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ABSTRACT: The side-chain fluorinated polymers bearing dieth-
ylene glycol monomethyl ether (EG2) and perfluorohexyl (C6F13)
side groups were synthesized using glycidyl triazolyl polymers
(GTPs). These GTPs were prepared via catalyst-free azide−alkyne
cycloaddition between glycidyl azide polymers and electron-
deficient alkyne derivatives. Postpolymerization functionalization
enabled the successful production of fluorinated GTP homopol-
ymers and copolymers with molecular weights on the order of 105
g mol−1. Compared to previously reported side-chain fluorinated
polymers, the fluorinated GTPs, denoted as GTP-EG2-co-C6F13x
(where x indicates the C6F13 content), display a range of distinctive
and superior properties. Notably, they form well-organized layered
structures with thermal stability up to 240 °C, significantly
surpassing that of fluoropolymers with longer fluorocarbon chains such as C8F17 and C10F21. This improved thermal stability is
attributed not only to the high molecular weight but also to the longer and more flexible repeating units of the GTP backbone
compared to vinyl-based polymers. The layered structures also serve as physical cross-links, contributing to higher storage modulus.
The surface properties of the fluorinated GTPs were evaluated by contact angle measurements. Among them, GTP-EG2-co-C6F1325
exhibits particularly distinctive surface behavior. During the advancing contact angle measurement, the water droplet showed
pronounced stick-and-slip motion, with a maximum contact angle exceeding the superhydrophobic threshold of 150°. In contrast,
the receding contact angle was below 10°, satisfying the criterion for superhydrophilicity. Notably, this sticky hydrophobicity was
achieved on the smooth surface (surface roughness <1 nm), offering promising advantages for practical applications requiring precise
droplet positioning and strong droplet adhesion.
KEYWORDS: fluorinated polymers, liquid-crystal polymers, postpolymerization functionalization, click chemistry, contact angle hysteresis,
sticky hydrophobic surface

■ INTRODUCTION
Side-chain fluorinated polymers are a class of polymers
functionalized with fluorocarbon side groups.1,2 Compared
with commodity fluoropolymers such as polytetrafluoro-
ethylene (PTFE) and polyvinylidene fluoride (PVDF),3 they
offer enhanced structural and functional tunability through
variation in side-group composition.4,5 Fluorocarbons possess a
range of unique properties that are difficult to replicate with
other chemical groups, including low surface energy,6−8

distinctive ferroelectric behavior,9,10 exceptional chemical and
thermal stability,11 and mesogenic characteristics that promote
liquid crystal formation.12,13 However, perfluoroalkyl sub-
stances (PFAS) have faced criticism and strict regulation
because of their environmental impact,14 particularly their
bioaccumulative potential.15,16 The tendency for bioaccumu-
lation is strongly dependent on fluorocarbon chain length.
Fluorocarbons with chain lengths equal to or shorter than the
perfluorohexyl group (C6F13) have been reported to be less

toxic and less biopersistent than longer fluorocarbon
compounds.17,18

According to previous reports, the C6F13 group lies at the
threshold of structural organization: polymers functionalized
with fluorocarbon chains longer than C6F13 tend to form
layered structures, whereas those with shorter chains typically
yield amorphous materials.19,20 For example, acrylic polymers
bearing C6F13 side groups directly attached to the main chain
fail to form organized structures.19,20 In contrast, introducing
an N-methylsulfonamide spacer between the main chain and
the C6F13 group has been reported to promote structural
organization.21,22 In general, shorter fluorocarbon chains result

Received: December 1, 2025
Revised: February 11, 2026
Accepted: February 12, 2026
Published: February 16, 2026

Articlepubs.acs.org/acsapm

© 2026 The Authors. Published by
American Chemical Society

3023
https://doi.org/10.1021/acsapm.5c04519

ACS Appl. Polym. Mater. 2026, 8, 3023−3032

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 I
N

ST
 F

O
R

 M
A

T
L

S 
SC

IE
N

C
E

 (
N

IM
S)

 o
n 

M
ar

ch
 3

, 2
02

6 
at

 0
0:

12
:0

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taichi+Ikeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masafumi+Yoshio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.5c04519&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aapmcd/8/4?ref=pdf
https://pubs.acs.org/toc/aapmcd/8/4?ref=pdf
https://pubs.acs.org/toc/aapmcd/8/4?ref=pdf
https://pubs.acs.org/toc/aapmcd/8/4?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.5c04519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://creativecommons.org/licenses/by/4.0/


in lower thermal stability of the organized structures due to
weaker fluorocarbon−fluorocarbon interactions. A straightfor-
ward strategy to address this limitation is to increase the
molecular weight of the polymer, which can enhance
properties such as thermal stability and mechanical strength.
However, synthesizing high-molecular-weight side-chain fluo-
rinated polymers is challenging because conventional polymer-
ization techniques often lead to premature precipitation caused
by limited solubility, thereby hindering sufficient chain
growth.19−22 Although specialized methods such as surface-
initiated polymerization can produce high-molecular-weight
side-chain fluorinated polymers,23 these techniques are not
widely accessible and are unsuitable for large-scale production.
Consequently, a postpolymerization functionalization strategy
offers a practical and versatile alternative.24,25

In this study, we developed a novel class of side-chain
fluorinated polymers using glycidyl triazolyl polymers (GTP).
GTP serves as a representative platform synthesized by
postpolymerization functionalization via azide−alkyne cyclo-
addition click chemistry.26−30 Figure 1 illustrates the synthetic
route of the copolymers with diethylene glycol methyl ether
and C6F13 side groups (GTP-EG2-co-C6F13x, where x denotes
the C6F13 content). Notably, complete side-chain functional-
ization was achieved even when glycidyl azide polymer (GAP)
was reacted exclusively with C6F13−alkyne, enabling the
synthesis of side-chain fluorinated homopolymer (GTP−
C6F13) with molecular weight on the order of 105 g mol−1.
The fluorinated GTPs reported herein exhibit a range of
distinctive and enhanced properties compared with previously
reported side-chain fluorinated polymers. Some GTPs form
well-organized layered structures with enhanced thermal
stability up to 240 °C. These organized structures act as
physical cross-links, contributing to higher storage modulus.
During the advancing contact angle measurement on the GTP-
EG2-co-C6F1325 film, the water droplet showed pronounced
stick-and-slip motion, with a maximum contact angle exceed-
ing the superhydrophobic threshold of 150°. In contrast, its
receding contact angle was below 10°, satisfying the criterion
for superhydrophilicity. Notably, this sticky hydrophobicity
was achieved on the smooth surface (surface roughness <1
nm). These findings are discussed in the context of thermal,
structural, rheological, and surface characterizations.

■ EXPERIMENTAL SECTION

Synthesis of C6F13−Alkyne
Tridecafluoro-1-n-octanol (18.2 g, 0.05 mol), cation exchange resin
(1.6 g), and MgSO4 (2.5 g) were mixed in toluene (25 mL). After
bubbling nitrogen through the mixture for 10 min, distilled propiolic
acid (6.2 mL, 0.10 mol) was added. The reaction mixture was heated
at 100 °C under a nitrogen atmosphere for 24 h. After cooling to
room temperature, the resulting solids were removed by filtration.
The solids collected on the filter paper were washed with 150 mL of
toluene during filtration. The filtrate was subsequently washed with
aqueous NaOH (1.5 g/10 mL) and aqueous NaHCO3 (1.5 g/10 mL)
using a separation funnel. Caution: Frequent venting of CO2 is necessary
to relieve pressure in the separation funnel caused by the reaction between
propiolic acid and NaHCO3. The cessation of CO2 evolution indicates
complete neutralization of propiolic acid. The organic layer was
collected, dried over MgSO4, filtered, and concentrated using a rotary
evaporator. The crude product was purified by column chromatog-
raphy (SiO2, hexane/ethyl acetate = 9:1). The colorless liquid product
was obtained by distillation (2.3 Torr, 50−55 °C). Yield: 13.7 g
(66%). 1H NMR (400 MHz, CDCl3): δ = 2.52 (m, 2H), 2.93 (s, 1H),
4.48 (t, J = 6.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ = 30.5 (t, J
= 22 Hz), 58.0, 74.1, 75.8, 108−122 (multiple small peaks for CF2
and CF3), 152.3.
Preparation of GAP Stock Solution
Polyepichlorohydrin (PECH) was cut into small pieces to facilitate
dissolution in the solvent. PECH (4.0 g, 43 mmol) and sodium azide
(NaN3, 4.0 g, 62 mmol) were mixed in dry DMF (80 mL) in a 500
mL two-neck round-bottom flask. A condenser was attached to the
center neck. The reaction mixture was heated at 90 °C with stirring
under a stream of N2 (100 mL min−1) for 24 h in a fume hood. After
cooling to room temperature, 320 mL of ethyl acetate was added with
stirring, followed by the addition of 80 mL of distilled water. The
mixture was transferred to a separation funnel, and the upper organic
layer was collected, dried over MgSO4, and filtered. Because a
significant amount of DMF partitioned into the aqueous layer, 40 mL
of dry DMF was added to the solution. The ethyl acetate was
removed by evaporation at 35 °C while the pressure was gradually
reduced to 1.6 kPa. The concentration by evaporation was stopped
once DMF began to evaporate. The total mass of the solution was
adjusted to 64 g by adding dry DMF. For this purpose, the weight of
the empty flask must be measured before starting the experiment. It
was determined that the 8.0 g solution contained 0.51 g of GAP (5.1
mmol repeating units).30 This stock solution of GAP was stored at
room temperature (approximately 20 °C) in the dark.
GTP−C6F13 Homopolymer
After bubbling nitrogen through the GAP stock solution (8.0 g, 5.1
mmol repeating units) for 10 min, C6F13−alkyne (2.7 g, 6.5 mmol)
was added. Since the addition of C6F13−alkyne induces precipitation
of GAP, it was added dropwise over 1 min. The reaction mixture was
stirred at 80 °C under a nitrogen atmosphere for 24 h. During the

Figure 1. Synthetic scheme of GTP-EG2-co-C6F13x. PECH: Polyepichlorohydrin. GAP: Glycidyl azide polymer. GTP: Glycidyl triazolyl polymer.
(i) NaN3/DMF, 90 °C, 24 h. GAP was stored as a stock solution (solvent: DMF). (ii) 80 °C, 24 h.
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reaction, the product became insoluble. The mixture was then diluted
with dry DMF (50 mL) and stirred at 80 °C for 30 min, followed by
decantation to remove the solvent. The resulting solid was washed
again with DMF at 80 °C for 30 min, and the solvent was removed by
decantation. The same washing procedure was repeated using
different solvents, acetone (×2), dichloromethane (×2), and diethyl
ether (×2) at 40 °C. The final product was dried under vacuum at
100 °C. Yield: 2.5 g (96%).
GTP-EG2-co-C6F13x Copolymer
The synthesis and workup procedure for the copolymer GTP-EG2-co-
C6F1375 followed the same protocol as that used for the GTP-C6F13
homopolymer. For GTP-EG2-co-C6F1360, dichloromethane was not
used for washing the sample because the copolymer was slightly
soluble in it. Since the other copolymers did not undergo phase
separation during the reaction, the copolymer was recovered by
precipitation in methanol. The resulting solid was washed with
methanol (×2) and diethyl ether (×3), then dried under vacuum at
80 °C. The reaction conditions are summarized in Table 1.
GTP-EG2-co-C6F1375
Yield: 2.2 g (97%).
GTP-EG2-co-C6F1360
Yield: 2.1 g (98%). 1H NMR (400 MHz, CDCl3): δ = 2.61 (br,
1.2H), 3.20−4.00 (overlapping broad peaks, 6.6H), 4.30−4.85
(overlapping broad peaks, 4H), 8.12 (br, 0.08H), 8.30−8.90 (br,
0.92H); 13C NMR (100 MHz, CDCl3): δ = 30.5 (t, J = 21 Hz), 51.7,
57.1, 58.9, 64.3, 68.0−70.0 (br), 69.0, 70.5, 71.9, 77.0−78.5 (br),
106−122 (m), 129.6, 139.3, 139.8, 160.4, 160.8.
GTP-EG2-co-C6F1350
Yield: 1.9 g (97%). 1H NMR (400 MHz, CDCl3): δ = 2.61 (br,
1.0H), 3.20−4.00 (overlapping broad peaks, 7.5H), 4.30−4.85
(overlapping broad peaks, 4H), 8.12 (br, 0.08H), 8.30−8.90 (br,
0.92H); 13C NMR (100 MHz, CDCl3): δ = 30.4 (t, J = 21 Hz), 51.6,
57.1, 59.0, 64.3, 68.0−70.0 (br), 69.0, 70.5, 71.9, 77.0−78.5 (br),
106−122 (m), 129.7, 139.3, 139.7, 160.4, 160.8.
GTP-EG2-co-C6F1325
Yield: 1.6 g (96%). 1H NMR (400 MHz, CDCl3): δ = 2.64 (br,
0.5H), 3.20−4.00 (overlapping broad peaks, 9.8H), 4.30−4.85
(overlapping broad peaks, 4H), 8.13 (br, 0.09H), 8.30−8.90 (br,
0.91H); 13C NMR (100 MHz, CDCl3): δ = 30.4 (t, J = 21 Hz), 51.5,
57.1, 59.0, 64.3, 68.0−70.0 (br), 69.0, 70.5, 71.9, 77.0−78.5 (br),
106−122 (m), 129.7, 139.2, 139.7, 160.4, 160.8.

■ RESULTS AND DISCUSSION

Synthesis of GTPs
GAP was prepared by reacting PECH with NaN3, purified by
liquid−liquid extraction, and stored as a stock solution. Since
GAP was not isolated in solid form, it can be handled safely
despite being a high-energy, azide-rich compound with
potential explosion hazards.31 Nevertheless, the inherent risks
associated with GAP should not be overlooked. Care must be
taken to avoid contamination with metallic impurities during
preparation, and the GAP solution should not be overly
concentrated during evaporation.

Quantitative conversion of chlorine groups to azide groups
was confirmed in our earlier works.26,32 GTPs were synthesized
via a catalyst-free azide−alkyne cycloaddition between GAP
and an electron-deficient alkyne (Figure S2).30 Reaction
conditions are summarized in Table 1. All GTPs were
obtained in excellent yields exceeding 95%.
The chemical structures of the GTPs were confirmed by IR

and NMR spectroscopy. In the IR spectra, the absence of the
azide absorption band at 2100 cm−1 indicated quantitative
conversion of azide groups to triazole rings (Figure S1).26

Although the GTP−C6F13 homopolymer, GTP-EG2-co-
C6F1375, and 60 copolymers underwent phase separation
during the reaction, the azide−alkyne cycloaddition proceeded
to completion. Because the phase-separated material appeared
as a swollen gel, the alkyne compound was likely still able to
diffuse into the gel and react with the remaining azide groups.
All GTPs exhibited an intense characteristic peak at 1740
cm−1, corresponding to ester C�O stretching. IR peaks
corresponding to the glycidyl main chain, diethylene glycol,
and fluorocarbon side chains overlapped in the fingerprint
region. The peaks at 734, 811, 1011, 1080, and 1145 cm−1

(marked with stars in Figure S1) were assigned to C−F
stretching vibrations, as their intensities increased with C6F13
content. The characteristic peak at 3134 cm−1 was attributed to
the �CH stretching vibration of the 1,2,3-triazole ring.33

Figure 2 shows the 1H NMR spectra of GTP copolymers.
Since the GTP−C6F13 homopolymer and GTP-EG2-co-
C6F1375 copolymer were insoluble in common deuterated
solvents, NMR characterization was not performed for these
samples. The catalyst-free azide−alkyne cycloaddition yields
structural isomers bearing 1,4- and 1,5-substituted triazole
rings. The peaks labeled d and e in Figure 2a were assigned to
the triazole protons of the 1,4- and 1,5-substituted products,
respectively.30,34 Based on the integrals of these peaks, the ratio
of 1,4- to 1,5-substituted triazole units was approximately 9:1.
In many examples of Cu-free GTP synthesis,29,30,34 this isomer
ratio was found to be independent of both the side-chain
structures and the reaction conditions. The C6F13 content in
each copolymer was determined by comparing the integral of
the overlapping peaks (c, f, and i) with that of peak j. The
C6F13 contents calculated from the 1H NMR spectra were 61%,
51%, and 25% for GTP-EG2-co-C6F1360, 50, and 25,
respectively. These values are in good agreement with the
feed ratios of the corresponding alkyne derivatives used in the
synthesis. 13C NMR of GTPs are shown in Figures S3−S5.
Figure S6 shows the SEC traces of the GTPs used for

molecular weight analysis. Based on the SEC data, the number-
average molecular weight (Mn), weight-average molecular
weight (Mw), and polydispersity index of GTP-EG2-co-
C6F1325 were determined to be 3.3 × 105 g mol−1, 5.5 ×
105 g mol−1, and 1.7, respectively (calibrated using polystyrene
standards). These values are comparable to those previously

Table 1. Summary of GTP Synthesis

sample name GAPa (g) EG2-alkyne (g) C6F13−alkyne (g) ratio of alkynesb ratio of alkyne/azidec yield (%)

GTP−C6F13 0.51 − 2.7 0:1 1.3 96
GTP-EG2-co-C6F1375 0.51 0.28 2.1 1:3 1.3 97
GTP-EG2-co-C6F1360 0.51 0.45 1.6 2:3 1.3 98
GTP-EG2-co-C6F1350 0.51 0.56 1.4 1:1 1.3 97
GTP-EG2-co-C6F1325 0.51 0.84 0.68 3:1 1.3 96

aGAP was supplied as a stock solution. An 8.0 g stock solution contains 0.51 g GAP. bMolar ratio of EG2−alkyne/C6F13−alkyne. cMolar ratio of
alkyne compounds and azide group in GAP.
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reported for GTP derivatives.30 No peak was observed for
GTP-EG2-co-C6F1350. Several possible explanations may
account for this result: (i) incomplete dissolution of GTP-
EG2-co-C6F1350 in the solvent (DMF); (ii) adsorption of the
polymer onto the column resin; or (iii) formation of self-
assembled aggregates such as micelles due to its amphiphilic
nature.35 Since investigating the cause of this behavior falls
outside the scope of this study, further characterization was not
pursued. As all GTPs were synthesized from the same GAP
stock solution, the Mn and Mw values of GTP−C6F13
homopolymer were estimated to be 5.1 × 105 g mol−1 and
8.5 × 105 g mol−1, respectively. Notably, these values are 1
order of magnitude higher than those reported for side-chain
fluorinated polymers prepared via radical polymeriza-
tion,18,21,36 demonstrating the superiority of the postpolyme-
rization functionalization approach.
Thermal Properties of GTPs
Thermal properties were characterized by differential scanning
calorimetry (DSC), and the results are summarized in Figure
3a and Table 2. All DSC thermograms, except that of the
GTP−C6F13 homopolymer, exhibited a change in heat capacity
at the glass transition temperature (Tg). Previous studies have
reported that the Tg of fluorinated homopolymers is often
difficult to detect.21,25 Based on a comparison with the DSC
thermogram of the GTP-EG2 homopolymer,30 the observed
Tg is attributed to the transition from the solid to the rubbery
state, resulting from increased mobility of both the GTP main
chain and the EG2 side chains. All DSC thermograms, except
that of GTP-EG2-co-C6F1325, exhibited two endothermic
peaks. Similar thermograms have been reported by other
groups.12,21,22,36,37 These two peaks are attributed to phase

transitions from the solid or rubbery state to the smectic
liquid-crystalline (LC) state (Tmeso) and from the LC state to
the isotropic state (Tiso). A cross-polarized optical microscopy
image of GTP-EG2-co-C6F1375 at 175 °C shows an oily streak
texture with distinct optical birefringence, indicating the
formation of a layered LC phase (Figure 4a). Compared
with results reported by other groups for C6F13- and even
longer C8F17- and C10F21-side-chain fluorinated polymers, the
Tiso value observed in this study is significantly higher (other
groups: 60−210 °C; this study: >240 °C).19−22,25,36,37 These
differences are attributed to the substantially higher molecular
weight of the GTPs compared with previously reported
polymers. The enthalpy changes at Tmeso and Tiso, denoted as
ΔHmeso and ΔHiso, respectively, were obtained from the DSC
peak areas and are summarized in Table 2. These
thermodynamic parameters are discussed in detail below,
alongside the XRD results.
Figure 3b presents the thermogravimetric analysis (TGA)

traces of the GTPs. The temperature corresponding to 5%
weight loss is denoted as Td5. The GTP−C6F13 homopolymer
exhibited no significant weight loss up to 300 °C (Td5 = 325
°C, Table 2). The Td5 values increased with C6F13 content,
suggesting that the fluorinated groups contribute to delaying
the thermal degradation of the GTPs.
Organized Structure of GTPs
X-ray diffraction (XRD) measurements were conducted to
investigate the organized structures of GTPs. Figure 4b shows
the XRD profiles of GTP films measured at 38 °C after
annealing at temperatures above Tmeso. In the low-angle region
of the GTP−C6F13 homopolymer (Figure 4b, top), intense
peaks corresponding to a layered structure were observed,
including second-, third-, and fourth-order reflections. The
layer spacing, calculated from the average of these four peaks,
was 3.2 nm. The layered structure was also confirmed by AFM
(Figure 4c). The layer spacing of 3.2 nm is comparable to that
obtained by DFT calculations (Figure 4d). In the higher-angle
region, small but distinct peaks corresponding to d-spacings of
5.0 Å and 4.7 Å were detected. The 5.0 Å spacing, frequently
reported for side-chain fluorinated polymers, is attributed to
the crystalline ordering of fluorocarbon chains.19−21 In
contrast, the 4.7 Å spacing was tentatively assigned to the
packing of the 1,2,3-triazole rings, which has not previously
been observed in GTPs because they were amorphous.29,30

This ordering of the 1,2,3-triazole rings is considered to be
induced by the packing of the C6F13 groups.
GTP-EG2-co-C6F1375 and 60 copolymers also exhibited

intense diffraction peaks corresponding to layered structures
(Figure 4b). However, no pronounced peaks associated with
crystalline ordering of the C6F13 groups were observed. AFM

Figure 2. 1H NMR spectra of GTP copolymers (400 MHz, CDCl3).
(a) GTP-EG2-co-C6F1360, (b) 50, and (c) 25 copolymers. The
labeling scheme for peak assignment is shown at the top. Peak
integrals (overlapping peaks c, f, i, and peak j) for determining
copolymer composition are written in red.

Figure 3. (a) DSC thermograms of GTPs. The number in
parentheses indicates the C6F13 content. Third heating cycle. Heating
rate: 10 °C min−1. (b) TGA traces of GTPs. Heating rate: 10 °C
min−1. N2 atmosphere.
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measurements revealed that identifying the organized
structures became increasingly difficult as the C6F13 content
decreased (Figure S8).

Figure 4e shows the temperature-dependent XRD profiles of
the GTP-EG2-co-C6F1360 film during heating from 38 to 175
°C. Above the Tg, diffraction peaks corresponding to the

Table 2. Thermal Properties of GTPs

sample name Tg
a (°C) Tmeso

b (°C) ΔHmeso (J g−1) Tiso
c (°C) ΔHiso (J g−1) Td5

d (°C)
GTP−C6F13 − 174 12.8 ± 0.4 235 1.8 ± 0.0 325
GTP-EG2-co-C6F1375 61 151 8.2 ± 0.4 244 2.2 ± 0.1 315
GTP-EG2-co-C6F1360 50 132 3.1 ± 0.1 217 1.9 ± 0.0 300
GTP-EG2-co-C6F1350 33 107 0.2 ± 0.0 168 0.8 ± 0.0 301
GTP-EG2-co-C6F1325 17 − − − − 291
GTP−EG2e 4 − − − − 273

aGlass transition temperature (onset value from the third heating cycle in DSC). bTransition from the solid or rubber state to the liquid-crystalline
state (peak-top value from the third heating cycle in DSC). cTransition from the liquid-crystalline state to the isotropic state (peak-top value from
the third heating cycle in DSC). dTemperature corresponding to 5% weight loss in TGA analysis. eData was taken from the ref 30.

Figure 4. (a) Cross-polarized optical microscopy image of GTP-EG2-co-C6F1375 at 175 °C. (b) XRD profiles of GTP−C6F13 homopolymer, GTP-
EG2-co-C6F1375, 60, and 50 copolymers at 38 °C. The number in parentheses indicates the C6F13 content. (c) AFM image of a GTP−C6F13 film on
glass. Scan area: 400 nm × 400 nm. (d) Proposed layered structure of GTP−C6F13 homopolymer. The molecular structure was obtained by DFT
calculations (B3LYP/6-31G*). (e) Temperature-dependent XRD profiles of GTP-EG2-co-C6F1360 during heating from 38 to 175 °C.

Figure 5. (a) Temperature-dependent viscoelastic properties of GTP-EG2-co-C6F1375, 50, and 25 copolymers. The number in parentheses
indicates the C6F13 content. For clarity, each data set is offset by 2 orders of magnitude. The storage (G′) and loss moduli (G″) are shown as solid
and dashed curves, respectively. Tg, Tmeso, and Tiso are marked with black, green, and red arrows, respectively. Storage moduli at 100 °C are shown
for comparison. (b) Dumbbell-shaped specimens of GTP copolymers used for tensile test. (c) Stress−strain curves of GTP-EG2-co-C6F1325, and
50 copolymers. Film thickness: 0.5 mm. Temperature: 16−17 °C.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.5c04519
ACS Appl. Polym. Mater. 2026, 8, 3023−3032

3027

https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c04519/suppl_file/ap5c04519_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c04519?fig=fig5&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c04519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


layered structure remained intense (75 °C in Figure 4e). This
result demonstrates that, although the GTP backbone and EG2
side chains recover segmental mobility at Tg, the mobility of
the C6F13 groups remains limited, thereby preserving the well-
defined layered structure. Although the absence of a
pronounced peak associated with C6F13 packing indicates
low crystalline ordering of the C6F13 groups, the ΔHmeso value
suggests that the C6F13 groups were phase-segregated from the
EG2 side groups and interacted with each other within the
domain. Above Tmeso, the diffraction peaks weakened,
indicating that the melting of the C6F13 domains leads to a
less-defined layered structure, and the copolymer transitions
into a smectic liquid crystalline state (150 °C in Figure 4e).
The ΔHmeso value decreased as the C6F13 content decreased,
due to the reduced amount of C6F13 domains. In contrast, the
ΔHiso values were independent of the C6F13 content in the
cases of the GTP−C6F13 homopolymer, GTP-EG2-co-C6F1375,
and 60 copolymers. These results suggest that most of the
polymer chains in those GTPs formed layered structures and
that the ΔHiso values originated from their order−disorder
transitions. Similar temperature-dependent XRD profile
changes were also observed for the other GTPs (Figure S7).
In the case of GTP-EG2-co-C6F1350, the peak intensity

corresponding to the layered structure became weaker (Figure
4b), indicating a low degree of structural organization and
suggesting that the majority of the copolymer had become
amorphous. This result is consistent with the DSC data, which
show small ΔH values at Tmeso and Tiso (Table 2). AFM image
of GTP-EG2-co-C6F1325 exhibited a completely flat surface,
reflecting the amorphous nature of the polymer (Figure S8).
Mechanical Properties of GTPs

Since viscoelastic properties are sensitive to self-organized
structures within polymeric materials, the GTPs were analyzed
using a rheometer. Representative temperature-dependent
profiles of the storage modulus (G′) and loss modulus (G″)
are shown in Figure 5a. Although the measurements were
initiated above the Tg, behavior near Tg appeared unreliable
due to slippage at the interface between the rheometer plate
and the polymer sample. As the sample became tacky upon
heating, reliable data could only be obtained at temperatures

above those indicated by the asterisks in Figure 5a. For the
GTP-EG2-co-C6F1375 copolymer (Figure 5a, top), the G′ value
decreased at Tmeso, followed by a plateau region between 180
and 240 °C. G′ exceeds G″ below Tiso, indicating that the
organized structures function as physical cross-links and
contribute to elastic properties in the GTPs. Upon transition
from the smectic LC state to the isotropic state, both G′ and
G″ dropped sharply.
Similar temperature-dependent rheological property changes

were observed for the GTP−C6F13 homopolymer and the
copolymers GTP-EG2-co-C6F1360 and 50 (Figures S10 and
5a). Notably, GTP-EG2-co-C6F1375 exhibited a broader
temperature range for the smectic LC phase and a higher
Tiso than the GTP−C6F13 homopolymer. Generally, an
increased C6F13 content is expected to raise Tiso due to a
stronger driving force for self-organization. However, complete
functionalization with the C6F13 side groups may induce
excessive steric crowding and mechanical stress, which
destabilize the organized structure. Incorporation of the EG2
side groups likely relieves this stress, thereby stabilizing the
layered structures. Based on these considerations, one plausible
explanation for the lower thermal stability of layered structures
in vinyl-based fluorinated polymer is the shorter, less flexible
repeating unit (−C−C−) relative to the GTP backbone (−C−
C−O−), which increases mechanical stress. Thus, GTP is
considered advantageous for realizing side-chain fluorinated
polymers with enhanced thermal stability.
In the case of GTP-EG2-co-C6F1325 (Figure 5a, bottom),

the values of G′ and G″ decreased almost monotonically with
increasing temperature. The G′ value temporarily exceeded the
G″ value at low temperatures, suggesting that the long chain
length of GTP may enhance chain entanglement, which could
act as transient physical cross-linking points.
From the G′ values at 100 °C, it is evident that G′ of the

GTP copolymers increases significantly with C6F13 content
(Figure 5a). The markedly higher G′ of GTP-EG2-co-C6F1375
compared with the other copolymers is likely attributable not
only to its smaller temperature separation from Tg but also to
its well-organized structure. The large G′ drop around Tmeso in
GTP-EG2-co-C6F1375 also supports this idea.

Figure 6. (a) Surface energies of GTP−C6F13 and GTP−EG2 homopolymers and copolymers, determined from the contact angles of water,
ethylene glycol, and diiodomethane droplets using the OWRK method. Values represent mean ± standard deviation (n = 5). (b) Photographs of
water droplets on GTP-EG2-co-C6F1325 (left) and GTP−C6F13 (right) films. Droplet volume: 2 μL. (c) Surface roughness of GTP films. Values
represent mean ± standard deviation (n = 3). (d) AFM images of GTP-EG2-co-C6F1325 (left) and GTP−C6F13 (right) films used to characterize
surface roughness (scan area: 10 μm × 10 μm).
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Figure 5b shows dumbbell-shaped specimens of GTP-EG2-
co-C6F1325 and 50 copolymers. GTP copolymers with C6F13
content higher than 50% were too brittle to fabricate into
dumbbell-shaped specimens. Figure 5c shows the stress−strain
profiles of dumbbell-shaped specimens of GTP copolymers.
Because the Tg of GTP-EG2-co-C6F1325 is close to room
temperature, that sample exhibited stretchability exceeding
400% strain. In contrast, GTP-EG2-co-C6F1350 was rigid and
fractured below 3% strain. The Young’s moduli of GTP-EG2-
co-C6F1325 and 50 were 0.47 ± 0.03 GPa and 0.93 ± 0.05 GPa,
respectively (mean ± standard error, n = 3).
Surface Properties of GTPs

The surface properties of the GTP−C6F13 and GTP−EG2
homopolymers, as well as their copolymers, were characterized
by contact angle measurements. From the contact angles of
water, ethylene glycol, and diiodomethane droplets (Figure
S11), the dispersive and polar components of the surface
energy (γd and γp, respectively) were calculated using the
Owens, Wendt, Rabel and Kaelble method (OWRK
method).38−40 The results are summarized in Figure 6a and
Table 3.
The surface energies of the GTP−C6F13 and GTP−EG2

homopolymers were 8.3 ± 2.6 mN m−1 and 31.0 ± 9.2 mN
m−1, respectively. These values reflect the low surface energy of
the fluorocarbon side groups and the hydrophilic nature of the
ethylene glycol side groups. The copolymers exhibited surface
energies comparable to that of the GTP−C6F13 homopolymer,
indicating that their surfaces were predominantly covered with
fluorocarbon chains. As shown in Figure 6b, the water contact
angle of the GTP-EG2-co-C6F1325 film is comparable to that of
the GTP−C6F13 homopolymer film, even though the C6F13
side group is a minor component. Interestingly, the surface
energy of GTP-EG2-co-C6F1325 exhibits a markedly smaller
polar component (γp = 0.8 ± 0.2 mN m−1) than those of the
other fluorinated copolymers (γp = 2.3−2.7 mN m−1).
To examine the cause of this anomaly, surface roughness was

characterized by AFM. Figures 6d and S9 shows AFM images
of the GTP films. The results are summarized in Figure 6c and
Table 3. The surface roughness of the GTP-EG2 homopol-
ymer and GTP-EG2-co-C6F1325 (Ra < 1 nm) was much smaller
than that of the other samples (Ra = 4−15 nm, Table 3). This
difference arises from whether the material is fully amorphous.
To rationalize the lower polar component of the surface energy
observed for the GTP-EG2-co-C6F1325 film, we propose the
following hypothesis. A completely flat surface can be
uniformly covered with C6F13 side chains, leaving few defect
sites that expose the hydrophilic components of the polymer.
In contrast, nanometer-scale roughness increases the number
of defect sites, thereby exposing more hydrophilic units.

The advancing and receding contact angles (θA and θR),
corresponding to the contact angles measured during the
inflation and deflation of a water droplet, respectively, were
also characterized (Figure S12).41,42 Figure 7a shows the
advancing contact angle profiles as a function of droplet
volume. With the exception of GTP-EG2-co-C6F1325, all GTP
surfaces exhibited constant θA values, and their baseline widths
increased smoothly over the volume range of 5−10 μL (Figure
S13a, left). The θA values of the GTP-EG2-co-C6F1375, 60, and
50 copolymers were comparable. In contrast, GTP-EG2-co-

Table 3. Summary of Sessile-Drop Contact Angles, Surface Energies, and Surface Roughness

sample name θwater
a (°) θEG

b (°) θDIM
c (°) γdd (mN m−1) γpe (mN m−1) rc

f Ra
g (nm)

GTP−C6F13 116 ± 1 106 ± 2 99 ± 1 7.2 ± 1.9 1.2 ± 0.7 0.95 3.7 ± 0.4
GTP-EG2-co-C6F1375 110 ± 1 101 ± 3 99 ± 1 7.1 ± 1.0 2.4 ± 0.7 0.99 5.6 ± 1.3
GTP-EG2-co-C6F1360 108 ± 1 99 ± 1 98 ± 1 7.0 ± 1.6 2.3 ± 1.4 0.96 7.4 ± 1.4
GTP-EG2-co-C6F1350 109 ± 2 97 ± 3 99 ± 1 7.0 ± 0.5 2.7 ± 0.6 0.99 14.8 ± 1.9
GTP-EG2-co-C6F1325 117 ± 1 102 ± 1 100 ± 1 7.6 ± 0.4 0.8 ± 0.2 0.99 0.4 ± 0.1
GTP−EG2 76 ± 1 54 ± 1 44 ± 4 19.0 ± 5.0 11.9 ± 4.2 0.98 0.3 ± 0.1

aStatic contact angle of a water droplet (2 μL). bStatic contact angle of an ethylene glycol droplet (2 μL). cStatic contact angle of a diiodomethane
droplet (2 μL). Values are presented as mean ± standard deviation (n = 5). dDispersive component of the surface energy. ePolar component of the
surface energy. Measurements were conducted at 20 °C and 15−20% relative humidity. fCorrelation coefficient of the OWRK method fitting.
gArithmetic mean roughness (area: 10 μm × 10 μm). Values are presented as mean ± standard deviation (n = 3).

Figure 7. (a) Representative advancing contact angle profiles during
the inflation of water droplets. The droplet volume was increased at a
rate of 0.1 μL s−1. The number in parentheses indicates the C6F13
content. The inset photograph shows a water droplet exhibiting the
maximum advancing contact angle on the GTP-EG2-co-C6F1325 film.
(b) Representative receding contact angle profiles during the deflation
of water droplets. The droplet volume was decreased at a rate of 0.1
μL s−1. The inset photographs show water droplets on the GTP−
C6F13 homopolymer film (top left) and on the GTP-EG2-co-C6F1325
film (bottom right). Droplet volume: 11 μL.
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C6F1325 exhibited a distinctive stick-and-slip behavior (Figure
7a). Because the baseline width remained constant and the θA
value continued to increase until reaching a critical value, no
plateau region appeared in the θA profile (Figure S13a, right).
Therefore, for this sample, the θA value in Table 4 was

obtained by averaging the contact angles measured within the
5−10 μL volume range. This stick-and-slip behavior was
consistently observed across the entire GTP-EG2-co-C6F1325
film surface. Notably, as shown in the inset photograph of
Figure 7a, the maximum advancing contact angle reached 160
± 2°, surpassing the critical threshold of 150° typically used to
define superhydrophobicity.43

Figure 7b shows the receding contact angle profiles as a
function of droplet volume. Within a certain volume range, the
contact line was moving on the surface and the water droplet
maintained a constant θR value (Figure S13b). Because the θR
values ranged widely from less than 5° (GTP−EG2) to 80°
(GTP−C6F13), it was not feasible to obtain all measurements
within the same volume range. However, since the volume
ranges used for calculating the θR value of each sample partially
overlapped, we considered the data to be mutually comparable.
Unlike the advancing contact angle results, the GTP
copolymers exhibited distinct, intrinsic θR values that
decreased as the C6F13 content decreased. Notably, the θR
value on the GTP-EG2-co-C6F1325 surface was 7 ± 1°, falling
below the commonly accepted threshold of 10° used to define
superhydrophilicity.44 It is considered that the superhydrophi-
licity at the polymer/water interface and superhydrophobicity
at the polymer/air interface is responsible for the distinctive
stick-and-slip behavior on the surface of GTP-EG2-co-C6F1325.
The contact angle hysteresis (Δθ), defined as the difference

between the advancing and receding contact angles,45 is
summarized in Table 4. Notably, GTP-EG2-co-C6F1325
exhibited a large Δθ of 123°. If calculated using the maximum
advancing contact angle (θA‑max), Δθ would reach 153°. Large
Δθ values are often observed on rough surfaces, a
phenomenon known as the rose petal effect, which some
researchers reproduce through surface micropatterning.46−49

For instance, Su et al. reported a Δθ value of 156° for the
surface covered with polyelectrolyte-coated submicrometer-
scale silica particles,50 while Mistura et al. reported Δθ values
of 100−120° for the surface covered with electrospun polymer
nanofibers.51 Contact angle hysteresis can also be observed on

flat surfaces, but a Δθ exceeding 100° is exceptionally rare. For
instance, the Δθ values of poly(2-hydroxyethyl methacrylate),
poly(acrylic acid), and polyacrylamide derivatives�those are
known to exhibit pronounced contact angle hysteresis�range
from 20° to 70°.52,53 Meanwhile, the reported Δθ values for
amphiphilic fluorinated copolymers similar to our GTPs range
from 60° to 80°.54,55 The contact angle hysteresis is thought to
originate from surface reconstruction driven by molecular
interactions between the polymer and water.45,52,55 The air−
polymer interface is considered to be fully covered with C6F13
groups, whereas upon contact with water, the polymer adopts a
conformation in which the EG2 side groups are exposed to the
polymer/water interface. The amorphous domain is considered
to be more advantageous for surface reconstruction than the
organized domain, because conformation change is suppressed
in the organized domain. Since the fraction of the amorphous
domain increases as the C6F13 content decreases, the Δθ value
correspondingly increases. The high mobility of the GTP-EG2-
co-C6F1325 chains, enabled by a low Tg near room temperature,
is also considered to promote surface reconstruction.

■ CONCLUSION
Using a postpolymerization functionalization approach, high-
molecular-weight fluorinated GTPs bearing perfluorohexyl side
chains were successfully synthesized. These polymers exhibit
excellent thermal, mechanical, and surface properties. Their
enhanced thermal stability and tunable mechanical properties
are particularly promising for applications in ferroelectric
devices. Among the synthesized GTPs, GTP-EG2-co-C6F1325
showed especially distinctive surface behavior. During
advancing contact angle measurements, the water droplet
exhibited pronounced stick-and-slip motion, with a maximum
contact angle exceeding 150°, while the receding contact angle
dropped below 10°. This large contact angle hysteresis
produces a sticky hydrophobic surface. Such sticky hydro-
phobic surfaces are attractive for applications requiring precise
droplet positioning and strong droplet adhesion, including
high-resolution printing, microfluidic manipulation, biosensing,
and wearable devices that operate under motion. Notably,
GTP-EG2-co-C6F1325 can produce sticky hydrophobic surface
without any micropatterning, offering a significant advantage
for device fabrication. In the context of global PFAS
regulations, perfluorooctanesulfonic acid (C8F17SO3H) and
its related compounds were listed in Annex A of the Stockholm
Convention in 2009, which identifies chemicals designated for
global elimination. Perfluorohexanesulfonic acid (C6F13SO3H)
and its related compounds were subsequently added to Annex
A in 2022. Although the tridecafluoro-1-n-octanol used in this
study is not included in Annex A, the development of
functional fluoropolymers with shorter fluorocarbon chains is
an urgent and important challenge. Overall, this study
demonstrates that fluorinated GTPs are promising candidates
for next-generation functional fluoropolymers. Efforts to
develop fluorinated GTPs with even shorter fluorocarbon
chains are currently underway.
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Additional figures: IR spectra, NMR spectra, SEC traces,
temperature-dependent XRD profiles, AFM images,

Table 4. Summary of Advancing and Receding Contact
Angles and Contact Angle Hysteresis

sample name θA
a (°) θA‑max

b (°) θR
c (°) Δθd (°)

GTP−C6F13 128 ± 1 −e 78 ± 1 50
GTP-EG2-co-C6F1375 120 ± 2 −e 65 ± 2 55
GTP-EG2-co-C6F1360 119 ± 2 −e 53 ± 1 66
GTP-EG2-co-C6F1350 119 ± 1 −e 45 ± 1 74
GTP-EG2-co-C6F1325 (130 ± 3)f 160 ± 2 7 ± 1 (>123)f

GTP−EG2 93 ± 4 −e (<5)g (>88)g

aAdvancing contact angle of a water droplet. bMaximum advancing
contact angle in stick-and-slip process. cReceding contact angle of a
water droplet. Values are presented as mean ± standard deviation (n
= 5). dContact angle hysteresis (θA − θR).

eNo stick-and-slip behavior
was observed. fAppropriate advancing contact angle was not
obtainable due to stick-and-slip behavior. The data was obtained
from the averaged value at the droplet volume from 5 to 10 μL.
gAppropriate receding contact angle was not obtainable because the
contact angle was smaller than 5°.
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rheological measurements, and contact angle measure-
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