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copolymer: synthesis by CUAAC click chemistry
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A new PEGp00-b-PFPE;200-b-PEG2000 amphiphilic triblock copolymer was synthesized by copper(i)-
catalyzed alkyne—azide cycloaddition (CUAAC). The microstructure of this ABA triblock copolymer was
unequivocally characterized by NMR spectroscopy. Diffusion-ordered spectroscopy (DOSY) NMR experi-
ment revealed that *H resonances belonging to PEG and PFPE are aligned on the same horizontal line,
thus implying that all these signals are due to the same macromolecule whose diffusion coefficient is
lower than that of PEG and PFPE homopolymers. Thanks to its semi-fluorinated backbone bearing robust
triazole rings, the PEG,q00-b-PFPE1200-b-PEG2000 triblock copolymer exhibits good thermal stability with
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no significant weight loss until 275 °C under air. This triblock copolymer undergoes self-assembly into
micelles (D = 10-20 nm) in aqueous solution as confirmed from cryogenic-temperature transmission
electron microscopy, DOSY experiment in DO, and dynamic light scattering. The critical micelle concen-

Published on 03 November 2015. Downloaded by Technion - Israel Institute of Technology on 17/09/2016 11:45:02.

www.rsc.org/polymers

Introduction

Amphiphilic block copolymers have attracted significant atten-
tion due to their ability to self-assemble into micelles, nano-
spheres, or vesicles."* These nanostructures have found
applications in various fields such as controlled drug delivery,
nano-reactors, or biomimetics.”® Amphiphilic block copoly-
mers are also used as dispersants, emulsifiers, wetting agents,
flocculants, and demulsifiers in many industrial and pharma-
ceutical preparations.”” Micelles have a hydrophobic compact
inner core and a hydrophilic swollen outer shell in aqueous
medium. In contrast to micelles formed from low molecular
weight surfactants, block copolymer based micelles usually
exhibit a better structural stability and allow easy control of
the particle size.®*°

Poly(ethylene oxide) (PEO), also referred to as poly(ethylene
glycol) (PEG), is often employed as the hydrophilic segment
due to its biocompatibility, safety to handle, non-immuno-
genic, and non-antigenic properties."* The acronym PEO is
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tration was determined by pyrene fluorescence assay, and was found to be 0.1 mg mL™%.

generally used in reference to polymers with a molecular
weight higher than 10000 g mol™", whereas PEG is usually
employed for lower molecular weight polymers."*

Interestingly, DeSimone et al.'* have reported the surprising
miscibility between low molecular weight PEG (M, < 750 g mol ™)
and perfluoropolyethers (PFPEs). PFPEs belong to a unique
class of chemically resistant, non-crystalline, and non-
flammable fluoropolymers that exhibit low toxicity and very
low glass transition temperatures (due to the higher flexibility
of their backbone provided by the C-O-C ether bonds)."?

PFPE-b-PEG-b-PFPE triblock copolymers are known to act as
non-ionic fluorosurfactants that stabilize aqueous droplets in
fluorocarbon oils,"*® while maintaining compatibility with
biological systems.'” Amphiphilic networks based on PEG and
PFPE have also been prepared for fouling-release coatings
applications.”®?° Lodge et al>' have investigated the mor-
phology of PEO-based triblock copolymer hydrogels using a
combination of low-temperature scanning electron microscopy
and contrast matched small-angle neutron scattering experi-
ments. PFPE-b-PEO-b-PFPE triblock copolymers formed net-
works by aggregation of the end-blocks, but the PFPE blocks
tended to adopt disk-like or even sheet-like structures.”*

PFPEs under the Fomblin® Z trade name are used as reac-
tive intermediates for polymer synthesis, thanks to their tele-
chelic structure. For instance, a,o-dihydroxy PFPEs (Fomblin®
Z-DOL) have been employed for the synthesis of materials
such as fluorinated polyurethanes,” epoxy or polyester

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 (1) Synthesis of an amphiphilic PEG-b-PFPE-b-PEG triblock copolymer by copper()-catalyzed alkyne—azide cycloaddition (CuAAC)
between PFPE—-diyne 1 and PEG—-azide 2. Reaction conditions: CuBr/PMDETA (0.1 eq./0.1 eq.), DMF, 24 h, rt. (2) Self-assembly in water into micelles.
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resins, photocured or “clicked” fluoroelastomers,
PLA-PFPE-PLA triblock copolymers,®>*! and electrolytes for
lithium batteries.**?

Xu et al.** have prepared a series of PFPE/PEG ABA and BAB
triblock copolymers via thiol-ene click chemistry. Spin coated
polymer films were characterized in detail by scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM),
showing wrinkled continuous surfaces. Remarkable anti-
bacterial properties were also observed, indicating once again
that PFPE/PEG copolymers present a great potential for anti-
microbial coating applications.

The present work describes a novel synthetic route to
PEG-b-PFPE-D-PEG triblock copolymer using the very efficient
copper(i)-catalyzed  alkyne-azide cycloaddition (CuAAC)
between PFPE diyne 1 (prepared in one step from Fomblin®
Z-DOL) and PEG-azide 2 (Scheme 1). This triblock copolymer
was thoroughly characterized by *H and "*F-NMR spectroscopy
and thermal analyses. The self-assembly behaviour in water of
this ABA-type block copolymer was also precisely examined
using different techniques, such as diffusion-ordered spec-
troscopy (DOSY) NMR, cryogenic-temperature transmission
electron microscopy (cryo-TEM), dynamic light scattering
(DLS), and pyrene fluorescence assay.

Experimental section
Materials

All organic solvents used for the syntheses were of analytical
grade. Poly(tetrafluoroethylene  oxide-co-difluoromethylene

This journal is © The Royal Society of Chemistry 2016

oxide)-a,-diol (Fomblin® Z-DOL, M, = 1200 g mol™") was
purchased from Alfa Aesar. Poly(ethylene glycol)methyl ether
(M, = 2000 g mol™"), propargyl bromide solution (80 wt% in
toluene, HC=CH-CH,-Br), sodium azide (NaN3), p-toluenesulfo-
nyl chloride (TsCl), copper(r) bromide (CuBr), and N,N,N',N",N"-
pentamethyldiethylenetriamine (PMDETA) were purchased
from Sigma-Aldrich. Deuterated solvents (D,O and CD;0D) for
NMR characterization were purchased from Euriso-Top (Greno-
ble, France) (purity > 99.8%).

Measurements

Nuclear magnetic resonance (NMR). The NMR spectra were
recorded on a Bruker AC 400 instrument. Coupling constants
and chemical shifts are given in hertz (Hz) and parts per
million (ppm), respectively. The experimental conditions for
recording 'H [or "”F] NMR spectra were as follows: angle 90°
[or 30°], acquisition time 4.5 s [or 0.7 s], pulse delay 2 s [or 5 s],
number of scans 8 [or 16], and a pulse width of 5 ps for '°F
NMR. Diffusion-ordered NMR spectroscopy (DOSY) experi-
ments were performed on a Bruker Avance III at 20 °C in
2.5 mm microtubes operating at 600 MHz with D,0O or CD;0D
as solvents.

Differential scanning calorimetry (DSC). DSC measure-
ments were performed on 10-15 mg samples on a Netzsch
DSC 200 F3 instrument. Two scans were recorded at a heating/
cooling rate of 10 °C min™" from —150 to 200 °C under an
inert atmosphere (N,) using aluminium standard crucibles
with pierced aluminum lids. The glass transition temperatures
(T,) were reported at the inflection point of the heat capacity

Polym. Chem., 2016, 7, 402-409 | 403
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jump of the second heating run. Melting transitions (T\,) were
determined at the onset of the enthalpy peaks.

Thermogravimetric analysis (TGA). TGA analyses were
carried out on 10-15 mg samples on a TGA Q50 apparatus
from TA Instruments from 20 °C to 580 °C, in platinum pans,
at a heating rate of 10 °C min™", under air.

Fourier transform infrared spectroscopy (FTIR). FTIR ana-
lyses were performed in the ATR mode using a Perkin-Elmer
Spectrum 1000, with an accuracy of +2 cm™.

Dynamic light scattering (DLS). Light scattering measure-
ments were recorded on a VASCO-3 particle size analyzer from
Cordouan Technologies. 1 mL samples were introduced into
the cell after filtration through 0.45 pm PTFE microfilters.

Fluorimetry. Fluorimetry measurements were performed
using a RF-5301PC spectrofluorophotometer (Shimadzu).

Cryogenic-temperature transmission electron microscopy
(Cryo-TEM). Vitrified specimens were prepared in a controlled
environment vitrification system (CEVS)*> at 25 °C and 100%
relative humidity. A drop (~3 pL) of the sample was placed on
a perforated carbon film-coated copper grid, blotted with filter
paper, and plunged into liquid ethane at its freezing point.
The vitrified specimens were transferred to a 626 Gatan cryo-
holder and observed at 120 kV acceleration voltage in an FEI
Tecnai T12 G> transmission electron microscope at about
—175 °C in the low-dose imaging mode to minimize electron-
beam radiation damage. Images were digitally recorded with a
Gatan US1000 high-resolution CCD camera.

Experimental
PFPE-diyne 1*°

Poly(tetrafluoroethylene oxide-co-difluoromethylene oxide)-
a,0-diol (Fomblin® Z-DOL, Alfa Aesar, M, = 1200 g mol ™"
(Fig. 1), 20.0 g, 16.7 mmol) was suspended in a mixture of
CH;CN (80 mL) and THF (80 mL) containing sodium hydrox-
ide (3.20 g, 83.5 mmol). This solution was heated to 55 °C
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Fig.1 F NMR spectrum of poly(tetrafluoroethylene oxide-co-
difluoromethylene oxide)-a,0-diol (Fomblin® Z-DOL) recorded in
CDsOD.
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Fig. 2 °F NMR spectra overlay of poly(tetrafluoroethylene oxide-co-
difluoromethylene oxide)-a,o-diol (Fomblin® Z-DOL, top spectrum) and
PFPE-diyne 1 (bottom spectrum) recorded in CDsOD.
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Fig. 3 H NMR spectra overlay of the PEG;p00-b-PFPE1200-b-PEG2000
triblock copolymer (top spectrum) and PFPE—diyne 1 (bottom spectrum)
recorded in CDzOD.

under nitrogen. Propargyl bromide (80 wt% solution in
toluene, 10.0 mL, 83.5 mmol) was added to the reaction
mixture. The reaction mixture was heated under vigorous stir-
ring at 55 °C for 3 days. The solution was then cooled, filtered
over a medium frit and the solvent was evaporated. The crude
product was further dried under high vacuum (40 x
1072 mbar) at 100 °C and then purified by filtering through a
0.22 pm polyethersulfone filter to yield 17.5 g (82%) of a clear
brown viscous oil. The product was analyzed by '°F and
"H-NMR spectroscopy (Fig. 2 and 3, respectively), and by FTIR
spectroscopy (Fig. S2, ESIT).

PEG-azide 23°

First, tosylated poly(ethylene glycol)methyl ether was syn-
thesized according to the following procedure: poly(ethylene

This journal is © The Royal Society of Chemistry 2016
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glycol)methyl ether M, = 2000 g mol™" (5.00 g, 1 mmol) was
dissolved in dry dichloromethane (25 mL) and triethylamine
(1.50 mL, 10.8 mmol). To this solution, toluene-4-sulphonyl
chloride (1.91 g, 10.0 mmol) was added at once. The reaction
mixture was stirred at room temperature for 2 days under
nitrogen. It was thereafter washed with water twice, and the
organic phase was dried over MgSO,. The solvent was removed
and the remaining white solid was dissolved in a minimum
amount of dichloromethane. To this solution, diethyl ether
was added to precipitate the product. This purification step
was repeated twice in order to obtain the pure product (70%
yield).

Tosylated poly(ethylene glycol)methyl ether (2.50 g,
0.50 mmol) was then dissolved in 40 mL of dimethyl-
formamide. To this solution, NaN; (325 mg, 5.00 mmol) was
added at once, and the reaction mixture was stirred at room
temperature for 2 days. Then, water and dichloromethane were
added. The phases were separated, and the aqueous phase was
extracted once more with dichloromethane. The organic
phases were combined and washed three times with water,
and the organic phase was dried over MgSO,. The solvent was
removed, and the residue was purified by precipitation in
diethyl ether to yield a white solid (70% yield). The product
was analyzed by "H-NMR spectroscopy (Fig. S3, ESIT).

PEGzooo'b'PFPE1200'b'PEG2000 triblock Copolymel'

PFPE-diyne 1 (500 mg, 0.42 mmol, 1 eq.) and PEG-azide 2
(1.70 g, 0.83 mmol, 2 eq.) were suspended in DMF (20 mL).
The mixture was degassed by bubbling nitrogen for 30 min.
Then, copper(1) bromide (CuBr, 6.00 mg, 0.04 mmol, 0.1 eq.)
and N,N,N',N",N'-pentamethyldiethylenetriamine (PMDETA,
7.00 mg, 0.08 mmol, 0.1 eq.) were added into the reaction
mixture. After stirring for 24 h at room temperature, the reac-
tion mixture was added dropwise to cold diethylether. After fil-
tration, the slightly green powder was dried under vacuum
until constant weight (95 wt%), then analyzed by FTIR spec-
troscopy (Fig. S6, ESIT) and by '°F and "H-NMR spectroscopy
(Fig. S5, ESIt and Fig. 3, respectively). The thermogravimetric
(TGA) analysis revealed a decomposition temperature of
325 °C at 10% weight loss, under air (Fig. 4). Differential scan-
ning calorimetry (DSC) showed a melting temperature (7;,) of
40 °C (Fig. S7, ESIY).

Fluorescence assay

First, a stock pyrene solution was prepared in acetone, and a
known volume was transferred into a number of vials. The
acetone was then evaporated before adding the block copoly-
mer solutions to give a final pyrene concentration of 1077 M.
In each vial, block copolymer solutions (ranging from 0.002 to
1 mg mL™") were prepared by adding a known volume of a
stock solution, and equilibrated for 24 h at room temperature.
Fluorescence spectra of pyrene were recorded from 360 to
400 nm after excitation at 340 nm. The peak intensities at 372
and 383 nm were determined as I; and I3, respectively (Fig. 9,
inset). The ratios of the peak intensities I;/I; of the emission
spectra were recorded as a function of the block copolymer

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 TGA thermogram overlay of the PEG,q00-b-PFPE;200-b-PEG2000
triblock copolymer (black curve), PEG-azide 2 (blue curve), and PFPE—
diyne 1 (red curve), under air.

concentration (Fig. 9). The CMC value was determined by the
intersection of the best-fit lines as shown in Fig. 9.

Results and discussion

Before going into details, it is worth mentioning that '’F NMR
spectroscopy is the method of choice to determine the struc-
ture of PFPEs, since it can reveal the number of OCF, and
OCF,CF, moieties, the end-groups, and thus the number-
average molecular weight.”>** The 'F NMR spectra of
Fomblin® Z PFPEs display three distinct regions (Fig. 1): (i)
from —50 to —60 ppm (OCF, groups), (ii) from —77 to —86 ppm
(terminal CF, groups), and (iii) from -89 to —-93 ppm
(OCF,CF, groups). The multiple peaks in each region arise
from the different combinations of neighboring repeating
units (see Fig. 1).

First, etherification at both ends of poly(tetrafluoroethylene
oxide-co-difluoromethylene oxide)-a,0-diol (Fomblin® Z-DOL)
via SN, substitutions resulted in the formation of PFPE-diyne
1 in 82% yield.”® A first glance at the '°F NMR spectra overlay
of Fomblin® Z-DOL and PFPE diyne 1 (Fig. 2) reveals that
peaks from —81 to —84 ppm corresponding to the terminal
CF,CH,OH groups of Fomblin® Z-DOL appear shifted down-
field in the "F NMR spectrum of PFPE diyne 1. A similar
observation can be made on the corresponding 'H NMR
spectra overlay (Fig. S1, ESIt).

Further evidence of this substitution is the appearance of a
narrow band at 3325 cm™" (the CH stretch of terminal alkynes)
in the FTIR spectrum of PFPE diyne 1, while the free OH
stretching absorption at 3400 cm™" present in the FTIR spec-
trum of Fomblin® Z-DOL vanishes (Fig. S2, ESIT).

The hydrophilic part 2 of the triblock copolymer was
obtained by using commercial hydroxyl end-functionalized
PEG (M, 2000 g mol~") that was chemically modified by tosyla-
tion then azidation, as previously described (the 'H NMR spec-
trum of 2 is displayed in Fig. S3, ESI{).*°

Polym. Chem., 2016, 7, 402-409 | 405
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The two building blocks 1 and 2 were covalently coupled
together via click chemistry®” to afford the PEG,o00-b-PFPE 1500
b-PEGyg0o triblock copolymer. To ensure the complete con-
sumption of the reactive species, copper(i)-catalyzed alkyne-
azide cycloaddition (CuAAC) was performed using two equiva-
lents of 2 compared to 1. Copper(i) bromide (0.1 mol eq.) and
N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA,
0.1 mol eq.) were employed as the catalyst and the ligand,
respectively.

Aliphatic amine ligands such as PMDETA are known to
produce significant rate enhancements compared to pyridine-
based ligands.*®

After one day at room temperature, the PEG,q-b-PFPE 500
b-PEG, triblock copolymer was recovered by precipitation
(>95 wt% yield). Nevertheless, it is worth mentioning that
metal catalysts are known to form complexes with triazole
rings, thus rendering the purification procedures non-trivial.*®

The disappearance of terminal alkyne signals at § =
3.05 ppm (see the "H NMR spectrum of 1 in Fig. S4, ESI{) and
the appearance of triazole protons that resonate at § =
8.10 ppm in the "H NMR spectrum of the PEG,g0o-b-PFPE;500-
b-PEG 00 triblock copolymer (Fig. 3) are clear evidence of suc-
cessful click reactions. In contrast, the '>’F NMR spectrum of
the PEG;009-b-PFPE;,00-b-PEG,00 triblock copolymer is almost
similar to that of 1 (Fig. S5, ESI{).

The absence of bands at 3325 cm ™" (CH stretching of termi-
nal alkynes) and 2100 cm™" (azide stretching) in the FTIR
spectra of the PEG;(0o-b-PFPE,40-b-PEGy((, triblock copolymer
(Fig. S6, ESIf) provides another evidence of successful 1,3-
dipolar cycloadditions, yet the absorptions at 1636 and
1457 em™ ' characteristic of triazole rings are too small to be
observed. The FTIR spectrum of the PEGy00-b-PFPE 50"
b-PEG 0 triblock copolymer also shows the bands from 1000
to 1250 cm™" typically attributed to CF, groups and C-O-C
moieties.*°

The PEGj000-b-PFPE1500-b-PEG,000 triblock copolymer dis-
plays an improved thermal behavior over its precursors, as
revealed by thermogravimetric analyses under air (Fig. 4).
Indeed, thanks to its semi-fluorinated backbone bearing
robust triazole rings, no significant weight loss was observed
until 275 °C. The superior thermal stability of the triblock
copolymer is most likely due to (i) its higher molecular weight,
and (ii) the absence of azide and alkyne end-groups.

Indeed, the decomposition at lower temperatures of 1 and 2
under an oxidative atmosphere can be attributed to the rapid
oxidation of azide and alkyne end-groups that leads to termi-
nal radicals from which the chains unzip.*'

The thermal transitions were studied by differential scan-
ning calorimetry (DSC). For the PEGy400-b-PFPE;500-b-PEG;000
triblock copolymer, crystallization and melting processes are
detected as exothermic and endothermic peaks at 28 and
57 °C, respectively (Fig. S7, ESIt). These values are in good
agreement with those found for PEG-azide 2 (Fig. S8, ESIT).
Nevertheless, the glass transition temperature of PFPE, gener-
ally observable at ca. —100 °C, is not displayed in the DSC
thermogram of the PEG,q00-b-PFPE 509-b-PEG,0o triblock
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copolymer since the difference in the heat capacity of this tran-
sition is too small compared to that of the melting tempera-
ture of PEG.

Diffusion-ordered spectroscopy (DOSY) NMR is increasingly
employed for the characterization of block copolymers, since it
is a fast and reliable technique to identify and account for the
presence of residual homopolymers in solution.**** Based on
the Pulsed Gradient Spin Echo (PGSE) experiment,*
DOSY-NMR leads to 2D correlation maps showing chemical
shifts and diffusion coefficients on the horizontal and vertical
axes, respectively. DOSY-NMR of the PEG;00-b-PFPE;;00
b-PEG, triblock copolymer was achieved in CD;OD (Fig. 5).
The DOSY map shows an expanded view of the DOSY experi-
ment with the related 'H spectrum projected on top.

The '"H NMR spectrum exhibits signals corresponding to
the PFPE block (red arrows, Fig. 5) and PEG blocks (blue
arrows, Fig. 5). As shown on the DOSY map, '"H NMR signals
belonging to PFPE and PEG correlate with the one and only
diffusion coefficient (1.862 x 107'° m* s™). To confirm that no
residual PFPE-diyne and PEG-azide remain, CD;OD solutions
of 1 and 2 were analyzed by DOSY-NMR and were compared to
the PEGy000-D-PFPE;500-b-PEG,0¢o triblock copolymer (Fig. 5,
red inset for 1 and blue inset for 2). The diffusion coefficients
of 1 and 2 were found to be 6.310 x 107" m* s™* and 2.138 x
107" m? s7*, respectively.

Hence, no residual 1 or 2 was observed on the DOSY map
of the triblock copolymer. DOSY-NMR, sometimes called
“NMR chromatography”, appears complementary to SEC
chromatography, which was not possible in our case due to
solubility issues.

To further analyze the ability of the PEG,000-b-PFPE 500~
b-PEG,0, triblock copolymer to self-assemble, a 50 mg mL™*
aqueous solution was analyzed by dynamic light scattering
(DLS). The results displayed in Fig. 6 show the formation of
spheres of ca. 20 nm. A glance toward a higher diameter range
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Flg 5 1H DOSY-NMR spectra of the PEGzooo-b-PFPElzoo-b-PEG2000
triblock copolymer (main spectrum), PFPE—diyne 1 (red inset), and PEG—
azide 2 (blue inset) recorded in CDsOD. D = diffusion coefficient.
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Fig. 6 DLS measurements for a 50 mg mL™ aqueous solution of the
PEGzooo-b-PFPElzog'b'PEGZQQO triblock copolymer.

also indicates the presence of a negligible amount of bigger
aggregates (ca. 260 nm). It is well established that the light
intensity scattered by a 100 nm particle is equivalent to the
light scattered by one million 10 nm-diameter particles and
one trillion 1 nm-diameter particles of the same materials.*

Hence, the intensity of 259 nm-diameter particles is much
higher than that of 23 nm-diameter particles.

DOSY-NMR has also been extensively used to measure the
size of different materials, including lipid vesicles,*® gold
nanoparticles,” and photo-active amphiphilic polyoxazo-
lines.*® Therefore, assuming that all the species are spheri-
cal,*® the size of the PEG,09-b-PFPE500-b-PEG 00, micelles was
calculated using both the diffusion coefficient obtained from
the DOSY-NMR experiment recorded in D,O and the Stokes-
Einstein equation (Fig. 7). The results show that the micelles
have a radius of 10 nm (ca. 20 nm diameter). As expected, the
diffusion coefficient is one order of magnitude smaller than
that observed for the same polymer in solution (Fig. 5).

To check the morphology of the micelles, an aqueous solu-
tion of the PEG,000-b-PFPE1500-b-PEG;0¢0 triblock copolymer
(50 mg mL™") was examined by cryogenic-temperature trans-
mission electron microscopy (cryo-TEM).>

D,0
A
R,=kT/6xnD = -11.0
(1.380 102%)(298) / 67 (890 10%)(2.57 1011) = 10 nm -10.9
-10.8
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D=2.57010" m? s A Ay T
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| 105 E
Ry = hydrodynamic radius ‘ 104 =)
k = Boltzmann constant i 103 =
T = temperature in Kelvin ‘
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D = diffusion coefficient -101
-10.0
82 74 66 58 50 42 34

Chem}cal shift (p;)m)

Fig. 7 *H DOSY-NMR spectrum of the PEGao00-b-PFPE1200-b-PEGa000
triblock copolymer recorded in D,O. Estimate of micelle radius size
using the Stokes—Einstein equation.
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Fig. 8 Cryo-TEM image of the PEGq00-b-PFPE1200-b-PEG2000 triblock
copolymer in aqueous solution at a concentration of 50 mg mL™.

Fig. 8 and S9 (ESIf) show the corresponding image that
clearly revealed the formation of nearly monodisperse spheri-
cal micelles of diameters in the range of 10-15 nm.

Since Kalyanasundaram and Thomas® proved that the
characteristic dependence of the fluorescence vibrational fine
structure of pyrene could be used to determine the critical
micelle concentrations (CMC) of surfactant solutions, the so-
called pyrene 1:3 ratio method has become one of the most
popular procedures for the determination of this important
parameter in micellar systems.”>* The plot of the pyrene 1:3
ratio as a function of the total surfactant concentration shows,
around the CMC, a typical sigmoidal decrease. Below the
CMC, the pyrene 1:3 ratio value corresponds to a polar
environment. As the surfactant concentration increases, the
pyrene 1:3 ratio decreases rapidly, indicating that the pyrene
is sensing a more hydrophobic environment. Above the CMC,
the pyrene 1: 3 ratio reaches a roughly constant value because
of the incorporation of the probe into the hydrophobic region
of the micelles.

Intensity (a.u)

CMC = 0.1 mg mL?

y T T T T T T T T T 1
-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5
log[C]

Fig. 9 Normalized emission spectra of pyrene in the presence of
different PEGy000-b-PFPE1200-b-PEG,000 triblock copolymer aqueous
solutions. Inset represents the plot of fluorescence vibronic intensities
ratio (/s/l1) as a function of the triblock copolymer concentration as
measured from emission spectra (see Fig. S10, ESI).
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To assess the CMC of the PEGyog-b-PFPE;,00-b-PEG;0¢0 tri-
block copolymer in water, fluorimetry was carried out in emis-
sion with an excitation wavelength at 340 nm. Pyrene was used
as the fluorescent probe with a concentration of 6 x 1077 M.
The intensity ratio (I3/I;) of pyrene emission spectra was
plotted against the copolymer concentration (Fig. 9). The CMC
was determined as the intersection of regression lines calcu-
lated from the two linear portions of the plot and was found to
be 0.1 mg mL™" (Fig. 9).

Conclusions

For the first time, a PEG,go-based amphiphilic triblock co-
polymer containing a PFPE,,,, central core was synthesized by
copper(i)-catalyzed alkyne-azide cycloaddition (CuAAC). Such
an ABA triblock copolymer was thoroughly characterized by "H
and ""F-NMR spectroscopy. Diffusion-ordered spectroscopy
(DOSY) NMR experiment accounted for the absence of residual
homopolymers in solution. The PEG,00-b-PFPE;500-b-PEG2000
triblock copolymer displays a good thermal stability under an
oxidative environment with no significant weight loss until
275 °C. The higher thermal stability of the triblock copolymer
over its precursors was attributed to a combination of a higher
molecular weight and the absence of azide and alkyne end-
groups, which under oxidative conditions, afford terminal radi-
cals that lead to chains unzipping. The PEG;0-b-PFPE 500~
b-PEG,0o triblock copolymer undergoes self-assembly into
micelles in aqueous solution as confirmed by three different
analytical techniques, namely DLS, DOSY-NMR, and cryo-TEM,
which all unambiguously validated the formation of 10-20 nm
spherical nanoassemblies. Fluorimetry measurements were
performed, and indicated a critical micelle concentration
(CMC) of 0.1 mg mL™". In further development of this work,
our group aims at evaluating this triblock copolymer as an
electrolyte for Li-ion batteries.
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