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ABSTRACT. In this study, PDMS3-b-POEGMA, diblock copolymers consisting of a CO,-philic
poly(dimethylsiloxane) (PDMS) block connected to a thermosensitive hydrophilic poly(oligoethylene glycol
methacrylate) (POEGMA) block, were synthetized by reversible addition-fragmentation chain-transfer (RAFT)
radical polymerization. Their ability to decrease the water-supercritical CO, (scCO») interfacial tension (y) and to
stabilize water-scCO, emulsions was investigated using an original home-made device developed in the laboratory.
This device is able to control the pressure from 1 to 250 bar and the temperature from 40 to 80°C. It was implemented
with 2 visualization windows, a drop tensiometer and a remote optical head for dynamic light scattering (DLS)
measurements. These experiments revealed that PDMS-b-POEGMA decreased y down to 1-2 mN/m and was the most
efficient at high pressure (250 bar) and low temperature (40°C) where PDMS and POEGMA blocks exhibited the
highest affinity for their respective phase. The diblock copolymers were shown to stabilize water-scCO, emulsions.
Moreover, the thermosensitive behavior of the POEGMA block in water (with a lower critical solubility temperature
around 65°C) resulted in the formation of temperature-responsive emulsions that could reversibly switch at 100 bar
from stable at 40°C to unstable at 80°C. These results were rationalized based on the solubility of each individual

block of the copolymers in water and scCO, as a function of temperature and pressure.



Introduction

Supercritical carbon dioxide (scCO,), due to its
unique properties (e.g., nontoxicity, nonflammability,
moderate critical temperature and pressure) is
increasingly considered for various industrial
applications (e.g. extraction, foaming, chemical
reaction, dry cleaning).! Over the last 20 years, a special
focus was set on the production of water-in-scCO,
(W/C) or scCOs-in-water (C/W) emulsions and
microemulsions? as they can act as “universal solvents”
by dissolving simultaneously polar, ionic and nonpolar
molecules. These dispersed systems have numerous
fields of application, including chemical processing,
solubilization and separation, synthesis of polymer
colloids or inorganic particles.>#>¢ The stabilization of
C/W or W/C emulsions can be achieved with molecular
surfactants’® or amphiphilic block?!!12 copolymers
which lower the water-scCO interfacial tension (y) and
sterically and/or electrostatically hinder the coalescence
of water or scCO, droplets.”® Alternatively, solid
particles can also lead to very stable water-scCO,
emulsions>!* through the Pickering effect.!>16

CO,-philic copolymers used to stabilize water-scCO»
emulsions were extensively reviewed by Girard et al.,?
focusing on their interactions with CO,. Among the
different polymers reviewed, those exhibiting the
highest affinity for CO, are poly(vinyl acetate) <
poly(dimethyl siloxanes) (PDMS) < poly(fluoroalkyl
acrylates), in this order.!” Moreover, shorter polymers
have a higher solubility in scCO, for entropic reasons.'3
Only few studies were devoted to PDMS-based
amphiphilic copolymers and their use as emulsifiers.
Indeed, the strong affinity of PDMS for CO, suggests
that amphiphilic PDMS-based copolymers should
strongly reduce y and successfully stabilize W/C or C/W

emulsions. Amphiphilic copolymers with a rather short

PDMS block (from 1,000 to 10,000 g/mol) were
connected to either a poly(2-hydroxymethacrylate)
(PHEMA) block," poly(ethylene oxide) (PEO) grafts,!!
or a pH-sensitive poly(acrylic acid) (PAA)'? block.
These three polymer families were shown to stabilize
W-C emulsions. PEO-b-PDMS-b-PEO triblocks were
used to prepare W-C miniemulsions.?’ No attempts were
made to correlate the polymer chemical structure with
its ability to reduce y or to stabilize emulsions.

To characterize the affinity of molecular surfactants
or block copolymers with both the water and CO,
phases, the hydrophilic CO,-philic balance (HCB)

parameter has been proposed in the literature (Eq. 1).!!

HCB = 2nw—Aun—Aww Equation 1
Atc—ATtT—ACC

With A the cohesive energies between the different
chemical species denoted by subscripts: T for the CO»-
philic part of the amphiphilic molecule, H for its

hydrophilic part, W for water and C for CO..

The HCB originates from the hydrophilic lipophilic
balance (HLB) which characterizes a surfactant used in
a water-oil system.>?! However, unlike the HLB, which
is only based on the surfactant chemical structure, the
theoretical HCB calculation takes into account all
cohesive energies involved and thus all interactions of
the surfactant molecule with its environment under
specific conditions (e.g. temperature, pressure, salinity).
With these considerations, the HCB calculation relates
more closely to the extended version of the Winsor R
ratio? or to the hydrophilic lipophilic difference (HLD)
calculation produced by Salager,>2* both developed for
water-oil systems. Due to the difficulty to determine the
cohesive energy values in equation 1, the HCB is mainly
used as a qualitative concept to assess the influence of
all involved interactions in the presence of a surfactant
at a water-CO; interface (Figure 1) (we only found one

exception where the HCB was calcula to Figure



1, when the HCB value is more than one (respectively
less than one), the amphiphilic molecule or copolymer
is considered as predominantly  hydrophilic
(respectively CO,-philic) and leads preferentially to the
formation of C/W (respectively W/C) emulsions in
accordance to the Bancroft's rule.>* When the HCB
reaches a value close to one, the amphiphilic molecule
or copolymer shows a balanced state with equal

affinities for water and CO,, leading to a minimum 7.

Surfactant
prefers Water

Surfactant
prefers CO,

In (y)

Il
Ll

<«—— Pressure
<«— Temperature
«—— Salinity

HCB —»

Figure 1. Schematic representation of the effect of
various formulation parameters on In(y) for a nonionic

surfactant at the water-CQO, interface.

In this study, a small PDMS (DP, = 13) was chosen as
the CO,-philic block and a thermo-responsive
poly(oligo(ethylene glycol) methacrylate) (POEGMA,)
with three different number-average degrees of
polymerization (DP, = x = 16,31 and 46) was chosen as
the hydrophilic block. POEGMA exhibits a lower
critical solution temperature (LCST) in water of 65°C
(at normal pressure P=1atm and for OEGMA
monomer units consisting of 4-5 ethylene glycol units,
with molar mass Moggma = 300 g/mol).?’ The synthesis
of PDMS-5-POEGMA by combination of anionic ring

opening polymerization and atom transfer radical

polymerization (ATRP) has already been reported,’ but
the interfacial behavior of these polymers or their ability
to stabilize emulsions have never been studied. Here,
three PDMS3-b-POEGMA, diblock copolymers were
synthesized by reversible addition-fragmentation chain
transfer (RAFT) radical polymerization of OEGMA
from a PDMS3-based chain transfer agent (PDMS;s-
CTA). The reduction of y was measured as a function of
the copolymer concentration, temperature, pressure,
andthe POEGMA block length. Moreover, the ability of
the diblock copolymers to stabilize water-scCO,
emulsions in different conditions of temperature and
pressure was investigated. This could be achieved using
a home-made device including a pendant-drop
tensiometer and visualization windows enabling both
direct visual observations and in situ dynamic light
scattering (DLS) measurements. The ability of the
polymers to stabilize or not water-scCO, emulsions
depending on T and P was also discussed regarding thei
efficiency to reduce y and the solubility of both blocks

in scCO, and water.

Experimental section

1. Materials

Pure water (milliQ, 18 MQ.cm), CO; (Linde, 100 %),
pentane (Aldrich, 99 %), diethyl ether (Aldrich, 99 %),
sodium chloride (Aldrich, 99 %), sodium bicarbonate
(Aldrich), MgSO,, C-hydroxy functional PDMS
(PDMS-OH
Polydimethylsiloxane, CAS: 207308-30-3, Figure 3,

Monocarbinol Terminated

M, =1180 g/mol, DP,=13, Gelest MCR-CI12),
dimethylaminopyridine (DMAP, Acros), N,N’-
dicyclohexylcarbodiimide (DCC, Aldrich),

triethylamine (Aldrich, 99.5 %), toluene (Aldrich,

99 %), methanol (Aldrich, 99 %), 4-cyano-4-

(phenylcarbonothioylthio) (CTA-

COOH, Aldrich, 99 %), tetrahydrofuran (THF,

pentanoic  acid



Aldrich), dichloromethane (CH,Cl,, Aldrich) and
acetonitrile (Aldrich, 99 %) were used as received.
AIBN (Aldrich, 98%) was recrystallized from methanol
and OEGMA 300 g/mol (Aldrich) was purified on a

basic alumina column before use to remove inhibitor.

2. Characterization techniques
Nuclear magnetic resonance spectroscopy
Nuclear Magnetic Resonance (NMR) spectra were

recorded using deuterated chloroform (CDCL) on a

BRUKER advance DPX spectrometer operating at
400 MHz for 'H NMR. Coupling constants (J) are
denoted in Hz and chemical shifts (3) in parts per
million (ppm) relative to tetramethylsilane (TMS).

Size Exclusion Chromatography

Size exclusion chromatography (SEC) was
performed using a system made of a guard column
(5 pm beads, 50 x 7.5 mm) connected to a PLgel
Mixed-D column (5 um beads with a distribution of
pore sizes from 50 A to a few ym, 300 x 7.5 mm) and a
PLgel column (5 um beads with individual pore sizes of
50 A, 300x7.5mm). Online light

(miniDAWN TREOS from Wyatt, equipped with a

scattering

120 mW laser with A =656 nm), refractive index
(RID10A from Shimadzu) and UV (Spectra Physics
Analitical UV1000, 254 nm) were used for detection.
All samples were analyzed in THF at room temperature
using a 1 mL/min flow rate with a Prominence HPLC
system (Shimadzu). After filtration (0.2 um syringe
filters, Acrodisc), 100 uL of 2 g/L. polymer solutions
were injected. Number-average (M,) and weight-
average (M,,) molar masses and dispersity (P = My/M,)
were calculated by light scattering, using the refractive
index detector for concentration calculations knowing
the specific refractive index increment dn/dc of the
polymers. The dn/dc of the copolymers in THF was
determined at 20°C using a Spectra System P100

(Wyatt) differential refractometer operating at
A = 633 nm. Solutions with various concentrations (1,2,
3,4 and 5 g/L) were successively injected, leading to
dn/dc =0.06 +0.01 mL/g for the three diblock
polymers. The residual molar fractions of PDMS-CTA
in the unpurified PDMS;3-b-POEGMA, diblock
copolymers were determined by UV absorption at
254 nm. Molar extinction coefficients at this
wavelength were determined by UV/Vis spectroscopy
in THF with a Varian Cary-50 Bio UV-Visible
spectrometer (Les Ulis, France) by measuring 5
solutions from 0.06 to 0.15mg/L, leading to
€ =2.8 L/mol/cm for PDMS 5;-CTA and
€=1.9 L/mol/cm for the three PDMS3-b-POEGMA,
independent of x (see SI for details, section 2 and Figure

S2).

3. Synthesis

Synthesis of PDMS;3-CTA
4-(dimethylamino)pyridine ~ (0.12 g, 0.1 mmol,
0.15 eq), PDMS-OH (7.5 g, 6.8 mmol, 1 eq), CH,Cl,
dry (30 g) and 4-(cyano-dithiobenzoate) pentanoic acid
(2.9 g,10 mmol, 1.5 eq) were added in a 100 mL round-
bottom flask equipped with a stir bar and an addition
funnel. The solution was stirred and degassed with
argon for 10 minutes. DCC (2.1 g, 10 mmol, 1.5 eq) was
dissolved in dry CH>Cl, (8 g) and added dropwise to the
reaction flask at 0°C. Then, the reaction medium was
stirred at room temperature overnight. The solid was
removed by filtration, and the filtrate was washed once
with an aqueous solution of sodium bicarbonate (20 mL,
10 % w/w) and twice with pure water (2x20 mL). The
filtrate was then dried with anhydrous MgSO, and
concentrated on a rotary evaporator before precipitation
of the polymer in a water/methanol mixture (20/80 v/v).
A liquid pinkish polymer was finally obtained (6.2 g,
yield = 65 %).



!H NMR (CDCl;) ppm : 0.1 (m, 82 H = 6xDP, + 6
corresponding to DP, = 13, CH;-Si-CH;); 0.5 (m, 4H, -
CH.-Si); 0.82 (t, 3H, CH;-CH,-CH,-CH>-Si-); 1.30 (m,
4H, -CH>-CH,-Si-); 1.73 (m, 2H, CH3-CH,-CH»-CH,-
Si-); 1.95 (s, 3H, CH;-C(CN)-); 2.38-2.80 (m, 4H, -
(C=0)-CH>-CH»-C-); 345 (t, 2H, -CH,-O-CH,-CH,-O-
(C=0)-); 3.66 (t, 2H, -CH,-O-CH,-CH,-O-(C=0)-);
4.29 (t, 2H, -CH,-O-CH,-CH»-O-(C=0)-); 7.42 (dt, 2H,
3J(H,H) = 8.4 Hz, *J(H,H) = 7.6 Hz, m-ArH); 7.56 (dt,
1H,3J(H,H) =7.6 Hz,*J(H,H) = 1.2 Hz, p-ArH); 7.9 (dt,
2H, *J(H,H) = 8.4 Hz, “J(H,H) = 1.2 Hz, o-ArH).

Synthesis of PDMS 3-b-POEGMA,

In a typical run corresponding to PDMS;;-b-
POEGMA,s, OEGMA (20 g, 66.7 mmol, 40 eq), AIBN
initiator (0.05 g, 3.3 mmol, 0.2 eq), PDMS-CTA (2 g,
1.6 mmol, 1 eq) and 20 g of toluene were added in a
Schlenk flask. Five freeze-pump-thaw-argon cycles
were carried out to remove oxygen. Then, the reaction
medium was heated in an oil bath at 70°C. To monitor
polymerization Kkinetics, aliquots were regularly
collected under argon and analyzed by 'H NMR
(monomer conversion) and SEC (M,, P). The overall
monomer conversion was determined by 'H NMR
spectroscopy in DMSO-d, by the relative integration of
the protons of the polymer at 4.1 ppm and the vinylic
protons of the monomer at 5.6 and 6.1 ppm. The kinetic
plots allowed determining the time required to reach the
desired conversion. At this time, the reaction was
stopped by cooling the reaction medium in an ice bath
and opening it to air. The final conversion was
confirmed by 'H NMR. To purify the copolymer, it was
precipitated in a mixture of 80 % pentane and 20 %
diethyl ether (by volume). A viscous pinkish copolymer
was finally obtained (7.5 g, yield = 63 %).

!H NMR (CDCl;) ppm for PDMS3-b-POEGMA.6:
0.1 (m, 82 H = 6xDP,(PDMS) + 6 corresponding to
DP,(PDMS)= 13, CH;-Si-CH3); 0.5 (m, 4H, -CH,-Si);
0.6-2.8 (~286 H corresponding to the following protons:
~ 0.8 ppm, t, 3H, CH;-CH,-CH»-CH,-Si-; ~ 1 ppm, s,
3HxDP,(POEGMA), -CH,-C(CH3)-C=0; ~ 1.3 ppm,
m,4H,-CH,-CH»-Si-; ~ 1.7 ppm, m, 2H, CH3-CH,»-CHo-
CH:-Si-; ~ 1.8 ppm, m, 2HxDP,(POEGMA), -CH--
C(CH3)-C=0; 2.3 pm, s, 3H, CH;-C(CN)-); 2.4-2.8, m,
4H, -(C=0)-CH,-CH:»-C-)); 30-38 (~892 H
corresponding to the following protons: 3.3, s, 3HxDP,
POEGMA -(CH»-CH,-O),4.s-CH3; 3.45, t, 2H, -CH»-O-
CH,-CH,-O-(C=0)-); 3.6, m, 16HxDP,(POEGMA) -
(C=0)-CH,-CH»-0O-(CH,-CH>-0)3.4+-CH3; 3.66, t, 2H, -
CH,-O-CH>-CH,-O-(C=0)-)); 4.1 (92 H, m,
2HxDP,(POEGMA) corresponding to DP,(POEGMA)
= 46, -(C=0)-CH,-CH,-O-(CH,-CH-O);4-CHz3); 4.3
(m, 2H, -CH,-O-CH,-CH>-O-(C=0)-); 742 (m, 2H, m-
ArH); 7.56 (m, 1H, p-ArH); 7.9 (dt, 2H, *J(HH) = 8 4
Hz,*J(HH) = 1.2 Hz, 2H, o-ArH).

Size exclusion chromatography for PDMS;3-b-
POEGMA,s: M, = 16,000 g/mol, b = 1.1.
See Table 1 for the characteristics of the other

polymers.

4. Interfacial tension measurements

The interfacial tension measurements were
performed on a high pressure, high temperature home-
made device (Figure 2) developed in partnership with
Top Industrie and controlled by the Windrop® software
(Teclis). This device was composed of a motorized and
variable volume view cell (Top Industrie) for the scCO,
injection and a syringe pump (260D P2 ISCO, USA) for
the injection of the aqueous solution containing the
amphiphilic copolymer. This solution was injected in a

50 mL stirred measurement cell (Top Industrie)



equipped with a light source. A video camera was
mounted on an optical rail for proper alignment and
connected to a computer for video acquisitions. The
measurement cell initially contained a small amount of
water (approx. 3 mL), stirred to ensure the CO, phase
saturation. The CO, was first injected to the desired
pressure and the cell was thermalized between 40 and
80°C with a heated bath (Fisherbrand Isotemp 6200H7).
Then, the aqueous polymer solution was introduced in
the measurement cell with the syringe pump to obtain a
5SpuL pendant drop by setting a desired pressure
(typically 3 to 5bar above the pressure of the
measurement cell to avoid backflow). Finally, the
interfacial tension measurement between the aqueous
solution and the water-saturated CO, was started and
maintained, keeping the volume of the droplet constant,
until ¥ remained stable for at least 2 minutes. The

interfacial tension measurements were carried out by

fitting the Laplace equation (Eq. 2) to the profile of the
recorded pendant drop images, where AP is the pressure

difference across the water-CQO, interface, R, is the
radius of curvature at the apex of the drop, Hy and H,
are the principal radii of curvature and z is the vertical
distance.”

AP = 2y($+ Hil) = Apgz + 12?—);

Equation 2

The interfacial tension measurements at different
pressures and different temperatures were made with the
same aqueous solution for each polymer and each
concentration. However, for each measurement, a new
droplet was formed after equilibration of T and P in the
apparatus. After each measurement, a sufficient amount
of aqueous solution was pushed into the droplet to

detach it from the needle.

Table 1. Experimental conditions for the synthesis of the PDMS;-b-POEGMA. diblock copolymers and

characteristics of the final polymers

[OEGMAJ;: OEGM.A CTA M, . M
[PDMS- conversion . . 1 theo nexp . wt%
efficiency b
CTAl: (%)¢ (g/mol)*  (g/mol) POEGMA
[AIBN]," (%)
16 20:1:02 52 65 5000 7 500 1.1 84
31 40:1:02 30 48 8 000 12 000 1.1 89
46 40:1:02 60 45 16 000 17 000 1.1 93

a Determined by 'H NMR on the purified polymer; ® Molar ratio of the reagents; ¢ Determined from the relative areas of the peaks in SEC, see
SI section 2; 4 Theoretical M, = Mppwms.cta + [OEGMA]oxconversionxMoggma/(FX[PDMS-CTA]p); ¢ M, and D determined by SEC in THF using

light scattering and refractive index detections.
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Figure 2. Schematic view of the home-made device used to measure both y in the measurement cell (on the right) or

the stability of the emulsions in the variable volume view cell (on the left). In the latter, two windows allowed the

macroscopic observation of the water-scCO, mixture. Moreover, a deported DLS apparatus was installed on the

bottom observation window for further measurements (see section 6 of the experimental section).

5. Formation of water-carbon dioxide emulsions and
stability

Emulsions of water and scCO, were prepared in the
variable volume view cell of the home-made device
(Figure 2). First, the studied copolymer was solubilized
in deionized water and placed in the view cell. Then,
scCO, was injected to the desired volume fraction and
the pressure was controlled with the syringe pump. The
temperature of the apparatus was controlled with the
heated bath. The copolymer/water/scCO, mixture was
emulsified with a 28 mm diameter four bladed propeller
at 900 rpm for 15 min, resulting in the formation of a
white and turbid emulsion (see Figure 8b). Then, the
stirring  was the emulsions

stopped, and were

characterized visually. DLS measurements were
conducted on the aqueous bottom phase which appeared

after creaming of the emulsion with a Cordouan®

particle size analyzer (VASCO Kin) operating at a
wavelength of 638 nm and a fixed scattering angle of
170°. The remote head of the apparatus was positioned
at the bottom of the first window as depicted on Figure
2. Traces of the scattered light intensity and intensity-
time correlation functions, g»(Af), with Ar the delay
time, were recorded in the bottom phase before
(aqueous polymer solution) and after creaming of the
emulsion. As measurements were not performed on
diluted systems in the limit of low angles, only apparent

sizes could be obtained.

6. Cloud point measurements
The cloud points of the polymers were measured both
for the diblock copolymers and for their constituting
homopolymeric blocks (PDMS and POEGMA).

Commercial PDMS-OH was used for the experiments



with this block. The synthesis of the POEGMA
homopolymer was achieved in conditions similar to
those described for the PDMS3-b-POEGMA, diblock
copolymers except that CTA-COOH was used as chain
transfer agent instead of PDMS-CTA with a
[OEGMA]y:[CTA-COOH]y:[AIBN], molar ratio of
40:1:0.2 and with a final conversion of 56 %. In scCO,,
the cloud point was measured at 40°C as a function of
P, whereas in water it was measured as a function of T

for fixed P values.

Cloud point pressure of the homopolymers and of the
diblock copolymers in scCO>

The cloud point pressure in scCO, was measured both
for the diblock copolymers and for their constituting
homopolymeric blocks according to Wang and al.*
using a high-pressure phase equilibrium apparatus
(Separex, France). This high-pressure unit was
composed of a variable volume view cell equipped with
three sapphire windows and a mechanical stirrer with a
pitched blade turbine. The temperature of the cell was
maintained at 40°C using a water bath. Phase transitions
were recorded with a USB camera. In a typical
experiment, 100 mg of the tested polymer was
transferred into the high-pressure visualization cell. The
cell was then sealed and filled with 20 mL of CO,,
leading to 0.5% (weight/volume, w/v) of polymer in the
cell. Finally, the cell was pressurized at 300 bar using a
membrane pump (Separex, France). The complete
dissolution of the polymer in scCO, could be visually
observed after 10 min of mechanical stirring. Then, a
video was recorded while the pressure inside the cell
was slowly reduced at 20 bar/min using a syringe pump
(260D P2 ISCO, USA) connected to the observation
cell. The video was then post-treated by ImageJ and the
grey intensity was calculated in order to determine the

cloud point corresponding to the phase separation of the

polymer from CO,. The image grey intensity was
calculated from the red (R), green (G) and blue (B)
components as (R + B + G)/3 (see SI section 4, figure
S5). The measurements were repeated three times to test

their reproducibility.

Cloud point temperature of the polymers in water

The cloud point temperatures of the POEGMA and
PDMS homopolymers were studied in water saturated
with CO; at 1 bar and 250 bar. The high-pressure phase
equilibrium apparatus (Separex, France), described
above, was filled with 20 mL of aqueous polymer
solution (1.0 % w/v). Saturation of CO, in water was
ensured by first raising the temperature to 80°C where
CO, was the most soluble in water, stirring for 5 min
and then returning to 40°C. Then the temperature of the
cell was raised by 5°C steps and the cloud point was
determined based on the macroscopic turbidity
observed with a USB camera.

PDMS3-b-POEGMA; copolymers were soluble in
water at room temperature for different concentrations
(0.1; 0.5 and 1 % w/v). Their cloud point temperatures
(Tcp) were determined in water at 1 bar from turbidity

measurements (see SI, section 4).

Results and discussion
1. Synthesis of PDMS;3-b-POEGMA, diblock
copolymers

1.1. Synthesis of PDMS;5-CTA

Synthesis of the chain transfer agent-functionalized
PDMS (PDMS-CTA) was done by esterification of a
commercially available PDMS-OH (Figure 3, DP, = 13,
M, = 1,180 g/mol) with a carboxy-functional CTA in
the presence of DCC and DMAP, see Figure 3.2* After
optimization (see SI for details, section 1 and table S1),

the optimal selected conditions corresponded to a



PDMS-OH:CTA-COOH:DCC:DMAP molar ratio of
1:1.5:1.5:0.15. The reaction was conducted overnight in
dichloromethane at room temperature. After
purification, the polymer was characterized by 'H NMR
in DMSO-ds, revealing the quantitative transformation
of the terminal hydroxy functions of PDMS-OH into
CTA functions (Figure 3). Indeed, proton H. shifted
from 3.75 ppm in PDMS-OH to 4.3 ppm in PDMS-CTA
(Figure 3b), whereas proton H, shifted from 3.57 to
3.67 ppm. No proton characteristic of PDMS-OH could

be found in either the raw (data not shown) or purified

PDMS-CTA, confirming full conversion.

N
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Figure 3. a) Synthetic scheme for the preparation of the
PDMS-CTA macro-RAFT agent and of the PDMS-b-
POEGMA diblock copolymers; b) 'H NMR of the
PDMS-CTA and the reference PDMS-OH in the 3.4-
4.4 ppm region.

1.2. Polymerization of OEGMA from PDMS-CTA
In order to obtain the targeted PDMS3-b-POEGMA,
diblock copolymers, polymerization of OEGMA was
carried out at 70°C in toluene (50:50 w:w
monomer:toluene ratio) using the PDMS-CTA
macroRAFT agent and AIBN as initiator (Figure 3a).
Three different degrees of polymerization of the
POEGMA block (x =16, 31 or 46) were successfully
obtained by varying both the final conversion and the
initial OEGMA: PDMS-CTA molar ratio, see Table 1.
Polymerizations were always stopped below 60 %
conversion to limit irreversible transfer and termination
reactions. Up to the final conversion, In([M]o/[M])
evolved linearly with time implying a constant radical
concentration; except for an initial inhibition period of

10 to 35 min.
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Figure 4. a) Evolution of M, (full symbols) and D (empty symbols) with conversion during the synthesis of PDMS3-

b-POEGMA, diblock copolymers (x = 16 A and

,x=31 ® and O x =46 W and O). The straight lines correspond

to the theoretical evolution of M, = Mppms.cta + [OEGMA JoxconversionxMogama/(FX[PDMS-CTA]o) (see Table 1 for
conditions, with Mppwms.cra = 1460 g/mol and Moesma = 300 g/mol). b) Evolution of In([M]¢/[M],) as a function of

time.

The linear evolution of the number average molecular
weights (M,) of the diblock copolymers and the
decrease of their dispersity (D) with conversion indicate
a good control of the polymerization of the POEGMA
blocks (Figure 4). Additionally, Figure 5 shows that the
chromatograms of the macro-RAFT agents shifted to
higher molecular weights upon polymerization,
confirming the formation of diblock copolymers.
However, UV detection revealed that part of the macro-
CTA was not converted into a diblock copolymer
(Figure 5a), resulting in higher molecular weights of the
POEGMA blocks than initially targeted (Table 1). Pure
diblock copolymers could be obtained after removing

unreacted PDMS-CTA by selective precipitation in

pentane/diethyl ether (80/20 v/v), see Figure S5b.
Considering the conversion and percentage of PDMS-
CTA that effectively reacted (see Table 1 and Figure
4a), the experimental molecular weights were consistent
within experimental incertitude with the initial
[OEGMAY]/[CTA] ratio and conversion. In the end,
three PDMS3-b-POEGMA, with x =16, 31 and 46
were obtained. The synthesis of a fourth polymer with a
very short POEGMA block (x ~ 5) was also attempted.
However, the same problem of efficiency of the PDMS-
CTA block was observed and the POEGMA block was
too short for further selective purification (see SI,

section 3 for details).
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diblocks, DP, = 16 (+), DP, =31 (--), DP, =46 (- ). a) Before and b) after purification by selective precipitation in

pentane/diethyl ether (80/20 v/v). UV detection was used here to detect residual PDMS-CTA.

2. Effect of PDMS,3-b-POEGMA; on y and emulsion
stability

2.1. Water-scCO:; interfacial tension (y)

v was measured using a pendant-drop tensiometer at
various polymer concentrations in the aqueous phase
and different temperatures and pressures. The shape of
the water droplet stabilized within two minutes and all
measurements were performed at pseudo-equilibrium
(see experimental section). For the experiments
conducted in the presence of polymer, it was verified for
the three polymers at 250 bar and 40°C that dissolving
the polymer initially in the scCO, or in the water phase
did not change the final value of y.

First, the effect of the polymer concentration was
investigated at 40°C and 250 bar. The y value of 24
mN/m obtained without polymer (Table 2) was in
accordance with the values in the literature under the
same conditions of T and P after an equilibration time

of few minutes.?> Moreover, the results presented in

Table 2 show that the PDMS3-b-POEGMA decrease y

below 5 mN/m with polymer concentrations ranging
from 0.1 to 1 % w/v in water.

Table 2.y in mN/m as a function of the concentrations
of PDMS3-b-POEGMA, (C) at 40°C, 250 bar and for

different x values.

Without
x=16 x=31 x=4
polymer
C=01%w/v 23 20 35
C=05%w/v 20 1.6 40 244
C=10% w/v 15 12 22

Note: Three measurements on three different droplets
were conducted for each condition with a maximum
variation of 10% around the average given in this table

(all values can be found in Table S2).

This very effective reduction of y could be attributed
to the selective affinity of each block for their respective
phase. Furthermore, it is worth mentioning that 0.1 %
w/v polymer is sufficient to considerably reduce the
surface tension whatever the degree of polymerization

of the POEGMA block (x). Increasing the concentration
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of the polymer, even by a factor of 10, contributed only
to a modest additional reduction of the interfacial
tension. This indicates that with a low amount of
polymer, the water-scCO, interface is already almost
saturated. Therefore, the critical micellar concentration
(CMC) of the polymer is probably below 0.1 % w/v
under these conditions.

We have considered the highest concentration (1 %
w/v) in the following experiments where the effect of P

and T was investigated (Table 3).

Table 3. Values of y in mN/m as a function of P, at
40°C, without polymer or with 1 % w/v of PDMS;-b-
POEGMA, in the aqueous phase for various x.

Without
x=16 x=31 x=46
polymer
P =100 bar 4.0 6.2 95 335
P =150 bar 23 24 6.9 28.3
P =200 bar 1.8 1.7 4.6 26.2
P =250 bar 1.5 12 22 244

Note: Three measurements on three different droplets
were conducted for each condition with a maximum
variation of 10% around the average given in this table

(all values can be found in Table S3).

The y values measured at different pressures without
polymer (Table 3) are in accordance with the literature.
In fact, y decreases almost linearly but slightly with
pressure (Figure 6); which is explained by the decrease
of the density difference between water and scCO, %32
The results show that an increase of P induces a slight
decrease of y both with and without polymer (Table 3).
This will be described hereafter considering the effect

of temperature as well. The effect of P on v is stronger

for higher x values. A significant decrease of 7y is
observed with the decrease of x at 100 bar, whereas this
effect progressively vanishes by increasing the pressure.

Figure 6 compares the effect of pressure on y for
PDMS3-b-POEGMA,s at either 40 or 80°C. In the
absence of polymer, the pressure dependence of vy is
similar for the two temperatures although 7 increases
slightly when the temperature increases, as already
observed in the litterature.’ On the contrary, there was
a drastic difference between these two temperatures in
the presence of PDMS 3-b-POEGMAys. At 40°C, the
pressure dependences of y with and without polymer are
similar. However, the interfacial tension is strongly
reduced in the presence of polymer; suggesting a
significant but invariant surface activity of the polymer
with the pressure at 40°C. At 80°C, PDMS;;-b-
POEGMA,s is not able to reduce y at all at 100 bar,
leading to a value close to that of the neat water-scCO,
interface. Remarkably, y decreases strongly (compared
to the case without polymer) with increasing pressure at
80°C, suggesting an increase of the surface activity of
the polymer with the pressure. The polymer is however
far less surface active at 80°C than at 40°C, even at
250 bar. These observations are confirmed by
representing the evolution of the surface pressure 7t
(N/m?) (which represents the difference between vy
without or with polymer respectively) as a function of
the CO; density (see SI, Figure S7 for details) as already
done for other systems in the literature.>

The behavior of PDMS,3-b-POEGMA s at 80°C can
be explained in view of the HCB concept. Indeed, with
a nonionic copolymer such as the PDMS;s-b-
POEGMA s, the increase of the CO, density caused by
the increase of pressure induced an increase of the
interaction energy between CO, and the CO»-philic
PDMS block (noted Arc in Eq. 1). Considering the large
weight fraction of the POEGMA block (Table 1), we

12



assume that PDMS;3-b-POEGMA,s has a hydrophilic
tendency (HCB > 1). As a consequence, an increase of

Arc with the pressure can be correlated with a better

partition of the polymer at the water-scCO, interface
and thus a decrease of y (right part of the “v-shape” on

Figure 1), which is in agreement with our results.
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Figure 6. Average interfacial tension as a function of the pressure at different temperatures, 40°C (Il,J) and 80°C (

@®.0) with 1 % w/v PDMS;-b-POEGMAs (full symbols) and without polymer (empty symbols). The three

measurements performed for each condition are represented on the figure to give an idea of the reproducibility.

To understand more clearly the overall behaviour of
the polymer at the interface depending on P and T, the
solubility of the PDMS and POEGMA homopolymers
in each phase was investigated by cloud point
measurements. The PDMS block was shown to be
insoluble in water at 1 % w/v no matter 7 and P. In
scCO; at 40°C and at 0.5 % w/v, it became soluble for
P =120 bar. The POEGMA block at 0.5 % w/v was
insoluble in scCO, at 40°C up to 300 bar. In water
(saturated with CO,) at 0.5 % w/v, it was soluble up to
75°C at 1 bar and only up to 60°C at 250 bar. These

latter values are in agreement with the cloud point

temperature (65°C) reported for POEGMA in pure
water at 1 bar;** but moreover they showed that the
presence of scCO, in the water phase decreases the
solubility of POEGMA. The solubility of the diblock
copolymers was also investigated in both phases (see
section 4 in the SI). In scCQO,, at 40°C and 0.5 % w/v,
the PDMS 3-b-POEGMA became soluble above 150 +
8,180 £ 15 and 210 =+ 10 bar for respectively x = 16, 31
and 46 and were not soluble below. In water at 1 bar
(from 0.1 to 1 % w/v with no significant effect of the
polymer concentration), the PDMS;-b-POEGMA,

were soluble below ~56°C (a variation of ~ 2°C was
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observed between the different x values, see section 4 in

SI) and became insoluble above.

These solubility tests explain the surface activity of
the PDMS 3-b-POEGMA, as a function of P and T as
summarized in Figure 7. At 40°C and 250 bar, the
POEGMA block is highly soluble in the water phase,
whereas the PDMS block is highly soluble in the scCO,
phase. The PDMS 5-b-POEGMA, diblocks therefore go
to the interface and efficiently reduce y. On the contrary,
at 80°C and 100 bar, both blocks are neither soluble in
scCO; nor in water, so the polymer precipitate and
cannot go to the interface to reduce vy, as observed for
PDMS3-b-POEGMA. The two other conditions
depicted on Figure 7 are intermediate situations. At
40°C and 100 bar, the POEGMA block is still highly
soluble in the water phase, but the PDMS block is not
soluble in the scCO, phase. As the interfacial tension is
still efficiently decreased under these conditions (albeit
not as well as at higher pressures), the polymer still goes
to the interface; probably in the form of unimers with a
partly collapsed PDMS block. We stress that for the
interfacial tension measurements, the diblock

copolymer is initially dispersed in the water phase

where it is macroscopically soluble (see section 4 of the

SI). Moreover, for each interfacial measurement, a
pendant drop is created only after 7" and P have reached
an equilibrium. The fact that v is still reduced in these
conditions (40°C, 100 bar) in the presence of polymer
implies that the latter does move to the interface from
the water phase in spite of the low affinity of the PDMS
block for the scCO, phase. Similarly, at 80°C and
250 bar, the PDMS block is still highly soluble in the
scCO, phase, but the POEGMA block is no more
soluble in the water phase. In these conditions, the
diblock copolymer is not soluble in the water phase (see
section 4 of the SI). It follows that when the droplet is
formed starting with the polymer inside the aqueous
phase, the polymer is phase separated. It may therefore
be argued that the reduction of y in these conditions
results from the presence of ill-defined aggregates of
PDMS;-b-POEGMAy at the interface. However, a
control experiment conducted by initially dissolving the
polymer in the scCO, phase where it is macroscopically
soluble (see section 4) led to the same reduction of y. As
a conclusion, the observed reduction of y at 80°C and
250 bar is probably due to the presence of unimers with
a partly collapsed POEGMA block at the interface
(Figure 7).
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Figure 7. Schematic illustration of the organization of PDMS3-b-POEGMA s at the scCO, (C)-Water (W) interface

for different pressures and temperatures indicated in the figure, explaining the impact of these parameters on the

variation of vy, see text: a) unimers with their two blocks well-swollen in their respective phase; b) unimers with a

partly collapsed POEGMA block; c¢) unimers with a partly collapsed PDMS block; d) precipitated polymer which

does not go to the interface.

2.2. Stabilization of emulsions at 40°C

In view of their efficiency to reduce vy, the diblock
copolymers were tested as stabilizers for water-scCO,
emulsions. 50/50 water/scCO, volume ratios were
mechanically emulsified in a pressurized batch reactor
in the presence of 0.5 % w/v of polymer with respect to
the total volume. At 40°C and for pressures ranging
from 100 to 250 bar, white opaque emulsions were
obtained right after mixing in all cases (Figure 8b). After
less than 5 min, creaming was observed leading to the
appearance of a white opaque emulsion above and a
slightly turbid (for PDMS,3-b-POEGMAs at P = 100-
200 bar, Figure 8d) or nearly transparent (for all other
conditions, Figure 8c) aqueous phase below. In spite of
creaming, the upper phase remained white and opaque
for at least 15 min (some samples were monitored for
more than 30 min and a white opaque upper phase was
still there); revealing that the copolymers limited the

coalescence of droplets to some extent, while the

coalescence occurred within seconds without polymer.
It was technically not possible to determine which phase
was dispersed in the other. However, the fact that the
amphiphilic copolymers had a predominantly
hydrophilic character due to the weight fraction of the
POEGMA block (see Table 1) suggests that scCO, in
water emulsions were formed according to Bancroft's
rule.>?¢ This hypothesis is somewhat supported by the
fact that the emulsions creamed (water in scCO,

emulsions would have sedimented).

0099

Figure 8. Typical pictures of the water/scCO,/PDMS;3-

b-POEGMA, mixtures in different states: a) unmixed
polymer aqueous solution (bottom phase) and scCO,

phase (top phase), b) completely emulsified system just
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after mixing, c) partially creamed emulsion (top phase)
with a clear aqueous phase below — observed for all
conditions except PDMS3-b-POEGMAys at P = 100-
200 bar, d) partially creamed emulsion (top phase) with
a slightly turbid aqueous phase below — observed for
PDMS3-b-POEGMA,s at P = 100-200 bar only. The

pictures were taken under natural light.

The aqueous polymer phase was first investigated
before emulsification. Light scattering and cryogenic
Transmission  Electron = Microscopy (cryoTEM)
revealed the presence of small spherical micelles
significantly scattering light at 1 bar and room
temperature (see SI, section 6). When the light
scattering experiments were conducted under pressure
through the visualization window of the home-made
device, a small amount of larger aggregates were
observed. The latter could not be avoided in the
somewhat degraded conditions of cleanliness of the
experiments in the home-made device compared to the
experiments ca rried out at room temperature and
1 bar where all solutions were thoroughly filtered into
perfectly clean and dust-free vials (see SI, section 6).
The presence of micelles at this concentration in the
aqueous phase is consistent with the interfacial tension
measurements discussed above which suggest that a
concentration of 1 % w/v is well above the CMC of the
polymers. The formation of micelles is also consistent
with the solubility tests on the homopolymers which
indicate that, at 40°C and 100-250 bar, water is a
selective solvent for POEGMA.

After emulsification and creaming, most bottom
phases (except PDMS 3-b-POEGMA,s at P = 100-200
bar) were sufficiently transparent to be investigated by
light scattering too. These aqueous phases scattered
much less light than the non-emulsified initial aqueous

polymer phases (Table 4). For PDMS3-b-POEGMA s,

DLS revealed a strong increase of the relaxation time

after emulsification and creaming, suggesting the
presence of very large scatterers which should have
caused a strong increase of scattered light intensity and
turbidity if their amount had been sufficient (see SI,
Figure S9). For this polymer, the decrease of the
scattered intensity in the aqueous phase after creaming
could therefore only be attributed to a much lower
polymer concentration in this phase than before
emulsification. In other words, a significant quantity of
the diblock copolymer was present in the upper
emulsion and stabilized it. Moreover, both the decrease
of scattered light intensity and the absence of significant
turbidity (Figure 8c) of the creamed aqueous phase
implied that the quantity of very large scatterers was
actually negligible. We speculate that these large
scatterers corresponded to a very small amount of scCO,
droplets which had not yet creamed.

The same conclusion could be drawn for PDMS3-b-
POEGMA;; at 100 and 250 bar (see Table 4 and Figure
S9). For PDMS3-b-POEGMA;; at 150 and 200 bar and
for PDMS5-b-POEGMA 4 at 250 bar, DLS revealed a
small decrease of the size of the scatterers (see Figure
S9) which could also account for the lower scattered
intensity. This means that the relative polymer
concentration in these conditions is probably higher
than the relative scattered intensity indicated in Table 4.
Still, we hypothesize that the polymer concentration
was also lower in this phase after emulsification and
creaming considering 1) the trend observed in the other
conditions and 2) the fact that the emulsion is stabilized
only in the presence of polymer. We note that the
relative decrease of scattered intensity in the aqueous
phase after emulsification and creaming was much less
pronounced for increasing x. This result seems
consistent with the fact that the PDMS,3-b-POEGMA,
have a HCB > 1 and therefore a stronger affinity for the

water than for the scCO, phase: decreasing x leads to a
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more balanced affinity of the diblock copolymer for
both phases and therefore to its migration to the

emulsion rather than to the excess water phase.

Table 4. Intensity of the scattered light in the aqueous
phase after emulsification and creaming expressed in
percent relative to the initial scattered intensity of the
PDMS3-b-POEGMA, diblock copolymer aqueous
solution at 1 % w/v (100 bar, 40°C) before any

emulsification.
x=16 x=31 x =46
P =100 bar 0.7% 20% n.a.
P = 150 bar 3% 10%* n.a.
P =200 bar 6% 10%* n.a.
P =250 bar 5% 10% 52%*

n.a. Not applicable because these samples were
significantly turbid (see Figure 8d), implying a strong
influence of multiple scattering on the results. The
turbidity was attributed to the presence of a significant
amount of relatively large scCO- droplets which had not
yet creamed.

* For these samples, DLS revealed that the size of the
scatterers was  slightly smaller than before
emulsification and creaming so that the decrease of
scattered light intensity could be attributed either to a
decrease of polymer concentration, or to a decrease of
the size of the scatterers or to a combination of both.
This means that the relative polymer concentration in
these conditions is probably higher than the value of the

relative scattered intensity.

2.3. Thermo-responsive emulsions

Finally, the impact of the thermo-sensitive behavior
of the POEGMA block on the stabilization of emulsions
was tested by emulsifying a 50/50 water/scCO, mixture
in the presence of 0.5 % w/v of PDMS 3-b-POEGMA .
At 100 bar, a thermo-reversible emulsification was
observed. Indeed, scCO, and water formed a stable
emulsion at 40°C which destabilized within few seconds
into two transparent phases (Figure 8a) by increasing
the temperature to 80°C. Attempts to re-emulsify the
two phases at 100 bar and 80°C were not successful,
whereas decreasing again the temperature to 40°C and
stirring for a few minutes afforded again an emulsion.
This result was in perfect agreement with the
understanding of the system depicted on figure 7: the
polymer desorbed and adsorbed reversibly from the
interface at 100 bar by increasing or decreasing the
temperature.

The same experiment was also conducted at 250 bar.
At this pressure, it was not possible to emulsify water
and scCO, at 80°C. However, if the emulsion was first
formed at 250 bar and 40°C and then heated up to 80°C,
destabilization did not occur. This could probably be
attributed to the fact that the diblock copolymer was not
soluble in water at 80°C and 250 bar so that long times
or strong shearing would have been necessary to bring
enough polymer at the interface to emulsify the system.
On the contrary, by starting at 40°C and 250 bar, the
polymer was already at the interface. Raising the
temperature to 80°C probably caused a collapse of the
POEGMA block but did not remove the polymer from
the interface (indeed, it still exhibited some surface
activity at 80°C and 250 bar as shown above, see Figure
6) and did not cause destabilization of the emulsion. It
is even possible that the collapsed POEGMA blocks
developed attractive interactions at the interface,

strengthening the efficiency of the polymer protection
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at the interface due to the sticking of unimers at the

interface.

Conclusion

To develop new potential applications for water-scCO,
emulsification processes, a family of well-defined
PDMS 3-b-POEGMA; copolymers, with three different
POEGMA block sizes, were synthesized by RAFT. This
work aimed at characterizing the relationship between
the affinity of each block for their respective phase, their
ability to decrease y and the consequences on the
stability of emulsions in different conditions of P and 7.
Hence, the development of a home-made experimental
device (with implemented characterization techniques:
direct visualization, DLS and droplet tensiometry) led
to the following significant findings. The PDMS;;-b-
POEGMA, diblock copolymers were able to reduce y by
up to a factor of 20. Their high-performance (y was
reduced down to 1.2 mN/m) was similar to that of other
Pluronics® and Fluorinated copolymers.? These
polymers were able to form emulsions for which
coalescence was significantly retarded, although
creaming could not be suppressed. The thermo-
sensitivity of the copolymers due to the POEGMA
block resulted in a strong variation of y with 7 (in the
40-80°C range), which allowed the thermo-reversible
stabilization/destabilization of water-scCO, emulsions
(at 100 bar). This stimuli-responsivness could be useful
for various applications such as emulsion
polymerization, catalyst recovery, and cosmetics, as
recently reviewed by Tang et al. for stimuli-responsive
oil/water Pickering emulsions.?*3¢ Moreover, in our
laboratory, we aim to develop sustainable water-scCO,
emulsification processes® for which the droplets of the
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emulsions act as micro- or nanoreactors in which the
CaCO:; crystallization is carefully controlled to produce
nanostructured and porous particles’’ used as drug
carriers.*3%40 These copolymers could be relevant in

this context too.
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