
Structure of Fluorinated Side-Chain Smectic Copolymers: Role of the
Copolymerization Statistics

G. de Crevoisier,†,§ P. Fabre,†,⊥ L. Leibler,† S. Tencé-Girault,*,† and J. M. Corpart‡
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ABSTRACT: Side-chain fluorinated copolymers present very specific wetting and tacking properties that
are strongly related to their organization. We have studied the structure of these systems by X-ray
scattering in the liquid crystalline regime, as a function of the ratio of fluorinated groups on one hand
and of the copolymerization statistics on the other. The structures obtained are always highly ordered
and exhibit a smectic B type organization, where the two types of pendant groups are able to crystallize
independently. However, packing differences appear for copolymers with different chain statistics due to
the existence of microphase separation between the side groups. The roles of these parameters on phase
transitions, periodicity, and degree of crystallinity of the polymers are discussed. Their behavior with
temperature, important for applications, is also studied.

Introduction

Side-chain liquid crystalline polymers have been the
subject of much interest, for both fundamental and
applied reasons. Since they present an original archi-
tecture, they can potentially display interesting new
structures on one hand, while on the other, they are
expected to exhibit properties that can lead to new
applications such as long-term memory devices or
nonlinear optics. In fact, other unexpected applications
were found for that type of system: when enough
fluorine is present in one of the pendant groups, side-
chain copolymers organize in such a way that very
hydrophobic and oleophobic properties appear. As a
consequence, these types of copolymers are used as
antistain coatings. More recently, other specific proper-
ties have been reported1 for these systems, such as a
nonsticky to sticky transition related to a structure
change with temperature. For both these reasons, it was
tempting to study the organization of fluorinated co-
polymers, when varying their composition, as a first step
to relating their structure to their properties. Moreover,
another recent study2 has led to the original result that
it was possible, in these systems, to vary the copolym-
erization statistics from statistical to rather blocky, by
changing the type of synthesis from solution to emul-
sion. With this system, it is thus possible to study how
both the composition and the copolymerization statistics
of the chain influence the structure, leading to results
that will a priori be valid for a whole class of side-chain
copolymers.

The copolymers studied bear two types of pendant
moieties: one fluorinated group and one alkyl group.
As explained, their ratio as well as their distribution
along the chain was varied, and the two homopolymers
were also studied for comparison. To understand the

copolymer structure, a knowledge of the monomer’s
miscibility is also relevant: for this reason, we deter-
mined their phase diagram. The impact of temperature
on their structure and in particular the phase transi-
tions of the copolymers are also studied in this paper,
since they represent very important information as far
as their surface (wetting) or volume (stickiness) proper-
ties are concerned. The study was realized with both
small-angle (SAXS) and wide-angle (WAXS) X-ray scat-
tering experiments and with DSC for the phase transi-
tions.

In the first part, we describe the experimental results
for the two homopolymers as well as the phase diagram
of the mixture of the two monomers. We then discuss
what can be expected for copolymers and describe the
experimental results when varying the fluorine ratio
and the polymerization statistics. We then present a
possible organization of the systems as a function of
these two main parameters.

Experimental Section
Materials. Two main monomers were used in this study,

the structures of which are given in Figure 1. The alkyl
monomer is an equimolar mixture of stearyl (m ) 17) and
palmityl (m ) 15) methacrylate; for simplicity, we will
hereafter call this MAS. The fluorinated acrylic monomer,
which we call AC8n, is a mixture of acrylates with fluorinated
side chains of different lengths: n ) 6 (1%), n ) 8 (65%), n )
10 (25%), and n ) 12 (9%). We will sometimes refer to the
pure n ) 8 fluorinated compound, which we call AC8. Hy-
droxyethyl methacrylate (HEMA) was also used as a hydro-
philic monomer. All these monomers were provided by ATO-
FINA and used without further purification. The polymerization
initiators used were 2,2′-azobis(2-amidinopropane) hydrochlo-
ride and 2,2′-azobis(isobutyronitrile). These were provided by
ATOFINA. The solvents used were acetone and butyl acetate
provided by Aldrich. All these compounds were used without
further purification.

Preparation and Characterization of the Polymers.
All syntheses were carried out in a 1 L reactor fitted with an
anchor agitator, a double thermoregulated jacket, and a sweep
of nitrogen.

In the case of synthesis in solution, 425 g of butyl acetate
and 75 g of AC8n and MAS monomers were introduced into
the reactor in varying proportions, corresponding to the
composition of the copolymer that was targeted. For a par-
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ticular copolymer, HEMA was used as third monomer at a
ratio of 10% molar, with the synthesis protocol remaining
identical. The medium was then inerted by a bubbling of
nitrogen and raised to 70 °C. Polymerization was initiated by
the addition of 1.5 g of 2,2′-azobis(isobutyronitrile) in solution
in a minimal quantity of butyl acetate. At the end of 6 h of
polymerization, a limpid solution was obtained, of yellow color,
containing the copolymer. The solution remained clear after
cooling to ambient temperature. The copolymers were recov-
ered by precipitation in acetone. They were then washed with
ethanol and dried in a vacuum until constant weight. It should
be noted that with this synthesis technique we were unable
to synthesize highly fluorinated copolymers of AC8n and MAS,
where the concentration of AC8n was higher than 70% molar.
In fact, for these rates of fluorinated monomer, we observed a
phase separation during synthesis.

In the case of synthesis in emulsion, all compounds were
introduced into the reactor. A typical recipe is provided in
Table 1. The respective ratios of AC8n and MAS monomers
were variable depending on the composition of the copolymers
targeted. In all cases, HEMA was incorporated into the
mixture of monomers at a ratio of 10% molar. After inerting
with nitrogen and heating to 65 °C, polymerization was
initiated by addition of 2 g of 2,2′-azobis(2-amidinopropane)
hydrochloride. After 3 h of polymerization, we obtained latexes
that were perfectly stable in storage. The copolymers were
recovered, like their homologues prepared in solution, by
precipitation in acetone. They were then washed twice in
distilled water and once in ethanol and then dried in a vacuum
at 45 °C until constant weight.

The homopolymers of MAS, AC8, and AC8n (respectively
PMAS, PAC8, and PAC8n) were synthesized in solution in
butyl acetate. The PMAS was recovered under the same
conditions as the copolymers. The PAC8 and PAC8n precipi-
tated during synthesis. They were recovered by filtration,
washed with ethanol, and dried in a vacuum at 45 °C.

At ambient temperature, the synthesized homopolymers and
copolymers showed themselves in the form of a white powder.

The molar mass and polydispersity of such opolymers are
delicate to determine. GPC in THF was realized on some
copolymers synthesized in solution, with polystyrene as a
reference. The average molar masses obtained were lying
between 14 000 and 45 000, with a large polydispersity. We
considered these results just as an indication that the length
of the chains is small for the solution copolymers. For the

emulsion synthesis, it is well-known that the chains are in
general much longer, leading to molar masses ranging between
105 and 5 × 105 g/mol.

To determine the statistics of the chains for each type of
synthesis, we used a 13C NMR experiment,2 and we just
summarize the main points here. From the spectra, the
concentration in several types of triads was determined and
fitted with the classical Markovian model for chain statistics
and the reactivity ratios found in the literature: the fits for a
statistical copolymerization were in excellent agreement with
the experimental results for polymers synthesized in solution.
For polymers synthesized in emulsion, there was a deviation
from a statistical composition, with a large excess in homo-
triads. The larger ratio homotriads/heterotriads could be
associated with the presence of more blocky structure along
the polymer chains in the case of emulsion process. The exact
determination of the length of those blocks remains very
delicate, and we also cannot exclude the possible existence of
mainly fluorinated or hydrogenated macromolecules.

Below, for reasons of simplicity, we will use the term blocky
for emulsion polymer and statistical for solution ones, although
one should bear in mind that the emulsion polymers are at
best multiblocks with blocks of which the length is moreover
unknown. In the text, the copolymers will be called -b- for
“blocky” or -s- for “statistical”, and their composition will be
characterized by the molar fractions in fluorinated pendant
groups: a copolymer 30-s will thus be statistical and composed
of 30% fluorinated groups and 70% alkyl groups. The different
compositions studied are 20-s, 30-s, 40-s, 50-s, 60-s, and 70-s
for the statistical copolymers and 20-b, 35-b, and 58-b for the
blocky ones. Note that for emulsion copolymers there is always
10% of HEMA as an additional polar monomer so that for
example 58-b means 58% of AC8n, 32% of MAS, and 10% of
HEMA. To check that this termonomer had little influence on
the structure, an additional copolymer was synthesized in
solution, with 10% of HEMA: this statistical terpolymer has
the same composition as the emulsion copolymer 58-b and is
called 58-s-32/10.

Experimental Techniques and Sample Preparation.
The different techniques we used to determine the copolymer
structures are optical microscopy, DSC, wide-angle (WAXS),
and small-angle (SAXS) X-ray scattering.

Optical microscopy clearly showed that the samples were
birefringent and undergoing phase transitions, but the nature
of the phases could not be determined from the observed
textures. No thermal treatment, such as annealing, was able
to clear up the textures. In addition, as far as copolymers
synthesized in emulsion were concerned, thermal treatments
always induced the occurrence of a white aspect of the sample,
due to high turbidity. We did not however observe any specific
structures, such as heterogeneous textures or aggregates, at
a microscopic scale.

For the DSC experiments, after a preliminary heating at
high temperature, a first cooling and second heating, from
which the different parameters are extracted, were realized
at 10 °C/min.

For X-ray experiments, we used two different setups (SAXS
and WAXS) with the same rotating anode generator (RU-200,
Rigaku Co. Ltd.) using Cu KR radiation. Small-angle X-ray
diffraction patterns were recorded on a linear position sensitive
detector (LPS 50 INEL) and wide-angle X-ray diffraction
patterns on a curve position sensitive detector (CPS 120 INEL).
The samples are prepared by increasing temperature well
above any transition temperature and, after a 10 min wait at
high temperature, by cooling them at room temperature at 10
°C/min. The sample is then heated at 10 °C/min at the desired
experimental temperature and left to equilibrate for 10 min
at this temperature before starting the experiment. X-ray
experiments done with a 2D detector as well as optical
microscopy allowed us to check that the orientation of the
samples was of a powder type after the procedure we used.

Monomers and Homopolymers
Structure and Phase Transitions of the Homo-

polymers. Homopolymers similar to ours have been

Figure 1. Chemical structure of the two monomers MAS and
AC8n (see experimental part for n and m values).

Table 1. A Typical Recipe for Emulsion Polymerization

ingredients amount (g)

water 375
acetone 106.8
trimethyloleylammonium chloride 13.2
polyoxyethylenenonylphenol (HLB ) 15.0) 12.1
monomers (AC8n/MAS/HEMA)a 174.5
dodecylmercaptan 0.3
a The monomer feed composition is variable depending on the

copolymer we want to synthesize. HEMA rate is constant (10 molar
%).
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described in the literature. Since the pendant groups
we use present some polydispersity in length, we
checked whether this polydispersity had an influence
on their structure.

a. PMAS. The structures of the two alkyl homopoly-
mers with m ) 15 and m ) 17 have been described in
the literature. The homopolymers with m ) 15 and m
) 17 present a smectic B phase of periodicity respec-
tively 28 and 30.4 Å,3-7 with peaks at wide angles
corresponding to a hexagonal lattice of parameter 4.7
Å.8,9 The pendant groups are packed perpendicularly to
the layers1 and interdigitated, which favors their crys-
tallization.

For PMAS, we find a lamellar periodicity of 29.7 Å,
and we observed a crystalline Bragg peak at 4.10 Å,
corresponding to an hexagonal lattice parameter of 4.7
Å superimposed on an amorphous halo. These results
are in agreement with what is found in the literature,
showing that there is little influence of the polydisper-
sity in length of the pendant groups. From the half-
maximum width of the peaks, one can evaluate the
different correlation lengths of the system with the
Scherrer expression for perfect crystals:10

With the wide angle Bragg peak, we evaluate the
correlation length of the crystals êMAS at 78 Å, corre-
sponding to about 16 monomers; on the other hand, the
correlation length of the layers êL obtained from the
small-angle Bragg peak is larger, roughly equal to 400
Å, i.e., extending over 10-15 layers. Both these lengths
are rather small, indicating a rapid loss of correlation
in this smectic B polymer.

The size of one completely extended monomer is 23
Å, which is significantly smaller than the periodicity of
29.7 Å of the smectic. Thus, we can conclude that there
is a double layer structure with the pendant groups
either tilted or interdigitated. By comparison with
literature, it seems reasonable to consider that the
intermediary distance for the periodicity comes from an
interdigitation of the groups,2 rather than a tilt. More-
over, the packing density is also a result of the competi-
tion between the area occupied by the pendant groups
and the density of these groups along the chain: the
distance between groups on the lattice (4.7 Å) being
almost equal to twice their distance along the chain
(2.54 Å); this means that two successive pendant groups
alternate on each side of the chain and thus belong to
two different layers when crystallized. The resulting
structure for PMAS is represented in Figure 2.11,12

DSC experiments show that the transition tempera-
ture of the smectic B phase to an isotropic phase is Ti
) 33 °C, with an enthalpy of transition ∆H ) 76 J/g.
This value is also in agreement with literature.

b. PAC8 and PAC8n. In literature, the organization
for PAC8 is described as a smectic B with a periodicity
of 33.3 Å.13-15 For the same reasons as in PMAS, the
structure proposed is a succession of bilayers of pendant
groups coming alternatively from two different chains.
However, contrary to PMAS, the observed periodicity
is exactly twice the size of one extended monomer. This
means that the groups do not interpenetrate, probably
due to the large size and the rigidity of perfluorinated
groups. The lattice parameter is 5.7 Å.

DSC together with X-ray experiments shows that
there is a transition from the smectic B to an isotropic

phase for PAC8 and PAC8n. However, the width of the
peak for PAC8n is much larger than for PAC8, because
of the polydispersity of the side groups. Indeed, the
melting temperature of perfluorinated chains increases
very rapidly with the chain length in this range (22 °C
per carbon atom).16 The transition temperature, defined
as the maximum of the peak, is increased between PAC8
and PAC8n from 78 to 103 °C due to the longer chains.
From X-rays, we measure a periodicity of respectively
32.4 and 36.9 Å and a Bragg peak at 4.95 Å, leading to
a hexagonal lattice parameter of 5.7 Å in agreement
with literature, superimposed on an amorphous halo.
The breadth of the peaks, characterizing the correlation
length of the systems, is very different between PAC8
and PAC8n. From the lamellar peak, we obtained the
correlation length between layers: êL which is equal to
800 Å for PAC8 and 300 Å for PAC8n, showing that the
smectic order is inhibited by the polydispersity of the
side groups. In the crystalline layers, the correlation
length of crystallized domains of AC8 or AC8n is êAC8
≈170 Å, corresponding to about 30 monomers, and êAC8n
≈ 200 Å, corresponding to about 35 monomers, showing
no significant difference. The structure of PAC8n de-
duced from X-rays experiments is shown in Figure 2.

In conclusion, the two homopolymers possess a smec-
tic B structure of bilayers with a slight interdigitation
of the pendant groups for PMAS. They both present a
phase transition to an isotropic phase. No major differ-
ence was found between the “polydisperse” homopoly-
mer PAC8n and the “monodisperse” PAC8, besides
smaller interlayer correlation lengths.

Compatibility between Monomers: Experimen-
tal Results. To quantify the compatibility between
monomers, which is a useful information for the copoly-
mers structure, we studied the phase diagram of a
mixture of MAS and AC8n. For compositions lying
between 20% and 80% of AC8n, the mixture of the two
monomers introduced in closed tubes were putted in an

ê ) 0.9λ
∆2θ cos θ

Figure 2. Schematic representation of the organization of
PMAS and PAC8n.

3882 de Crevoisier et al. Macromolecules, Vol. 35, No. 10, 2002



oven. At 120 °C all the solutions are homogeneous; then
we decrease the temperature down to the temperature
where a tube becomes turbid, indicating the separation
in two phases. We report these temperatures vs the
molar fraction of the solutions for establishing the phase
diagram displayed in Figure 3. The important point for
the following is that, since all our X-rays experiments
were realized below 80 °C, the monomers were always
incompatible in the temperature range where the
copolymers were studied.

Copolymers

Side-Chain Copolymers: Role of Monomer Com-
patibility and Chain Statistics. Compared to homo-
polymers, the chemical ingredients driving the organi-
zation of linear copolymers are the ratio between
monomers, their compatibility, their architecture, and
the copolymerization statistics. Monomer compatibility
is characterized by the Flory parameter ø, which
describes the enthalpy cost of A-B contacts relative to
A-A or B-B. The copolymerization between monomers
prevents them from undergoing a complete segregation
and can lead to microphase separation. For chains with
simple architecture such as diblock or triblock copoly-
mers, this microphase separation leads to formation of
ordered mesophases, such as layers in diblock copoly-
mers for example. The morphology diagrams of such
block or regularly grafted systems are fairly well
understood.17-20 For statistical copolymers the situation
is more complex, and the question of existence of ordered
mesophases and of the role of chemical disorder is still
open.

The case of side-chain copolymers with two different
pendant groups A and B is slightly different from chains
with one pendant group because of their architecture.
The side chains possess an additional degree of freedom
for the two pendant groups which can rotate around the
main chain, giving extra organization possibilities to the
copolymer.

Depending on the monomers A and B compatibility,
different types of situations can thus arise for side-chain
copolymers: for a statistical copolymerization and com-
patible monomers, a smectic structure with a periodicity
intermediary between that of the two monomers ap-
pears, whereas for incompatible monomers, the system
structures with a “double” period corresponding to the
sum of the periods of the two monomers. Changing the
statistics of copolymerization has no influence in the
case of compatible monomers that can still structure
with the same period. For incompatible monomers,
though, a change in the statistics of the chain influences

the structure: for instance, in the extreme case of
perfect blockiness, the two separate blocks will structure
with their own period, leading to the appearance of the
periods of the homopolymers in the copolymer structure.
Many studies have been made on diblock copolymers of
the type liquid crystalline-b-coil leading to very different
types of packing.21-25 In the few cases studied of a blocky
copolymer with two side-chain liquid crystalline groups,
each block organizes as in the homopolymer.26,27 A few
studies also deal with statistical side-chain liquid
crystalline copolymers and give the following results:
depending on the monomer compatibility, the smectic
period is “simple” or “double”, and the number of phase
transitions to the isotropic phase is different.22,28-30

Copolymer Structure. a. Statistical Copolymers.
Figure 4a presents the SAXS spectra for statistical
copolymers as a function of fluorinated moieties ratio.
We have also reported, in this figure, both spectra
observed for PAC8n and PMAS. We observe for the two
homopolymers only one peak in this range of wave
vector at 0.17 Å-1 for PAC8n and 0.21 Å-1 for PMAS.
But, for all intermediate compositions, we observe
smectic Bragg peaks labeled by (1) for the first, (2) for
the second, or (3) for the third order of diffraction, at a
different wave vector than for homopolymers. This
means that the copolymers still arrange with a smectic
order but with a different periodicity around 60 Å. The
periodicity of the smectic phase vs fluorine ratio re-
ported in Table 2 is close to the sum of the periods of
the two homopolymers. Unfortunately, we were unable
to study the area of lower concentrations of fluorine
(AC8n concentration less than 20% molar), and we
therefore do not know from what concentration of
fluorine this new organization appears. It would prob-

Figure 3. Phase diagram of a mixture of the two monomers
MAS and AC8n.

Figure 4. Small-angle X-ray spectra for homo- and copoly-
mers at room temperature for (a) solution synthesis and (b)
emulsion synthesis.
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ably be interesting to conduct some further experiments
in this area. For highly fluorinated copolymers (above
70% molar of AC8n), we again have no data. However,
the situation is more complicated. In fact, the solvent
used for syntheses, butyl acetate, is no longer capable
of solubilizing the copolymers formed, and polymeriza-
tion becomes precipitant. For obvious reasons, we have
not explored this area.

The relative intensity of the successive order of
diffraction changes with composition, indicating an
evolution of the electronic density in the lamellae.
Nevertheless, evaluation and quantification of the elec-
tronic density profile is very difficult. It is also surpris-
ing that the intensity of the first-order peak continu-
ously increases with the composition, between 20 and
70% of AC8n, without any maximum at the composition
50/50. It is perhaps an indication that this lamellar
organization concerns an ever increasing volume when
the molar fraction of AC8n increases. It is worth
noticing that the correlation length between layers of
the copolymers êL, extracted from the width of the
peaks, is around 400 Å, i.e., the same as in homopoly-
mers: this however represents half less in terms of
number of layers, since the periodicity is twice as large.

WAXS experiments are summarized in Figure 5a: the
same two peaks as for homopolymers are observed,
meaning that the two monomers are able to crystallize
separately in their own lattice. There are thus two
different lattices in the system. On the other hand, the
crystalline peaks have a comparable width and thus
comparable correlation lengths as the two homopoly-
mers. Indeed, for 50-s copolymer, for instance, the
correlation lengths are êAC8n ) 170 Å and êMAS ) 130
Å. It is reasonable to assume that the copolymer
crystallizes in a smectic B phase with small crystallites.
The relative intensity of the crystalline peaks is varying
continuously with fluorine composition, and they su-
perimpose on an amorphous contribution. To quantify
the evolution of crystallinity of each monomer with
composition and separate the three contributions, we
used a classical procedure31 for evaluating amorphous
scattering and crystallinity from the WAXS spectra. The
result is shown in Figure 6a, where we have plotted the
relative integrated intensity of the crystalline peak
(IAC8n/Itotal) or (IMAS/Itotal) of each monomer normalized
by the fraction of monomers of each species as a function
of fluorine ratio. We have reported this crystallinity and
also the size of crystallized domains extracted from the

peak width calculated with the Scherrer expression for
perfect crystals in Table 2. The evolutions of crystal-
linity and size of crystallites will be discussed in the
following, together with DSC experiments.

These results thus show that the general structure
of statistical copolymers is that of a smectic B, with a
crystallization of both types of monomers in the layers;
their periodicity is the sum of the periodicity of the
homopolymers.

b. Nonstatistical Copolymers. The same experi-
mental data as for statistical copolymers have been
obtained for blocky copolymers and are represented
together in the same figures, in part b. This allows us
to point out the similarities and differences between the
two types of structures.

The SAXS experiments show a very different behavior
than for statistical copolymers: three different periods
are observed, with values of around 30, 37, and 65 Å.

Table 2. Powder X-ray Diffraction Data and DSC Phase Transition Temperatures for the polymers

samples lamellar period (Å)
normalized WAXS

intensitya crystallite size (Å) melting temp (°C)
normalized

enthalpyb (J/g)

Homopolymers
PMAS 29.7 0.44 78 33 76
PAC8n 36.9 0.36 200 103 21

Statistical Copolymers
20-s 61.7 0.28 0.04 78 56 31.6 47
30-s 62.0 0.31 0.07 74 74 29.3 48
40-s 63.6 0.31 0.11 69 49 33.0 80
50-s 63.5 0.39 0.32 72 135 35.0 57.0 57 10
60-s 66.7 59 158 35.0 60.0 58 14
70-s 66.2 0.20 0.43 39 190 25.0 63.0 40 19

Blocky Copolymers
20-b 30.6-64.2 0.44 0.10 71 83 29.5 33.1 74
35-b 30.6-63.5 0.44 0.20 61 86 29.4 55.3 74 2
58-b 30.5-70.1-36.9 0.46 0.46 81 120 29.2 62.2 79 6

a The intensity has been normalized by the total intensity scattered at wide angles and by the fraction of monomers of each species.
b Enthalpy normalized by the molar fraction in the copolymer.

Figure 5. Wide-angle X-ray spectra for homo- and copolymers
at room temperature for (a) solution synthesis and (b) emulsion
synthesis.
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Thus, the blocky copolymers present three types of
organization at the same time, corresponding to the two
smectic phases of the homopolymers, plus the same
“double” period as in statistical copolymers. Moreover,
the relative intensities of the “double” period peak in
the two types of copolymers are very different, leading
to the conclusion that there is a much smaller part of
the blocky copolymers that organizes into the double
period phase.

The difference is much less dramatic on the WAXS
spectra (Figure 5b), where one observes again the two
types of crystalline peaks. The variation with fluorine
ratio of the domain sizes is only slightly different from
statistical copolymers.

The evolution of crystallinity with the number of
monomers of each type is different for statistical and
nonstatistical copolymers. For blocky copolymers, the
increase in crystallinity of the fluorinated monomer is
almost linear whereas the crystallinity of the alkyl one
is constant (Figure 6b). For statistical copolymers, the
situation is more complex and the behavior of crystal-
linity of fluorinated and alkyl monomers is nonmono-
tonic (Figure 6a). Concerning the domain sizes, it
remains constant with the increase of the fluorine ratio
for the alkyl crystal whereas it constantly increases for
the fluorinated crystal. Let us also notice that the
domain size is of the same order of 100 Å in the two
types of systems, except for fluorine-rich statistical
copolymers where it is twice as large.

c. Structure vs Copolymerization Statistics. As
a first conclusion, it seems that statistical as well as
blocky side-chain copolymers are both able to organize
into crystallized smectic B phases. The difference lies
in the period of the smectic organization that, for
statistical systems, is unique whereas the periods of the
homopolymers also appear for the more blocky ones.

We have compared the organization of the 58-s-32/
10 copolymer with that of the 60-s and detect no effect
from the presence of HEMA on the lamellar organiza-
tion of the copolymer. We can therefore consider that
the structural differences observed between copolymers
prepared in solution and in emulsion are not due to the
presence of this termonomer.

Thus, depending on the type of copolymerization,
several situations are a priori possible. In our case, the
existence of a “double” period leads to the conclusion
that the monomers segregate, in agreement with their
phase diagram. The “double” period corresponds to a
packing of layers of different composition. The layers
contain alternatively more fluorinated moieties and
more alkyl moieties, the relative composition of the
layers depending on the overall fluorine ratio. The
existence of three periods for blocky copolymers shows
that there is a strong composition heterogeneity, with
more blocky and more statistical regions.

Phase Transitions and Evolution of the Struc-
ture with Temperature. The transition temperatures
obtained from DSC experiments are reported in Table
2 for statistical and blocky polymers. The general
evolution of these temperatures is similar, but depend-
ing on the copolymer, there is one or two transitions
with temperature between the smectic B and the
isotropic phase. Moreover, the lower transitions always
occur at a similar temperature, close to the smectic B
to isotropic transition temperature of PMAS. On the
contrary, the higher transition temperature is close to
the PAC8n smectic B-isotropic transition temperature
for fluorine-rich copolymers and is decreasing when the
fluorine ratio is decreasing in the copolymer, down to
the PMAS transition temperature.

To understand how the smectic B with two different
lattices organization loses its order, DSC experiments
are not sufficient, and the study of the evolution of
X-rays spectra with temperature was necessary. These
experiments were done, with statistical copolymers, for
two different fluorine ratios, 30-s and 60-s, and for one
block copolymer, 58-b. As a reference, we also studied
the homopolymers.

For PAC8, we observed a simultaneous decrease of
the intensities of the smectic and crystalline Bragg
peaks at the temperature determined by the DSC
experiment. The behavior of PMAS is the same and
leads to the conclusion that these polymers have no
smectic A phase.

The results for 30-s and 60-s copolymers are given in
Figure 7. We have reported the intensity of lamellar and
crystalline peaks normalized to the intensity observed
at 20 °C. First, we should note that the two copolymers
present two transitions contrary to what was observed
with DSC where copolymer 30-s only had one (Table
2): this method is thus more sensitive than DSC.
Second, the disappearance of the lamellar peak always
occurs at a temperature close to the temperature of
disappearance of one of the two crystalline peaks;
however, it occurs close to the alkyl crystals peak in the
case of 30-s and close to the fluorine crystals peak in
the case of 60-s. We interpret the disappearance of the
peak as a disappearance of the lamellar order, although
the contrast of the lamellar phase, which was already
low, certainly decreases even further when approaching
the transition. In this case, we can deduce from the
experiments that the disappearance of the lamellar
order occurs concomitantly with the melting of the

Figure 6. Crystalline peaks intensity vs AC8n molar fraction
for (a) solution synthesis and (b) emulsion synthesis. The
intensity has been normalized by the total intensity scattered
at wide angles and by the fraction of monomers of each species
(full symbol on dotted line for PMAS and open symbol on solid
line for PAC8n; lines are guides for the eyes).
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monomer in excess, showing that the major monomer
is responsible for the presence of the smectic order; the
minor monomer melts independently of the smectic
structure. Two different cases are thus possible: for a
MAS major copolymer, at a temperature close to the
pure PMAS transition temperature, the smectic B phase
disappears, while the AC8n crystals are still present in
the system until a higher melting temperature. To the
contrary, for an AC8n-rich copolymer, the MAS crystals
melt first, while the smectic B phase remains with the
fluorine crystals until a higher transition temperature
where the system becomes isotropic.

The variation of the transition temperatures observed
by DSC shows that the behavior of the copolymers
remains driven to a large extend by the homopolymer’s
transition temperatures, indicating that the two orga-
nizations present are neither totally independent nor
completely correlated. In Figure 8a,b, the enthalpy
values of the two transitions are plotted with fluorine
ratio: it is remarkable that these curves can be exactly
superimposed on Figure 6a,b which represent the
amount of crystallinity of the two monomers calculated
from WAXS spectra.

Concerning the block copolymer 58-b, the WAXS
spectra give access to the behavior of the two crystalline
peaks together with the lamellar period of the fluori-
nated homopolymer (Figure 9). The data show a de-
crease of the alkyl crystals peak intensity at a first
temperature, followed at a higher temperature by a
simultaneous decrease of the fluorinated crystals and
of the fluorinated homopolymer smectic peak intensities.
SAXS experiments would be necessary to fully under-
stand the behavior of the system, since it would display
the double period evolution with temperature. However,
the partial information obtained with WAXS is consis-

tent with the fact, deduced previously, that the blocky
copolymer is composed of regions of the homopolymers
type.

Discussion

Summary of the Experimental Results. In sta-
tistical as well as in blocky copolymers, we observed the
appearance of a new period corresponding to the sum
of the periods of homopolymers, together with the
crystallization of both monomers in their original lattice,
whatever the composition. However, for blocky copoly-
mers, the periodicity of homopolymers also appears in
the spectra, meaning that some regions of the system
are crystallized like homopolymers.

The overall crystallinity and the size of crystalline
domains are not dramatically different for the same
composition between the statistical and the blocky
copolymers. On the other hand, the amount of crystal-
linity of each type of monomer largely depends on its
ratio in the chain, although not in a linear way.

Figure 7. Evolution of lamellar and crystalline peaks inten-
sity with temperature for (a) 60-s and (b) 30-s.

Figure 8. Evolution of the enthalpy changes for the melting
of the two types of crystals vs AC8n molar fraction for (a)
solution synthesis and (b) emulsion synthesis.

Figure 9. Evolution of lamellar and crystalline peaks inten-
sity with temperature for 58-b.
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Concerning the transition to an isotropic structure for
statistical copolymers, this always occurs in two stages.
These two stages depend on which is the major mono-
mer. Indeed, the major monomer drives the loss of
smectic order, so that the melting of the smectic B occurs
close to the AC8n melting temperature for AC8n-rich
copolymers and almost at the MAS melting temperature
for MAS-rich copolymers. In the case of AC8n-rich
copolymers, there is thus a very specific succession of
phases: above what could be called a “bicrystallized”
smectic B phase, there is an intermediary smectic B
phase, which could be called “hemicrystallized”, where
only the fluorine layers are crystallized, then the system
becomes isotropic. Notice that these copolymers never
exhibit smectic A phases. If the double period lamellae
disorganize at the melting temperature of the excess
monomer in the case of statistical copolymers, the
situation is a little more complex for nonstatistical
copolymers, where, in addition, the disorganization of
homopolymer-type regions occurs in the same way as
in homopolymers.

Below, we relate these data to the monomer organiza-
tion at the chain scale, as a function of the copolymer-
ization statistics.

Structure of the Copolymers vs Fluorine Ratio.
a. Solution Copolymers. In a very rough approxima-
tion, we consider that the system diminishes its en-
thalpy of mixing by segregating the two monomers in
the following way: one layer is filled up with the excess
monomer, while the other layer contains a mixture of
the remaining excess monomer and the minority one.
Of course, this optimal packing is not always possible,
depending on the chain statistics, the monomer volume
and mobility, and the flexibility of the chain. Moreover,
the thermal composition fluctuations that necessarily
occur will contribute to a deviation from this packing
rule. Nevertheless, following the argument of maximal
segregation, we have represented the structure of
copolymers in line with the fluorine ratio in Figure 10.

In this model, the symmetric copolymer 50-s is as
organized as the homopolymers since each layer is
“pure”: this is indeed in agreement with our results,
where in Figure 6a one can see that the amount of
crystallinity in this copolymer is almost equal for each
monomer to the crystallinity of the corresponding homo-
polymer, when renormalized with the molar fraction in
pendant groups. Moreover, if we assume that MAS,
when it is in a mixed layer, is no longer able to
crystallize, we are able to explain the nonmonotonic
behavior of its crystallinity when fluorine is added.

Indeed, for a copolymer of composition f in AC8n, the
fraction of MAS monomers packed in a “pure” layer is
equal to (0.5/1 - f): this expression is in agreement,
where f < 0.5, with the evolution of the peak intensities,
which is proportional to the amount of crystallinity,
represented in Figure 6a. However, the behavior of MAS
crystallinity for fluorine compositions larger than 50%
cannot be explained by this argument. More generally,
the asymmetric features of copolymers with respect to
a fluorine composition larger or smaller than 50%
cannot be explained without involving a different be-
havior for alkyl and fluorinated monomers. Also, the
melting temperature for fluorine crystallites drops when
the fluorine ratio is decreased, in contrast to the alkyl
crystallites melting temperature, which remains con-
stant. These two features could be linked to the differ-
ence in the enthalpy of melting of fluorinated and alkyl
chains.

b. Emulsion Copolymers. Copolymers synthesized
in emulsion can be described by the superimposition of
homopolymer-type regions and of zones similar to those
present in statistical copolymers: this is schematically
shown in Figure 11. It is very difficult in this system
with three different types of phases, probably separated
by interphases of continuously varying compositions, to
predict any fluorine ratio dependency of the parameters.
It is thus difficult to quantitatively compare our data
to the model for the structure.

Conclusion
In this paper, we have studied the organization of

liquid crystalline copolymers as a function of the po-
lymerization statistics, which in our case can be simply
controlled by the type of synthesis: solution or emulsion.
The copolymers carry two types of highly incompatible
pendant groups, one fluorinated and one alkyl group,
in varying ratios. The originality of this study is thus
to vary both the composition of the copolymer and the
copolymerization statistics. Whatever the chain statis-
tics and composition in monomers, the copolymers
organize in a very structured phase, composed of a
smectic whose layers are crystallized in two different
lattices. The copolymer synthesized in solution, whose
monomer distribution along the chain is statistical,
leads to a smectic phase with a single periodicity
roughly equal to the sum of the periodicities of the two
homopolymers. To the contrary, three different period-
icities appear in the blockier copolymers obtained from
a synthesis in emulsion: the two homopolymer period-
icities and their sum. These structural differences are
very important as far as the applications of these

Figure 10. Schematic representation of solution copolymer
organization vs fluorine content.

Figure 11. Schematic representation of emulsion copolymer
organization. The variation of fluorine content will only modify
the proportion of the two types of crystals.
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systems are concerned. Indeed, the type of crystalliza-
tion of the systems is known to play a role in the
hydrophobic and oleophobic properties of a coating of a
copolymer as well as in its adhesive characteristics.3 For
example, depending on the statistics of the chain, the
kinetics of reorganization2 of the groups at the interface
is extremely different, leading to very versatile surface
tension values. Also, the type of phase in which the
system crystallizes has been shown to be responsible
for the capacity for tackiness of these systems.1 The
knowledge of the parameters driving the structure can
thus help to predict, and then to design, the most
appropriate system for a given property.
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