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Abstract

Studies on fluorine containing condensation polymers are limited compared to that of fluorine containing addition polymers. In this report,
highly fluorinated aromatic polyesters were synthesized by a polycondensation reaction of tetrafluorophthalic anhydride with ethylene glycol.
Viscosity, solubility, thermal properties and crystallization behaviors of fluorinated polyesters were investigated using IR, '°F NMR, DSC, GPC,
polarized optical microscope and rheometer. The fluorinated polyester is insoluble in most organic solvents, such as acetone, ethyl acetate,
chloroform, THF, and trichloromethane. However, it is soluble in highly polar solvents, such as dimethylsulfoxide, dimethylformamide and di-
methylacetamide. The fluorinated polyester (o-PETF) is a crystalline polymer with a crystallization enthalpy of 35.2 J/g and a broad crystalli-
zation temperature range from 54 to 130 °C. Average crystalline growth rate is 4.2 pum/min at 110 °C in the preliminary 30 min. Spherulite
growth was observed at the temperature when the dendrites begin to melt. Crystallization property of 0o-PETF may be ascribed to the higher

mobility of fluorinated polyester chains and dipolar contribution of carbon—fluorine bonds.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is a widely recognized method to modify the surface and
bulk properties of polymers by introducing fluorine into poly-
meric chains. The fluorine atoms can confer to polymers desir-
able properties, such as low surface energy, thermal stability,
excellent dielectric properties, good chemical resistance, low
water absorption, and weatherability. These characteristics of
fluorine containing polymers are imparted by the highest elec-
tron negativity (4.0), the third smallest van der Waals radius
(0.135 nm), low polarizability (a=1.27 X 1072 cm?) of the
fluorine atom, together with the strong bonding energy
(472 kJ/mol) and the weak intermolecular cohesive energy.
There has been growing interest in the synthesis of polymers
containing fluorine atoms in their structure.
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Introducing fluorine into polymer chains can be accom-
plished by several methods: such as fluorinated homopoly-
merization, grafting and copolymerization [1,2]. Research on
fluorine containing condensation polymers is limited compared
to that of fluorine containing addition polymers. This fact is
due to the difficulty of extending usual methods of block copol-
ymer synthesis because of the effect of the higher electron
negativity of fluorine atoms on the fluorinated monomers in
polymerization, and the difficulty in preparing fluorinated
functional monomers.

Polyesters are prepared based on condensation polymeriza-
tion of diols, hydroxyl-terminated polyethers or hydroquinone
with diacids (derivatives). Fluorinated polyesters are expected
as a source of polymers with solvent resistance, special surface
properties, or prepolymers to modify other polymers. But, the
synthesis of fluorinated polyesters with satisfying properties is
difficult. This may arise from low reactivity of fluorinated
monomers or resultant polymers’ instability. Most of the
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fluorinated polyesters studied were synthesized by condensa-
tion polymerization of hydroxyl-terminated fluorinated diols
or fluorinated polyethers with non-fluorinated diacids (deriva-
tives) [3—16]. Until recently, comparatively little research
has been devoted to the condensation polymerization of fluo-
rinated acid (derivatives) with diols or hydroxyl-terminated
polyethers. Choi reported a polymerization of 4,4'-(hexafluoro-
isopropylidene)bis(benzoic acid) with bisphenol A [17].
Polyesters prepared from perfluoroglutartic anhydride with
a,0,w,w-tetrahydroperfluoroglycols were mentioned [18], but
no details were reported. The limited study on this route
may be attributed to the scarce fluorinated diacids (derivatives)
that can be offered. Tetrafluorophthalic anhydride (TFPA) now
can be obtained as a commercial product. A synthesis route by
which fluorine containing polyester prepared from fluorinated
anhydride is explored in this paper. The properties of resultant
fluorinated polyesters (o-PETF) from the condensation poly-
merization of TFPA and ethylene glycol (EG) are reported.

2. Experimental
2.1. Materials

Tetrafluorophthalic anhydride was obtained from Zhejiang
Qiming Pharmaceutical Co. Ltd, China. Ethylene glycol,
phthalic anhydride (PA) and organic solvents are all of reagent
grade.

2.2. Fluorinated aromatic polyester synthesis

Highly fluorinated aromatic polyesters were prepared by
melt polycondensation of TFPA with EG. A typical synthesis
procedure is described as follows: a direct polycondensation
reaction was carried out in a 150-ml round-bottomed glass re-
actor with a stirring assembly, a thermometer, a nitrogen gas
inlet tube and a distillation condenser. High purity nitrogen
was used to bubble through the reaction medium. A mixture
of 44.0 g TFPA and 18.6 g EG was gradually heated from
room temperature to 140 °C over a 2h period, and then
from 140 to 180 °C for 1.5 h. The reaction mixture was held
at 180 °C for 3 h, then heated to 200 °C slowly and kept at
200 °C for 2 h in atmospheric pressure. At the end of the reac-
tion, the water released by the reaction is dried off by vacuum
distillation to allow the reaction to go to completion. The re-
sultant polymers were purified to remove small molecular
weight components. They were dissolved in dimethylacet-
amide and precipitated in excess methanol. The precipitate was
washed three times with methanol and dried in a vacuum at
40 °C. A white solid was obtained. The chemical structure of
o-PETF is presented in Scheme 1.

Non-fluorinated aromatic polyesters (0-PET) or non-fluori-
nated and fluorinated aromatic segmented co-polyesters (o-
PETSF) were synthesized from PA, or mixtures of PA and
TFPA with EG under the same conditions. Chemical structures
of the o-PET and o-PETSF are presented in Schemes 2 and 3,
respectively.
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Scheme 1. Chemical structure of o-PETF.
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Scheme 2. Chemical structure of o-PET.

2.3. Measurements

IR spectra were recorded with a Bruker EQUINOX 55
FTIR spectrometer (KBr substrate). The absorption frequen-
cies are reported in wave numbers (cm™h. 9F NMR spectra
were obtained on a 400 MHz UltraShield™ magnet (Bruker)
spectrometer, using deuterated dimethylsulfoxide (DMSO-dg)
as solvent. Thermal transitions were characterized with DSC
using a Metller Toledo DSC 822° under nitrogen in a cyclic
cooling/heating program. All the specimens tested were first
heated to melt and kept for 10 min to eliminate the previous
thermal history. Gel permeation chromatography was per-
formed to estimate the molecular weights of polyesters using a
1515 system GPC (Waters) equipped with 2414 refractive index
and Styragel gel columns calibrated with narrow-molecular-
weight polystyrene standards. Melt viscosity was measured
using an ARES (TA). The polarized optical microscopic
observations were carried out using a Nikon (L-UEPI) optical
microscope with a Nikon (COOLPIX4500) camera. The tem-
perature of the specimens was controlled using a Linkam
LTS350 hot stage.

3. Results and discussions
3.1. Characterization

The obtained o-PETF is a white solid with a melt viscosity
(n) of 24.5Pas at 130 °C. At room temperature, the o-PET
(n=112Pas at 90°C) is in transparent glass state and
0-PETSF is opaque. Comparing with o-PET (M, = 13,800;
polydispersity was 1.23) prepared under the same conditions,
the lower molecular weight of o-PETF (M, = 8800, polydis-
persity was 1.15) is partly due to the reduced reactivity of
TFPA in the polycondensation reaction because of the strong
electron-withdrawing influence of fluorine atoms, and the
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Scheme 3. Chemical structure of 0o-PETSFE.

other reason may be the higher monomer molecular weight of
TFPA than PA which was not included in our polystyrene equiv-
alent molecular weight measurements obtained from GPC.

Fig. 1 shows infrared spectra of o-PETF and o-PET. IR
spectrum of o-PETF displays absorptions associated with fluo-
rinated aromatic nuclei. Infrared data are summarized in Table
1. The bands at 1628, 1523, 1483, 821, 788, 754 and 711 cm”!
arise from fluorinated aromatic nucleus vibrations. Absorption
frequencies at 1325, 1223, 974 and 926 cm ! are assigned to
C—F stretching. '’F NMR spectrum of o-PETF in DMSO-dj
exhibited two signals with intensity ratio 1:1 that are attributed
to the tetrafluoroaromatic ring segments in the polyester chains
(Fig. 2). A septet of doublets at 6 —136.4 to —139.5 ppm is
assigned to the two aromatic fluorine atoms on ortho positions
of the two carbonyls, respectively, and a long dozen of multi-
plets at 6 —147.2 to 150.2 ppm is due to the coupling of more
adjacent fluorine atoms which complicates the spectrum that is
assigned to the two meta aromatic fluorine atoms.

3.2. Solubility

The characteristics of polymers are usually changed with
substituting fluorine atoms for hydrogen atoms. One of the dis-
tinctive features of the o-PETF under investigation is their
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Fig. 1. Infrared spectra of o-PETF (bottom straight line) and o-PET (top dotted
line).

specific solubility. The resultant fluorinated polyester is insol-
uble in most organic solvents, such as acetone, ethyl acetate,
chloroform, THF and trichloromethane at room temperature.
However, it is soluble in highly polar solvents, such as di-
methylsulfoxide, dimethylformamide and dimethylacetamide.
This solubility can be ascribed to the increased polarity of
polymer chains owing to the dipolar property of fluorinated
segments. 0-PET is soluble in all solvents mentioned above.

3.3. Crystallization
3.3.1. Non-isothermal crystallization

Another distinctive feature of the o-PETF is crystallization.
The fluorinated aromatic polyester is a high crystalline

Table 1
Assignment of bands in the infrared spectra of o-PETF and o-PET
0-PETF 0-PET
‘Wavenumbers Assignment Wavenumbers Assignment
(em™) (em™)
1734 C=0 1734 C=0
1628 Fluorinated aromatic
nucleus
1523 Fluorinated aromatic 1592 Aromatic
nucleus nucleus
1483 Fluorinated aromatic 1487 Aromatic
nucleus nucleus
1447 CH, 1449 CH,
1419 CH, 1406 CH,
1390 CH, 1368 CH,
1344 CH,
1325 C—F stretching
1280 Ester 1280 Ester
1223 C—F stretching
1130 Ester
1118 C—F, C-0
1070 C—0—-C 1070 C—0—C
1051 Cc-0 1044 Cc-0
974 C—F stretching
926 C—F stretching
878 CH, 891 CH,
821 Fluorinated aromatic
nucleus
788 Fluorinated aromatic
nucleus
754 Fluorinated aromatic 743 Aromatic
nucleus nucleus
711 Fluorinated aromatic 705 Aromatic
nucleus nucleus
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Fig. 2. "F NMR of 0-PETF in DMSO-dp.

polymer. DSC was carried out from equilibrium melting state
using cyclic non-isothermal programs with cooling/heating
rates of 2, 5, 10, 15 and 20 °C/min. Figs. 3 and 4 show the
cooling and heating DSC curves of o-PETF, respectively. The
crystallization, glass transition, cold crystallization and melt-
ing transitions are displayed, and the corresponding thermal
transition data are summarized in Table 2. The dependence of
crystallization behavior on the cooling/heating rates was ob-
served in the non-isothermal crystallization processes. At 2
and 5 °C/min cooling rates, crystallization enthalpies were
35.2 and 35.1 J/g with exothermic peaks at 103 and 94 °C,
respectively. The crystallization temperature decreases with
higher cooling rate partly attributed to the temperature hyster-
esis. During subsequent heating with the same rates, no cold
crystallization peaks were observed except broad melting
peaks. According to the almost constant crystallization
enthalpies those were obtained at 2 and 5 °C/min cooling rates,
it seems that the crystallization behavior of o-PETF was
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Fig. 3. DSC traces of o-PETF at cooling rates of 2, 5, 10, 15, and 20 °C/min,
N,.
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Fig. 4. DSC traces of 0-PETF at heating rates of 2, 5, 10, 15, and 20 °C/min,
N,.

completed on the experimental time scale from the equilib-
rium liquid down to the glassy state at 2 °C/min cooling
rate. So the crystallization enthalpy of the fluorinated aromatic
polyester can be assigned as 35.2 J/g.

At cooling rates of 10 and 15 °C/min, crystallization en-
thalpies were 6.4 and 4.2 J/g, respectively. No crystallization
peaks were observed in the cooling process at a cooling rate
of 20 °C/min. The gradually decreasing crystallization en-
thalpies with the increasing cooling rates are due to the shorter
and shorter structural-relaxation time allowed for the polymer
chains. The polymers could not crystallize completely without
given enough time to diffuse, relax and pack into the ordered
crystal structure. In the subsequent heating process with the
same rates, glass transition occurred in the range of —1 to
3 °C, together with the cold crystallization in the range of
68—76 °C and broad melting peaks in the range of 105—
150 °C. Dendrites were observed with polarized optical micro-
scope at a cooling rate of 2 °C/min from the melt (Fig. 5).

Furthermore, a sample of o-PETF was quenched from equi-
librium melting state to —70 °C at a cooling rate of 50 °C/min,
and then it was heated at a rate of 2 °C/min. Figs. 6 and 7 show
crystal morphology and DSC curve, respectively.

Table 2

Thermal transitions of o-PETF in cyclic cooling/heating programs
2°C/min 5°C/min  10°C/min  15°C/min 20 °C/min

Cooling

T. (°C) 103 94 71 72 -

H. (J/g) 35.2 35.1 6.4 4.2 -

Heating

H. (/g - - 23.0 32.1 29.3

T. (°C) - - 68 73 76

Tm (°C) 120 120 121 122 122
144 145 143 145 143

H, J/g) 383 41.5 337 34.1 27.7

T, (°C) - —6 -1 2 3

T.: crystallization temperature; H,: crystallization enthalpy; 7,,,: melting point;
H,,: melting enthalpy; T,: glass transition temperature (onset temperature).
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Fig. 5. Polarized optical micrograph of o-PETF crystals at a cooling rate of
2 °C/min from equilibrium melting state.

Comparing the process of cooling from melting state with
the quenched from melting state, then heating at a same rate
of 2 °C/min (Figs. 3 and 6), three differences were observed
between them. First point is the crystallization temperature.
In cooling process, the crystallization exothermic peak
temperature is 103 °C. However, the cold crystallization
temperature is 54 °C (peak value) in quenched then heating
process. Experimental results showed that o-PETF could
grow crystals at 130 °C in melt (Fig. 8 and Table 3). So
o-PETF had a broad crystallization temperature interval from
54 to 130 °C. Second point is the glass transition behavior.
In the cooling process, no glass transition was showed on the
DSC curve. When the melt was quenched then heated, a clear
glass transition at 0.2 °C (onset temperature) was observed.
Because of the high crystallization of o-PETF, a great deal of
0-PETF components formed crystals in the cooling process.
The amorphous domains in the system were too small to pres-
ent a glass transition behavior. But when the sample was
quenched from equilibrium melting state, the amorphous state

Fig. 6. Polarized optical micrograph of crystals obtained at a heating rate of
2 °C/min with a sample of o-PETF quenched.
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Fig. 7. DSC trace of 0o-PETF quenched at a heating rate of 2 °C/min, N,.

was frozen. So glass transition and crystallization behavior
were observed on the DSC curve in the subsequent heating
process (Fig. 7). Third point is about the crystalline morphol-
ogy. Fig. 5 shows that many large dendrites were formed in the
cooling process. The crystals formed in quenched then heating
process were scrappy and multitudinous (Fig. 6). Because of
the large nucleation rate under high super-cooling degree,
multitudinous nuclei were formed almost instantly when it
entered crystallization temperature interval. Crystalline com-
ponents grew rapidly on these multitudinous nuclei. The crys-
tals formed were scrappy. In the cooling process with a slowly
cooling rate, nucleation rate was small due to the higher nucle-
ation barrier under the lower degree of super-cooling. Only
a few nuclei existed in the melt. The crystalline components
grew on these nuclei rather than forming nuclei themselves. In
that case, large crystals can be formed with comparatively
plentiful crystallization time. In other words, we can think
about this from the kinetics point of view: in the heating

-—130°C
9 -—125°%
(0]
g 0
= -—120°C
3
|| -~ 115°%
-—110°C
-—100 °C
1 T T T 1 T 1 T T T
0 50 100 150 200 250
time/minute

Fig. 8. Isothermal DSC traces of o-PETF at different temperatures (100, 110,
115, 120, 125, and 130 °C), Ns.
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Table 3
Crystallization enthalpy (H.) of o-PETF in different isothermal crystallization
programs

Temperature (°C) 100 110 115 120 125 130
H. (/g 354 24.6 16.4 14.6 13.2 8.7

process, many small crystals appeared at early time when sam-
ple entered the cold crystallization temperature range of 44—
64 °C. When the temperature was subsequently increasing
during the heating process, the scrappy crystals formed were
going through a re-crystallization phenomenon as observed
(Fig. 9).

3.3.2. Crystal reorganization

During the heating of the quenched sample, spherulite
growth was observed in the melting process of scrappy crys-
tals with polarized optical microscopy (Fig. 9). In the temper-
ature interval of 120—148 °C, faulty scrappy crystal melting
and spherulite growth took place synchronously. This is a crys-
tal reorganization process. Because of the superposition result
of exothermic and endothermic behaviors, a shoulder peak
was displayed on the DSC curves in the melt transition pro-
cesses (Fig. 4). These spherulites melted with the increasing
temperature. It is the melting of faulty crystals, crystal reorga-
nization (spherulite growth) and melting that make the melt
transition broad.

3.3.3. Isothermal crystallization

Isothermal crystallization of o-PETF was carried out at dif-
ferent temperatures (Fig. 8). Corresponding crystallization en-
thalpies are summarized in Table 3. Obviously, crystallization
enthalpies decrease with the increase in isothermal tempera-
tures. It indicates that, in the isothermal crystallization
processes of o-PETF, the higher the temperature, the lower
the crystallization enthalpy is. The different crystallization
enthalpies at different isothermal temperatures possibly arise
from the polydispersity of o-PETF. Different length molec-
ular chains may have different crystalline abilities. Some

Fig. 9. Polarized optical micrograph of 0-PETF spherulites indicated with the
white arrows.

Fig. 10. Polarized optical micrograph of o-PETF crystals in an isothermal
crystallization process (110 °C).

molecular chains or segments cannot pack into crystalline
structure at higher temperature. Also it can be understood
why there is always amorphous domains in crystalline poly-
mers. In other words, some molecular chains or segments of
polymers cannot pack into crystals even at lower temperature.
The isothermal crystallization enthalpy at 100 °C is little
higher than the crystallization enthalpy obtained in the temper-
ature range of 95—115 °C during the cooling process from the
melt at 2 °C/min. The main reason which results in a higher
crystallization enthalpy is that it allows the molecules or seg-
ments packing into crystalline structure more perfectly at
a proper temperature. Fig. 10 shows the dendritic morphology
of 0-PETF grew at 110 °C in melt. In 30 min, the dimensions
of crystals formed were about 100—200 um on the plane di-
rection. The crystallization process was completed in 1 h on
the whole. The crystallization degree of 0-PETF was 74% in
30 min. The average crystalline growth rate at maximum
growth direction was about 4.2 pm/min in this period.

3.3.4. Effect of fluorine on o-PETF crystallization

o-PET which contains no fluorine, although has a structure
similar to o-PETF, did not show any crystallization peaks on
the DSC curves at different rates (Fig. 11) except glass transi-
tion. Also, o-PETSF did not show any crystallization behav-
iors (Fig. 12).

If we only speculate on the unsymmetrical and rigid chem-
ical structure, o-PETF should not form crystals easily, just as
0-PET showed. The high crystallization property of o-PETF
may be due to the higher mobility of fluorinated polyester
chains and dipolar contribution of carbon—fluorine bonds.
The fluorinated segments in the polymer backbones reduced
intermolecular forces. The correspondingly disengaged chains
make themselves easier to pack into the ordered crystalline
structure. Dipolar interactions between polymers chains that
come from carbon—fluorine bonds may be another crystalliza-
tion driving force. The fact that higher mobility of fluorinated
polyester chains and dipolar interaction between polyester
chains coexist in the system seems incompatible. But this is
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Fig. 12. DSC traces of o-PETSF at cooling/heating rates of 5 and 10 °C/min,
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not curious to fluorinated polymers. One example is that the
carbon—fluorine bond presents low electronic polarizability
and high dipole moment. Another example is that fluorinated
materials can possess highly capacitive and even piezoelectric
properties. Increasing of rigidity of segmented co-polyester
chains with non-fluorinated aromatic segments introduced
decrease of the disengaged property of these polymer chains,
and therefore crystallization behavior was restrained. Although
we cannot eliminate the possibility that the shorter fluorinated
sequence length may cause the decrease of crystallization
possibility.

4. Conclusions

Highly fluorinated aromatic polyesters were synthesized by
a polycondensation reaction of tetrafluorophthalic anhydride

with ethylene glycol. The resultant fluorinated polyesters are
insoluble in most organic solvents, such as acetone, ethyl
acetate, chloroform, THF and trichloromethane. It is soluble
in highly polar solvents, such as dimethylsulfoxide, dimethyl-
formamide and dimethylacetamide. o-PETF is a highly crys-
talline polymer with a crystallization enthalpy of 35.2 J/g. It
had a broad crystallization temperature interval from 54 to
130 °C. Average crystalline growth rate is 4.2 pm/min at
110 °C in the preliminary 30 min. Spherulite growth was ob-
served in the process of faulty dendrites melt. It represented
a crystal reorganization process. Crystalline properties of o-
PETF can be attributed to the higher mobility of fluorinated
polyester chains and dipolar contribution of carbon—fluorine
bonds. These make the polymer chains to easily pack into
ordered crystalline structures. Increasing of rigidity of seg-
mented co-polyester chains together with the decreasing of
the fluorinated sequence length due to the incorporation of
the non-fluorinated aromatic segments, have made the poly-
mer chains more difficult to disengage with each other and
pack into a crystalline structure, and therefore crystallization
behavior was restrained.
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