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Nanosized Poly(ethylene glycol) Domains within Reverse Micelles

Formed in CO,**

Zhimin Xue, Jianling Zhang,* Li Peng, Jianshen Li, Tiancheng Mu, Buxing Han,* and

Guanying Yang

The liquid at nanometer scale differs substantially from bulk
liquid, which is of particular significance for different
applications.'! As one of the most efficient ways, reverse
micelles have been widely utilized in forming liquid domains
at the nanometer scale.”! For example, nanosized water
domains are formed in reverse micelles, which can be used as
nanoreactors for chemical reactions,’! material synthesis,m
extraction,’! and biochemistry research.l’) Recently, room-
temperature ionic liquids (ILs) have been reported to form
nanosized domains in reverse micelles,” which have found
applications in material synthesis”*®! and chemical reac-
tions.”!

Poly(ethylene glycol) (PEG) with a small molecular
weight (<800 gmol™) is in the liquid state at room temper-
ature. Liquid PEG is usually regarded as green solvent,
because it is economical, environmentally benign, biocom-
patible, and its properties are tunable by changing the
molecular weight.'” Owing to these special properties,
liquid PEGs have been widely used in various fields, such as
materials science,'! chemical reactions,'? electrochemis-
try,’*! pharmaceutical industry,'* and others.

Herein we report for the first time the formation of
nanosized PEG domains in reverse micelles by using super-
critical CO, as the continuous phase. Supercritical CO, is
readily available, inexpensive, nontoxic, nonflammable, and
the physical properties can be adjusted continuously by
pressure and temperature.'” Therefore, the system combines
the advantages of both PEG and supercritical CO,. With the
aid of surfactant N-EtFOSA (C,H;NHSO,CF,,, see Fig-
ure S1 in the Supporting Information for its molecular
structure), the nanosized PEG domains are formed in CO,.
The PEG domains are “tunable”, because their size and
property can be easily changed by controlling the PEG
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content. Furthermore, to demonstrate their potential appli-
cations, the nanosized PEG domains have been utilized as
nanoreactors to synthesize highly dispersed gold nanocrystals.

The phase behavior of the PEG-400/N-EtFOSA/CO,
systems was observed at different pressures and temperatures.
The surfactant concentration was fixed at 0.05 gmL~". The
cloud-point pressure is the minimum pressure at which the
PEG-400/N-EtFOSA/CO, system keeps in one phase region.
In other words, when the pressure is lower than the cloud-
point pressure, phase separation occurs. The dependence of
the cloud-point pressure of the PEG-400/N-EtFOSA/CO,
system on the molar ratio of PEG-400 to surfactant (W,
at different temperatures is shown in Figure S2 in the
Supporting Information. It is known that a small amount of
PEG can be solubilized in CO, at high pressure.l'’! In this
work the amount of PEG-400 solubilized in pure CO, at
different pressures and temperatures was determined
(Table S1 in the Supporting Information), and a comparison
for the PEG solubility in pure CO, and in the N-EtFOSA/CO,
system is shown in Figure S3 in the Supporting Information. It
is clear that the PEG solubility is enhanced significantly with
the addition of surfactant N-EtFOSA. This enhanced sol-
ubility indicates that a sufficient amount of PEG is solubilized
in reverse micelles, that is, PEG-in-CO, microemulsions are
formed. The molar ratio of PEG solubilized in reverse
micelles to surfactant is denoted as W,*°", which is obtained
by subtracting the amount of PEG in bulk CO, from the total
amount of loading PEG. Figure 1 shows the dependence of
cloud-point pressure of the PEG-400/N-EtFOSA/CO, system
on W, at different temperatures. Evidently, the cloud-point
pressure increases with increasing ratio W*". The cloud-
point pressure increases, because with a higher concentration
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Figure 1. Dependence of the cloud-point pressure of the PEG-400/N-
EtFOSA/CO, systems on the ratio W,™" at 298.2 K (a), 303.2 K (b),
308.2 K (c), 313.2 K (d), and 318.2 K (e). The surfactant concentration
is 0.05 gmL™".
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of PEG-400, a higher density of CO, is needed to form the
microemulsions for solubilizing PEG-400, similar to the
water-in-CO, microemulsions.'”? Moreover, as shown in
Figure 1, the cloud-point pressure increases with increasing
temperature at the same ratio W,"; this increase can be
attributed to the decreased density of CO, at higher temper-
atures." At the experimental conditions, the maximum ratio
Wy°™ can reach 0.36. At this W;°" value, the PEG-to-
surfactant weight ratio is equivalent to the water-to-surfactant
weight ratio of water-in-CO, reverse micelles with a water-to-
surfactant molar ratio of about 8, since the molecular weights
of PEG-400 and water are 400 and 18 gmol ™, respectively.
The above results confirm that PEG can be well solubilized in
the N-EtFOSA reverse micelles when the pressure is higher
than the cloud-point pressure.

The microstructure of the PEG-400/N-EtFOSA/CO,
microemulsion was investigated by small-angle X-ray scatter-
ing (SAXS).'"™ Figure 2A shows the SAXS curves of the
ternary systems with different W, values at 298.2 K and
10.50 MPa. The intensity shifts to low scattering wavevector
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Figure 2. SAXS curves (A) and normalized pair-distance distribution
function curves (B) of PEG-400/N-EtFOSA/CO, systems with W,
values of 0 (a), 0.12 (b), 0.22 (c), and 0.31 (d) at 10.50 MPa and
298.2 K. The inset in (B) shows the dependence of gyration radius (R,)
and true radius (R) of reverse micelles on W," value.
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(¢) with increasing W™ values, thus indicating that the
reverse micelles are enlarged at higher W, °"."") The gener-
alized indirect Fourier transformation (GIFT) gives the pair—
distance distribution function, p(r), which has been utilized to
characterize the microstructure of water-in-oil reverse micel-
les."™ 4 As shown in Figure 2B, the p(r) curves are nearly
symmetric, thus suggesting that the reverse micelles are
spherical-shaped. The gyration radius R, and the true radius R
of the reverse micelles with different W, values were
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calculated from p(r) functions®®’ and are shown in the inset of
Figure 2B. Clearly, the micellar size is increased with
increasing W, value, thus indicating that the micelles are
expanded by the addition of PEG. This result further proves
the formation of the PEG-in-CO, microemulsions. Moreover,
the SAXS curves of PEG-400/N-EtFOSA/CO, microemul-
sions at different pressures were determined at a W™ value
of 0.12. No obvious changes were observed with increasing
pressure (Figure S4 in the Supporting Information), thus
indicating the effect of pressure on the micellar size is
negligible. Similarly, the water-droplet radius for the water-in-
CO, microemulsions changes little with pressure for the
microemulsions with the same W, value.?!!

The micropolarity of the nanosized PEG domains was
investigated with a UV/Vis method using methyl orange
(MO) as the probe, of which the absorption wavelength is
sensitive to the microenvironment.®?! As the local environ-
ment of MO becomes more polar, the maximum absorption
wavelength shifts to longer wavelengths. Curves (a—c) in
Figure 3 show the UV/Vis spectra of MO in PEG-400/N-
EtFOSA/CO, microemulsions with different W, values,
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Figure 3. UV/Vis spectra of MO in PEG-400/N-EtFOSA/CO, micro-
emulsions with W, values of 0.08 (a), 0.25 (b), and 0.32 (c) at
10.50 MPa and 298.2 K; (d) is the spectrum of MO in pure PEG-400;
(e) is the spectrum of MO in the CO,/PEG-400 system at 10.50 MPa.
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with the pressure fixed to 10.50 MPa. The 1,,,, becomes red-
shifted with increasing W, value. This shift is indicative of
the increased micropolarity of the nanosized PEG domains
with increasing W, value. For comparison, the UV/Vis
spectra of MO in the PEG/CO, system without the surfactant
at different pressures were also determined. The UV/Vis
spectrum of MO in pure PEG-400 shows maximum absorp-
tion at 422 nm (Figure 3, curve d), which shifts to 418.5 nm at
10.50 MPa (Figure 3, curve e). The absorption maximum
shifts, because CO, can be well dissolved in PEG™ owing to
the Lewis acid-base interaction revealed by IR absorption
spectroscopy.”*4 The dissolution of CO, reduces the polarity
of PEG and results in the blue shift of the absorption band.
After combination of the above results, it is evident that the
Amax Value in the microemulsions (Figure 3, curves a—c) is
smaller than that of bulk PEG at the same pressure (curve e),
thus indicating that the micropolarity of nanosized PEG
domains is lower than that of the CO,-saturated bulk PEG.
This behavior is similar to that of the water-in-CO, micro-
emulsions, in which the micropolarity of confined water
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domains is lower than that of CO,-saturated bulk water.?*!
Furthermore, the UV/Vis spectra of MO in PEG-400/N-
EtFOSA/CO, microemulsions with the same W, value at
different pressures were determined (Figure S5 in the Sup-
porting Information). The effect of pressure on the micro-
polarity of the nanosized PEG domains is very limited.

The nanosized PEG-400 domains in the microemulsions
can be used as nanoreactors. Since PEG has been frequently
used as a stabilizer for metal nanoparticles™ herein the
synthesis of gold nanoparticles in the microemulsion was
studied. HAuCl, was used as the gold precursor, which is well
solubilized in PEG-400. No additional reducing agent was
added to the PEG-400/N-EtFOSA/CO, system. Highly dis-
persed gold nanoparticles were produced with a size smaller
than 10 nm (Figure 4a). Figure 4b shows that the gold
nanoparticles are polyhedron crystals. The XRD pattern of

Figure 4. a,b) TEM images of gold nanoparticles obtained from PEG-
400/N-EtFOSA/CO, microemulsion. c) Schematic illustration for the
gold formation (@~~~ surfactant; @: Au®').

the gold nanoparticles reveals the face-centered cubic struc-
ture of metallic gold (Figure S6 in the Supporting Informa-
tion). These gold polyhedron nanocrystals exhibit a single
absorption at 524 nm (Figure S7 in the Supporting Informa-
tion), in agreement with that of gold nanoparticles of similar
size.”! To explore the formation mechanism of the gold
crystals, we also investigated the gold synthesis in pure PEG
and in the “dry micelles” without PEG. In pure PEG-400, the
reduction of HAuCl, cannot proceed. This finding indicates
that it is the surfactant that reduces the HAuCl,. As is well-
recognized, HAuCl, can be easily reduced by many com-
pounds containing, for example, amine or oxyethylene
groups.””’ Herein the amine head groups of the surfactant
are believed to be active for reducing Au’t ions to metallic
Au. Moreover, in the “dry micelles” without PEG, HAuCl,
cannot be solubilized in the surfactant/CO, system, and no
product was obtained. This result suggests that the solubiliza-
tion of HAuCl, in the PEG domains is crucial to the gold
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formation. On the basis of the above results, a mechanism for
the gold formation is proposed and illustrated in Figure 4c.
HAuCl, is solubilized in the nanosized PEG domains and
reduced by the surfactant head groups. Owing to both the
stabilization of gold particles by PEG and the confinement
effect of nanosized reverse micelles, highly dispersed gold
nanoparticles were formed.

It is known that the PEGs with a molecular weight above
800 gmol ! are in solid state at room temperature. Since CO,
dissolves well in PEG and liquefies many solid PEGs,*
herein we also determined the solubilization of PEG-1000
in the N-EtFOSA/CO, system. We found that a certain
amount of PEG-1000 can be solubilized in the N-EtFOSA/
CO, system. The dependence of the cloud-point pressure on
the ratio W, at 2982 K for PEG-1000/N-EtFOSA/CO,
systems is shown in Figure S8 in the Supporting Information.
Our experiments show that the solubility of PEG-1000 in pure
CO, in the pressure range of 6-16 MPa is too small to be
detected. Therefore, the PEG-1000 can be assumed to be
solubilized totally in the reverse micelles. The maximum W,
value of a PEG-1000/N-EtFOSA/CO, microemulsion can
reach 0.11 at 16.0 MPa and 298.2 K; in this case the weight
ratio of the PEG-1000 and the surfactant is equivalent to that
of the PEG-400/N-EtFOSA/CO, microemulsion with a W,
value of about 0.28, because the molecular weights of the two
PEGs are different. The W,°" value of the PEG-400/N-
EtFOSA/CO, microemulsion is 0.36 at the same pressure and
temperature. Clearly, the PEG with a smaller molecular
weight is more readily solubilized in the reverse micelles.

In summary, the PEG domains at the nanometer scale
within reverse micelles are formed in CO, for the first time.
The nanosized PEG domains dispersed in CO, has many
advantages. First, the size and property of nanosized PEG
domains can be tuned by the content of PEG. Second, both
PEG and CO, are tunable solvents; the properties of PEG can
be easily tuned by the molecular weight of PEG. Besides,
these two solvents are environmentally benign. All these
special features confer the nanosized PEG domains dispersed
in CO, potential applications in different fields, such as
chemical reactions, material synthesis, extraction, and others.

Experimental Section

Materials: The surfactant N-EtFOSA (N-ethyl perfluorooctylsulfon-
amide >95%) was purchased from Guangzhou Leelchem Corpo-
ration. PEG-400 (A. R. grade) was supplied by Beijing Chemical
Reagents Company. PEG-1000 (A. R. grade) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Methyl orange (MO) was
provided by Beijing Chemical Reagent Company (A. R. grade). CO,
was supplied by Beijing Analytical Instrument Factory with a purity
of >99.99%. HAuCl, was provided by Shenyang Jinke Reagent
Factory, China.

Phase behavior investigation: The apparatus and procedures to
determine the phase behaviors of PEG/N-EtFOSA/CO, systems were
similar to those used previously.” Very briefly, the apparatus
consisted of a high-pressure view cell, the volume of which could be
changed in the range of 20-50 mL, a water bath at constant
temperature controlled by a YKKY A2 digital temperature controller
with the accuracy +0.1 K, a high-pressure syringe pump (DB-80),
a gas cylinder, a magnetic stirrer, and a pressure gauge that was
accurate to +0.025 MPa in the pressure range of 0-22 MPa. In
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a typical experiment, the desired amounts of PEG and N-EtFOSA
were loaded into the view cell that was placed in the water bath with
constant temperature. After the thermal equilibrium had been
reached, the air in the view cell was removed by applying vacuum
and CO, was charged into the cell under stirring. The minimum
pressure at which the mixture became clear (one phase) was defined
as the cloud-point pressure. The procedures to determine the
solubility of PEG in pure CO, was similar. The main difference was
that N-EtFOSA was not involved.

Small-angle X-ray scattering: The SAXS experiments were
carried out at Beamline 4B9A at the Beijing Synchrotron Radiation
Facility (BSRF). The wavelength was 1.53 A, and the distance of
sample to detector was 1.68 m. The data were collected using a CCD
detector (MAR) with a maximum resolution of 3450 x 3450 pixels.
The detailed description of the apparatus was given elsewhere.”” Tt
was composed of a stainless-steel body and two diamond windows of
8 mm in diameter and 0.4 mm in thickness. The X-ray path length of
the cell was 1.5 mm and the internal volume of the cell was 2.7 mL. In
a typical experiment, the suitable amount of N-EtFOSA and PEG-
400 was added into the high-pressure SAXS cell and air in the cell was
removed. Then CO, was charged into the cell until the desired
pressure was reached. The cell was controlled within +0.1 K of the
experimental temperature. The pair-distance distribution function
p(r) and gyration radius (R,) were obtained from SAXS data by using
an Irena tool suite within the Igor pro application software.[*!!

UV/Vis spectra: The apparatus and procedures were similar to
those used previously.”? The apparatus consisted of a gas cylinder,
a high-pressure UV sample cell, a high-pressure pump, a pressure
gauge, and a temperature controller. The optical path length and the
inner volume of the cell were 21 mm and 6.5 mL, respectively. In
a typical experiment, the suitable amount of MO/ethanol solution was
loaded into the sample cell and the ethanol was removed by blowing
nitrogen lightly. The suitable amount of N-EtFOSA and PEG was
added into the sample cell. Then CO, was charged until the desired
pressure was reached. The concentration of the probe MO was 4.0 x
107> m. The absorbance spectrum was recorded by a TU-1201 Model
spectrophotometer (Beijing General Instrument Company).

Au synthesis and characterization: In a typical experiment,
surfactant (2.45 g) was added into the high-pressure view cell (49 mL)
containing HAuCl, (0.02 g) and PEG-400 (0.62 g). The high-pressure
view cell was placed in a water bath with constant temperature of
298.2 K. Then CO, was charged into the cell to the desired pressure
(20.20 MPa) under stirring. After reaction for 16 h, CO, was released
slowly and the products were separated and washed for several times
with ethanol. The morphologies of the products were characterized by
TEM (JEOL JEM-2010). XRD analysis was performed on an X-ray
diffractometer (Model D/MAX2500, Rigaka) with Cu Ka radiation at
a scanning rate of 2°min~'. Au nanoparticles were dispersed with
ethanol and were detected by a TU-1201 Model spectrophotometer
(Beijing General Instrument Company).
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