
Available online at www.sciencedirect.com
Polymer 49 (2008) 1812e1822
www.elsevier.com/locate/polymer
Spectroscopic studies and first-principles modelling of 2,2,4-trifluoro-
5-trifluoromethoxy-1,3-dioxole (TTD) and TTDeTFE

copolymers (Hyflon� AD)

Alberto Milani a,*, Matteo Tommasini a, Chiara Castiglioni a, Giuseppe Zerbi a, Stefano Radice b,
Giorgio Canil b, Paolo Toniolo b, Francesco Triulzi b, Pasqua Colaianna b

a Dipartimento di Chimica, Materiali e Ingegneria Chimica, ‘‘G. Natta’’, Politecnico di Milano, Piazza Leonardo da Vinci, 32, 20133 Milano, Italy
b Solvay Solexis Research and Technology, Viale Lombardia 20, 20021 Bollate (MI), Italy

Received 20 December 2007; received in revised form 25 January 2008; accepted 28 January 2008

Available online 10 February 2008
Abstract
Amorphous fluorinated optical polymers, characterized by high transparency in the visible and near infrared spectra, high glass transition
temperature and very good resistance to chemical environment, have been developed by co-polymerisation of tetrafluoroethylene (TFE) and
2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxole (TTD). In this work we study at molecular level the effect of the introduction of the bulky
TTD unit in a perfluoroalkyl chain.

In particular the effect on the molecular structure and chain flexibility is investigated and spectroscopic markers correlated to chemical and
structural defects are identified. The study includes a thorough experimental spectroscopic analysis (infrared and Raman spectra) of several dif-
ferent copolymer samples and a modelling based on Density Functional Theory calculations and semiempirical calculations on suitable model
molecules.
� 2008 Elsevier Ltd. All rights reserved.

Keywords: Fluorinated polymers; Vibrational spectroscopy; First-principles calculations
1. Introduction

The recent technologies intertwined with communication
devices, electronics and optics require the development of
new materials with outstanding chemical, optical and mechan-
ical properties. Among organic polymers, materials based on
perfluoropolymers provide the ultimate resistance to hostile
chemical environments (such as acids and alkalis, fuels and
oils, low molecular weight esters, ethers and ketones, aliphatic
and aromatic amines and strong oxidizing substances) and
high working temperatures. In the field of optical applications,
different kinds of monomers, polymers and copolymers have
been proposed and new ones are constantly synthesized
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[1e16]. In this paper, we deal with a family of copolymers
of tetrafluoroethylene (TFE) and 2,2,4-trifluoro-5-trifluorome-
toxy-1,3-dioxole (TTD), known commercially as Hyflon� AD.
They are amorphous perfluoropolymers with a glass transition
temperature (Tg) significantly higher than the room tempera-
ture. Moreover, they show thermal decomposition tempera-
tures exceeding 400 �C [16e18].

In Fig. 1 the route of TTD synthesis is illustrated [18,19].
The refractive index of the homopolymer of TTD matches

that of water: it follows that when a sample is immersed in
water it becomes invisible.

Depending on their composition, copolymers span a refrac-
tive index range from 1.32 to 1.331. These values make them
suitable for many optical applications: for instance it is possi-
ble to obtain optical fibers with high values of numerical aper-
ture, a characteristic which allows to have a good signal
launch into the fibers. Moreover, TTDeTFE copolymers are
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Fig. 1. Sketch describing the synthesis of 2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxole (TTD).
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transparent from deep UV to near infrared: in a plastic optical
fiber (POF) made with this material, a signal can be transmit-
ted for several kilometers without needing any amplification.
Thanks to its transparency in the deep UV it is possible to
use Hyflon� AD as a material for protective pellicles in the
manufacturing of semiconductors [20].

In addition to these peculiar characteristics, we should also
mention its ability to decrease the reflectance of an LCD
screen: a layer of Hyflon� AD with a thickness of just half
a micron lowers the reflectivity by 80%.

All the optical applications described above require that the
occurrence of contaminants, either suspended or dissolved in
the polymer solution, has to be carefully avoided by means
of suitable purification process [21].

The peculiar properties and the great number of possible
applications make this class of amorphous materials a candi-
date for state of the art technology in different fields such as
optics, photonics, electronics, membrane science, biotechnol-
ogy, nanotechnology.

In the present paper we will study the molecular structure
of TTD monomer and of the TTDeTFE copolymers in order
to find correlations between the outstanding macroscopic
properties and the molecular structural parameters.

This work is based on both experimental and theoretical
tools: namely vibrational spectroscopy, quantum chemical
simulations and modelling.

2. Experimental

InfraRed (IR): mid-infrared (4000e400 cm�1) spectra of
solid samples of the polymer were recorded with a Nicolet
Nexus FT-IR spectrometer; each spectrum was acquired by
accumulating 256 scans at 2 cm�1 of resolution. Gas phase
spectra were recorded with a Nicolet Nexus 870 spectrometer
(2 cm�1 resolution, 256 scans), using a gas sample cell with an
optical path length of 10 cm; the relative pressure of the sam-
ples was of the order of 10�2 mbar.

NIR: Near IR (11 000e3000 cm�1) spectra were recorded
with a Nicolet Nexus 870 spectrometer equipped with near
IR optics (CaF2 beamsplitter, PbSe detector); 512 scans were
accumulated, with a resolution of 2 cm�1.

FIR: Far IR (650e100 cm�1) spectra were recorded with
a Nicolet Magna 850 FT-IR spectrometer equipped with far
optics (solid-substrate beamsplitter for FIR and a polyethylene
windowed DLaTGS detector); 256 scans were accumulated,
with a resolution of 4 cm�1.

Raman and FT-Raman spectra were recorded with a Dilor
XY Raman spectrometer using as exciting line the 514.5 nm
of a KreAr Spectra Physics laser: typical power on the sample
was of the order of 100 mW. FT-Raman spectra were recorded
with a Thermo Nicolet FT Raman module linked to Nicolet
Nexus 870 spectrometer; the resolution was 4 cm�1 or
8 cm�1 and according to S/N ratio the number of scans ranged
from 512 to 16 384. The exciting line was in the near infrared
at 1064 nm; power on the sample was usually in the range
200e300 mW.

3. Relevant optical properties

As already discussed in Section 1, one of the relevant prop-
erties that makes a material suitable for optical communica-
tions is its high degree of transparency in the spectral region
commonly used for the transmission of optical signals. In ad-
dition to the need of purification from the contaminants [21],
this requirement can be fulfilled if we guarantee that the ma-
terial is fully amorphous and if transitions giving absorption
in the spectral region of interest are absent for the polymer.

In spite of the fact that many amorphous polymers show
very high energy gaps between the ground and the first excited
electronic states, the intrinsically weak transitions associated
to vibrational overtones or combination bands make them
unsuitable for the transmission of optical signals for long
distances.

In this respect, materials like perfluorinated polymers are
the best candidates since their overtones and combination
bands are displaced from those of polymers containing CH
bonds [22]. This property makes the frequency range used in
optical communications free from relevant absorptions.
3.1. Absorption transitions in the near infrared spectral
region
In Fig. 2 the NIR spectra of the homopolymer are compared
with the spectrum obtained from a sample of polymethyl
methacrylate (PMMA) of comparable thickness (about
5 mm). Although the spectra were recorded on a relatively



Fig. 2. Comparison between NIR spectra of polymethylmethacrylate (dashed)

and TTD homopolymer (solid).
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thin sample, we expect that also for very thick samples the
absorptions in the NIR frequency range remain very weak,
thus obtaining a good transmission of optical signals in this
frequency range. This becomes evident if we make a compari-
son with the hydrogenated polymers that are commonly used
for optical applications: the fundamental vibrations in fluori-
nated polymers are generally observed at wavenumbers below
1400 cm�1, while hydrogenated systems show strong bands
due to CH stretching vibrations near 3000 cm�1. Therefore
in the relevant spectral range (common transmission lines in
the NIR are at 1.55 mm and 1.31 mm, i.e. at 6451 cm�1 and
7633 cm�1, respectively), the perfluorinated polymers will
show absorptions associated to 5th or 6th overtones while
the 2nd or 3rd ones appear in the spectrum of the hydroge-
nated ones. Independently from the chemical species involved
in the vibrational transition, it is well known [23,24] that a dra-
matic decrease of the absorption intensity is expected upon
increasing the order of the overtone. Therefore, this fact
accounts for the lack of a significant absorption in the range
of interest for perfluorinated polymers.
3.2. Crystal phases
Chemical and structural regularities of the polymer chain
are required in order to obtain semicrystalline materials.
This implies that the first control of the microstructure and
morphology takes place at the level of the polymer synthesis.

The polymerisation reaction followed for the synthesis of
the TTD homopolymer does not allow a control of the head-
to-tail or head-to-head linking of the monomer units. More-
over, at least in principle, the CC bonds that link the rings
can take both anti or syn configuration (see the sketch in
Fig. 4). As a consequence, it is very unrealistic to expect
that even short sequences of structurally ordered units could
be obtained. On the other hand, the bulky cyclic unit that
forms the homopolymer hinders for kinetic reasons the occur-
rence of a regular conformation (and hence of crystalline do-
mains), even in those cases where sequences with regular
configuration are present. The latter peculiarity is one of the
reasons why also in the case of copolymers with long CF2

sequences we expect the introduction of TTD units to reduce
the ability to form crystalline domains.

On this basis, we can safely state that in the case of the
homopolymer a glassy, fully amorphous material is obtained.

The case of the copolymers is a partially open question:
indeed, depending on the relative amount of TTD and TFE, the
possible occurrence of long sequences of CF2 units, prone to
segregate into crystalline domains, has to be taken into account.

This observation provides a strong motivation for the re-
search of reliable spectroscopic markers of the presence of
conformational disorder in the TFE chains of the copolymers.
On the other hand, a model to estimate the perturbation in-
duced by the TTD units on the structure of the CF2 sequences
would be a valuable tool for the understanding of the proper-
ties of the copolymers. This task will be accomplished through
the theoretical approach presented in Section 4.2.
3.3. Spectroscopic markers of conformational disorder
In the FIR spectral range (100e400 cm�1), the normal vibra-
tional modes characteristic of inorganic materials (as far as
heavy atoms are involved), collective skeletal normal modes
and out-of-plane deformations of organic polymers and mole-
cules are usually observed. Also in the case of polytetrafluoro-
ethylene (PTFE) the analysis of bands in this spectral region
can give indications on the chain conformation.

PTFE fundamental transitions have been assigned to the suit-
able q¼ 0 phonons of the regular helical chain conformations,
according to the predicted phonon dispersion curves [25].

The thermodynamically stable chain at room temperature has
a 15/7 helical structure, in agreement with the crystal structure
obtained by X-ray diffraction [26]. However, other regular con-
formations corresponding to relative minima of the intramolec-
ular potential energy of the chain have been theoretically
predicted and the corresponding different crystal modifications
have been experimentally investigated [26]. While a 3D crystal-
line domain necessarily requires a regular helical conformation
of the single chain, in the semicrystalline material many poly-
mer chains pass through an amorphous phase, with disordered
conformations. Spectroscopic studies were developed in order
to find a parameter somehow related to the conformational ‘‘or-
der/disorder’’ ratio [27e30]. The most popular one is the one
that was proposed by Moynihan [27] and it is based on the mea-
surement of the relative optical densities in the mid-infrared
spectrum at 778 cm�1 and 2365 cm�1. The first band has been
assigned to normal modes characteristic of chain conformations
different from the 15/7 helix and is considered as a marker of
conformational ‘‘disorder’’. The second band at 2365 cm�1 is
structured and broad and it is assigned to overtones and



Fig. 3. Top: FIR spectra of PTFE and three TFEeTTD copolymers with dif-

ferent contents of TTD. Bottom: comparison between the simulated B3LYP/

6-311G** FIR spectra of a short TFE chain and the model for TFEeTTD

copolymer (see Section 4).

Table 1

Comparison of experimental RFIR parameter for PTFE and TFE copolymers

with increasing amount of TTD comonomers or comonomers of different kind

Sample % Co-monomer RFIR

PTFE 0 5

1 TTD: 1.8 0.35

2 TTD: 1 0.51

3 TTD: 0.5 0.82

4 TTD: 0.1 2

MVE: 2.4 0.4

PVE: 1.4 0.6
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combinations related to CF and CC stretchings; it is simply used
as a normalization factor.

Another marker of conformational disorder can be identified by
studies on polytetrafluoroethylenes containing chemical defects,
as, for instance, copolymers obtained by the addition of a co-mono-
mer different from TFE. The occurrence of a chemical defect in the
PTFE chain induces local disorder and can also perturb the equilib-
rium conformation (15/7 helix) to various extent. This depends on
the relative amount and on the chemical structure of the co-mono-
mer. Normal mode analysis [25,31] indicates that it is possible to
evaluate the degree of disorder through the intensity ratio (RFIR)
between the FIR bands observed at 293 cm�1 and 277 cm�1.

The band at 293 cm�1 is assigned to the Longitudinal Optical
(LO) q¼ 0 phonon corresponding to the E1 fundamental transi-
tion of the 15/7 helix (regularity band) and its intensity is assumed
to be proportional to the amount of conformational ‘‘order’’ [25].
The intensity of the band at 277 cm�1 (assigned to vibrational
modes of conformationally distorted chains [25]) increases to-
gether with the amount of the co-monomer, thus giving an esti-
mate of the degree of perturbation due to the defects. Since the
marker band at 277 cm�1 has been assigned to vibrations of the
‘‘perturbed’’ (CF2)n (from studies on PTFE samples), the mea-
sure of RFIR can be used for diagnostic purposes only when the
co-monomer content is relatively low, namely a few % mol.

On the other hand, the study of the FIR region could be use-
ful whenever relevant bands in the mid-infrared are blurred by
other transition characteristics of the monomer/polymer. We
found a good sensitivity for the RFIR parameter, in the case
of TFE/TTD copolymers in a compositional range 0.5e2%
mol (semicrystalline polymers, whose synthesis is described
in Ref. [32]). The results indicate that the TTD monomer is
very effective in inducing conformational disorder. As already
pointed out, this is a simple method to prevent crystallinity in
the polymeric material.

In Fig. 3 FIR spectra are reported for some copolymer sam-
ples with increasing percentage of TTD: besides the 277 cm�1

band, which shows a clear increase in intensity when the amount
of the co-monomer increases, a component at about 390 cm�1 is
observed. This band is characteristic of the dioxole co-monomer
and can also be used as an analytical marker. The RFIR parameter
approach has been applied also to polymers with different kinds
of ‘‘perturbing’’ co-monomers, such as perfluoromethyl vinyl
ether (MVE) and perfluoropropyl vinyl ether (PVE), added in
a similar amount as the dioxole (see Table 1 for details). We
have always observed that the induced disorder is larger when
the TTD monomer is present, a fact that confirms the capability
of the dioxole unit to hinder the formation of conformationally
ordered TFE segments.

4. Theoretical modelling

In this section the results of theoretical predictions on
model molecules are illustrated for the following aims:

(1) to support the interpretation of the spectroscopic experi-
mental data through simulation of the spectra, normal
mode analyses and band assignment;
(2) to discuss the effect of the presence of TTD monomer on
the structure and on the flexibility of the chain.

Calculations were carried out at different levels:

A DFT calculations

Small molecules were described through Density Functional
Theory (DFT) calculations. Due to its well known performances
for prediction of vibrational spectra, we have chosen B3LYP
functional [33] with 6-311G** basis set. The molecules we con-
sidered are illustrated in Fig. 4: (i) TTD monomer; (ii) a very
na€ıve model of the chemical unit of the homopolymer, namely
a ‘‘reacted’’ monomer with two CF3 end groups. Two different
configurations were considered, corresponding to anti and syn
substitutions; (iii) a model of the copolymer, represented by
one TTD unit linked to two (CF2)4eCF3 chains. Also in this
case the two configurations (anti and syn) were considered;
(iv) an oligomer, namely CF3(CF2)11CF3, as a model of PTFE.



Fig. 4. Sketch of the model molecules studied: (i) TTD monomer; (ii) the ‘‘reacted’’ TTD monomer (anti configuration); (iii) a model for the co-polymer unit; (iv)

a PTFE oligomer (C13F28) (see text).
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For all these molecules IR and Raman spectra have been
compared with the available experimental spectra.

B Semiempirical AM1 calculations

Other molecular models of the copolymer were studied
through a semiempirical AM1 method [34]. This study is
aimed at an investigation of the different stable conformations
of model molecules, with the purpose of clarifying the effect
of the introduction of a TTD unit on the degree of flexibility
of a PTFE chain.The models studied are: (i) the oligomer
CH3(CH2)31CH3 taken as model of a very flexible polyethyl-
ene (PE) chain; (ii) the oligomer CF3(CF2)31CF3 taken as
model of an ‘‘unperturbed’’ PTFE chain (sketched in
Fig. 5a); (iii) a model of copolymer made by a TTD unit
linked to two (CF2)10CF3 chains (sketched in b and c); (iv)
a model of copolymer made by a CFOCF3 unit linked to
two (CF2)10CF3 chains (sketched in d).
4.1. DFT spectra simulations

4.1.1. TTD monomer
In Fig. 6 we report the IR and Raman spectra of the mono-

mer as predicted by DFT simulations. The experimental IR
spectrum is also reported in order to give an idea of the reli-
ability of the theoretical prediction.

Even if the computed spectrum shows an overall agreement
with the experiments, showing a group of six very strong
bands in the region 1180e1400 cm�1, the experimental fea-
tures are not very well reproduced in detail. The main discrep-
ancy is found in the lower frequency transitions, i.e. the pair of
bands predicted at 1160 cm�1 and 1206 cm�1; they can be
correlated with the broad feature showing a maximum at
1190 cm�1 and its shoulder at about 1202 cm�1. The overesti-
mation of the frequency splitting of the two lines could be at-
tributed to an inaccurate description of dynamical couplings,
an effect that often occurs in the description of normal modes
lying in a close energy range.

The triplet of lines observed at 1240 cm�1, 1276 cm�1 and
1304 cm�1 can be correlated to the four transitions calculated
at 1230 cm�1, 1259 cm�1, 1291 cm�1, and 1308 cm�1. Indeed,
we may assume that, since the higher frequency doublet of the
experimental spectrum shows a broad shape, it hides the three
higher frequency transitions predicted by the theory. According
to the computed eigenvectors associated to the transitions in the
range 1200e1300 cm�1 we can relate them to collective vibra-
tions involving CO stretchings, CF stretchings and bendings.

As for the weaker feature at about 1400 cm�1, it is nicely
reproduced (both in frequency [1398 cm�1] and in relative in-
tensity) by the simulation. In the region at wavenumbers
higher than 1400 cm�1 the experimental spectrum is substan-
tially flat, in agreement with calculations: these give just one
very weak transition at 1887 cm�1, due to the weakly IR-
active stretching of the C]C double bond. A closer look at
the experimental spectrum indeed reveals a very weak and
broad feature at 1851 cm�1.

Regarding the Raman spectra, due to the low symmetry (C1

point symmetry group) of dioxole, transitions at the same fre-
quencies as in the IR can be found. The very strong C]C
stretching line at 1887 cm�1 dominates the Raman spectrum,
while transitions associated to normal modes involving polar
bonds (e.g. CF, CO stretchings,.) appear as weaker lines.
Unfortunately the experimental Raman spectrum of TTD
monomer is not yet available.

An interesting observation can be made about the fre-
quency position of CC stretching band, in agreement with pre-
vious works on fluorinated molecules [35]: the C]C
stretching frequency of the double bond is substantially higher
as compared, for instance, to the CC stretching frequency of
ethylene (nCC¼ 1650 cm�1). This means that its strength is
significantly increased, thus indicating that the injection of
electronic charge from the lone pairs of fluorine atoms to
the bonding p orbital is very efficient [35].



Fig. 5. Sketches of the structure of the models studied for (a) PTFE chain; (b) TTDeTFE copolymer (anti configuration); (c) TTDeTFE copolymer (syn config-

uration) and (d) MVEeTFE copolymer in their lower energy stable conformations, as obtained by AM1 calculations (see text).
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4.1.2. Homopolymer
In Figs. 7 and 8 the DFT simulated vibrational spectra of

TTD homopolymer are compared with the experimental ones.
The spectra have been calculated for the simplified model

of the ‘‘reacted’’ dioxole (Fig. 4(ii)). In order to avoid cou-
plings between the vibrations of the ring and those localized
on the CF3 end groups (obviously absent in the homopolymer)
we have calculated the spectra on a fictitious isotope where the
real masses of atoms belonging to the CF3 end groups are
substituted with masses of 100 amu. In this way, the character-
istic vibrations of this groups are displaced at low frequency
(bands in the theoretical spectra below 500 cm�1, see Fig. 7)
and do not perturb normal vibrations of the ring.

A look at Figs. 7 and 8 indicates that the model, in spite of its
simplicity, is suitable for the prediction of the main experimental
features. The comparison between the spectra calculated for two
different model molecules (with syn and anti configurations of
the CF3 end groups) shows that both IR and Raman spectra
are sensitive to syn or anti substitution. On this basis, it is possi-
ble to identify markers of the configuration.
While the relatively broad features observed in the IR spec-
trum seem to suggest that in a real sample both syn and anti
configurations occur, a closer inspection of the Raman spec-
trum and in particular the relative intensities of the two lines
in the doublet at about 900 cm�1 indicates that the anti con-
figuration is preferred. The normal mode associated to the
line at lower wavenumbers (880 cm�1 for the anti form and
915 cm�1 for the syn form) involves CO and CF stretching
of the COCF3 group, coupled with vibrational displacements
of the nearby atoms of the ring. Since the different configura-
tions clearly affect the environment of this group of atoms, this
band is expected to be sensitive to the molecular configuration.

The same conclusion can be drawn from the shape of the
experimental Raman line at about 323 cm�1: it shows a second
component as a shoulder on the high frequency side, which
closely resembles the band shape obtained by spectra simula-
tion for the anti species.

As for the complex structure (three peaks) of the Raman band
observed at about 700 cm�1, the comparison with the theoretical
predictions of the spectra shows that they are not able to fully



Fig. 6. Comparison between experimental and simulated (B3LYP/6-311G**)

IR spectrum of the cyclic monomer (TTD) (bottom); simulated Raman

spectrum of TTD monomer (top).

Fig. 7. Comparison between simulated (B3LYP/6-311G**) IR spectrum of

‘‘reacted’’ TTD and the IR spectrum of the TTD homopolymer.

Fig. 8. Comparison between simulated (B3LYP/6-311G**) Raman spectrum

of ‘‘reacted’’ TTD and experimental Raman spectrum of TTD homopolymer.
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account for the observed band shape. However, according to
DFT simulations on the same model molecules with different
equilibrium conformations of the pendant OCF3 group (not
shown here), we verified that the theoretical spectra of the differ-
ent conformers show relevant differences in the region at around
700 cm�1, thus demonstrating that the experimental features are
originated by different conformations of OCF3 group.

4.1.3. Copolymers
Spectroscopic investigations of TTDeTFE copolymers

have been carried out with the following aims:

(a) To give an experimental determination of the relative
abundance of TTD and TFE units in the polymer chain
(this can be easily obtained if spectroscopic markers of
the ring are detected).

(b) To discuss the effect of the introduction of the cyclic TTD
units on the structure (e.g. conformation) of the CF2

sequences. This is possible only if suitable markers of
conformationally ordered and disordered CF2 chains are
considered (see Section 3.3).

In Fig. 9 we report the experimental spectra obtained for
two different random copolymers with high content of the
TTD unit (molar content of 30% and 50%). These spectra
are compared with the simulations on the model molecule
illustrated in Fig 4(iii) that represents a dioxole unit in an
environment that mimics the link with two CF2CF2 units.
For obvious reasons the model molecule has been end-capped
with two CF3 groups.

For the sake of comparison we have also computed the
vibrational spectra for a short TFE chain (11 CF2 units). The
simulations are compared to the experimental spectrum of
a PTFE sample.

From Fig. 9a we immediately realize that many vibrational
transitions of our model copolymer are superimposed to the
absorption bands characteristic of a perfluorinated chain. How-
ever, two groups of bands outside this region can be identified
as transitions involving the dioxole ring. These bands (namely
at 1281 cm�1, 1288 cm�1 and a group of five lines between
1075 cm�1 and 1122 cm�1, as theoretically predicted) are
markers of the presence of TTD units. These assignments
have been verified by the analysis of the computed eigenvec-
tors, showing vibrational displacements localized on the diox-
ole unit.

The predicted frequencies mentioned above can be nicely
put in correspondence with the structured experimental band
at 1290 cm�1 and with the broad feature with maximum at
1070 cm�1, that indeed shows an increasing intensity trend
when the percentage of TTD is increased.

As for the Raman spectrum, we can identify two well
defined markers of TTD: the line predicted at 763 cm�1 and



Fig. 9. (a) Comparison between the IR spectrum computed for a model mol-

ecule (in the middle) and the experimental ones obtained for TTDeTFE

copolymers at different TTD compositions (top); the IR spectrum computed

for a TFE chain is also reported (bottom). (b) The same as (a) for Raman spec-

tra. The experimental Raman spectrum of a PTFE sample and an oligo TFE

sample (C20F42) is also reported. The spectra labelled with a star (*) indicate

the cases in which fictitious heavy masses have been introduced on the CF3

end groups.
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the one at 907 cm�1 which are indeed assigned to normal
modes with large contribution by ring vibrations. These two
lines can be correlated to the experimentally observed bands
at 776 cm�1 and 936 cm�1, respectively, which are sensitive
to the content of dioxole.
According to the relative eigenvectors we verified the pres-
ence of a relevant contributions from vibrations localized on
the COC groups in the dioxole ring.

A further observation has to be made regarding the line at
763 cm�1: if we look at the computed Raman spectrum of a per-
fluorinated chain we find a line at about the same frequency
(760 cm�1). So, at first sight, it seems that the 763 cm�1 line pre-
dicted for the copolymer model is not a good marker of the diox-
ole unit.

However, a new simulation of the Raman spectrum of a per-
fluorinated chain, where fictitious heavy masses were intro-
duced on the CF3 end groups (the spectrum is shown in
Fig. 9b), clearly indicates that this feature can be attributed
to the end units. Therefore, it is absent in the case of PTFE
chains or in (CF2)n sequences belonging to a copolymer chain.
A further proof of the reliability of this interpretation is given
by the comparison between the experimental Raman spectrum
of a PTFE sample and that of C20F42 oligomer. A Raman line
at 778 cm�1 indeed appears in the latter case and is ascribed to
CF3 end groups.

In Fig. 9b a comparison of the theoretical Raman spectrum of
the model copolymer and of its fictitious isomer with heavy end
groups is also reported. It can be seen that in this case the decou-
pling of the vibrations localized on the CF3 groups only slightly
affects the feature at 763 cm�1, which still appears (with a modest
frequency shift) in the spectrum. The latter observation can be
taken as a final proof that the Raman line observed at 776 cm�1

in the spectra of copolymers is a good marker of TTD units.
A last comment on the Raman simulations can be made

about the spectral region in the range 1400e1100 cm�1, which
shows the appearance of several new bands in going from
a PTFE chain to the model copolymer. This agrees with the
experimental spectra of the copolymer where a very broad
unresolved feature is observed in the same region.

The simulations of the vibrational spectra of our model co-
polymers can be further used in order to make some observa-
tions on the FIR features already commented in Section 3.3.

Calculations on the PTFE model (C13F28 chain) in its lower
energy conformation (15/7 helix) show a strong band at
290 cm�1 which can be immediately correlated to the experi-
mental ‘‘regularity’’ band of the polymer at 293 cm�1. The
simulated spectrum of our copolymer model shows the appear-
ance of many other FIR features and, in particular, of a quite
relevant feature at 250 cm�1. This band could be correlated
with the ‘‘disorder’’ band observed at 277 cm�1 in the copoly-
mer samples at low TTD concentration.

Similarly the new IR features predicted slightly above
400 cm�1 can be correlated to the broad band observed be-
tween 380 cm�1 and 400 cm�1, which increases with the con-
tent of the TTD units.

As already stated in Section 3.2, the use of ‘‘disorder’’
markers (i.e. RFIR) is so far restricted to cases with a low con-
tent of TTD units. For this reason the previous observations
can be taken only as a very preliminary indication. Sounder
conclusions could be obtained by carrying out simulations
on more realistic models, as for instance a dioxole unit linked
to two long (CF2)n chains.
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4.2. Conformations
In this last section we present the results of semiempirical
simulations which allow to consider more realistic molecular
models and also a very large number of equilibrium conforma-
tion. The latter point is essential in order to obtain information
about the degree of conformational disorder associated with
a given chemical structure and to obtain some hints on the
flexibility of the molecular chains.

Starting from the molecular structures illustrated in Fig. 5, we
explored all the ‘‘acceptable’’ molecular conformations (corre-
sponding to minima of the intramolecular potential energy) ob-
tained by a systematic change of torsional angles (0e2p range).
Since the number of stable conformers that can be obtained in
the case of flexible long chains is very large, we restricted our
investigation to the 9 torsional degrees of freedom belonging
to the most central units of our models. In the case of the copoly-
mers (anti and syn models) these 9 degrees of freedom include
also the torsional angle of the OCF3 pendant group. The investi-
gation involves a sequence of logical steps:

1. Definition of a ‘‘starting’’ equilibrium conformation for
each molecule. This has been done by performing AM1
optimization on an initial guess geometry. The obtained
structures were:

- PE model (hereafter referred as AM1-PE): all trans
conformation (qi¼ 180�, for any i-th CC bond) of
the chain;

- PTFE model (AM1-PTFE): helical conformation
(qi w 167�, very close to the 15/7 helix structure of
the real crystalline polymer);

- TTDeTFE copolymer model (AM1-copolymer): the
structure is similar to that obtained by DFT optimiza-
tion of the small co-polymer model (Fig. 4(iii)) in the
middle of the molecule (i.e. for the dioxole unit and
for the adjacent (CF2CF2) moieties). The other tor-
sional angles along the two PTFE chains show similar
conformation as the AM1-PTFE model. Both syn and
anti configurations were considered.

- CF2]CFOCF3eTFE (MVEeTFE) copolymer model
(AM1-copolymer OCF3): the conformation of the per-
fluorinated chains is very similar to that in the AM1-
copolymer model (anti configuration); this model
has been introduced in order to test the sensitivity of
our calculations to the introduction of co-monomers
with a different degree of flexibility.

2. Construction of new geometries by systematic changes of
the 9 selected torsional angles. This has been done starting
from the geometries obtained at point 1 and increasing any
qi by finite steps of Dqi¼ 120�.1 Therefore, the possible
combinations of the qi values give a set of 38� 6 different
starting geometries for each model.
1 Notice that for the torsional angle of the OCF3 pendant group a finer step,

namely Dq¼ 60�, has been chosen.
3. Among these 38� 6 geometries, those which are strongly
unfavoured by virtue of the steric hindrance of some
chemical group were excluded. This selection has been
done on the basis of the distance between the non-bonded
pairs of atoms (structures showing distances closest than
the minimum van der Waals contacts were rejected).
This procedure is the same as illustrated in Ref. [36].

4. The final sets of ‘‘acceptable’’ geometries obtained at
point 3 were used as input geometries for complete
AM1 optimisation. In this way AM1 equilibrium geome-
tries and molecular energies were obtained.

Different possibilities can occur after optimization:

i. The optimized structure shows values of the torsional an-
gles close to those of the input geometry. This means that
the calculation has found a minimum ‘‘near’’ the input
conformation.

ii. The optimized geometry shows a marked rearrangement
of the input {qi} values. This indicates that there is no
relative minimum of the intramolecular potential energy
near the input geometry. In this case the final optimized
geometry often corresponds to a minimum which can be
reached also starting from a different input geometry.

The ‘‘flexibility’’ of a molecule can be expressed in terms
of the number of different equilibrium conformations avail-
able, their energies and the height of the potential energy
barriers between them. Accordingly, these properties can be
investigated through the analysis of the number of conformers
and of their energies.We expect the following results:

- With respect to a PE chain, a PTFE chain should show
a lower flexibility. In other words the effect of the correla-
tion between adjacent conformational angles is expected
to induce a tendency to form helical structures. On the op-
posite side this effect is not expected in the case of PE,
whose structure (in disordered phases) is well described
in terms of a statistical coil, made by random sequences
of gauche and trans torsional angles.

- The introduction of a rigid bulky group between two
(CF2)n chains is expected to decrease the flexibility of
the perfluorinated chains, due to the enhancement of the
torsional energy barriers caused by the sterical hindrance.
4.2.1. Conformers of polymethylene and
polytetrafluoroethylene

In Fig. 10 we report a plot of the conformational energies
obtained for AM1-PE and AM1-PTFE models. The con-
formers have been ordered according to their energy and the
value of the abscissa indicates the ‘‘order number’’ of a given
structure.The following observations can be made:

- The total number of ‘‘acceptable’’ input geometries is four
times larger in the case of PE: this can be simply explained con-
sidering that there are many more ‘‘rejected conformations’’ in



Fig. 10. AM1 conformational energies (kcal/mol) relative to the absolute min-

imum of the intramolecular potential energys. Green symbols: stable isomers

of the AM1-PE model; red symbols: stable isomers of the AM1-PTFE model.

(For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 11. AM1 conformational energies (kcal/mol) relative to the absolute min-

imum of the intramolecular potential energy. Blue symbols: stable isomers of

AM1-copolymer (anti); black symbols: stable isomers of AM1-copolymer

(anti); green symbols: stable isomers of AM1-copolymer (OCF3) AM1-PE

model; red symbols: stable isomers of the AM1-PTFE model. (For interpreta-

tion of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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the case of PTFE. This is due to the larger van der Waals ra-
dius of fluorine with respect to hydrogen.

- In the case of AM1-PTFE, we found many ‘‘acceptable’’
input geometries (178) which ‘‘relax’’ at the lowest energy
value. All these species correspond to the same structure,
namely the 15/7 helix. This behaviour is markedly differ-
ent from that shown by PE, where just one starting geom-
etry (namely the trans-planar one) results in the fully trans
optimized structure. We can state that in PTFE the intro-
duction of conformational defects is disfavoured with
respect to the helix structure. On the other hand, a PE
chain is willing to accommodate local conformational
defects.

- Conformers of AM1-PE are grouped by energy steps: the
energy values are determined by the total number of
gauche torsional angles in the conformer and are practi-
cally independent of the location of these angles along
the chain. This is in good agreement with a simplified pic-
ture which assigns a contribution of about 0.5 kcal/mol for
each gauche torsional angle, independently from its posi-
tion. The case of AM1-PTFE is quite different: in this case
energy steps correspond to conformations which can be al-
ways described as short helix sequences.

All the above observations are fully in agreement with what
was expected.

4.2.2. Conformers of the copolymers
Let us now consider the case of AM1-copolymer illustrated

in Fig. 11. We can see that for both AM1-copolymer (syn) and
AM1-copolymer (anti) the number of ‘‘acceptable’’ input ge-
ometries is reduced with respect to the case of PTFE.Some
other observations can be made:

- The plots obtained for TTDeTFE copolymers show
a steeper increase with respect to that of PTFE, thus
indicating that the energy cost to accommodate conforma-
tional defects is higher in the case of the copolymer.

- The characteristic grouping of conformers by energy steps
(already commented for PE and PTFE models) is not
found in the case of copolymers. This behaviour indicates
that most of the initial geometries give rise to a character-
istic optimized structure, corresponding to a specific local
energy minimum, near to the starting structure. This be-
haviour suggests the presence of high energy barriers,
due to the bulky TTD. These barriers do not allow a relax-
ation of the initial geometry into structures showing large
deviations from the initial values of the torsional angles.

- The same effect illustrated above is certainly responsible
for the disappearance of the large population correspond-
ing to the lowest energy value which has been observed
for AM1-PTFE. The tendency to relax into the regular he-
lix structure is indeed strongly depressed by the introduc-
tion of the cyclic co-monomer.

All the above observations can be nicely correlated to the well
known effects obtained by co-polymerisation with TTD, namely:

- The decrease of flexibility can be correlated to the reduc-
tion of the numbers of ‘‘acceptable’’ input geometries and
to the increase of the energy barriers. This last effect
implies a reduction of the dynamical flexibility, that is
the capability of the chain to overcome these energy
barriers, thus increasing the value of Tg.

- The increase of disorder can be correlated to the presence
of conformers characterized by different and unique geom-
etries and energies.

We can now compare the behaviour of our models of TTDe
TFE copolymers with that predicted for AM1-copolymer
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(OCF3). It is clear from Fig. 11 that its behaviour is very similar
to that of AM1eTFE, namely that the monomer unit added does
not perturb to a great extent on the number and the energies of
the available conformations.

This clearly confirms that the extent of the ‘‘perturbation’’
is crucially determined by the chemical structure and confor-
mation of the added co-monomer.

5. Conclusions

The analysis presented in this work allows to rationalize, at the
molecular level, the effect of the co-polymerisation of TFE with
a bulky chemical group. The presence of TTD units prevents the
formation of crystalline phases through several different actions:

1. The introduction of chemical, configurational and confor-
mational local disorder in the polymer chain is obviously
responsible for a decrease of crystallinity. The interesting
point is that a TTD unit seems to perturb the structure of
the chain to a greater extent with respect to other (less
bulky) chemical defects. This conclusion is supported by
AM1 studies on the stable conformational isomers of
models of PTFE, TFEeTTD copolymer and MVEeTFE
copolymer. Moreover, spectroscopic signals attributed to
‘‘disordered’’ TFE sequences can be clearly detected in
the FIR spectra of copolymers with low TTD content
and are nicely reproduced by DFT simulations.

2. High energy barriers in the potential energy upon variation of
the torsional degrees of freedom cause a decrease of the chain
flexibility. This effect (clearly suggested by the AM1 study) is
due to the steric hindrance of TTD units and can slow down or
even prevent the crystallisation process for TFE sequences.

Point 2 also explains why the copolymers show high glass
transition temperatures.

From the side of the structural characterisation, we have
shown that the joint use of experiments (IR and Raman spec-
tra) and spectra simulations (obtained by high level DFT
calculations on small molecular models) allows to identify fre-
quency markers correlated to the presence of TTD units and to
verify the sensibility of several bands to the different configu-
rations of the TFE units attached to the ring.
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