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Featured Application: The combined use of light scattering, turbidimetry, and differential scan-
ning calorimetry highlighted the thermoresponsive self-assembling behavior in water of the
oligo(ethylene glycol)-modified pentafluorostyrene homopolymers. The potential applications
of such novel smart materials are open to study in advanced fields, including nano-medicine,
nano-catalysis and bottom-up nanotechnology at large.

Abstract: Amphiphilic tetrafluorostyrene monomers (EFS8) carrying in the para position an oli-
goethylene glycol chain containing 8 oxyethylenic units on average were synthesized and used
for preparation via activator regenerated by electron transfer atom transfer radical polymerization
(ARGET-ATRP) of the corresponding amphiphilic homopolymers (pEFS8-x) with different degrees
of polymerization (x = 26 and 46). Combining light transmittance and nano-differential scanning
calorimetry (n-DSC) measurements revealed that pEFS8-x homopolymers displayed a lower criti-
cal solution temperature (LCST) thermoresponsive behavior in water solutions. Moreover, n-DSC
measurements revealed the presence in heating scans of a broad endothermic peak ascribable to
the dehydration process of the polymer single chains (unimers) and their collapse into aggregates.
Consistently, dynamic light scattering (DLS) measurements showed below the LCST the presence
of small nanostructures with a hydrodynamic diameter size Dh of 6–7 nm, which collapsed into
concentration-dependent larger multichain aggregates (Dh = 300–3000 nm) above LCST. Interestingly,
n-DSC data showed that the unimer-aggregate transition was reversible up to a specific temperature
(Trev) of each homopolymer, which in any case was higher than Tmax. When heating above Trev the
transition was no longer reversible, causing the shift of Tonset and Tmax at lower values, thus suggest-
ing an increase in hydrophobicity of the polymer systems associated with a temperature-dependent
dehydration process.

Keywords: amphiphilic polymer; thermoresponsive polymer; LCST; DSC; DLS; turbidimetry

1. Introduction

Stimuli-responsive polymers show their potential in the variations of properties upon
the application of an external stimuli [1]. Their peculiarities have attracted increasing
interest in recent decades for their potential applications as smart materials, e.g., in drug
delivery [2], tissue engineering [3], biosensing [4], and smart coating [5]. Among various
possible stimuli, temperature is the most commonly exploited due to the ease of applying
the stimulus, the possible applications in biological systems, and the often reversible nature
of the change in properties of the polymer [6]. Thermoresponsive polymers can phase
separately from a solution when temperature is increased or decreased, resulting in a
miscibility gap in the phase diagram. If raising the temperature causes the immiscibility,
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the mixture exhibits lower critical solution temperature (LCST) behavior, whereas if the
opposite is true, it exhibits upper critical solution temperature (UCST). The critical solution
temperatures are considered the point of the minimum or maximum of the coexistence
curve on the phase diagram, whereas the temperature at which a solution of a given
concentration undergoes phase separation is called the cloud point temperature (Tcp).

Systems possessing LCST are the most extensively studied of the two classes [7]. Ther-
modynamically, the separation between the two phases is caused by a negative entropy of
mixing between the polymer and the solvent, an element increasing in importance with
temperature. This counteracts the favorable exothermic enthalpy contribution that is due
to the formation of hydrogen bonds between the hydrophilic components of the polymer
and the surrounding water molecules [8,9]. When the temperature at which the entropic
term prevails is reached, the hydrated conformation, present at low temperatures, changes
to a contracted conformation, minimizing contact with water, and the contracted poly-
mer coils start aggregating into larger structures. LCST-thermoresponsive polymers are
commonly described as subject to a coil-to-globule transition. This describes the conforma-
tional changes that a dissolved polymeric chain in an unfolded random coil conformation
undergoes when reaching cloud point temperature, a contraction of the structure into a
compact globule, which is accompanied by an aggregation of polymers due to hydrophobic
interactions becoming dominant upon the loss of bound water [10,11]. However, LCST-like
phase separation is also a feature of other kinds of systems where polymer chains are not
dissolved into a random coil conformation, but rather are dispersed into small globular
structures even below the cloud point. Such globular particles may be constituted by a num-
ber of macromolecules self-assembling into micellar structures [12,13] or by a single polymeric
chain self-folding into a compact nanoparticle, commonly termed a unimer micelle [14–16],
which is generated by intra-macromolecular hydrophobic interactions.

The most common way to measure the cloud point for a thermoresponsive polymer
is through turbidimetry measurements [17], thanks to the formation of a heterogeneous
milky dispersion above this temperature. Dynamic light scattering (DLS) is also employed
to study the size of polymer aggregation below and above the phase transition, as well as
to detect such a transition. Differential scanning calorimetry (DSC) is another promising
technique useful to study the transition by looking at the heat exchanged during a thermal
scan. Despite its potential, the calorimetric evaluation of the phase transition is not so
common in the literature. Extensive calorimetric investigations have been reported for the
class of poly(N-isopropylacrylamide) PNIPAM, one of the most studied systems among
thermoresponsive polymers [18–23]. In particular, the studies in the field report a coil-to-
globule transition caused by dehydration of the polymer chains during the heating scan
followed by their aggregation into concentrated solutions. Both the dehydration and the
aggregation processes were found to be kinetically controlled, with the enthalpy and the
transition temperature dependent on the scanning rate and the polymer concentration [21].
The reversibility of the process was observed by looking at the dissolution of the aggregates
upon cooling. Measurements made at low scan rates on the cooling scan showed the
coexistence of two different processes, namely, the disruption of the intra-chain hydrogen
bonds created upon the collapse of the chains, and the dissolution of the aggregates [24].
The shape of the cooling peak was therefore dependent upon the aggregation state reached
by the polymer, i.e., small dispersed clusters in diluted solutions, large precipitate clusters,
or hydrogels in concentrated solutions [21].

In contrast to the studies carried out on classical coil-to-globule thermoresponsive
polymers, an extensive calorimetric investigation of the transition is often missing for
polymers possessing a globule-to-aggregate transition, and, for example, is absent in the
field of thermoresponsive polymers capable of self-folding into unimer micelles. One
interesting example showing the potentialities of calorimetry in this field was reported by
Kressler et al. [13], who published a paper with the synthesis, morphologic, and calori-
metric characterization of the phase transition for telechelic PNIPAM modified with a
perfluorinated end-group. The polymer was capable of assembling at room temperature
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into small micelles with a hydrodynamic diameter (Dh) of 24 nm and possessed an LCST
phase transition, forming larger aggregates above the cloud point temperature. The transi-
tion studied ended up being completely reversible and much sharper with respect to the
non-reversible larger peak obtained with the azide-terminated precursor, suggesting that
cooperative effects in the transition were provided by the presence of the hydrophobic
fluorinated groups in the chain. However, no more specific mechanistic hypotheses on the
aggregation process were reported in the paper.

Thermoresponsive polymers containing poly (ethylene glycol) (PEG) groups have
gained increasing interest in the last two decades due to the high biocompatibility offered
by PEG. (Meth)acrylates containing PEG side chains have been frequently used as basic
monomers to form thermoresponsive poly(oligo(ethylene glycol) methyl ether methacrylate
(POEGMA)-based polymers). At first glance, this class of polymers undergoes a fully
reversible transition, in contrast to PNIPAM [25], but there are no in-depth calorimetric
studies in the literature that support this assumption. Indeed, when micro-calorimetry was
used to study the transition of POEGMA grafted on cellulose nanocrystals, this was shown
to involve hysteresis upon cooling [26].

Examples of amphiphilic random copolymers possessing an LCST-type transition
are obtained by the copolymerization of oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) and fluorinated monomers [15,27–29], including pentafluorostyrene (PFS). The
latter system has been shown to possess a well-tunable Tcp [30] and is also capable of
self-assembling or self-folding even below this temperature in small micellar structures
(down to 10 nm in diameter) [31,32]. An alternative route to obtaining an amphiphilic
homopolymer based on PFS would be to exploit the facile substitution of the fluorine atom
in the para position of the pentafluorostyrene monomer [33] to introduce a hydrophilic
oligo(ethylene glycol) segment capable in principle of providing thermoresponsive behav-
ior. Amphiphilic PFS-based copolymers, containing triethylene glycol grafts, have been
studied for their anti(bio)fouling activities, but are not water-soluble [34–39].

In this paper, we report on the synthesis of amphiphilic PFS-based homopolymers
p(EFS)x derived from the atom transfer radical polymerization (ATRP) of a pentafluo-
rostyrene monomer substituted in the para position with an oligo(ethylene glycol)chain
(Mn = 300 g/mol). The p(EFS)x homopolymers were found to display a thermoresponsive
behavior, being able to self-assemble into small nanoparticles below their critical solu-
tion temperature and collapse into larger multichain aggregates above the cloud point.
Such an aggregation mechanism was investigated by the combined use of light scattering,
turbidimetry, and differential scanning calorimetry.

2. Materials and Methods

2,3,4,5,6-Pentafluorostyrene (PFS) (Fluorochem, Hadfield, United Kingdom), poly(ethylene
glycol) monomethyl ether (mPEG8, average Mn = 350 Da) (Sigma-Aldrich, Darmstadt,
Germany), and tin(II) 2-ethylhexanoate (Sn(EH)2) (Sigma-Aldrich, Darmstadt, Germany)
were used as received. Anisole (Sigma-Aldrich, Darmstadt, Germany) was vacuum
distilled over sodium, tetrahydrofuran (THF) (Sigma-Aldrich, Darmstadt, Germany)
was refluxed over calcium hydride for 3 h and distilled under nitrogen, N,N,N′,N′ ′,N′ ′-
pentamethyldiethylenetriamine (PMDTA) and (1-bromoethyl)benzene (1-BEB) (Sigma-
Aldrich, Darmstadt, Germany) were vacuum distilled, and CuBr2 (Sigma-Aldrich, Darm-
stadt, Germany) was recrystallized from a filtered aqueous solution. Solvents were pur-
chased from Sigma-Aldrich (Darmstadt, Germany) and used as received.

1H and 19F nuclear magnetic resonance (NMR) measurements were carried out on
a Bruker (Billerica, Massachusetts, MA, USA) Avance 400 (400 MHz) spectrometer with
deuterated solvents (Sigma-Aldrich, Darmstadt, Germany) at room temperature. The sam-
ple concentration was approximately 30 g/L. For 19F NMR chemical shift attribution, hex-
afluorobenzene was used as the internal standard, to which a chemical shift of−161.64 ppm
is attributed in CDCl3 compared to CFCl3. For 1H spectra the internal standard was the
solvent peak.
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The number and weight average molecular weights (Mn, Mw) were determined by
gel permeation chromatography (GPC) using a Jasco (Hachioji-shi, Tokyo, Japan) PU-
2089Plus liquid chromatograph equipped with two PL gel 5 µm mixed-D columns, a Jasco
RI-2031 Plus refractive index detector, and a Jasco UV-2077Plus UV/vis detector. Measure-
ments were carried out using chloroform as the mobile phase at a flow rate of 1 mL/min and
a temperature of 30 ◦C maintained by a Jasco CO 2063 Plus column thermostat. Polystyrene
standards (Sigma-Aldrich Darmstadt, Germany) were used for calibration. The refractive
index detector was used to obtain reported values. Samples were filtered with a 0.2 µm
polytetrafluoroethylene (PTFE) filter before injection.

UV-Vis measurements were carried out using a Perkin-Elmer (Waltham, MA, USA)
Lambda 650 and a Shimadzu (Kyoto, Japan) 2450 spectrometer. Samples were put into
quartz cuvettes with a 10 mm optical path. Transmittance was measured at a fixed wave-
length of 700 nm. The cloud point temperature (Tcp) was defined as the temperature at
which transmittance decreased to 50%. Aqueous solutions of the polymers at different
concentrations (from 0.1 to 30 g/L) were tested. Measurements were taken at various tem-
peratures, ranging from room temperature to higher than the Tcp of the given substance.
The temperature was varied manually using a thermostat.

DLS measurements were carried out in polymer solutions with a Malvern (Malvern,
Worcestershire, United Kingdom) Zetasizer Nano ZS particle analyzer (detection angle
= 173◦). Intensity, volume, and number distributions were obtained from the signal
autocorrelation function through CONTIN analysis in the instrument software. Samples
were prepared using high pressure liquid chromatography (HPLC)-grade water filtered
through a 0.2 µm cellulose acetate filter. After dissolving the chosen substance, the solution
was then filtered through a 5 µm cellulose acetate filter. At least 5 separate measurements
were carried out for each solution. When all the results were coherent with each other,
an average size distribution curve created by the instrument software was considered as
an overall representative of the system. Reported hydrodynamic diameters are always
calculated according to the intensity size distribution. To investigate the aggregation during
the phase separation process, temperature-dependent DLS measurements were performed.
Solutions of 5 g/L in the water of each polymer were thus prepared and studied below
and above the cloud point temperature, at 25 ◦C and 80 ◦C, respectively. Solutions of
0.5 and 10 g/L of pFES8-46 were also tested.

Calorimetric measurements were carried out on polymer solutions of 0.5, 1, and
5 mg/mL in deionized water with a Calorimetry Science Corporation (Lindon, Utah,
U.S.) N-DSC III model CS-6300 equipped with capillary cells. For all the experiments,
subsequent heating–cooling cycles were performed in an appropriate temperature range, at
a 1 ◦C/min scan rate, and the equilibration time between each ramp was set to 60 s. All the
samples were degassed and filtered before the measurements, following the standard nano-
differential scanning calorimetry (n-DSC) procedure [40]. The blank scan was performed
by filling the sample and the reference cells with mQ water in the same experimental
conditions. Data were analyzed by means of NanoAnalyze software (version 3.11.0). When
the samples were heated up to 90 ◦C, the presence of aggregation phenomena made it
difficult to calculate the area of the peak, which was in any case evaluated by assuming
the linear extrapolation of the specific heat capacity as the baseline below the peak. The
onset temperature (Tonset) was defined as the intercept between the line passing by the
first inflection point of the curve and the extrapolated specific heat capacity (Cp) of the
sample before the transition. The peak (Tmax) was defined as the temperature at the
maximum value of Cp. The reversibility of the samples was evaluated by performing
several heating/cooling cycles at a 1 ◦C/min scan rate, with 60 s of equilibration time
between each ramp, increasing the final temperature by 2 or 3 ◦C every two cycles.

2.1. Synthesis of the Monomer EFS-8

A NaH 60 wt % dispersion in mineral oil (0.264 g, 11.0 mmol) was slowly added under
N2 to a magnetically stirred solution of mPEG8 (3.501 g, 10.0 mmol) in anhydrous THF
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(30 mL) in a 100 mL three-neck round-bottomed flask in an ice bath. The solution was
stirred for 30 min, then PFS (2.07 mL, 15.0 mmol) dissolved in 5 mL of anhydrous THF
was added slowly by dropping funnel. The reaction was carried out at 0 ◦C under N2 for
3.5 h. The reaction mixture was then concentrated under vacuum, dissolved in deionized
water, and washed with petroleum ether. The aqueous phase was then extracted with ethyl
acetate. The resulting organic phase was dried over anhydrous MgSO4, passed through a
neutral alumina column, and evaporated to dryness under vacuum, obtaining a colorless
viscous oil. The final product (yield 44%) was characterized by 1H and 19F NMR analyses.

1H NMR (chloroform-d): δ (ppm) = 6.6 (dd, J = 18.0, 11.92 Hz, 1H, =CH), 6.0 (d,
J = 18.0 Hz, 1H, H(H)C=CH-Ar(trans)), 5.6 (d, J = 11.9 Hz, 1H, H(H)C=CH-Ar(cis)), 4.4 (t,
J = 4.5 Hz, 2H, Ar-O-CH2), 3.9–3.5 (m, 32H, O-CH2-CH2-O), 3.4 (s, 3H, O-CH3).

19F NMR (chloroform-d, hexafluorobenzene): δ (ppm) = −145.1 (dd, J = 20.7, 8.4 Hz,
2F, meta F), −158.0 (dd, J = 20.7, 8.4 Hz, 2F, ortho F).

2.2. Synthesis of the Homopolymer pEFS8-x

The procedure for each homopolymerization was identical except for the monomer/
initiator ratio and the type of atmosphere (nitrogen or vacuum). The polymerization
of pEFS8-46 under vacuum was described as typical. The CuBr2/PMDTA complex
(0.00066 mmol) was first added as a 0.0134 M solution in methanol (3 g/L of CuBr2)
in a 10 mL Carius tube, which was then dried under vacuum for 1 h. EFS8 (0.7013 g,
1.34 mmol), 1-BEB (3.0 µL, 0.022 mmol), and anisole (1.5 mL) were then added to the tube
and the mixture was degassed with three freeze–pump–thaw cycles. Then SnEH2 (1.4 mg,
0.0022 mmol) and PMDTA (0.7 µL, 0.0022 mmol) dissolved in 0.1 mL of anisole were added
and three more freeze–pump–thaw cycles were performed before the polymerization was
started at 110 ◦C under vacuum and with magnetic stirring. After 17.5 h, the reaction
was stopped by exposure to air and quenching to room temperature. The crude product
was precipitated three times from chloroform into n-hexane, then dissolved in chloroform,
passed through a neutral alumina column, and evaporated to dryness under vacuum. The
final polymer (yield 79%) containing 46 repeating units of EFS on average was named
pEFS8-46 and was characterized by 1H and 19F NMR and GPC analyses.

1H NMR (acetone-d6): δ (ppm) = 6.9–7.2 (5 H, aromatic), 5.0–5.3 (1 H, ArCHBr),
4.2–4.4 (92 H, ArOCH2), 3.4–3.9 (1472 H OCH2), 3.39 (138 H, OCH3), 1.8–3.1 (138 H CHCH2).

19F NMR (chloroform-d, hexafluorobenzene): δ (ppm) = −142.2/−146.1 (2F, meta F),
−155.9/−158.0 (2F, ortho F).

GPC in chloroform: Mn = 19,800 g/mol, Ð = 1.25.

3. Results and Discussion
3.1. Polymer Synthesis and Characterization

We synthesized novel amphiphilic homopolymers based on poly(pentafluorostyrene)
modified with an oligo(ethylene glycol) pendant chain in the para position, with the side
chain length being around eight repeating units on average. The monomer EFS8 was
obtained by adapting an existing procedure used by other authors with triethylene glycol
chains [34–36], and was conducted for the synthesis of the present monomer at a lower
reaction temperature to avoid the formation of unwanted by-products. Two homopolymers
with different number degrees of polymerization (x = 26 and 46) were prepared by a
controlled radical polymerization technique, namely, activator regenerated by electron
transfer (ARGET)-atom transfer radical polymerization (ATRP), by using 1-BEB as the
initiator, CuBr2 as the catalyst, PMDTA as the ligand, Sn(EH)2 as the reducing agent, and
anisole as the solvent at 110 ◦C, operating either under a nitrogen atmosphere or under
vacuum (Scheme 1). Good control of the polymer dispersity (Ð) was achieved as observed
by GPC measurements (Ð < 1.3). The full results are available in Table 1.
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Table 1. Physico-chemical properties of the synthesized pEFS8-x polymers.

Polymer Atmosphere Monomer/
Initiator Mole Ratio Conversion (%) x 1 Mn NMR 2

(g/mol)
Mn GPC 3

(g/mol) Ð 3

pEFS8-26 N2 24 99 26 14,410 10,800 1.26
pEFS8-46 Vacuum 60 93 46 25,490 19,800 1.25

1 Number average degree of polymerization. 2 Molecular weight calculated from 1H nuclear magnetic resonance (1H NMR). 3 Molecular
weight and dispersity measured by gel permeation chromatography (GPC).

Both EFS8 and the resulting homopolymers were found to be water soluble at room
temperature at concentrations up to 30 g/L, with the resulting solutions being capable of
thermoresponsive behavior with an LCST phase separation.

3.2. Size Characterization in Aqueous Solutions

The self-assembly properties of pEFS8-26 and pEFS8-46 homopolymers in aqueous so-
lutions were investigated by means of dynamic light scattering (DLS) at room temperature.
The homopolymer exhibited a bimodal intensity size distribution at room temperature
in aqueous solution (5 g/L), with one narrow peak characterized by a hydrodynamic
diameter of 6–7 nm and a second, wider one indicating larger diameters (centered at
300 nm) (Figure 1). The smaller diameter peak accounted for 99.9% of particle volume,
thus resulting in a unimodal volume distribution. The population at higher diameters
may be attributed to the self-assembly of a small portion of polymeric chains into larger
multichain aggregates. This kind of bimodal intensity distribution and unimodal volume
distribution is a common feature of the self-folding and assembly of amphiphilic random
polymers containing fluorous elements [27,28]. The dominant population in volume dis-
tribution was slightly smaller in size than that previously found for random copolymers
of pentafluostyrene and oligo(ethylene glycol) methacrylate (10–15 nm) [32] and it was
similar or smaller in size than those measured for self-folded chains formed by other
POEGMA-based amphiphilic random copolymers [27,41,42]. Thus, the size of pEFS8-x
polymers was compatible with a unimer that, thanks to the amphiphilic nature of the
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polymer, is likely to be in a folded state rather than in a random coiled conformation. An
in-depth investigation of the shape and size of the structures formed by pEFS8-x polymers
in aqueous solutions is the subject of a forthcoming publication.

1 
 

 

  Figure 1. Intensity (above) and volume (below) size distributions of (a) pEFS8-26 and (b) pEFS8-46 at 25 ◦C.

Both polymers were also studied by DLS at 80 ◦C. At this temperature, the analysis
showed the formation of large multichain aggregates with Dh above 1 micron. In particular,
pEFS8-26 formed structures with a Dh of ~3000 nm, whereas pEFS8-46 formed smaller
aggregates whose Dh was ~1500 nm, with a size distribution significantly narrower than
pEFS8-26. Thus, the average degree of polymerization x seemed to have a far larger
effect on the self-assembly of the homopolymers at this higher temperature compared to
room temperature. The formation of large aggregates is characteristic of an LCST phase
transition, which took place between the two temperatures at which the measurements
were carried out.

pEFS8-46 was also studied in aqueous solutions at other concentrations ranging from
0.5 to 10 g/L to investigate the influence of polymer concentration on its self-assembly
(Table 2). The size distributions at 25 ◦C did not change significantly with the concentration,
with the dominant population in volume distribution remaining at 7 nm (Table 2). This
indicates that concentration has little influence on the self-assembly of the polymer chains
at this temperature. On the other hand, the size distribution at 80 ◦C showed a progressive
increase in the size of the aggregates with polymer concentration, growing from 340 nm at
0.5 g/L to 2000 nm at 10 g/L, where a partial coalescing into even larger particles with a
diameter of 5000 nm was also observed (Figure 2 and Table 2). Overall, pEFS8-x polymer
self-assembly above the LCST transition was found to be strongly dependent both on its
chain length and concentration in water.
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Table 2. Values of hydrodynamic diameters Dh (mean value ± standard deviation) for
pEFS8-x polymers.

Dh at 25 ◦C (nm) Dh at 80 ◦C (nm)

pEFS8-26
(5 g/L) 6 ± 1 3000 ± 1000

pEFS8-46
(5 g/L) 7 ± 2 1500 ± 300

pEFS8-46
(0.5 g/L) 7 ± 2 340 ± 60

pEFS8-46
(10 g/L) 7 ± 2 2000 ± 600

 

2 

 
Figure 2. Intensity size distribution at 80 ◦C for (a) pEFS8-26 and (b) pEFS8-46 aqueous solution at 5 g/L and (c) for
pEFS8-46 at various concentrations.

3.3. Characterization of the Phase Transition

The thermoresponsiveness of pEFS8-26 and pEFS8-46 in aqueous solutions at different
concentrations ranging from 0.5 to 30 g/L was tested by turbidimetry using a UV-visible
spectrophotometer. The transition due to aggregation phenomena was in general very
sharp, being less defined for the lowest investigated concentration of 0.5 g/L (Figure 3a,b).
The cloud point (Tcp) temperatures associated with the transition were found to decrease
from 83 ◦C to 73 ◦C up to a plateau value of 71 ◦C by increasing the pEFS8-26 polymer
concentration from 0.10 to 5 mg/mL up to 30 mg/mL (Figure 3c). A similar trend was also
valid for pEFS8-46.
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cloud point temperatures as a function of aqueous solution concentration for pEFS8-26. 

Calorimetric measurements were performed on pEFS8-26 and pEFS8-46 aqueous 
solutions at different concentrations in order to obtain more information on the thermo-
dynamic nature of the LCST. The thermal profiles of pEFS8-26 water solutions at con-
centrations of 0.5, 1, and 5 mg/mL are reported in Figure 4. The thermal profiles of 
pEFS8-46 are presented in Supplementary material Figure S1. 

The endothermic peaks observed provided information on the phase transition oc-
curring during the thermal scan. The curves presented a complex profile that suggested 
the concurrence of different contributions (e.g., the breaking of solvent–polymer hydro-
gen bonds and the formation of polymer–polymer non-covalent interactions). The overall 
shape was highly asymmetrical, with a sharp rise of the curve from the onset temperature 
until the peak maximum and a slow decrease of the curve in the second part, forming a 
tail. A similar profile is also reported for other thermoresponsive polymers (e.g., 
PNIPAM [19] and poly(N-vinylcaprolactam) (PVCL)) [43] and the main contribution to 
the observed endothermic peak was attributed to the breaking of hydrogen bonds among 
the polymer chains and water, whereas the peak asymmetry was associated with the 
competition between the dehydration process and the polymer–polymer interchain ag-
gregation in the heating scan [24]. In our case, the latter may have occurred by direct 
aggregation of self-folded unimers, or by the opening (or partial opening) of the 
self-folded unimers followed by their aggregation in a more extended conformation, in 
analogy with the thermal-induced aggregation of protein after the unfolding process [44–
47]. A recent small-angle X-ray scattering (SAXS) investigation on the self-assembly be-

Figure 3. Turbidimetry measurements at different aqueous solution concentrations for (a) pEFS8-26 and (b) pEFS8-46; (c)
cloud point temperatures as a function of aqueous solution concentration for pEFS8-26.

Calorimetric measurements were performed on pEFS8-26 and pEFS8-46 aqueous solu-
tions at different concentrations in order to obtain more information on the thermodynamic
nature of the LCST. The thermal profiles of pEFS8-26 water solutions at concentrations
of 0.5, 1, and 5 mg/mL are reported in Figure 4. The thermal profiles of pEFS8-46 are
presented in Supplementary material Figure S1.

The endothermic peaks observed provided information on the phase transition oc-
curring during the thermal scan. The curves presented a complex profile that suggested
the concurrence of different contributions (e.g., the breaking of solvent–polymer hydrogen
bonds and the formation of polymer–polymer non-covalent interactions). The overall
shape was highly asymmetrical, with a sharp rise of the curve from the onset temperature
until the peak maximum and a slow decrease of the curve in the second part, forming
a tail. A similar profile is also reported for other thermoresponsive polymers (e.g., PNI-
PAM [19] and poly(N-vinylcaprolactam) (PVCL)) [43] and the main contribution to the
observed endothermic peak was attributed to the breaking of hydrogen bonds among
the polymer chains and water, whereas the peak asymmetry was associated with the
competition between the dehydration process and the polymer–polymer interchain ag-
gregation in the heating scan [24]. In our case, the latter may have occurred by direct
aggregation of self-folded unimers, or by the opening (or partial opening) of the self-folded
unimers followed by their aggregation in a more extended conformation, in analogy with
the thermal-induced aggregation of protein after the unfolding process [44–47]. A recent
small-angle X-ray scattering (SAXS) investigation on the self-assembly behavior in aqueous
solution of amphiphilic (meth)acrylic random copolymers containing perfluoroalkyl and
oligo(ethylene glycol) side chains highlighted that the aggregation process can be consid-
ered an assembling of self-folded unimers in an extended (partially opened) conformation,
resulting in a rod-shaped structure [48].
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The onset (Tonset) and the maximum (Tmax) temperatures in the process are reported
in Table 3. Both temperatures decreased with increasing polymer concentrations, consis-
tent with the existence of an LCST-type phase separation. The onset temperatures were
associated with the beginning of the dehydration process. Tonset were generally lower than
the cloud point temperatures at 50% transmittance recorded by turbidimetry, especially for
pEFS8-46 solutions at lower concentrations, which presented a wider transition (Figure 3b).
As for other thermosensitive polymers [49,50], such a difference might be ascribed to the
greater sensitivity of the calorimetric technique in detecting the beginning of the phase
transition, when the fraction of multichain aggregates is not yet large enough to be detected
by turbidimetry.

Table 3. Calorimetric data for pEFS8-x polymers.

First Heating Scan Second Heating Scan

Concentration
(g/L)

Tonset
1

(◦C)
Tmax

2

(◦C)
Peak Area
(KJ/mol) 3

Tcp
4

(◦C)
Tonset

1

(◦C)
Tmax

2

(◦C)

pEFS8-26 0.5 71 75.2 7.6 72.5 69.5 74.4
1 70.4 73.7 7.2 71 68.4 72.2
5 68.7 71.7 4.5 70 65.3 70.2

pEFS8-46 0.5 75.6 80.2 6.8 83 75 79.8
1 74.8 79.1 5.5 78 73.2 78.3
5 71.8 76.8 / 73 70.7 75.2

1 Onset temperature, reported with an error of ±0.5 ◦C. 2 Peak maximum temperature, reported with an error of ±0.5 ◦C. 3 Per mole of
monomeric unit, reported with an error of ±0.7 KJ/mol. 4 Cloud point temperature, reported with an error of ±0.5 ◦C.
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Both Tonset and Tmax characteristics of the phase transition increased by increasing
the length of the polymer (namely, going from pEFS8-26 to pEFS8-46), suggesting that
the higher number of repeating units conferred a higher degree of hydrophilicity to the
entire polymer system. The dependence of aggregation temperature on the polymer
molecular weight was reported in the literature for several thermoresponsive polymers,
e.g., PNIPAM [51] or polyoxazolines [52], whereas others, such as POEGMA [53], do not
possess such a dependence.

At the end of the thermal scans (90 ◦C), none of the curves reached a baseline, but
the heat capacity tended to lower values with respect to the initial one (∆Cp < 0). The
heat capacity change was indicative of the solvent-exposed portions of samples, taking
into account their polarity [54]. ∆Cp values lower than 0 were found in literature for the
denaturation process of proteins in aqueous solutions and were related to the inter-chain ag-
gregation of proteins in the unfolded form [44–47]. In analogy with proteins, we attributed
the reduction in the heat capacity of pEFS8-x homopolymers to the formation of multichain
aggregates, driven by the minimization of the hydrophobic surface in contact with water.
An approximate value of the heat quantity exchanged during the process was calculated
by measuring the area underlying the peak. The data is reported in Table 3. We observed
that the area calculated in this way was in the range of 5–8 kJ per mole of monomeric unit.
This value was similar to that reported for PNIPAM (∆H = 5.5–7.5 kJ/mol) [22,24,50] and
slightly higher than that reported for PVCL (4.2–4.8 kJ/mol) [43]. As the enthalpy of an
LCST phase transition can be used to estimate the number of hydrogen bonds that are
broken per monomeric unit, as well as the amount of water retained by the resulting aggre-
gates [17], it is likely that these phenomena are similar in scale for pEFS8 and PNIPAM.
Moreover, it was found that, for both polymers, the peak area decreased by increasing
the polymer concentration in water, related to the enhancing of aggregation processes, as
previously discussed.

The second heating scans had a similar shape as the first ones, but Tonset and Tmax were
2–3 ◦C earlier (Table 3), denoting the non-reversibility of the process in the experimental
conditions. We performed repeated temperature scans at different scan rates to evaluate
whether and how the shape of the thermograms was affected by the thermal history of the
sample and the scanning rate. During a scan of five consecutive heating–cooling cycles
for the polymer pEFS8-26, we observed that Tonset and Tmax decreased until reaching
convergence after three cycles (Figure 5). This behavior, as well as the downshift of
the heat capacity before the transition, concurred in indicating an overall increase in the
hydrophobicity of the system [55]. In addition, the shape of the curve became more complex
and irregular, and the presence of a shoulder immediately after the onset appeared more
evident as the number of repeated cycles increased. A similar behavior was also found for
the longer polymer chain, pEFS8-46 (Figure S2).

The lack of full reversibility shown by the calorimetric measurements is similar to
that observed in some PNIPAM-based polymers [13,24] and seems in general to be a
common feature in thermoresponsive polymers when they are investigated by calorimetric
techniques. A deeper investigation was performed by repeated heating/cooling scans,
increasing the final scan temperature by 2–3 ◦C for every two scans. We observed that the
transition of pEFS8-26 was reversible up to 76 ◦C, which was the maximum reversibility
temperature (Trev). Small differences visible only at the onset temperature of the last two
scans revealed the presence of kinetic phenomena (Figure 6a). The calorimetric findings
were confirmed by turbidimetry measurements (Figure 6b), which highlighted the absence
of hysteresis in heating–cooling cycles. On the other hand, the thermal profiles obtained
for pEFS8-26 by performing the same procedure described above were different from
each other at temperature above Trev = 78 ◦C (Figure S3a). Consistently, turbidimetry
measurements showed hysteresis in repeating heating–cooling cycles (Figure S3b).
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Overall, we can speculate that when the polymer aqueous solution is heated at T≤ Trev
but above Tonset, the unimers in a more globular structure self-assemble into multichain
aggregates that reversibly regenerate the original unimer conformation when cooling
back below Tonset (Figure 7 top). Differently, when the polymer aqueous solution is
heated at T > Trev a more marked dehydration process occurs that possibly leads to
conformational changes in the multichain aggregates in which stronger interactions among
the perfluorinated main chains are favored in a sort of “melted” hydrophobic core. Such a
conformation might therefore prevent the multichain aggregate from regenerating unimers
in their original globular structure while promoting the formation of a more opened
and extended shape (Figure 7 bottom). This would result in a major exposure of the
perfluorinated main chains in contact with water and an increase in the hydrophobicity
of the overall polymer system, which in turn causes a reduction in Tonset and Tmax, and a
downshift of the heat capacity before the transition, as discussed above.
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4. Conclusions

Novel amphiphilic homopolymers composed of a poly(pentafluorostyrene) modified
in the para position with an oligo(ethyleneglycol) side chain containing eight CH2CH2O
units on average were synthesized by ARGET-ATRP. By taking advantage of the controlled
nature of the polymerization, two homopolymers with different lengths were prepared
and their self-assembling and thermoresponsive behavior in water was investigated by
DLS, turbidimetry, and n-DSC. All the analytic techniques pointed out for both polymers
the existence of an LCST-type phase transition at which nanostructures with a low Dh of
6–7 nm, consistent with a polymer single chain, self-assembled into much larger multichain
aggregates whose dimensions depended on the polymer concentration. The cloud point
temperatures (Tcp) at 50% transmittance were generally in between the calorimetric Tonset
and Tmax. Moreover, Tcp, Tonset, and Tmax were found to be lower for the shorter than
for the longer homopolymer. n-DSC measurements revealed, in any case, the presence
in heating scans of a broad endothermic peak mainly due to the dehydration process
of the polymer single chains and their collapse into aggregates. However, the LCST
behavior associated with this unimer-aggregate transition was found to be reversible up
to a specific homopolymer-dependent temperature (Trev), which was higher than Tmax
in both cases. On the other hand, when heating above Trev, the transition was no longer
reversible, causing the shift of Tonset and Tmax at lower values, which was indicative of the
increase in hydrophobicity of the polymer systems. This was interpreted by assuming a
temperature-dependent dehydration process, resulting in significant changes in unimer
and aggregate conformations.

To the best of our knowledge, the obtained results contribute, for the first time, to
drawing a general picture to describe the thermoresponsive behavior, and its reversibility,
of novel amphiphilic tetrafluorostyrene-based homopolymers in aqueous solutions.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/6/2711/s1, Figure S1: DSC thermal profiles of the polymer pEFS8-46 performed in aqueous
solution at concentrations of 0.5 g/L (a), 1 g/L (b), and 5 g/L (c). Figure S2. Reversibility of the
aggregation process for pEFS8-46 aqueous solutions (1 g/L), studied by n-DSC. The first 3 scans were
carried out at 1 ◦C/min, and the last two at 0.5 ◦C/min. Figure S3. Reversibility of the aggregation

https://www.mdpi.com/2076-3417/11/6/2711/s1
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process for pEFS8-46 aqueous solutions studied by n-DSC (changing the final temperature of the scan
every two heating scans) (a) and by turbidity measurements (b).
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