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Thermally curable fluorinated main chain benzoxazine
polyethers via Ullmann coupling†

Kubra Dogan Demir,a Baris Kiskan,*a Sanjay S. Latthe,c A. Levent Demirelc

and Yusuf Yagci*ab

Fluorinated main chain benzoxazine polyethers were prepared by Ullmann coupling of fluorinated

benzoxazines in the presence of a nano-copperoxide catalyst. Various parameters such as the monomer

structure, temperature, and the effect of catalyst on the polymerization were studied. The benzoxazine

groups present in the polyether structure were shown to readily undergo thermally activated ring-

opening polymerization in the absence of an added catalyst forming cross-linked networks. The thermal

stability of the cured polymers was investigated and compared to that of classical polybenzoxazines.

The lower surface energy of the fluorinated polymers made ultrathin films (�20 nm thick) stable against

dewetting at curing temperatures and resulted in thermally cured smooth coatings on solid substrates.
Introduction

Polybenzoxazines are addition-cure thermosetting polymers
exhibiting good mechanical properties, low water sorption,
dimensional stability, chemical resistivity, and ame resistance
which are associated with the existence of inter- and intra-
molecular hydrogen bonds in their structure that make them a
superior alternative to phenolics or epoxy resins.1,2 Moreover,
these fascinating characteristics make polybenzoxazines suit-
able for various applications such as electronics, composites,
coatings, and adhesives.3–10 The noteworthy dimensional
stability feature during polymerization stems from the ring
opening polymerization of the corresponding monomers.11,12

And this polymerization is a thermally induced self-polymeri-
zation that takes place without any initiator or curative
(Scheme 1).13,14

Benzoxazines were rst synthesized by Cope and Holly in the
1940s.15 However, the polymerization of these molecules was
performed much later16 initiating a surge of interest in research
on the resulting high performance thermosets.17 Accordingly,
there has been a lot of work on new monomers in order to
improve the properties of polybenzoxazines for various appli-
cations by taking advantage of design exibility of benzoxazine
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monomers coming from usage of inexpensive and commercially
available phenols, primary amines, and formaldehyde (see
Scheme 2).18–25

Typically, various new benzoxazine monomers were synthe-
sized with additional polymerizable groups to tune the cross-
linking density of the networks.21,23,26–29 However, fabrication of
lms from monomers is rather difficult especially from mono-
functional benzoxazines since the formed lms are brittle as a
consequence of the low molecular weight and non-exibility of
the network structures.30,31 Linear or side chain benzoxazine
polymers as curable precursors were synthesized to overcome
these problems.32–42 This way, polymeric benzoxazines behave
like a processable and cross-linkable thermoplastic having
exibility, high cross-linking density aer cure, reduction in the
vapour pressure during processing and fragility of cured end-
structures.43–46 A wide range of chemistries can be used for this
purpose. Polyesterication,39 Mannich type condensations,32,41

coupling reactions,33 and Huisgen type click reaction40,42,47,48

were shown as successful ways to synthesize new curable
precursors. Obviously, each route imparts the characteristics of
its chemistry to the resulting polybenzoxazines which can be
judiciously chosen for specic applications.
Scheme 1 Thermally induced ring opening polymerization of bisbenzoxazine
monomers.
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Scheme 2 Synthesis of mono-functional 1,3-benzoxazines.
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In continuation of our research on the linear poly-
benzoxazine prepolymers, in this paper, a series of uorinated
and non-uorinated main chain polybenzoxazine prepolymers
have been synthesized by using Ullmann type coupling. These
reactive main-chain polymers can be further cross-linked via
polymerization of the repeating internal oxazine rings.
Combining benzoxazine chemistry with uorinated aromatic
polymers offers additional advantages to improve poly-
benzoxazines with extended glass transition temperature,
thermal stability, low dielectric constant, and low water
absorption which could stem from the contribution of uori-
nated aromatic polyethers. Particularly, the uorine content in
main-chain polybenzoxazines leads to low surface energy
yielding higher water contact angles for both cured and uncured
polymers.
Experimental part
Materials

Phenol (Carlo Erba, 99%), 4,4-isopropylidenediphenol (bisphe-
nol A) (Aldrich, 97%), 4,40-(hexauoroisopropylidene)diphenol
(bisphenol AF) (Alfa Aesar, 98%), 4-uoroaniline (Aldrich, 99%),
2,3,4,5,6-pentauoroaniline (Aldrich, 99%), paraformaldehyde
(Acros, 96%), nano CuO (Aldrich, <50 nm), Cs2CO3 (Fluka,
$98%), sodium hydroxide (Acros, 97+%), 1,4-dioxane (Aldrich,
$99%), xylene (Merck, extra pure), toluene (Carlo Erba, 99.5%),
ethylacetate (Merck, 99.5%), and chloroform (Acros, 99+%) were
used as received. Dimethylsulfoxide (DMSO) (Riedel-de Haen,
99.5%) was distilled under vacuum prior to use.
Characterization
1H NMR spectra were recorded in CDCl3 with Si(CH3)4 as an
internal standard, using a Bruker AC250 instrument at a proton
frequency of 250 MHz. The FTIR spectra were recorded using
Perkin Elmer Spectrum One with an ATR Accessory (ZnSe, Pike
Miracle Accessory) and a cadmium telluride (MCT) detector.
The resolution was 4 cm�1 and 24 scans with 0.2 cm s�1 scan
speed. Differential scanning calorimetry (DSC) was performed
on a Perkin-Elmer Diamond DSC with a heating rate of 20 �C
min�1 under nitrogen ow (20 mL min�1). Thermogravimetric
analysis (TGA) was performed on a Perkin-Elmer Diamond
TA/TGA with a heating rate of 10 �C min�1 under nitrogen ow
(200 mL min�1).

For surface characterization, thin lms of polymeric ben-
zoxazine precursors were spin coated (Specialty Coating
Systems, P67080 Spin Coater) on silicon wafers from 3 to 10 mg
mL�1 solutions in chloroform at 2000 rpm for 1 min. The water
contact angles (WCAs) were measured using the sessile drop
method with a water drop volume of 8 ml on a contact angle
This journal is ª The Royal Society of Chemistry 2013
system (Dataphysics, Contact Angle System OCA 20) at ambient
temperature. More than ve different positions were measured
on a given sample and the average values were plotted. The
surface morphology of the coatings was characterized by Atomic
Force Microscopy (AFM) (NT-MDT, Solver P47) in tapping mode
using ultra-sharp silicon cantilevers (force constant �48 N
m�1). The thickness of the coatings was measured by ellips-
ometry (Microphotonics, EL X-01R).
Synthesis

Synthesis of bisuorophenylbenzoxazine (BisF-Benz). In a
100 mL round bottomed ask, 50.0 mmol of para-
formaldehyde and 25.0 mmol of 4-uoroaniline were dissolved
with 8 mL of xylene. Aer addition of 12.5 mmol of diphenol,
the reaction mixture was stirred at 120 �C overnight. The
solvent was evaporated under high vacuum and a brown solid
was obtained as a pure product without further purication
(yield z 95%).

BisF-Benz: 1H-NMR (CDCl3): d ¼ 1.59 (s, 6H, CH3), 4.50 (s,
4H, O–CH2–N), 5.10 (s, 4H, Ar–CH2–N), 6.77–7.25 (m, 14H,
aromatics).

Synthesis of decauorophenylbenzoxazine (DecaF-Benz). To
a 50 mL round bottomed ask, 2.73 mmol of 2,3,4,5,6-penta-
uoroaniline and 5.46 mmol of formaldehyde were added. Aer
addition of 5 mL of toluene the reaction mixture was stirred for
2 h at 100 �C for triazine formation. Aer addition of 1.37 mmol
diphenol, the mixture was stirred for 12 h at 100 �C. Toluene
was evaporated under high vacuum to yield a brown oil as a
pure product without further purication (yield z 99%).

DecaF-Benz: 1H-NMR (CDCl3): d ¼ 1.61 (s, 6H, CH3), 4.49 (s,
4H, O–CH2–N), 5.09 (s, 4H, Ar–CH2–N), 6.79–7.27 (m, 6H,
aromatics).

Synthesis of polymers by Ullmann coupling (xF-Poly-
BenzPre). In a vacuum dried 25 mL 2-neck round bottomed
ask 0.50 mmol diphenol, 0.75 mmol benzoxazine monomer,
0.05 mmol nano-CuO, and 1mmol Cs2CO3 were dissolved in dry
DMSO. The ask was sealed and heated to 100 or 120 �C for
36 h. The reaction mixture was cooled to room temperature,
diluted with water and extracted with ethyl acetate three times.
The combined organic phases were dried with anhydrous
MgSO4 and concentrated under reduced pressure. The resulting
solution was precipitated in cold methanol yielding a brown
semi-solid. (Note: abbreviations for polymers were made
according to the number of F atoms per polymer residue.)

OctaF-PolyBenzPre: yield: 55%. 1H-NMR (CDCl3): d ¼ 1.61 (s,
12H, CH3), 4.52 (s, 4H, O–CH2–N), 5.12 (s, 4H, Ar–CH2–N), 6.73–
7.11 (m, 14H, aromatics).

TetradecaF-PolyBenzPre: yield: 70%. 1H-NMR (CDCl3): d ¼
1.61 (s, 6H, CH3), 4.53 (s, 4H, O–CH2–N), 5.14 (s, 4H, Ar–CH2–N),
6.79–6.99 (m, 14H, aromatics).

NonF-PolyBenzPre: yield: 34%. 1H-NMR (CDCl3): d ¼ 1.51 (s,
12H, CH3), 4.47 (s, 4H, O–CH2–N), 5.23 (s, 4H, Ar–CH2–N), 6.68–
7.05 (m, 22H, aromatics).

HexaF-PolyBenzPre: yield: 25%. 1H-NMR (CDCl3): d¼ 1.49 (s,
6H, CH3), 4.49 (s, 4H, O–CH2–N), 5.24 (s, 4H, Ar–CH2–N), 6.60–
7.14 (m, 22H, aromatics).
Polym. Chem., 2013, 4, 2106–2114 | 2107
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Scheme 4 Synthesis of the decafluorobisbenzoxazine (DecaF-Benz) monomer.
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Results and discussion

A successful synthesis of uoro containing benzoxazine
monomers has been achieved by typical benzoxazine synthesis.
Bisphenol A was reacted with paraformaldehyde and 4-uo-
roaniline to yield bisuorobenzoxazine (BisF-Benz) as depicted
in Scheme 3. This monomer was obtained without any puri-
cation step.

However, the synthesis of octauorophenylbenzoxazine
(OctaF-Benz) from 2,3,4,5,6-pentauoroaniline gave the ben-
zoxazine monomer with a low yield as several by-products were
formed. Thus, the synthetic strategy was adapted and rstly,
triazines were formed in the reaction medium, using para-
formaldehyde and 2,3,4,5,6-pentauoroaniline prior to addition
of the bisphenol derivative and additional paraformaldehyde
(Scheme 4). This way, a pure product namely DecaF-Benz was
obtained with a higher yield and better purity.

The structures of the benzoxazine monomers were
conrmed by spectral analysis. The 1H NMR spectrum of DecaF-
Benz presented in Fig. 1a exhibits the typical proton signals
attributed to the oxazine structure at 5.09 (Ar–CH2–N) and 4.49
ppm (O–CH2–N). Moreover, the aromatic protons were observed
between 7.27 and 6.79 ppm. Similarly, the oxazine structure of
BisF-Benz was proved by the peaks at 5.10 (Ar–CH2–N) and 4.50
ppm (O–CH2–N). Aromatic protons were also detected between
7.25 and 6.77 ppm (Fig. 2a). 13C NMR spectra of the monomers
also reveal signals for Ar–CH2–N and O–CH2–N carbons at 82.5,
54 ppm and 82.8, 53.3 ppm belonging to BisF-Benz and DecaF-
Benz, respectively (Fig. S1 and S2†). The infrared absorption
peaks of the monomers (Fig. S3–S6†) also conrm the formation
of oxazine rings in each monomer. The out-of-plane absorption
bands of oxazine functional benzene emerge between 967 and
985 cm�1 for the DecaF-Benz monomer and 964 and 993 cm�1

for the BisF-Benz monomer, respectively. Furthermore, the
presence of the aromatic ether of the benzoxazine ring could be
observed as the C–O–C symmetric stretching band, centered in
the range of 1120–1241 cm�1. Additionally, the asymmetric
stretching bands between 1172 and 1243 for DecaF-Benz and
1192 and 1238 cm�1 for BisF-Benz conrm the presence of the
oxazine ring. The C]C–C aromatic ring stretch of both mono-
mers could also be detected at around 1502 cm�1.

In the subsequent step, Ullmann coupling was utilized to
obtain main-chain polybenzoxazine precursors from the corre-
sponding uoro containing bisbenzoxazine monomers
(Scheme 5). It is known that Ullmann chemistry along with
relatedmethods has served successfully for C–N, C–S, C–O bond
Scheme 3 Synthesis of the bisfluorobenzoxazine monomer (BisF-Benz).

2108 | Polym. Chem., 2013, 4, 2106–2114
formation reactions in organic chemistry for decades.49,50

Moreover, Ullmann coupling of aryl halides with phenols is
popular for the synthesis of polyethers on laboratory and
industrial scales.51 However, the practicality of traditional Ull-
mann coupling has been greatly limited by its harsh reaction
conditions like prolonged heating at 200 �C in polar high-
boiling solvents, the abundant use of copper compounds and
the low conversion of non-activated aryl halides.

Accordingly, nanoparticles with reactive high surface areas
have been widely studied in catalyst chemistry. Very recently,
the employment of nanocrystalline metal oxides as catalysts in
organic syntheses has attracted much attention, due to the ease
of recycling of the catalysts and minimization of metal residues
in the products and decrease in the reaction temperatures.52

Hence, performing Ullmann cross-coupling of phenols with aryl
halides in the presence of the nano-CuO catalyst under ligand-
free conditions could eliminate the harsh reaction conditions,
which is particularly important to prevent ring opening reac-
tions of benzoxazine moieties during the synthesis.
Fig. 1 1H NMR spectra of (a) DecaF-Benz, (b) OctaF-PolyBenzPre and (c) Tetra-
decaF-PolyBenzPre in CDCl3.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 1H NMR spectra of (a) BisF-Benz, (b) nonF-PolyBenzPre and (c) HexaF-
PolyBenzPre in CDCl3.

Scheme 5 Syntheses of polymeric benzoxazine precursors.

Table 1 Molecular weight characteristics of polymeric benzoxazine precursors

Polybenzoxazine
precursor R Mn

a (g mol�1) PDIa (Mw/Mn)

CF3 3545 4.29
CH3 3500 —

CF3 830 1.4
CH3 2000 1.2

a Measured by GPC according to polystyrene standards.

Paper Polymer Chemistry

Pu
bl

is
he

d 
on

 0
7 

ta
m

m
ik

uu
ta

 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
4.

3.
20

26
 2

.2
9.

54
. 

View Article Online
Polymerizations conducted at around 100–120 �C with the
nano-CuO catalyst gave corresponding polybenzoxazine
precursors. Notably, the molecular weights of the obtained
polyethers, TetradecaF-PolyBenzPre and OctaF-PolyBenzPre,
were affected by the applied temperature. The molecular
weights (Mn) were around 1.4 kDa and 3.5 kDa for the poly-
merization at 100 �C and 120 �C, respectively. It was observed
that higher temperatures than 120 �C increased by-product
formation. The syntheses of nonF-PolyBenzPre and HexaF-Pol-
yBenzPre yielded reasonable molecular weights even when
lower temperatures (>100 �C) were applied. The molecular
This journal is ª The Royal Society of Chemistry 2013
weight characteristics of all polymeric precursors are tabulated
in Table 1. In this connection, it should be pointed out that
‘Ullmann type condensation’ of the ‘dibromo monomers’ with
bisphenol-A and bisphenol-AF also yields aromatic polyethers
with similar low molecular weights.53,54

Moreover, both TetradecaF-PolyBenzPre and OctaF-Poly-
BenzPre have higher yields and higher molecular weights
compared to nonF-PolyBenzPre and HexaF-PolyBenzPre. The
main reason for these results is the activity of uorine groups
on the highly uorinated monomers compared to lower F
containing ones. Additional F atoms attached to aromatic
benzene withdraw electrons from the ring which makes the C–F
bond more polar and reactive against aryl nucleophilic
substitution.55,56

The spectral analysis conrms the structures of uorinated
polybenzoxazine prepolymers. As shown in Fig. 1, 1H NMR
spectra of OctaF-PolyBenzPre and TetradecaF-PolyBenzPre
showed the characteristic benzoxazine peaks at 5.12, 4.52 and
5.14, 4.53 ppm, respectively. It is clear from the spectra that
oxazine rings of the highly uorinated benzoxazines remained
under coupling conditions. Moreover, the 1H NMR spectra of
the prepolymers, nonF-PolyBenzPre and HexaF-PolyBenzPre,
revealed peaks for oxazine protons at 5.23, 4.47 and 5.24, 4.49
ppm, respectively (Fig. 2). Additional peaks at 3.7 and 4.2 ppm
indicate the presence of some ring opened oxazine structures in
the main chain for both prepolymers. The peaks of ring opened
oxazines disappeared when the polyetherication temperature
was set below 85 �C; however, in this case a drastic decrease in
the molecular weights was observed.

The IR studies also evidenced the expected chemical struc-
tures of prepolymers. The transmittance spectra revealed that
out-of-plane absorption bands of oxazine functional benzene
emerge at 980 and 970 cm�1 for OctaF-PolybenzPre and Tetra-
decaF-PolyBenzPre, respectively. The C]C–C aromatic ring
Polym. Chem., 2013, 4, 2106–2114 | 2109
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Fig. 3 DSC thermograms of (a) DecaF-Benz, (b) OctaF-PolyBenzPre and (c)
TetradecaF-PolyBenzPre.
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stretch of both polymers is detectable at 1494 cm�1. Moreover,
C–O–C symmetric stretching mode centered at �1260 cm�1

indicates the aromatic ether bond formation by Ullmann
coupling (see Fig. S3 and S4†). Similar FT-IR spectra were
recorded for HexaF-PolyBenzPre and nonF-PolyBenzPre (Fig. S5
and S6†).

In order to get more insight into the polyetherication
reaction of benzoxazines, several model reactions were con-
ducted (see Scheme 6). The preservation of the oxazine ring
under the reaction conditions was evidenced by tracking the
reactions with 1H NMR (Fig. S7†). It was also veried that nano-
CuO is indispensable for a successful polyetherication
process. In the absence of CuO, a low molecular weight product
(Mn ¼ 650) corresponding to a dimer between BisF-Benz and
bisphenol A was obtained.

It is well known that thermally activated ring opening
polymerization of 1,3-benzoxazines is an exothermic process
which exhibits a peak at around 180–270 �C depending on the
functionalities and concentration of the benzoxazines. Fig. 3
illustrates DSC proles of the highly uorinated difunctional
benzoxazine, DecaF-Benz, and its polyether prepolymers. The
ring opening polymerization (ROP) of the DecaF-Benz
monomer starts at 194 �C and has a peak at 244 �C with a total
30 cal g�1 exotherm. Moreover, the DSC thermograms exhibit
the ROP temperatures for TetradecaF-PolyBenzPre and Octa-
decaF-PolyBenzPre at 182 �C and 244 �C, respectively. The
DSC thermogram also reveals another exothermic reaction at
297 �C for OctadecaF-PolyBenzPre, starting just aer the
maximum curing temperature at 244 �C, which can be
attributed to the initiation of degradation. It is noteworthy
that a similar exotherm is also detectable for the monomer
TetradecaF-PolyBenzPre.

The curing behaviours of the BisF-Benz monomer and its
prepolymers are depicted in Fig. 4. The maximum curing
temperatures for BisF-Benz, nonF-PolyBenzPre and HexaF-Pol-
yBenzPre are 253 �C, 243 �C, and 227 �C, respectively. High ROP
temperature for the BisF-Benz monomer can be attributed to
the purity of the monomer compared to its prepolymers since it
Scheme 6 Model reactions of benzoxazine monomers.

2110 | Polym. Chem., 2013, 4, 2106–2114
is known that pure benzoxazines have high ROP temperatures.
During the synthesis of prepolymers some of the oxazine rings
can be opened and the formed free phenols can catalyze the
ring opening reaction leading to a decrease in ROP temperature.
The ring opened structures in the main chains of nonF-Poly-
BenzPre and HexaF-PolyBenzPre could be detected in 1H NMR
spectra in Fig. 2b and c. Besides, for all samples the disap-
pearance of the exotherms was observed in the second run
indicating the completion of the ring-opening process in the
rst run. Hence, all the precursors became insoluble aer the
rst thermal treatment. For better clarity, a comparison of
curing characteristics of monomers and their polymers is
tabulated in Table 2.

Thermal stability of the polybenzoxazines was investigated
by thermogravimetric analysis (TGA) under nitrogen atmo-
sphere. The TGA proles and derivatives of cured TetradecaF-
PolyBenzPre, OctadecaF-PolyBenzPre, nonF-PolyBenzPre and
HexaF-PolyBenzPre are shown in Fig. 5 and 6 and the results are
summarized in Table 3.
Fig. 4 DSC thermograms of (a) BisF-Benz, (b) nonF-PolyBenzPre and (c) HexaF-
PolyBenzPre.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 TGA thermograms of cured (at 250 �C for 0.5 h) prepolymers (a) OctaF-
PolyBenzPre, (b) TetradecaF-PolyBenzPre, (c) nonF-PolyBenzPre and (d) HexaF-
PolyBenzPre.
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The degradation temperatures T5%, T%10, Tmax of cured
TetradecaF-PolyBenzPre and OctadecaF-PolyBenzPre are higher
than prepolymers nonF-PolyBenzPre and HexaF-PolyBenzPre
which can be possibly attributed to the delayed Mannich base
cleavage and phenol degradation of the benzoxazine units due
to the thermal stability of uoro groups. Accordingly, the weight
loss becomes more signicant for the non-uorous prepolymer
nonF-PolyBenzPre at �800 �C.

The pronounced effect of the uoro groups is detectable for
both initial degradation temperatures and char yields for all
polymers. Additionally, all the cured polymers have comparable
char yields to classical polybenzoxazines derived from, for
example, bisphenol-A and allyl amine, which have a char yield
around 25% at 800 �C.

The low surface energy of the synthesized uorine contain-
ing polymeric benzoxazine precursors allowed formation of
stable ultrathin coatings (lm thickness �20 nm) aer curing
on solid surfaces. Thin lms of polymeric benzoxazine precur-
sors having lm thicknesses between 20 and 80 nm were
prepared by spin coating on silicon wafers. Water contact angle
(WCA), q, values immediately aer spin coating were measured
to be between 85 and 100� as shown in Fig. 7. A slight increase
in the number of F atoms in the precursor was observed for
nonF-PolyBenzPre, OctaF-PolyBenzPre and TetradecaF-Poly-
BenzPre. The solid line is a linear t to these three data points
(squares). HexaF-PolyBenzPre deviated from this trend and
showed a larger WCA (q ¼ 97�). The origin of this deviation will
be discussed below.

The increase in the WCA from 85� to 90� before curing
indicates the contribution of the F atoms in the precursors.
The fraction of F atoms per precursor, f#F ¼ #F/(#F + #H),
goes from 0 to 0.33 with #F going from 0 to 14. These values
are consistent with WCA values of previously reported
partially uorinated polymers. The WCA of poly(vinylidene
uoride) (f#F ¼ 0.50) was reported to be 80�, of the ethylene-
Table 2 Curing characteristics of polybenzoxazine precursors

Benzoxazine
precursor R

Onset curing te
(�C)

CF3 236
CH3 160

CF3 182
CH3 223

This journal is ª The Royal Society of Chemistry 2013
chlorotriuoroethylene copolymer (f#F ¼ 0.43) 99� and of the
ethylene-tetrauoroethylene copolymer (f#F ¼ 0.50) 108�.57

WCA values are seen to depend not only on f#F, but also on the
chemical structure of the polymers. In the case of poly(butyl
methacrylate-co-peruoroalkyl acrylate) copolymers WCA
values varied between 85 and 115� depending on the length of
the peruoroalkyl acrylate block.58 Together with f#F, molec-
ular architecture is also important. The WCA was 68� for
uorodecyl M2 (straight chain where 2 uorodecyl groups
(–(CH2)2–(CF2)7–CF3) were attached to two Si atoms, each
bonded to a single oxygen atom), 116� for uorodecyl Q4

(8 uorodecyl groups attached to the ring with four Si
atoms, each bonded to four oxygen atoms) and 122� for u-
orodecyl T8 (8 uorodecyl groups attached to the cage con-
taining eight silicon atoms each bonded to three oxygen
atoms).59
mperature Maximum curing
temperature (�C)

Amount of exotherm
(cal g�1)

244 7
182 6

227 45
243 19

Polym. Chem., 2013, 4, 2106–2114 | 2111
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Fig. 6 Rate of weight loss of cured (at 250 �C for 0.5 h) prepolymers (a) Tetra-
decaF-PolyBenzPre, (b) OctaF-PolyBenzPre, (c) HexaF-PolyBenzPre and (d) nonF-
PolyBenzPre.

Fig. 7 The change of water contact angles on thin films of polymeric benzox-
azine precursors as a function of the number of F atoms in the precursor. Before
curing (,), after curing (B), and error bars (I).
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Aer curing the lms at 250 �C for 30 min, the WCA
increased �2 to 6� for all precursors. For nonF-PolyBenzPre,
OctaF-PolyBenzPre and TetradecaF-PolyBenzPre, the WCA was
nearly constant at �91 to 92� aer curing. The solid line is a
linear t to these three data points (circles). The HexaF-Poly-
BenzPre WCA value was 102� which deviated from this trend
similar to the WCA values before curing.

Fig. 8 shows the AFM height pictures of �20 nm thick
precursor lms before and aer curing. nonF-PolyBenzPre
(Fig. 8a), OctaF-PolyBenzPre (Fig. 8c) and TetradecaF-Poly-
BenzPre (Fig. 8d) lms before curing all showed similar smooth
morphologies with some holes on the top surface. These holes
originate from evaporation of the solvent at the top surface
during the spin coating process. For spin coating thin lms, the
precursor solutions were prepared in chloroform and such
Table 3 Thermal properties of cured polybenzoxazine precursorsa

Benzoxazine
precursor R T5% (�C)

CF3 346
CH3 346

CF3 318
CH3 330

a T5%: temperature at which the weight loss is 5%; T10%: temperature at wh
atmosphere; Tmax: temperature for maximum weight loss.

2112 | Polym. Chem., 2013, 4, 2106–2114
surface dips and holes are especially typical for chloroform due
to its relatively low boiling temperature (�61 �C).

The morphology of HexaF-PolyBenzPre right aer spin
coating (Fig. 8b) was signicantly different than the other three
precursors. It showed a �10 nm thick smooth layer in touch
with the substrate and a �8 nm thick incomplete top layer. We
attribute this morphology to the phase separation in the lm
between hydrogenated and uorinated parts of the HexaF-Pol-
yBenzPre precursor (see Fig. S8 in ESI for phase pictures†).
HexaF-PolyBenzPre consists of two –CF3 groups located at one
end of the monomer. In ultrathin lms, the much longer
hydrogenated part of the molecule prefers to be in touch with
the underlying substrate while the lower surface energy uori-
nated parts prefer to be at the top surface (lm–air interface).
The phase separation and the orientation of the hydrogenated
T10% (�C) Tmax (�C)
Char yield (%)
at 800 �C

400 353, 545 57
391 354, 505 54

353 333, 392 57
353 361 50

ich the weight loss is 10%; char %: char yields at 800 �C under a nitrogen

This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 AFM height pictures of the precursor films before (a–d) and after curing
(e–h). Before curing: (a) nonF-PolyBenzPre, (b) HexaF-PolyBenzPre, (c) OctaF-Pol-
yBenzPre, (d) TetradecaF-PolyBenzPre. After curing: (e) nonF-PolyBenzPre, (f)
HexaF-PolyBenzPre, (g) OctaF-PolyBenzPre, (h) TetradecaF-PolyBenzPre.
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and uorinated parts of the molecules (hydrogenated at the
substrate, uorinated at the top surface) increase the density of
–CF3 groups at the top surface. This, together with the resulting
surface roughness, leads to a larger WCA compared to other
three precursors (Fig. 7).

The surface morphology of all precursors aer curing was
much smoother compared to that before curing. The dips and
holes smoothened out or became smaller aer 30 min at 250
�C. The smoothening of the top surface was especially signif-
icant for HexaF-PolyBenzPre. The rough surface disappeared
almost completely, probably as a result of spreading of the
uorinated parts of the molecules at the lm–air interface. The
WCA of HexaF-PolyBenzPre aer curing (q ¼ 102�) was larger
than those of the other three precursors (q ¼ 91–92�). This
indicates that the orientation of the hydrogenated and uori-
nated parts of the molecules aer curing was still maintained
such that the –CF3 groups were predominantly at the top
surface.
This journal is ª The Royal Society of Chemistry 2013
Conclusions

In conclusion, we have demonstrated that aromatic ether con-
taining benzoxazinemoieties in themain chain can be prepared
by Ulmann coupling of aryl halide functional benzoxazines in
the presence of a nano-copperoxide catalyst. It is clear that the
process is selective and it is possible to prepare polybenzoxazine
precursors without affecting the benzoxazine moieties under
polymerization conditions. The benzoxazine groups were
shown to readily undergo thermally activated ring-opening
reaction in the absence of an added catalyst and formed cross-
linked networks. The polymers cured in this way exhibited
comparable thermal stability to classical polybenzoxazines.
Moreover, the uoro content in the main chains led to higher
WCAs for both cured and uncured polymers. The low surface
energy of the uorinated polymers allowed ultrathin lms to be
stable against dewetting at curing temperatures and resulted in
thermally cured smooth coatings, even in the case of phase
separation of hydrogenated and uorinated parts of the
molecules.
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