CO, density at a given polymer concentratifRecently, high-  pEoMA in CO, with the change of temperature or solvent
pressure scattering methods have been used for quantitativqjensity for different PFOMA molecular weights. For example,
measurements of polymer solution behavior to get information 5, can use this function to calculate how to tune the
about interactions and molecular sizes in carbon dioXid#. temperature and CQiensity to get a desired polymer size or
In this work, we study the influence of solvent density and jnteraction parameter. We demonstrate that both the second virial
temperature on the properties of a fluorinated poly(alkyl coefficient and the hydrodynamic radius expansion coefficient
methacrylate), PFOMA, in COWe investigate the change of  ¢an pe expressed as functions of a single interaction parameter
solvent quality using two different approaches, as shown in ; tnat varies with temperaturd) at constant C@density p)
Figure 1: (1) by varying the temperature at a constant CO asNY1 — 6(p)/T] and with CQ density at constant temperature
density; (2) by changing CQdensity at a constant temperature. 54 NYZ1 — py(T)/p], where 6(p) is the theta temperature for
Using high-pressure static and dynamic light scattering, we given densityp, p is the theta density (the GQlensity at the
measured the molecular weights and sizes of fractionated heta condition), anl is the number of Kuhn segments of the
PFOMA samples. The second virial coefficient and hydrody- polymer chains. The relationship between the second virial
namic radius were found to increase with increasing temperaturecqefficient @) and the hydrodynamic radius expansion factor
(o) was found to follow the same behavior (independent of
lUniversity of North Carolina at Chapel Hill. directions in Figure 1). Therefore, we verified that two different
: ggg;a%axg‘dz r?]tyatoef gg:‘éﬁfe'g’ ways of varying the interaction parametg(irections (1) and
y (2) in Figure 1) are directly related and found that the

* To whom correspondence should be addressed: e-mail mr@unc.edu, . h ' '
desimone@unc.edu. O-temperature varies reciprocally proportional to Qfensity
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0(p) = (260/p)(KmL/g), while thed-density varies reciprocally
proportional to the absolute temperatygT) = (260/T)(g
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Table 1. Rayleigh RatiosRs“°: of CO, at Scattering Angle 90 for
Different CO; Densities at 25°C

0.97
2.26

1.01
1.97

K/mL). Thus, we have confirmed the existence of a single CO.density (g/mL) 0.86 0.89 0.93
interaction parameter that combines the temperature, the solvent Re“% x 1°(cm™) 387 337 275
density, and the degree of polymerization into a single variable.

refractive index valuess for carbon dioxide were measured under
experimental conditions. The range of the external detection angle
was varied from 25 to 155, which results in a scattering
wavevectorq that ranged from 0.010 to 0.027 nfn All DLS
experiments were performed at angles,480°, and 140.

I1.5.1. Static Light Scattering. Static light scattering experiments
measure the relative excess of scattering intensity with respect to
the solventi(g,c) for various polymer concentrations ahd,c) =
(Is = lcoy)/lco, Where thels andlco, are the scattering from the
polymer solution and from CQrespectively. The scattering data
were converted into the excess Rayleigh’s ra(y,c), using the

Il. Experimental Section

11.1. Materials. The monomer 1,1,2,2-tetrahydroperfluorooctyl
methacrylate (FOMA) (provided by DuPont) was purified and
deinhibited by passing it through an alumina column. The initiator
2,2-azobis(isobutyronitrile) (AIBN, Kodak, 99%) was recrystallized
twice in methanol (Aldrich). All purification solvents were pur-
chased from Aldrich and used as received.

11.2. Synthesis of PFOMA. FOMA monomers were purged with
argon for~15 min prior to transferring into a 25 mL high-pressure
view cell containing AIBN (0.5-1 wt %) and a magnetic stirring ) - o toluen
bar. The contents of the high-pressure cell were purged with argon equat!oﬁﬁ R_(q,c) N I(q,c)Reoizene— (@ORy™* co/louene_The
for additional 15 min, and then the reaction cell was heated to 60 Rayleigh ratio of toluene ig;"*"*= 3.21x 10 cm* at 25°C
°C while CO, was added via syringe pump (Isco) over ca. 15 min for 4 = 514 nm, and the Rayleigh ratios of G(R;™) at 25°C
of time to a pressure of 345 bar. The polymerization was continued are listed in Table 1.
for 24 h at 60°C and 345 bar. The resulting polymer and any ~ The dependence of the excess Rayleigh faépc) on scattering
unreacted monomer were removed from the reaction cell by wavevectorg and polymer concentrationis expressed &%
dissolving all of the contents in 1,1,2-trifluorotrichloroethane. The
polymer was precipitated into a large excess of methanol, isolated

Kc 1

_ 1,22
by suction filtration, washed several times with methanol, and dried R(@,c=0) M_W(l t3Rd ) @
in a vacuum oven overnight under reduced pressure.
11.3. Fractionation and Preparation of Polymer Solutions. The Kc 1
isolated PFOMA was fractionated to reduce the polydispersity of M = M_W(l +2M,AqC...) ®3)

samples used in the analysis. Under isothermal conditions, PFOMA

was fractionated by applying an increasing {fessure profilé. . » . ) .
The fractionation temperature was 60, and the pressure was HereA; is the secor_ld virial c_oefﬂment?g is thez—average_ radius
increased from 106 to 414 bar with a step interval of 14 bar. A ©Of gyration, andv,, is the weight-average molecular weight. The
total of 13 fractions were isolated at different ©ensities. Each  ©Ptical constanK is defined by®

fraction was 1.52 g in mass and was numbered consecutively

from 1 to 13. Fractions 2 and 8 were used to measure the refractive 4”2“52 dn\2
index, and fractions 3 and 6 were used to do all other measurements. = 4—(&) (4)
The concentration of the polymer solutions used in the light ANgy

scattering experiments ranged from 0.01 to 0.04 g/mL. The polymer

samples were weighed and sealed into a high-pressure optical cellwhereN,, is Avogadro’s number.

(see details in the Supporting Information). The cell volume was  11.5.2. Dynamic Light Scattering. Dynamic light scattering
adjusted using a piston at the top of the optical cell. Carbon dioxide (DLS) measures the autocorrelation functig®i(g,t) of the scat-
was filtered and injected slowly into the cell at room temperature, tering intensity2® The autocorrelation function depends on how
until the initial pressure reached 131 bar. The polymer solution molecules move on the length scale,With a characteristic time
was then heated to 60C with constant stirring until it became
completely transparent. Subsequently, the solution was stabilized
without stirring for 1.5 h while the transmission intensity of the
polymer solution was detected using a LaserPAD power meter
(Coherent Inc.). All experimental conditions were reached by
decreasing temperatures and/or by increasing thede@sity. The where D is the diffusion coefficient. For dilute solutions, the
scattering intensity was monitored by a photometer with each concentration dependence of the diffusion coefficig(d) can be
temperature and density change until the intensity became stable approximated &

I1.4. Measurement of Refractive Index Increment. The
refractive index increment (ddc) quantifies how the refractive
index of the polymer solution changes with polymer concentration.
For traditional solvents, mdc is measured with a differential
refractometer, and the values for many systems are available in
the literature?* The values of d/dc for most polymers in CQ
however, are unknown and needed to be measured directly. The
measurements of the refractive index increment of two fractions
of PFOMA in CQ, are described in the Supporting Information.

11.5. Light Scattering. Static light scattering (SLS) and dynamic
light scattering (DLS) experiments were performed by means of a
spectrometer equipped with an argon laser (see the Supportin
Information). The scattering wave vectgiis given by

®)

D(c) = Do(1 + kp0) 6

wherekp is the diffusional second virial coefficient afd}, is the
diffusion coefficient at infinite dilution

D=2
0 6y,

™

wheres is the solvent viscositykg is the Boltzmann constant,
Ys the absolute temperature, aRd is the hydrodynamic radius.
Equation 7 is used to calculate hydrodynamic rad®i$rom the
diffusion coefficientD, obtained by extrapolation dd(c) (eq 6)
to infinite dilution (¢ — 0).

I1.6. Interaction Parameter. The second virial coefficient of
polymers dissolved in organic solvents can be collapsed onto a
single curve without any adjustable parameters as was first
demonstrated by Berry for polystyrene solutiéh a good solvenhDV

S

A

q= sin(©/2) 1)

wherens is the refractive index of the solverit,is the wavelength
of the light in the vacuum, an® is the scattering angR8.The
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Table 2. Mass of Kuhn SegmenMs and Kuhn Length b of PFOMA, L L P
PMMA, 30 and PS8 7]
124 (A) » ]
polymer Ms (Da) b (nm) % - ‘ ]
PFOMA 6300 3.0 T e ]
PMMA 666 1.7 . > ]
PS 728 18 2 122} e 1
s |
and in af-region?® A;M,,2is only a function of chain interaction E e ]
parameterz. /? e ]
1.2, ]
1,2M03/2 z for |zl <1 (@ region) .l.
AM, P —— =12 ~ C% " g 0.85 0.9 0.95 1 1.05
N, b 2>% forz>1 (good solvent) - : - :
a) @8) CO2 density (g/mL)
0.14 ; . ;
whereC*: is a numerical coefficient. Kuhn segment mads, and
length, b, are defined through the equivalent freely jointed chain (B)
model?®
5 012f
6Ry” M, £ ‘}’ \‘H
0 ~ =~
b= = ©) 9 H%#‘:};
w [ 5~
S 04f H\ E
_[Rems\? 1
My—i ) v (10)
0.08 ' ' '
wherem is the molar mass of the monom@, is the radius of 0.85 0.9 0.95 1
gyration at the9-condition, and the contour length of the monomer CO, density (g/mL)

is| =2 x 1.54 Ax sin(68) = 2.6 A. The lengttb and the mass  Figure 2. (A) Refractive index of carbon dioxide as a function of
M; of the Kuhn segment for PFOMA (see section IV.2), polystyrene cQ, density at 25°C: values calculated from ref 32§ and our
(PS)28 and poly(methyl methacrylate) (PMM®)are listed in Table measurementd®). (B) dn/dc as a function of C@density at 25C for
2. two PFOMA fractions: fraction 24) and fraction 8 4).

The interaction parameterat constant solvent density can be
expressed in terms of the reduced temperature (see direction (1) in  The hydrodynamic radius expansion factgris defined as the
Figure 1) ratio of hydrodynamic radiudR, at a given condition to the
hydrodynamic radius at th2condition,R,(68). This expansion ratio
ay, describing the swelling of the chain, is also a function of a
single interaction paramete?”3! (related to the excluded volume
interactions). The hydrodynamic radius expansion factpcan
be approximated in th&-region by a linear function of the
interaction parametez3?

Nl/ZT_—G(p)

T (p = const)

2=C; (11)

where Ct is a numerical coefficient related to the temperature
dependence of interaction parametandN is the number of Kuhn
segmentsN = My/Mo. Similarly, the interaction parameterat
constant temperature can be expressed in terms of the reduce@n
density (see direction (2) in Figure 1)

=1+CRz=
1+ CTRN”2[1 - @] for temperature variationgC," = C°C,)
P L po(T) 14 chNl/z[ 1P "(T)] for density variations  (C,*=C"C)
b I3
g (14)

(T = const) (12)

whereC, is a numerical coefficient related to the density depen-
dence of the interaction parametein section 1V.3 we present a
theoretical analysis of the temperature and density dependencie
of the second virial coefficient in supercritical solvents and derive
the temperature dependence of the theta deps{f). Numerical
coefficientsC*, Cy, andC, can depend on chemical structure of
polymer. For a particular polymeisolvent pair, these coefficients
should be independent of molecular weight, and we will demonstrate
below thatCr andC, are equal to each other for PFOMA in €O

In the O-region, the second virial coefficient is linearly propor-
tional to the interaction parameter(see eq 8 with eq 11 for
temperature variations and eq 12 for density variations).

whereCRis a numerical coefficient. Furthermore, the existence of
& single interaction parameter for both temperature and density
variations implies that these coefficients are not independent, but
are related to each other by

R R
CT:CR:Cp
A A
c c* cf

(15)

as can be deduced from eqs 13 and 14.

Ill. Results

M3 IlI.1. Molecular Weight M,,. The measurements of the
AZMW”ZL3 =Chz= refractive index and the static light scattering experiments were
a carried out in order to determine the molecular weights of the
/2] 4 _ 0(0) . A _ A various PFOMA fractions. The values of refractive index of
N [1 T] for temperature variation{Cy CACT) carbon dioxide calculated from the literatthehave been
confirmed in our experiments, as shown in Figure 2A. The
refractive index values of carbon dioxide were found to increase

CpAzNﬂz[l - ﬂ] for density variations ~ (C/2=C™*C)
o
linearly with CQ, density. The values of the refractive ind&)bv

(13)
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Figure 3. Variation of the second virial coefficienf, with (A)
temperature at constant G@ensityp = 0.86 g/mL, PFOMA withM,,
= 300 kDa ¢) andM,, = 900 kDa @®); (B) CO; density at constant
temperaturel = 25 °C, PFOMA withM,, = 300 kDa () and M,
900 kDa @®).

increments (d/dc) at different CQ densities at 25C for two
PFOMA fractions (fractions 2 and 8) are displayed in Figure
2B. As the carbon dioxide density increases, th&ldvalues

for both fractions of PFOMA in C@decrease from 0.12 to
0.10 mL/g. The effect of C®density on the d/dc of the
polymer solutions can be mostly attributed to the change of CO
refractive index with C@density (see Supporting Information).
The d/dc values are independent of PFOMA molecular weight,
as expected for long polymeric chains where the end groups
have negligible effects on the polymer solution properties. The
data for fractions 2 and 8 at the same QOf&nsity agree with
each other within experimental accuracy.

The molecular weights of fractions 3 and 6 were measured
by light scattering usingridc values determined from fractions
2 and 8. The molecular weights of fractions 3 and 6 were found
to be 300+ 30 and 900+ 70 kDa, respectively.

I11.2. Second Virial Coefficient A,. The solvent quality
change can be monitored through measurement#\oft
different temperatures and solvent densities 0b.C®e second
virial coefficient, A,, was determined from the concentration
dependence of the scattering intensity from dilute PFOMA

Macromolecules, Vol. 39, No. 9, 2006

changing from negative to positive values. In the range of
experimental conditions investigated, the PFOMA samples with
both molecular weights (300 and 900 kDa) had the sépeint

[6 =27 £ 1 °C, pg = 0.86 g/mL]. The variation o, with
carbon dioxide density at constant temperature {3 is
displayed in Figure 3BA, was found to increase with increasing
density, ranging from negative to positive values. The increase
of the second virial coefficient with density is stronger for the
lower molecular weight fraction. Thé@-condition was deter-
mined to be § = 25 °C, pp = 0.88 £ 0.02 g/mL]. The
improvement of the solvent quality quantitatively assessed by
static light scattering was confirmed by the variation of the
diffusional second virial coefficienty deduced from the
dynamic light scattering data (see Supporting Information).

I11.3. Size Variations of Polymer Chains. The radius of
gyration of the fraction withMl, = 900 kDa isRy = 15 + 4
nm, atf-conditions p = 27 +1 °C, p(0) = 0.86 g/mL] and §
= 25°C, p(f) = 0.88+ 0.02 g/mL]. There was no measurable
change ofRy within the experimental error with variations of
either CQ density or temperature (see Figure Sl-4 in Supporting
Information). For the fraction wittM,, = 300 kDa, the radius
of gyration could not be measured by static light scattering.
The values oR, for PFOMA with My, = 900 kDa are close to
the detection limit of our instrument. The difficulty of the
measurements d®y for the high molecular weight sample is
clearly displayed in the plot af/l(qg,c) ~ g2 (see Figure SI-3B
in the Supporting Information). The contrast between the
polymer and supercritical s much lower than the contrast
in organic systems.

The hydrodynamic radiuB, was measured by the dynamic
light scattering. The hydrodynamic radij, at 6-conditions p
= 27 +1°C, pp = 0.86 g/mL] and § = 25°C, pp = 0.88+
0.02 g/mL] are 6.4+ 0.1 and 11.4+ 0.2 nm for the low (300
kDa) and the high (900 kDa) molecular weight fractions
(fractions 3 and 6), respectively. The ratio B§/R, for the
sample with molecular weight 900 kDa was found to be-.3
0.4 atf-conditions, which is very close to the value reported
for monodisperse linear polymets.Figure 4 illustrates the
dependence of hydrodynamic radius expansion ratjoon
temperature (A) and CQlensity (B). The values af;, increase
with increasing temperature and g@ensity. This observation
verifies that the polymer size increases with the improvement
of solvent quality along both the temperature and density
directions (see Figure 1). The increase of hydrodynamic radius
expansion factor with temperature or density is stronger for the
higher molecular weight fraction.

IV. Discussion

IV.1. Hydrodynamic Radius. It is demonstrated in Figure
5A that the hydrodynamic radius expansion factor for different
polymer solutions can be expressed as the universal function
of the reduced temperatuN/31 — 0(p)/T] (eq 14), including
the data for PFOMA in C® and the data from earlier
experiments on polystyrene (PS) in two different solvéas.

solutions. The temperatures and densities corresponding toln the 6-region,oy, is approximately a linear function of reduced

0-conditions with the second virial coefficient equal to zero can

temperaturdq1 — 0(p)/T], and the numerical coefficiel@R

be determined at constant density by varying the temperatureis 0.06 + 0.01 for both PFOMA in C@ and polystyrene in

(direction (1) in Figure 1) or at constant temperature by varying
the density (direction (2) in Figure 1). Previous small-angle

organic solvent823435The radius of gyration expansion factor
04 (defined as the ratio d®y at a given condition to the radius

neutron scattering experiments have demonstrated that not onlyof gyration Ry at the -point) is also a universal function of

does &-temperature but -density can also exist for a GO
polymer solutior?®

When the CQ density was kept constant (0.86 g/mi4;
was found to increase with increasing temperature (Figure 3A),

reduced temperatumd®1 — 0(p)/T].2836 The earlier experi-
mental results for P$334 and PMMAY in different organic
solvents also exhibit the linear relationship betwagnand
reduced temperature in tieregion that can be written asg, CDV
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Figure 4. Hydrodynamic expansion factet,: (A) as a function of
temperature at constant G@ensity ofp = 0.86 g/mL, PFOMA with
Mw = 300 kDa ¢€) andM,, = 900 kDa @); (B) as a function of C@
density at constant temperatufe= 25 °C. PFOMA with M,, = 300
kDa @) andM,, = 900 kDa @).

=1+ (0.08 = 0.02NY%(1 — 6/T) (the inset in Figure 5A).
The coefficientsCtR for hydrodynamic radius expansion factor
o, and for the radius of gyration expansion factgrof PS in
trans-decalin are equal to each other within experimental error,
as expected from the fact that the ratidRgfR, should not have
significant temperature dependence in theegion. It is
interesting to note that numerical coefficie@g? for different
polymers (PFOMA, PS, and PMMA) are close to each other.

We observe for the first time that polymer size is a function
of the reduced solvent densiNq1 — pg(T)/p] (direction (2)
in Figure 1). There is a linear relationship between the
hydrodynamic radius expansion factog, and the reduced
density in thef-region (see Figure 5B and eq 14), and the
numerical coefficien€,? = 0.06+ 0.01 turned out to be equal
to CtR within the experimental accuracy.

IV.2. Second Virial Coefficient. It was reported that
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Figure 5. (A) Hydrodynamic radius expansion factaf as a function
of the reduced temperatuM’[1 — 6(p)/T] at constant C@densityp
= 0.86 g/mL with6(p) = 27 °C, for PFOMA withM,, = 300 kDa ¢)
andM,, = 900 kDa @), PS in cyclohexarté(v), PS intrans-decalir?
(¥). Inset: radius of gyration expansion factey = RyRy(0) as a
function of the chain interaction paramefg¥3(1 — 6/T), for PS in
cyclohexan#& (v), PS intrans-decalir$* (v), PMMA in water andert-
butyl alcohot” (A). (B) Hydrodynamic radius expansion ratig as a
function of the reduced densily/q1 — py(T)/p] at constant temperature
T = 25 °C with py = 0.88 g/mL, for PFOMA withM,, = 300 kDa ()
andM,, = 900 kDa ®).

mers: the PFOMA has larger Kuhn segment than PS and
PMMA (see Table 1).

In a compressible solvent like GGhe interaction parameter
can be easily varied by changing the solvent density. The
behavior of the second virial coefficients as a function of
reduced densitiNYq1 — pg(T)/p] is presented in Figure 6B.
The data for two different molecular weight fractions of PFOMA

experimental data as well as computer simulation data for the collapse onto a single curve similar to the curve in Figure 6A.

second virial coefficient of different polymers (e.g., polysty-
reng® and poly(methyl methacrylat€) in various organic

This is the first demonstration that the second virial coefficient
A, of polymers in compressible solvents is a function of the

solvents can be expressed as functions of the interactionsingle interaction parameter ~ NYZ1 — py(T)/p]. The

parametez ~ NY4(1 — 0/T) (see eq 13). The dependence of
the normalized second virial coefficient on the reduced tem-
peratureNYZ1 — 6(p)/T] of PFOMA solutions in CQ is

presented in Figure 6A. The data of PFOMA samples for both
molecular weights collapse onto a single curve. Most of the
PFOMA points are irf-region, where the interaction parameter

numerical coefficient of the linear dependence of the normalized
second virial coefficient on the reduced denshMyq1 —
po(T)/p] for the 6-region isC,*2 = 0.50=+ 0.05 (eq 13), which

is equal to the value of coefficier@+*> within experimental
error. The ratios of numerical coefficients for the temperature
variation C{R/IC*2 = CRIC* = 0.12) and for the density

is small and the dependence of normalized second virial variation C,R/C,% = C?/C*2 = 0.12) are equal to each other,

coefficient on reduced temperatud’q1 — 6(p)/T] is linear.
The numerical coefficient for thé-region of PFOMA solution

in CO, is Ct*2 = 0.504 0.05 (eq 13), which is larger than the
coefficients 0.39t 0.04 for PS and PMMA in organic solvents
(shown in the inset in Figure 6A). This difference in coefficients
is probably due to different chemical structures of the poly-

as expected from eq 15.

The plots in Figures 5 and 6 are based on assumptions that
the interaction parameter is a linear function of either reduced
temperature or reduced density. To combine solvent quality
changes with both temperature and density variations (both
directions in Figure 1), the dependence of hydrodynamic rag'B%/
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Figure 6. (A) Plot of A;MY2Ms¥Nay~1~3 as a function of reduced
temperaturé&Yq1 — 6(p)/T] at constant C@densitypco, = 0.86 g/mL
with 6(p) = 27 °C, of PFOMA with M,, = 300 kDa ¢) and M, =
900 kDa @®). Inset: the plot 0fA,MY2M 2N, ~1b~2 as a function of
reduced temperatui’41 — 6/T) for PMMA in 46.8% butanol/53.2%
2-propand® (v) and PS in decalf (v). (B) Plot of AMY2M 2Ny b3
as a function of reduced densitM*41 — ps(T)/p] at constant
temperaturd = 25 °C with py = 0.88 g/mL, PFOMA withM,, = 300
kDa @) andM,, = 900 kDa @).
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Figure 7. Plot of the hydrodynamic radius expansion faatgras a
function of A;MY2ME2Na, ~1h~3: PFOMA at constant temperatufle
= 25 °C with pp = 0.88 g/mL, of PFOMA withM,, = 300 kDa ()
andM,, = 900 kDa ®); PFOMA at constant C&densitypco, = 0.86
g/mL with 6(p) = 27 °C, of PFOMA withM,, = 300 kDa £) andMy
= 900 kDa @).

expansion factoro, on the second virial coefficient

AMY2MB2N,,~1b~3 has been plotted in Figure 7 for PFOMA
at different CQ densities and temperatures. In the experimental
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sion factor of PFOMA in CQ@ can be approximated in the
0-region by a linear function of the second virial coefficient.

312
_ ct Mo
@y =1+ SAM, e
312

12 Mo
14 (0.12+ 0.02AM,, s (16)

a

The data of PS and PMMA also collapse onto a single curve
but with a higher slope of 0.2 0.03. These curves provide a
more direct way of predicting the interactions and polymer size
in solutions, either getting size information from interactions
or obtaining interactions information from polymer size, since
both A; anday, can be measured directly and independently by
the light scattering experiments.

IV.3. Theta Curve. We independently verified that numerical
coefficientsC{R andC,R are equal to each other (see Figure 5)
and numerical coefficient81*2 andC,* are equal to each other
(see Figure 6). Thus, we have two independent verifications
that coefficient<Cr andC, in egs 11 and 12 are the same, since
these two equations are two different representations of the same
interaction parametez. We conclude thaflpy = constant and
the density dependence @ftemperature is

_ 26Q9gK
o) =2 (17)
while the temperature dependencefefiensity is
_ 26QKmL
pM=21"3" (18)

Below we present a theoretical justification of the hyperbolic
CO;, density dependence éftemperature (Figure 1).

In highly compressible solvents (such asQf@ar its critical
point), the second virial coefficient of interaction between
solvent molecules is small, and the free energy density of the
solvent is dominated by the third virial term

~ B3»03
FCO2 ~ 3 (19)

whereBs is solvent interaction parameter. There are additional
interaction terms in free energy density of a polymer solution
with Kuhn segment number density in this compressible
solvent: a term proportional teco,ck due to polymet-solvent
interaction and a term proportional¢g due to direct polymer
polymer interaction

Byo° o’
Fad szck+kBTv?k

: (20)

whereB; is the polymerf-solvent interaction parametds is
the Boltzmann constant, and is the excluded volume of
monomers. Because of small interval of temperature variations,
we neglect temperature dependences of the interaction param-
etersB, andBs.

To take into account the density fluctuation of a compressible
solvent, we can write the local densjiyas a sum of an average
densityp and a density fluctuationp

p=p+op (21)

range, the PFOMA data collapsed onto a single curve with the Substituting this expression into free energy density (eq 20) and
slopeCR/C#2 = 0.12+ 0.02. The hydrodynamic radius expan- expanding it to quadratic terms in density fluctuation, we fEIBV
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8353 _2 _ 2 _
—— 1 B30 0p + Byp(0p)” + Bypc, + Bcdp +

F%S

¢’
ksTr = (22)

The sum of density fluctuations over the solution volume is
zero, fvop dV = 0, and therefore the second term in eq 22
vanishes. Note that linear term in solvent density fluctuation
B.ckdp does not vanish because the polymer concentragion
fluctuates in a correlated way with solvent density. Minimizing
the free energy density

B
Fr ;p + B4p(0p)? + B,pc, + B,cdp + kg Tv (23)
with respect to the solvent density fluctuatiép
= 2B,pop + B,c, =0 24
3(5 ) 3000 2%k T ( )
we find the optimal solvent density fluctuation
B,Cx
op=— 2B (25)

Substituting it back into eq 22, we obtain the free energy density

f—)3 c 2 B 2
3 _ k 2
Py Byt lgTy — g 2| ~
B.5> A
3?‘) + Bjpo, + RT—C* (26)

whereR = kgN,, is the gas constant.
The solution concentration can be expressed in terms of
the number density of Kuhn segmentas

(27)

Thus, polymet-solvent interactions lead to an effective second
virial coefficient in the#-region

VNaV(
M2\

that vanishes at the theta temperature

B,
2ks TvB,p

A, ~

B VNav( 0
= \1 - T) (28)

~ 2kgvByp

Thus, we derived tha-temperature is inversely proportional
to the average solvent density

(29)

const

o
We have verified this dependence and found the value of the
constant 260 g K/mL (eq 17) in our experiments. Substituting
the second virial coefficiend, (eq 28) into eq 13, and using an
estimationv ~ di? for the excluded volume of the rod of the
lengthb and the effective diametek we find thatCi*2 ~ v/lb®
~ d/b. Therefore, we conclude that the coeffici€* is not
universal, and it depends on chemical structure of the polymer

0= (30)

Fluorinated Alkyl Methacrylate Polymer in GO 3433

in question. The effective diametédrand the Kuhn lengthp

for PS are 8 A and 18 A, respectively. The effective diameter
of the PFOMA is calculated to be 10 A using the mass of Kuhn
segmentMg, Kuhn lengthb (Table 2), and polymer density 2
glcme. The ratio ofd/b for PS and PFOMA is 0.44 and 0.33,
and we find that d/b)proma/(d/b)ps = 0.75. This simple
theoretical estimate is in good agreement with experimentally
observed ratiadft*2)proma/(Cr2)ps = 0.78 + 0.07.

V. Conclusions

We have investigated the solution properties of a fluorinated
poly(alkyl methacrylate) using both static and dynamic light
scattering. The solvent quality of G@vas shown to improve
with increasing temperature or G@ensity. This trend was
confirmed by the evaluation of the second virial coefficiéat
measured by static light scattering. Theonditions were found
asp=27+1°C,py=0.86 g/mL] and § = 25°C, pp = 0.88
+ 0.02 g/mL].

Both the hydrodynamic radius expansion factor and the
normalized second virial coefficient of PFOMA dissolved in
CO;, are verified to be functions of the interaction parameter
which is proportional tdN31 — 6(p)/T] (see eq 11), which is
in excellent agreement with the data for other polymers dissolved
in traditional organic solvents. We have for the first time
demonstrated that the hydrodynamic radius expansion fagtor
and the normalized second virial coefficient are also functions
of the same interaction parameteand are proportional to the
reduced solvent densityq1 — py(T)/p] at constant temper-
ature. We have determined and theoretically justified reciprocal
dependence of the theta temperature on @&hsity for PFOMA
as6(p) = (260/pp)(g K/mL). These results provide an important
explanation of the observation that the solvent quality can be
tuned by not only the solvent temperature but also the solvent
density in a universal way.

We have also established that the hydrodynamic radius
expansion factor can be expressed as a single function of the
normalized second virial coefficient, independently of the
methods used to vary the solvent quality.

3/2
zM 0

N, °

Note that coefficientsCR/C* = 0.12 & 0.02 for PFOMA in
CO, and 0.2+ 0.03 for PS and PMMA solutions. The
nonuniversality of the ratio of coefficien@¥C*: indicates the
existence of additional physical interactions that were not
considered in existing polymer models. These interactions
depend on chemical structure of polymers and will be discussed
in our future publicationg?

ay=1+<
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