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ABSTRACT: Supercritical carbon dioxide was used as a reaction medium to synthesize statistically
random (i.e., no specific correlation between the location of the monomers on the polymer) copolymers of
tetrafluoroethylene (TFE) and vinyl acetate (VAc) with similar molar mass and 11.6—63.3 mol % TFE
content. The solubility of the copolymers at 25 °C in CO; reduced after reaching a maximum value at a
TFE molar concentration of 19.3 mol %. The 46.7 mol % TFE copolymer only dissolved in CO; at elevated
temperatures, whereas the 63.3 mol % TFE copolymer did not dissolve in CO, even at temperatures in
excess of 144 °C and pressures of 210 MPa. The molecular modeling results show that the interaction of
CO, with acetate side group was not affected by presence of fluorine in the polymer backbone; therefore,
the enhanced solubility of the semifluorinated copolymers is attributable to the enhanced binding between
CO; and the semifluorinated backbone of the copolymer when the CO, molecule can access both the
fluorinated (Lewis base) and hydrogenated (Lewis acid) parts of the backbone simultaneously.

Introduction

Poly(tetrafluoroethylene-co-vinyl acetate) (poly(TFE-
co-VAC)) is a fluoropolymer with potential applications
in the coatings, optical, and biomedical fields.1=3 Poly-
(TFE-co-VAC) can be synthesized via free radical copo-
lymerization of tetrafluoroethylene (TFE) and vinyl
acetate (VAC) in dense carbon dioxide, with the composi-
tion of the TFE—VAc copolymer being controlled by the
ratio of monomers in the feed.* Although a small
concentration of fluoro surfactant is added to the
monomers and CO; in an initial study of this polymer-
ization, subsequent trials without surfactant yielded
copolymers of similar polydispersity and greater molar
mass, implying that the surfactant is not necessary for
solubility of the macroradical chains.> On the basis of
reactivity ratios, poly(TFE-co-VACc) is a random copoly-
mer because TFE cross-propagates with VAc, and VAc
propagates in such a manner that the sequence of VAc
and TFE units in the polymer backbone is randomly
ordered (i.e., these polymers are not diblock copolymers
composed of a long chain of perfluoroethylene joined to
a long chain of poly(vinyl acetate)). Hydrolysis of VAc
to vinyl alcohol (VA) yields the predicted decrease in
copolymer molar mass to form poly(TFE-co-VAc-co-VA),
suggesting that the copolymer was linear.4® This is in
contrast to poly(TFE-co-VAc) prepared by emulsion,
where a precipitous drop in molar mass is observed upon
hydrolysis due to ester groups in the backbone. The high
yield and high molar mass of the TFE—VAc copolymers
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provide indirect evidence that poly(TFE-co-VAc) is CO,-
soluble at reaction conditions of 45 °C and 20—23 MPa
and loadings of 20% w/v. Because the polymerization
was conducted in a vessel that did not permit detection
of the phase behavior, the actual CO; solubility of these
polymers was not determined.

The phase behaviors of the homopolymers of each
monomer have been previously established. Poly(vinyl
acetate), PVAc, is a noncrystalline, low-Ty (glass transi-
tion temperature) polymer that exhibits the greatest
degree of CO, solubility associated with any high
molecular weight oxygenated hydrocarbon homopolymer
that has yet been identified, although it is far less CO»-
philic than fluoroacrylate or siloxane-based polymers.67
This high degree of CO, solubility has been attributed
to a weak complex that forms between CO, and the
readily accessible acetate group.®” PTFE is a crystalline
polymer that is insoluble in CO, and organic solvents,
although it does dissolve at high temperatures in high
molecular weight fluorocarbon solvents.8 Poly(tetrafluo-
roethylene-co-19.3 mol % hexafluoropropylene) (FEP1g)
is a nonpolar fluorocopolymer that has similar proper-
ties to PTFE, but FEP1g is highly branched and there-
fore has normal melting point at ~145 °C, whereas
PTFE has a melting point in excess of 300 °C. It has
been demonstrated that FEP19 can dissolve in super-
critical CO, at temperatures in excess of 185 °C and
pressures of approximately 100 MPa.8~10 If the TFE
segments in FEP1g are replaced with vinylidene fluoride
(VF), this VF—HFP copolymer remains in solution to
very low temperatures since the polar character of the
VF group interacts with the quadrupole of CO,.1! These
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phase behavior results suggested that perfluorination
does not impart polymers high solubility in CO,. This
argument had also been made by Raveendran et al.
through molecular simulation; i.e., partially fluorinated
molecules provide more favorable binding sites for CO;
than perfluorinated analogues.'?

The objective of this study is to experimentally
establish whether random copolymers of TFE and VAc
are indeed COj-soluble at levels in excess of those
exhibited by PVAc homopolymer containing a compa-
rable number of repeat units. Poly(TFE-co-VAc) samples
are prepared by radical copolymerization in supercritical
CO; without surfactants, and the phase behavior of the
copolymers is measured using nonsampling techniques
in windowed, variable-volume cells. If the TFE—VAc
copolymers are indeed more COgz-soluble than ho-
mopolymers of VAc, then molecular modeling will be
used to characterize the CO,—polymer interactions in
the CO,—PVAc and CO,—poly(TFE-co-VAc) systems.

Experimental Section

Reagents. All chemicals were purchased from Aldrich
(Ontario, Canada) and used as received unless otherwise
specified. TFE was prepared by vacuum pyrolysis of PTFE®
and stored at room temperature over d-limonene in a 300 mL
stainless steel sample cylinder fitted with an 12.4 MPa safety
rupture disk. [Caution: tetrafluoroethylene is inherently
dangerous, and anyone contemplating handling TFE under
high pressures should be very familiar with safe handling
procedures.] TFE-co-VAc copolymers were synthesized as
previously described,® with the only difference being the
compositions synthesized. As previously described, polymers
were synthesized without a surfactant and by radical copo-
lymerization in supercritical fluid CO, using diethyl peroxy-
dicarbonate initiation.** Copolymers of TFE—VAc were syn-
thesized with a TFE molar composition from 7 to 63.3%.

Characterization. Polymer molar mass was characterized
by a GPC (Waters U6K Injector, 510 pump) equipped with a
refractive index detector (Waters 2410) and a series of Ul-
trastyragel columns (Waters 108, 104, and 500 A). Using ethyl
acetate or tetrahydrofuran (THF) as the mobile phase at a flow
rate of 1 mL/min, polymer molar masses were calculated
relative to polystyrene standards. 'H and °F NMR spectra
(Varian Gemini spectrometer) were obtained in CDClI; at
300.75 and 282.33 MHz, respectively. Elemental analysis was
conducted by Guelph Analytical Laboratory Service (Ontario,
Canada). Carbon, hydrogen, and oxygen content were mea-
sured via combustion analysis (ASTM D5373/D5291), while
fluorine content was determined using the oxygen bomb
combustion technique (ASTM D3761). Glass transition tem-
peratures (Ty) were measured using a differential scanning
calorimeter (DSC, Q1000), under an inert nitrogen atmo-
sphere, with a heating rate of 10 °C/min and a scanning range
of —20 to 100 °C.

The phase behavior of mixtures of CO, with copolymers of
low TFE concentration (11.6—26.5 mol %) was studied using
a variable-volume view cell. Known amounts of the solid poly-
(TFE-co-VACc), +0.001 g, were introduced to the sample volume
of a high pressure, windowed, variable-volume view cell with
the maximum working pressure of 68.9 MPa and a maximum
working volume of 120 cm® (DBR Design & Manufacturing
Inc., model no. PVT-0150-100-200-286-155). Although there is
a very small dead volume (0.02 cm®) at the top of the sample
volume, the entire contents of the sample volume can still be
observed because the apparatus can be inverted. After the
sample volume was purged with CO; at 0.2 MPa, the volume
of the cell was minimized. High-pressure liquid CO, (25 °C,
13.79 MPa) was then introduced to the sample volume as the
silicone oil overburden fluid was withdrawn at the equivalent
flow rate using a dual-proportioning positive displacement
pump (DBR Design & Manufacturing Inc., model no. PMP-
0500-2-10-MB-316-M4-C0/PC). This technique facilitated the
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isothermal, isobaric addition of a known volume of CO, to
within £0.01 cm? into the sample volume. The mass of CO,
was determined from the displaced volume, temperature, and
pressure using an equation of state for carbon dioxide.*> The
initial concentration of each copolymer was 20 wt %. The
copolymer—CO, mixture was then compressed to 67 MPa and
mixed with a magnetically driven impeller (DBR Design &
Manufacturing Inc., model no. 274152). During the compres-
sion and mixing, the poly(TFE-co-VAc) solubility in CO, was
followed. If two-phase solid—liquid equilibrium was observed,
then additional CO, was introduced to the sample volume until
the copolymer concentration decreased by approximately 1 wt
%. If a single, transparent phase was attained, the two-phase
boundary was determined by slowly expanding the sample
volume until a second phase appeared, as evidenced by the
sample volume becoming opaque due to the formation of
dispersed liquid copolymer droplets throughout the sample
volume. The mixed phases were then allowed to separate until
two transparent phases were observed. It was also determined
whether the second phase was composed of solid particles or
droplets of a copolymer-rich liquid phase. The appearance of
a copolymer-rich liquid phase would be indicative of copolymer
melting point depression in the presence of dense CO,, a
phenomenon associated with highly CO,-soluble polymers and
compounds.’® The pressure at which the second phase ap-
peared was considered to be a dew point if a small copolymer-
rich phase settled to the bottom of the cell. Two-phase
pressures were reproduced three times at each overall con-
centration to within approximately +£0.5 MPa using a Heise
digital pressure indicator (series 9, accurate to within £0.07
MPa for data to 68.9 MPa) and at each temperature (held to
within +0.5 °C, using a type K thermocouple).

Copolymers with higher proportions of TFE (46.7 mol %)
were expected to be more difficult to dissolve in CO,. Therefore,
the phase behavior of these CO,—copolymer mixtures was
determined with equipment rated to significantly higher
pressures. The apparatus and techniques used to obtain these
polymer—fluid phase behavior data were described else-
where.1%17 The main component of the experimental apparatus
was a high-pressure, variable-volume cell (Nitronic 50, 7.0 cm
0.d. x 1.6 cm i.d., ~30 cm® working volume). The cell was first
loaded with a measured amount of copolymer to within +0.002
g. To remove entrapped air, the cell was degassed very slowly
at pressures less than 0.028 MPa with the CO,. CO;, was then
transferred into the cell gravimetrically to within £0.02 g
using a high-pressure bomb. The mixture in the cell was
viewed with a borescope (Olympus Corp., model no. F100-024-
000-55) placed against a sapphire window secured at one end
of the cell. A stir bar activated by a magnet located below the
cell mixed the contents of the cell. The solution temperature
was held to within +£0.3 °C, as measured with a type K
thermocouple. A fixed copolymer concentration of approxi-
mately 5 wt % was used for each constant-concentration, phase
boundary curve. The mixture in the cell was compressed to a
single phase, and the pressure was then slowly decreased until
a second phase appears. The transition was a cloud point if
the solution becomes so opaque that it was no longer possible
to see the stir bar in solution. These cloud points had been
compared in our laboratories to those obtained using a laser
light setup where the phase transition was the condition of
90% reduction in light transmitted through the solution. Both
methods gave identical results within the reproducibility of
the data. The cloud-point transitions at this concentration were
expected to be close to the maximum in the pressure—
composition isotherms.’8-2° The system pressure was mea-
sured with Heise pressure gauges accurate to within +0.07
MPa for data to 69 MPa and to within £0.35 MPa for data
from 69 to 276 MPa. Cloud points were reproduced two to three
times to within approximately +0.42 MPa.

Molecular Modeling Theory

Although the interplay of solute—solute, solute—
solvent, and solvent—solvent interactions should be
completely considered when the dissolution behavior of
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polymers in CO; is being explored, we realize that the
polymer—polymer interactions are also of great impor-
tance in determining the solubility of the polymer.
However, the interaction energies between polymer
segments cannot be computed at the same level of
theory as the segment—CO; interactions because two
polymer segments have too many atoms. If we use a
lower level of theory, such as DFT, then the answers
would be largely meaningless. To perform these calcula-
tions, better computational algorithms and faster com-
puters are needed to develop. Therefore, we only cal-
culated and estimated the binding energies between
polymer segment and CO..

There have been a number of different efforts to model
the thermodynamic properties of polymer—CO; mix-
tures. Generally speaking, these modeling techniques
fall into three categories: equation-of-state modeling,?1~23
statistical mechanical simulations,?* and ab initio
calculations.1225-27 Equation-of-state methods have not
proved to be accurate enough to predict the phase
behavior of polymer—CO, mixtures.?? In principle, one
could compute virtually all the thermodynamic proper-
ties of polymer—CO, mixtures through statistical me-
chanical simulations. However, this requires very ac-
curate molecular interaction models, which are currently
not available, especially for the CO,—polymer cross-
interactions. Another alternative is to bypass the use
of potential models and directly use ab initio methods
to generate the forces required for a simulation, such
as is done in quantum molecular dynamics,?2=20 but this
is impractical for polymer—CO, mixtures because of the
large system sizes and weak interactions among the
molecules. Weak interactions (such as dispersion or van
der Waals forces) are difficult to compute from ab initio
methods because high-level methods and large basis
sets are needed to capture electron dispersion. Compu-
tationally efficient methods, such as density functional
theory, are known to be generally inadequate for
computing van der Waals interactions.31~35 The Mgller—
Plesset (MP) perturbation method for including electron
correlation has been used for weakly interacting sys-
tems but is known to have convergence problems.36-38
MP?2 (second-order Mgller—Plesset perturbation theory)
is the lowest order MP theory and is not generally
adequate for computing intermolecular interaction en-
ergies, except when a substantial electrostatic interac-
tion is involved.3%40 Methods that include triple excita-
tions, e.g., fourth-order Mgller—Plesset with single,
double, triple, and quadruple excitations MP4 (SDTQ),
or coupled cluster with perturbational triples, CCSD-
(T), are required for many applications.36:37.41 However,
recent work indicates that failure of MP2 may in part
be due to basis set superposition error.3842

In this work we perform MP2 calculations to compute
the interaction energies of CO, with various polymer
fragments. Our aim is to determine the role of fluorine
atoms in the backbone of the polymer on enhancing the
solubility of the fluorinated copolymers in CO,. We
expect the MP2 method to be adequate for our purposes
because we are interested in relative interaction ener-
gies for CO, on fluorinated and nonfluorinated polymer
moieties; relative energies are expected to be more
accurate than absolute energies. Furthermore, the pres-
ence of fluorine atoms on the polymer should increase
the relative importance of electrostatic interactions,
making the problem more appropriate for the MP2
method. Our previous calculations indicate that MP2
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Table 1. Bulk Analysis of TFE—VAc Copolymers

TFE infeed yield TFE in the Ty Mw/M,/PDI
(mol %) (wt %) copolymers (mol %)2 (°C) (kg mol~1)
17.6 80 11.6 37.2 140/42/3.2
23.6 80 19.3 36.8 156/49/3.1
35.6 86 26.5 36  166/61/2.7
53.7 78 46.7 37  180/55/3.1

67.7 79 63.3 37 290/157/1.84b

a Determined from mol % C elemental analysis. ® Measured
using ethyl acetate as mobile phase. Entries 1—4 were subse-
quently evaluated after the mobile phase was changed to THF.

energies are fairly close to CCSD(T) energies for similar
systems.*3

It is not possible to explicitly perform ab initio
calculations on a polymer because of the large number
of atoms. We therefore break the copolymer into small
model segments. We then compute optimized geometries
and binding energies for CO; interacting with these
model segments. We performed geometry optimizations
at the MP2/6-31+g(d) level of theory for a number of
different polymer segment/CO, dimers. This relatively
small basis set was used to make the optimizations
feasible on the available computing resources. The
optimized configurations were then used to calculate the
more accurate single-point binding energies at larger
basis set, aug-cc-pVDZ. This basis set still has signifi-
cant basis set superposition error (BSSE), which is the
spurious lowering of the binding energy due to the use
of incomplete basis set. We have used standard coun-
terpoise (CP) corrections* to approximately account for
BSSE. The binding energy was computed from the
supermolecule approach

E, = E(12) — E(1) — E(2) (1.1)

where Ey, is the binding energy, E(12) is the total energy
of the dimer (CO; + polymer segment), and E(i) is the
energy of the isolated CO; or polymer segment molecule.
Binding energies defined in this way are negative for
energetically favorable dimers. We use the average of
the raw and CP corrected interaction energies as an
approximation to the complete basis set limit interaction
energies. We do this to avoid the computationally
expensive complete basis set extrapolation. This method
has been tested by us previously*? for similar systems
and found to be in good agreement with the results of
Feller and Jordan.*®> All binding energies reported in
this paper are averages of the MP2/aug-cc-pVDZ cor-
rected and uncorrected interaction energies. We have
computed localized charge distributions for several of
the model polymer segments using the NBO method.
All calculations were performed with the Gaussian 98
package, revision A11.46

Results

Experimental Results. A series of TFE-co-VAc
copolymers were synthesized in supercritical CO, and
characterized for yield, bulk composition, molar mass,
and Ty, the results of which are summarized in Table
1. As shown, a series of copolymer compositions were
prepared where monomer feed composition influenced
polymer composition, from 11.6 to 63.3 mol % TFE. The
yield (based on mass) was high for all compositions
between 78 and 86%. The Ty was similar for all samples
between 36 and 38 °C, which is similar to that of PVAc
(38 °C). Since we were interested in comparing solubility
in CO, as a function of copolymer composition, the
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Greatest concentration of polymer that can
melt and dissolve in liquid CO ,
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Figure 1. General pressure—composition (P—x) phase diagram for CO, and solid CO,-philic compounds or polymers.

samples were synthesized in such a manner to yield
similar molecular weight characteristics, with M, be-
tween 140 and 180 kg/mol and the polydispersity index
(PDI) between 2.7 and 3.1. For 63.3 mol % TFE
copolymer, however, M,, was higher and PDI lower than
the other samples. It is important to note that this
sample was measured by GPC in ethyl acetate whereas
the other polymers were measured in THF. Ethyl
acetate may have affected the hydrodynamic radius of
the copolymer differently from THF, thereby accounting
for the greater M,, and smaller PDI.

The phase behavior of poly(TFE-co-VAc)—CO; mix-
tures was strongly influenced by the copolymer compo-
sition. (The copolymer will hereafter be designated as
TFE-co-VAc, with the value of the TFE subscript cor-
responding to the mole fraction of that monomer.) The
three copolymers with the smallest proportion of TFE,
TFE116-c0-VAC, TFEjg3-c0o-VAc, and TFEgess-co-VAc,
melt-flowed in CO, when heated above their T's, as did
the PVAc homopolymer (these are amorphous poly-
mers). Like PVAc, these copolymers dissolved in the
presence of liquid CO,, and the general nature of the
corresponding pressure—composition (P—x) diagram for
such systems is illustrated in Figure 1.1¢ (Although this
figure strictly applies to binary systems in which no CO,
dissolves in a monodisperse crystalline polymer, the
region bounded by the dashed line in Figure 1 illustrates
the qualitative features of the mixtures of CO, with the
polymers used in this study.) The small box within
Figure 1 illustrates the region where the COg-rich
liquid-polymer-rich liquid data were measured. The
results, shown in Figure 2, indicate that these three
TFE—VAC copolymers are more CO-soluble than PVAc
as evidenced by the cloud-point curves of these copoly-

70.00
SINGLE-PHASE LIQUID T=25°C
65.00 M
©
o
= 60.00
o
=
@ 55.00
o
o
5000 1 LIQUID-LIQUID
45.00
0 2 4 6 8 10 12

Copolymer Concentration in CO, (wt%)

—&—TFEVACc=26.5:73.5 (mol%)
——TFEVAc=19.3:80.7 (mol%)
—¥— TFE:VAc=116:88.4 (mo|%)

—>—poly(vinyl acetate)

Figure 2. Pressure—composition phase diagram for CO; +
TFE—VACc copolymer system at 25 °C.

mers being comparable to one another and being 10
MPa lower than the PVAc cloud-point curve. Further-
more, a single phase could not be achieved at a PVAc
concentration of 6 wt % at the pressure limit of 67 MPa.
The greatest concentrations of the (TFE-co-VAc) poly-
mers that could be attained in liquid CO, at the same
pressure limit of 67 MPa were 7.5, 10, and 8 wt % for
the TFE 1 6-co-VAc, TFE93-c0-VACc, and TFE s 5-co-VAC
polymers, respectively. These results indicate that
TFEj93-co-VAc is close to the optimal composition for
COs-solubility. These results also suggest that copoly-
mers with a small proportion of TFE are not as likely
to form TFE crystalline segments having variable
lengths of CF, units that inhibit solubility in COa,.
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Figure 3. Cloud-point curve for ~5 wt % CO, + TFEg7-co-
VAc system.

Because of the relatively low TFE content and copolym-
erization technique, the probability of lengthy block
segments of TFE is low in these copolymers, and hence
the propensity to crystallize and form CO;-insoluble
polymers is low.

The copolymers with higher concentrations of TFE,
TFE4s7-co-VAc, and TFEgsz3—VAc were markedly less
COs-soluble. TFE4s7-co-VAc was insoluble in CO, at
temperatures below 75 °C, which is notably less CO,
soluble than the three copolymers with lower TFE
concentrations; however, the copolymer did dissolve at
elevated temperatures. At a copolymer concentration of
5 wt % in COz;—a representative mixture composition
that typically yields a cloud point pressure at or near
the maximum cloud-point pressure of this portion of the
phase diagram—cloud-point pressures were observed at
higher temperatures. The cloud point pressure was
found to be 74 MPa at 75 °C and 91 MPa at 128 °C (see
Figure 3). However, TFEg3 3-co-VAc does not dissolve in
CO; even at 144 °C and 210 MPa. This may be due in
part to the increased crystallinity of the copolymer
associated with TFE-rich regions or blocks.

Molecular Modeling Results. We have employed
ab initio molecular modeling to identify reasons for the
enhanced solubility of TFE-co-VAc relative to the PVAc
homopolymer. Figure 4b illustrates that the fluorinated
carbons in the copolymer backbone will be adjacent to
either a methylene carbon or a methyne carbon from
which the pendant —OCOCHS3 group extends. We take
one representative portion of TFE-co-VAc with a rela-
tively small concentration of TFE shown in Figure 4c
and divide it into three small molecules, shown in
Figure 4d, which are conducive to molecular modeling
calculations. First, we cut the molecule between the two
CF, functional groups, yielding two fluorous molecules,
3,3,3-trifluoroisopropyl acetate (TFIPA) and 4,4,4-tri-
fluoro-sec-butyl acetate (TFSBA). The third small mol-
ecule is 2,2,3,3-tetrafluorobutane (FB), which is a model
for the backbone of the polymer. The hydrocarbon
analogues of these small molecules, shown in Figure 4e,
are isopropyl acetate (IPA), sec-butyl acetate (SBA), and
n-butane. These molecules are used for direct compari-
sons with the semifluorinated compounds.

We have identified four possible binding configura-
tions for CO; interacting with TFIPA and TFSBA. We
use the TFIPA molecule as an example to illustrate the
possible binding configurations because TFSBA has
similar CO; binding configurations. The specific binding
configurations are illustrated in Figure 5 as (A) ester
oxygen, (B) carbonyl oxygen, tilted toward the methyl
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Figure 4. (a) PVAc; (b) a portion of poly(TFE-co-VAc) that
lacks TFE block segments; (c) a representative segment of this
copolymer; (d) the three small molecules used in molecular
modeling that capture the features of the copolymer: trifluoro-
isopropyl acetate, trifluoro-sec-butyl acetate, and tetrafluo-
robutane; (e) the hydrocarbon analogues of the small fluorous
molecules: isopropyl acetate, sec-butyl acetate, and n-butane.

group, (C) carbonyl oxygen, tilted toward the ester
group, and (D) backbone fluorine atoms. Geometry
optimizations were started by placing the CO, molecule
at various positions around the TFIPA and TFSBA
molecules. From five to eight different starting geom-
etries were used for each of the polymer fragments. The
hydrocarbon analogues, IPA and SBA, were studied in
the same way.

TFIPA/CO; and IPA/CO,. Binding configuration A
has an interaction energy of —15.9 kJ/mol. The opti-
mized geometry for binding configuration A is shown
in Figure 6. The dashed lines indicate interaction points
between the two molecules. The atom—atom distances
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Figure 5. Four distinct binding configurations for TFIPA and a single CO, molecule. (A) Binding with the ester oxygen. (B)
Binding with the carbonyl oxygen, tilting toward the methyl group. (C) Binding with the carbonyl oxygen, tilting toward the
ester group side. (D) Binding with the fluorine atoms in the backbone.

4

Figure 6. Binding interactions of TFIPA/CO, for configura-
tion A. The distances are in angstroms.
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Figure 7. Binding interactions of TFIPA/CO, for configura-
tion D. Distances are in angstroms.

in angstroms are also shown. The carbon atom of the
CO, molecule binds with both the fluorine atom and the
ester oxygen atom on TFIPA in this configuration. Each
oxygen on COs; interacts with a hydrogen in what can
be termed a weakly hydrogen-bonding configuration.?’
We identify configuration A as quadradentate binding
because the CO, molecule has four interaction points
with the polymer moiety. In configurations B and C, the
CO; molecule mainly interacts with the carbonyl oxygen
atom of the TFIPA. This gives interaction energies that
are quite similar to those between IPA and CO.. Figure
7 shows the interactions for configuration D. This is also
a quadradentate binding configuration. The carbon of
the CO; interacts with two fluorine atoms while one
oxygen of the CO; interacts with two hydrogens.

The binding energies for the four TFIPA/CO; binding
configurations are listed in Table 2, along with the
interaction energies for CO, with the hydrocarbon
analogue, IPA. There is a difference of about 1.2 kJ/
mol between the binding energies of TFIPA/CO, and
IPA/CO; for configurations A and B. This energy dif-
ference is within the estimated accuracy of the ab initio

Table 2. Binding Energies for TFIPA/CO,; and IPA/CO; at
Each of the Four Binding Configurations of Figure 32

binding binding energies (kJ/mol)
configurations TFIPA/CO, IPA/CO;
A —15.9 —14.7
B —13.0 —14.2
C —15.9 —15.9
D -9.6 no minimum

a8 Geometries optimized at the MP2/6-31+g(d) level of theory
with binding energies computed at MP2/aug-cc-pVDZ.

calculations. The limited accuracy is due to lack of
convergence in the theoretical method (MP2) and the
choice of basis set. Thus, we conclude that the fluorine
atoms on the polymer backbone do not substantially
affect (positively or negatively) the binding energies of
CO, with the acetate side chain.

We have not been able to find a configuration D for
the IPA/CO; system, even though we started from
several different initial configurations. In every case,
the CO, molecule always migrates around the molecule
to bind with the carbonyl or ester oxygen of the IPA
molecule. This implies that there is no minimum cor-
responding to binding configuration D for the IPA/CO,
system. However, the D geometry of the TFIPA/CO,
system shows a considerable binding energy of —9.6 kJ/
mol. This additional binding site for the TFIPA/CO,
system is probably one of the main reasons for the
increase in solubility of the TFE-co-VAc molecule in
CO,. Note that configuration D requires a junction
between fluorinated and nonfluorinated segments. We
estimate that at least two CO, molecules can favorably
interact with each CF,—CHj5 junction. Clearly, a moder-
ate fraction of TFE in the copolymer would favor higher
CO; solubility, since the number of CF,—CHj5 junctions
per polymer molecular weight is maximized for moder-
ate mole fractions of TFE.

TFSBA/CO; and SBA/CO,. The TFSBA/CO, system
was investigated using similar binding configurations
from A to D of the TFIPA/CO, system. The SBA/CO,
system was used for comparison. Table 3 lists the
calculated binding energies for these systems. The
calculations for TFIPA/CO, and IPA/CO, indicate that
the binding energies for configurations B and C should
be similar for the fluorinated and nonfluorinated seg-
ments. We therefore did not calculate binding energies
for configurations B and C for the SBA/CO, system. We
used the values of the binding energies for configura-
tions B and C from the IPA/CO; system as an estimate
for the binding energies for SBA/CO, for the same
configurations. The binding energy of configuration A
for TFSBA/CO; is —18.8 kJ/mol, which is much larger



Macromolecules, Vol. 37, No. 20, 2004

Table 3. Binding Energies for TFSBA/CO, and SBA/CO»
at Each of the Four Binding Configurations of Figure 32

binding binding energies (kJ/mol)
configurations TFSBA/CO, SBA/CO;
A —18.8 -16.3
B —13.8 —14.2b
C —155 —15.9p
D —-11.7 no minimum

a Geometries optimized at the MP2/6-31+g(d) level of theory
with binding energies computed at MP2/aug-cc-pVDZ. P Estimated
from IPA/CO; calculations.
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Figure 8. Charge distribution on the TFSBA (top) and SBA
(bottom) molecules.

than the binding energies for any site of any of the other
systems. Note from Table 3 that the interaction energy
for configuration A of TFSBA is 2.5 kJ/mol more
attractive than for SBA. This difference is larger than
the expected uncertainty in the calculations.

We have examined the NBO charge distributions of
TFSBA and other molecules in order to determine the
origin of the enhanced binding for configuration A of
TFSBA/CO,. The local charges on atoms of TFSBA are
shown in Figure 8. Note that the charge on hydrogens
H(1) and H(2) is about 0.26. This is significantly larger
than on hydrogens in the same positions on SBA or on
hydrocarbons, which is about 0.23. Thus, hydrogens
H(1) and H(2) are more acidic than typical hydrocarbon
hydrogens. This is due to the fact that they are on the
carbon that is beta to the highly electronegative fluo-
rines. Configuration A on TFSBA/CO; is a quadraden-
tate binding site, with one CO; oxygen interacting with
H(1). The acidic hydrogen acts as a better Lewis acid
for the CO, oxygen Lewis base. This, we believe, is the
reason for the enhanced binding of configuration A for
TFSBA/COs,.

The charges on the two oxygen atoms of TFSBA are
very similar to those of SBA. This is why the binding
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Figure 9. Optimized binding geometries for the n-butane/
CO; (A) and FB/CO; (B) systems. Distances are in angstroms.

energies of configurations B and C are very similar for
all the systems studied. Configuration D for the TFSBA/
CO; system has a binding energy of —11.7 kJ/mol. This
is larger than that for the same configuration on TFIPA/
CO,. We believe that the increase in binding energy is
again due to the increased acidity of the hydrogens on
the backbone. Note that our calculations could not locate
a minimum for configuration D for SBA/CO,, as was the
case for IPA/CO..

FB/CO; and Butane/CO,. To further investigate the
interactions between the CO, molecule and the back-
bones of the polymers, FB and butane are used as
models of the fluorinated and nonfluorinated backbones,
respectively. Starting from several initial configurations,
we identified a single geometry with the strongest
interaction for each of the systems. Figure 9 shows the
optimized binding geometries for the systems. The
binding energies for butane/CO, and FB/CO; are —8.4
and —12.1 kJ/mol, respectively. The FB/CO, binding
energy is 3.7 kd/mol larger in magnitude than that for
butane/CO,. The hydrogen atoms involved in the inter-
actions of the FB/CO, system are more acidic than those
on typical hydrocarbons. The FB hydrogens have a
charge of 0.256, compared with 0.216 for hydrogens on
butane. The FB/CO, binding energy is close to the
configuration D binding energy for TFSBA/CO, of —11.7
kJ/mol but stronger than that for TFIPA/CO, of —9.6
kJ/mol. The hydrogen atoms involved in the configura-
tion D interactions have charges of 0.26 and 0.24 for
TFSBAJ/CO; and TFIPA/CO; systems, respectively. These
values are close to those for the FB/CO, system, indicat-
ing that the FB molecule is a reasonable surrogate for
the backbone of the polymer. The enhanced binding of
CO, with the semifluorinated molecules relative to
nonfluorinated compounds indicates that the backbone
of the semifluorinated polymers acts as effective simul-
taneous Lewis acids (H—0O) and Lewis bases (F—C)
toward CO,. These interactions are likely to signifi-
cantly enhance the solubility of the polymer compared
with nonfluorinated analogues. Note also that the acidic
hydrogens are only available on semifluorinated back-
bones. This corroborates the experimental observation
that high fractions of TFE in the copolymer reduce the
solubility.

Discussion

A CO; molecule can act simultaneously as both a
Lewis acid and a Lewis base if the molecule with which
it is interacting has both Lewis base and acid groups.
Our molecular modeling results show that this is
precisely the case for semifluorinated polymers such as
TFE—VAc. Perfluorinated polymers lack Lewis acid
sites and also exhibit very high melting points. Fur-
thermore, O—F interactions are only weakly attractive
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since both the oxygens in CO, and the fluorine in the
polymer are electron-rich.?> This is one of the major
reasons that partially fluorinated polymers are more
CO,-philic than perfluorinated ones. Raveendran et al.12
have also observed enhanced binding of CO, with
partially fluorinated molecules. They performed ab initio
calculations on CO,—CF,H4-, for n = 0—4. They con-
cluded that there may be an optimal density of fluorine
atoms in a molecule leading to maximum CO.-phicil-
ity.12 They attribute this optimal density to the competi-
tion among the individual electronegative fluorine
atoms. In other words, fluorine atoms in highly fluori-
nated molecules are less effective electron donors. We
believe this effect to be of minor importance compared
with the requirement for a molecule to have both Lewis
acid and base sites present in the correct geometry to
interact simultaneously with CO,. This is difficult to
achieve in a small molecule like CF,Ha—n. We note that
Fried and Hu have also studied the binding of CO, on
semifluorinated small molecules using ab initio calcula-
tions.*” They found that quadrupole—dipole interactions
between CO, and the partially fluorinated molecules
contribute significantly to the total interaction energy.*
Their results are in agreement with our calculations,
showing that partially fluorinated molecules should be
more soluble than perfluorinated species.

Another consideration is Wallen’s claim that fluorina-
tion of methane makes the hydrogen atoms less acidic
compared with hydrogen atoms in methane.’? This is
not the case for larger molecules. The hydrogen atoms
on the carbon § to the fluorine atom are more acidic
than the hydrogens on n-butane. NBO charges for
hydrogens on FB and butane are about 0.26 and 0.22,
respectively. The enhancement of H atom acidity rela-
tive to the hydrocarbon cannot be observed by studying
semifluorinated methane.

Binding of CO, to carbonyl functional groups is
virtually unaffected by the fluorination, as shown in
Table 2. In contrast, Raveendran et al. noted that
fluorination decreases the carbonyl CO,-phicility of
partially fluorinated acetaldehyde.26 Separation of the
fluorine atoms from the carbonyl group by more than
one carbon atom mitigates the effect of the fluorine on
carbonyl—CO; binding, however. Note that the charges
on the ester and carbonyl oxygens in both TFSBA and
SBA are almost identical, as shown in Figure 8.

Summary

High molecular weight poly(TFE-co-VAc) with TFE
content ranging between 11.6 and 26.5 mol % required
lower pressure for dissolution in CO, at 25 °C and at
low concentrations (<6 wt %) than PVAc homopolymer.
Further, these poly(TFE-co-VAc) copolymers were soluble
to higher concentrations in CO;, (7.4—10 wt %) than
PVACc (6 wt %). The copolymer composed of 46.7 mol %
TFE was not soluble in CO; at 25 °C but was CO,-
soluble at temperatures greater than 75 °C. The copoly-
mer with 63.3 mol % TFE was insoluble in CO; at all
conditions, possibly due to the presence of TFE blocks,
which may be crystalline and thereby reduce solubility.
Introduction of hexafluoropropylene units may disrupt
this apparent crystallinity while maintaining the fluo-
rocarbon content and enhancing CO,-solubility.

Ab initio calculations have revealed the following
reasons for the increased solubility of poly(TFE-co-VAc)
relative to PVAc. (1) The specific geometry and func-
tionality of the polymer give rise to “quadradentate”
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binding of CO, to the polymer, having an interaction
energy about 2.5 kJ/mol more favorable than the non-
fluorinated analogue; compare configurations A in Table
3. (2) The interaction of CO, with the partially fluori-
nated backbone is 3.7 kJ/mol more favorable than with
the hydrocarbon analogue. (3) The electron-withdrawing
effects of the F atoms on the backbone renders nearby
H atoms slightly more acidic, promoting stronger hy-
drogen bonding with the O atoms in CO,. Finally, we
note that CO; acts simultaneously as both a Lewis acid
and a Lewis base for many of the binding geometries
identified through molecular modeling.
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