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ABSTRACT: The influence of the surface chemical modification on the bulk behavior of epoxy based networks has been studied. In
particular, the bulk dynamics of epoxy-amine networks modified with fluorinated side chains has been characterized by means of
broadband dielectric spectroscopy (BDS), differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) spectros-
copy. The fluorination effect on the structure and dynamics of the materials has been related with the observed changes in both seg-
mental and secondary relaxations. An acceleration of the segmental dynamics as the fluorination degree increases has been clearly
observed. As a result, a compromise between fluorine surface enrichment and bulk modification has been proposed for these materi-

als. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42690.
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INTRODUCTION

Fluorine-containing materials are generally used as engineering
plastics and high-tech elastomers. They also find considerable
application in the coatings industry because of their excellent
surface properties like water and oil repellency, low coefficient
of friction, and high chemical resistance. However, the synthesis
and high costs of these fluorinated materials together with the
additional intrinsic processing problems have limited their
application to niche segments of the market. Fluorinated surfa-
ces derive their characteristics from the C—F bond that grants a
specific, unique chemistry to the materials. It is well known
that the low surface free energy of a component provides a ther-
modynamic driving force for migration to interfaces.'” Due to
this natural migration it is possible to design materials with
controlled surface properties by employing a low content of the
expensive modifier and, at the same time, by discarding proc-
essing problems related to high fluorine concentrations.

Fluorine has been introduced in many types of polymers, such
as polyurethanes, polymethacrylates, styrene and epoxies, to
name a few.">>”® Among these polymers, epoxy resin based
materials exhibit outstanding properties which make them a
standard option for many applications such as adhesives, coat-

ings, and structural composites. One of their most attractive
features is the flexibility in the election of their monomers and
co-monomers, which in turn leads to a wide variety of prod-
ucts, i.e. from low T, rubbers to high T, materials. Furthermore,
their chemical structure can be modified to attain different
properties, i.e., to increase the toughness, or to obtain a func-
tional polymer. In this sense, the incorporation of low surface
energy compounds appears as a very interesting approach for
obtaining materials with high hydrophobicity, low friction, and
low dielectric constant.

In the design of materials for industrial applications, the fulfill-
ment of several requirements at the same time is in general a
requisite i.e: modulus, hardness, chemical and thermal resist-
ance, among others. In particular, reinforced materials for
energy industry applications like wind turbine blades or oil
pipes is especially challenging. In the former case, the efficiency
of wind farms strongly decreases as ice and dirt sticks to the
wind turbine blades (fouling). On the other hand, time growing
paraffin deposits continuously reduce the flux section, and
therefore the lifespan of oil pipes. As a result, it is desirable to
obtain a synergetic combination of the outstanding surface
properties of fluorinated polymers with the mechanical proper-
ties of the epoxy matrix of these reinforced materials.

Additional Supporting Information may be found in the online version of this article.
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The key factors determining the behavior of the reinforced mate-
rials are the individual properties of both filler and matrix, and
the filler-polymer interaction. In this sense, with the aim of
modifying the epoxy matrix, it is necessary to determine the
extent and the nature of this modification. While surface proper-
ties have been extensively studied, to the point of being the moti-
vation of the here proposed chemical modification, the fluorine
side effects in the bulk network behavior have not yet been fully
characterized. As the polymer dynamics is sensitive to the matrix
structure and the presence of the filler, these studies can be per-
formed by using mechanical, ie., rheometry; or electrical
approaches, i.e., broadband dielectric spectroscopy (BDS). In par-
ticular, BDS has shown to be a very useful technique in the study
of the molecular dynamics of insulating materials. The huge fre-
quency range achieved (107 °—10'2 Hz) and the possibility of
measuring under different temperature, pressure, and environ-
mental conditions, allows the observation of a large variety of
processes with very different time scales. Within this extraordi-
nary experimental window, molecular and collective dipolar fluc-
tuations, charge transport and polarization effects take place, in
turn determining the dielectric response of the material under
study.” Therefore, BDS can yield information about the dynamics
of the polymer backbone, pendant chains and lateral groups both
macroscopically'®'" and microscopically.'>™"

In this work, we study the dynamics of fluorinated epoxy-amine
networks, to determine the changes produced by the chemical
modification in comparison with the unmodified material. We
use a combination of BDS with calorimetric
obtained through differential scanning calorimetry (DSC) and
chemical structure information from Fourier transform infrared
spectroscopy (FTIR). In a first step, we characterize the mono-
mers involved in the synthesis, along with the intermediate fluo-

information

rinated oligomer. In a second step, we use the previously
obtained information to determine the fluorinated modifier
influence on the network properties.

MATERIALS AND METHODS

Materials
Polymer networks with different fluorine content were synthe-
sized by following a two step procedure:

a. Reaction of a perfluorinated epoxy (2,2,3,3,4,4,5,5,6,6,7,7,8,
9,9,9-hexadecafluoro-8-trifluoromethyl nonyloxirane, FED3,
Sigma-Aldrich) with a known excess of a di-amine (propyle-
neoxidediamine, Jeff, Huntsman). The reaction was per-
formed in sealed tubes immersed in an oil bath, whose
temperature was kept at 100°C for 120 min. In this step the
fluorinated epoxy chemically bonds to the di-amine, there-
fore producing a small quantity of a fluorinated amine
within a large amount of unreacted Jeff (for additional
information see Supporting Information Figure S1). The flu-
orination degree in the final materials was controlled by
varying the ratio of fluorinated epoxy to amino-hydrogen
groups in this step.

b. Reaction of the remaining amine groups with a stoichiomet-
ric amount (ratio of epoxy to amino-hydrogen groups equal
to (1) of a difunctional epoxy (diglycidyl ether of bisphenol
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Figure 1. Chemical structure of the reactants.

A, DGEBA). The temperature during the curing reaction
was kept at 100°C for the time necessary to obtain total
conversion of the reactants, in the presence of 10 wt % of
Toluene.*® The so obtained fluorinated networks are solid
disks with a diameter of 40 mm and a thickness of about
0.7 mm. The materials containing from 0 to 5 wt % F were
called FEO to FES5, respectively. Figure 1 shows the structure
of the above mentioned reactants.

A fluorinated olygomer obtained from the reaction of FED3
and Jeff, fluorinated Jeff (JMF) was also studied to facilitate the
identification of the experimentally observed relaxation proc-
esses. JMF was synthesized by using step “a” conditions, and a

ratio of epoxy to amino-hydrogen groups equal to 4.*~°

DSC Experimental Setup

DSC measurements were performed using a DSC Q2000 from
TA Instruments. Samples of about 10 mg were sealed in her-
metic aluminum pans. Heating—cooling cycles were performed
under nitrogen flow in the temperature range from —125 to
150°C, with a heating/cooling rate of 10°C/min. The annealing
time between cooling and heating runs was set to 5 minutes.
Glass transition temperature (T,) was determined at the inflec-
tion point of the curves and the heat capacity increment (ACp)
was estimated from the difference in the heat capacity value
extrapolation after and before T, (second runs were taken to
delete any effects of thermal history).

FTIR Experimental Setup

FTIR spectroscopy was performed using a FTIR Thermo Scien-
tific Nicolet 6700 and a Genesis II Matson spectrometers. Tem-
perature measurements performed using a heated
transmission cell (HT-32, Spectra Tech) and a programmable
temperature controller (Omega, Spectra Tech, AT= %£1°C).
Near-infrared spectroscopy (NIR), 7000-4000 cm ™', was used
to determine polymerization kinetics. All spectra were collected
with 8 cm ™! resolution and 24 scans per slice. The sample was
placed between two glasses using a 1 mm rubber spacer. The
temperature during the polymerization kinetics was kept con-
stant at 100°C. The peaks at 4538 cm ™' (assigned to the conju-
gated epoxy CH, deformation band with the aromatic CH
fundamental stretch)'® and at 4940 cm™' '7 (primary amine

were
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combination band), were used to monitor the disappearance of
the epoxy group and the primary amine, respectively. Both
peaks were normalized to the reference band at 5056 cm ™'
(phenyl combination band)'® for reactions involving DGEBA
monomer, and at 4334 cm~ ' (CH, combination band)'® for
reactions involving Jeff.

BDS Experimental Setup

Broadband dielectric spectroscopy measurements were per-
formed on disc shaped samples with a diameter of 40 mm and
a thickness of about 0.7 mm. The samples were placed between
two parallel-plate electrodes. For parallel-plate configuration,
the sample capacitance is expressed as C=¢ ¢, A/d, where ¢ is
the relative dielectric permittivity of the sample, &, the vacuum
permittivity, A is the section of the sample, and d its thickness.
The material properties are characterized by the complex dielec-
tric permittivity, ¢*, which is defined as &¢*(w) = C*(w)/Cy =
¢(w) — i &'(w), where Gy is the capacitance of the empty
capacitor and w = 2nf. A broadband high-resolution dielectric
spectrometer (Novocontrol Alpha) was used to measure the
complex dielectric permittivity in the frequency range from
107> to 10° Hz. The sample temperature was controlled by
nitrogen gas flow that provides temperature stability of about
+0.1 K (Quattro temperature controller).

RESULTS AND DISCUSSION

Reactants Characterization
To identify the origin of each observed relaxation process in the
fluorinated networks, we characterized all the reactants involved
in their synthesis. With this aim, DSC, FTIR and BDS experi-
ments were also conducted.

p and y Relaxation. Figure 2 shows the isothermal dielectric
loss spectra for Jeff (pink triangles), FED (orange circles) and
DGEBA (black squares) at 160 K and 185 K. At low tempera-
tures, two relaxation processes can be observed for the analyzed
reactants: (1) o (segmental) and y (secondary) relaxations for
Jeff and FED (although only one secondary relaxation is
observed, for clarity purposes it has been called 7), and (2) f
and y secondary relaxations for DGEBA. Above T, the coopera-
tive movement of the chains segments produces the a-relaxation
process for Jeff [see Figure 2(a)] and FED [see Figure 2(a,b)].
On the other hand, in this temperature range DGEBA is still in
the glassy state where the cooperative movements are frozen.

Jeff o-relaxation overlaps the corresponding y relaxation process,
therefore impeding an accurate analysis when the temperature is
increased. FED spectra also present difficulties for the fitting
due to the fact that o and y processes are overlapped at low
temperatures, as shown in Figure 2(a). Although both processes
shift to higher frequencies as the temperature is increased, the
temperature dependence of the o—relaxation is stronger, thus
overlapping the y process. To study these processes, the y relaxa-
tion was individually characterized at very low temperatures
(where o process is outside of the experimental frequency win-
dow) and the a process was then fitted at higher temperatures
(by extrapolating and fixing the previously obtained 7y
parameters).
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Figure 2. Isothermal dielectric loss spectra for reactants and JMF at (a)
160 K and (b) 185 K (c¢) Corresponding relaxation map (the dots stand for
the experimental points and the lines for the fitting). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

At low temperatures, where DGEBA is in the glassy state, two peaks
corresponding to the f and y secondary relaxations are observed.
The f§ relaxation is around five orders of magnitude slower than
the y process (i.e. the groups responsible of the y process posses a
much higher mobility). In addition, the dielectric intensity of the f
process is significantly lower than that of the 7 process.

As already explained in Materials section, during the first syn-
thesis step of the fluorinated networks, an epoxy-amine addition
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Table I. BDS Fitting Parameters and Glass Transition Temperatures Obtained by DSC for the Reactants

VFT parameters

Sample logto TolK) D m Tg100s (K) Eqp (kJfmol) Eq, (kJ/mol) Tg (K)
FED -11.8+0.4 131.4+1.4 42+04 117.6 148.8 - 27.8+0.5 152.35
DGEBA -141+04 2204+1.9 59+0.5 117.1 2555 53.6+0.5 28.0x0.3 258
Jeff -128+0.1 152.0+0.5 6.7+0.2 90.1 181.8 = 305+0.1 184.9
JMF -135+0.3 1751 +3.2 120+x11 61.7 233.9 59.7+13 30.1+0.5 239

logto, To, and D were obtained from the fitting of the BDS data by using a Vogel-Fulcher-Tammann (VFT) equation. The extrapolation to a relaxation
time of =100 s gives a dielectric estimation of the glass transition temperature (TglooS).27 Eqs and Eg, stand for the activation energies obtained
from the Arrhenius temperature dependence of the relaxation time for the secondary processes f and y. Tq stands for the calorimetric glass transition

temperature as obtained from DSC measurements.

reaction between the fluorinated epoxy (FED) and the diamine
(Jeff) is carried out. As a result, the fluorinated oligomer is
attached to the Jeff molecule (and later to the epoxy-amine net-
work in the final materials) as a pendant chain. To identify the
relaxation processes related with these pendant chains another
oligomer was introduced in the analysis, JME>** Like DGEBA,
JMEF is in the glassy state at the temperatures shown in Figure
2, and therefore onlyf and y secondary relaxations are observed.
Both position and shape of the y process in JMF are similar to
its Jeff counterpart (this could be a clue in the identification of
the y process for JMF and Jeff).

For the analysis of § and y relaxation processes, the dielectric loss
spectra, " (f), was fitted by using a Cole-Cole equation (CC)>"
which is commonly used to describe this kind of symmetric peaks.

Ae

(W) =ttt —
67() = oo 1+ (i)

(1)
where 7. is the CC relaxation time, A¢ is the relaxation
strength, o is a shape parameter (0<o < 1) and w is the angu-
lar frequency. Figure 2(c) shows the corresponding relaxation
map for f and y processes for the different reactants and JMF.
As expected, the relaxation times for both secondary relaxations

follow an Arrhenius behavior [‘L’ =1 e/ kT} in the temperature

range here analyzed. The corresponding activation energies (E,)
were obtained from the slope of the Arrhenius fittings on the
relaxation map (see Table I). The temperature dependence of
the relaxation times for the y processes in DGEBA and FED are
identical; both overlap along the analyzed temperature range
(presenting the same activation energy values). Therefore, it is
reasonable to assume that the same group is involved in these
relaxations, i.e., epoxy group.’** A similar behavior is
observed for the 7y relaxation of both Jeff and JMF (where the
relaxation times and activation energies also coincide). In addi-
tion, FTIR spectroscopy was employed to help in the identifica-
tion of these dielectric signals through the analysis of the
chemical species within the material.

Figure 3 presents the corresponding FTIR spectra for all the above
mentioned reactants. As expected, both DGEBA and FED present
prominent epoxy related signals'® [see Figure 3(b,c), respectively].
Hence, these spectra further support the previous assumptions
concerning to the origin of the observed y relaxations (for further
information see Supporting Information Table S1).
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As shown in Figure 3(a), JMF does not have any residual epoxy
groups, but in turn it conserves both Jeff and FED backbones.
Figure 2(c) clearly shows that JMF 7y relaxation process position
does not change with respect to the original Jeff one. Therefore,
it is reasonable to assume that this process is related to a group
belonging to the Jeff molecule and not to the presence of the
fluorinated pendant chain. By considering all the dipoles (hav-
ing a strong dielectric signal) in Jeff molecule, and by taking
into account the proximity of this process to that of the epoxy
group (in turn observed in FED and DGEBA), ether appears as
the most suitable responsible of the observed relaxation.**?!
Figure 4 shows FTIR spectra in both mid and near infrared
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Figure 3. FTIR spectra of (a) Equimolar mixture of Jeffamine D230 and
FED3 reacting at 100°C for 120 min, (b) DGEBA, (c) FED3.
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ven,, on, YN COC a is introduced in this equation. In addition, the temperature
S | YNH, v(s)NH, / 5" CH, 5 CH, dependence of the a-process relaxation time (tgy) can be well
< N\ VCH X described by the Vogel-Fulcher-Tammann (VFT) equation.
o 3NH N
= || ~ DTy
g (T)=19-€ N (3)
§ where 7, is the reciprocal of a characteristic vibrational fre-
< quency, Ty is the temperature at which the extrapolated relaxa-
4000 3500 3000 2500 2000 1500 1000 tion time tends to diverge, and D is connected with the so-
called fragility strength parameter.”**° The extrapolation to a
vN+ENH, b relaxation time of 7 =100 s gives a dielectric estimation of the

Absorbance (A.U.)

Wavelength (cm”)
Figure 4. FTIR spectra in both mid (a) and near (b) infrared ranges for
Jeffamine D230.

ranges for Jeff, where ether related signals can be clearly
identified.

Concerning to the observed f§ relaxation in JMF and DGEBA,
FTIR experiments were also used to obtain complementary
information of their origin. Therefore, it is possible to observe
the presence of OH groups in both JMF and DGEBA, as clear
signals at about 4750 cm ™' and 3500 cm ™! in the correspond-
ing spectra [see Figure 3(a,b)]. In the first case, these OH
groups are originated during the epoxy-amine reaction. As
shown in Figure 3(a), at higher reaction times the OH signal
strength increases while its epoxy counterpart decreases (the
epoxy-amine addition reaction is shown in Figure 5). In the sec-
ond case, OH groups in DGEBA are originally present in the
molecule backbone. The differences in the observed OH relaxa-
tions could be interpreted as an evidence of a different dielectric
environment.

o Relaxation. At temperatures close to the calorimetric glass
transition of the reactants, a broad loss peak (in some cases two
orders of magnitude stronger than the secondary f and 7y loss
peaks) steps into the experimental frequency window upon
increasing temperature. This peak is recognized as the segmental
or o relaxation processes. For the analysis of these o relaxation
processes, the dielectric loss spectra, &’ (f), was fitted by using a
Havriliak-Negami function (HN),>* which accounts for the
asymmetric broadening typically observed for the a-process.

Ae
E(0) =t @
[1 + (l w ‘L'HN)x]
Besides the parameters previously described in (1), an addi-
tional f§ shape parameter describing the a-relaxation asymmetry

0
HiC—CH-R* = R—NH: R—CH—CH:—NH-R

H
Figure 5. Epoxy-amine addition reaction scheme.
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glass transition temperature (TgID()s)'27 Figure 6 shows the relax-
ation map of the o process for each of the above mentioned
reactants and JME As expected, the pendant fluorinated chain
attached to the Jeff molecule affects the relaxation time of JMF
(substantially larger than the observed Jeff relaxation time). As
already mentioned, FED o relaxation is the fastest among the
reactants, up to the point that it is overlapped with the relaxa-
tion of the epoxy group in the molecule.

As shown in Table I, calorimetric and dielectric data present the
same trend, with Tg;g always 3 or 4 degrees higher than their
calorimetric counterparts. This situation is often encountered in
chain dynamics studies in polymeric systems and is sometimes
explained in terms of the different nature of DSC (static) and
dielectric ways of determining T, ° (DSC data can be observed
in Supporting Information Figure S2).

Networks Characterization

With the information about dielectric relaxations obtained for
the individual reactants, it is now possible to analyze the dynam-
ics of the epoxy-amine networks. Therefore, in this section the
dynamics of epoxy compounds with different amounts of flexible
fluorinated chains is studied in detail. As in the case of the reac-
tants, DSC, FTIR and BDS experiments were carried out. The
broad frequency and temperature ranges covered by BDS allow
the study of all the relaxation processes occurring in the samples:
from local motions (f and 7y secondary relaxations) at low tem-
peratures/high frequencies, to cooperative segmental motions
(o-relaxation) at high temperatures/low frequencies. Table II

s DGEBA
01+ UerF ’ K
* JMF ] ?
— » FED f &
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/)] F -
= S S
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Figure 6. Relaxation map of the a processes for reactants and JME. [Color

figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]
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Figure 7. (a) Isothermal dielectric loss spectra for fluorinated networks at
210 K. (b) Corresponding relaxation map for the f§ relaxation process. (c)
Corresponding relaxation map for the y relaxation process (the dots stand
for the experimental points and the lines for the fitting). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

shows the Arrhenius and VFT fittings parameters together with
the calorimetric T,-s obtained by DSC.

P and y Relaxation. Figure 7 shows the comparative isothermal
dielectric loss spectra at 210 K and the corresponding relaxation
maps for the fluorinated epoxy networks under investigation. In
this range of temperatures it is possible to observe two second-
ary relaxations, § and y. Both relaxations follow a well-defined
trend: as the fluorine content increases the relaxation time of
the f# and y—processes decreases. Concerning to the dielectric
intensity, two opposite behaviors are observed: (1) the intensity
of the f§ relaxation decreases as the fluorine content increases
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and, (2) the intensity of the 7y relaxation increases as the fluo-
rine content increases.

As f and y processes appear in the pure epoxy network (0 wt
% FED), their origin may reside either in Jeff or in DGEBA. In
this sense, epoxy groups in DGEBA and FED, and ether groups
in Jeff, are the most dielectrically active species of their corre-
sponding molecules, as shown in “Reactants Characterization”
section. Therefore, epoxy or ether groups could be the responsi-
ble for the observed y relaxation. However, as all the epoxy
groups react during the network formation, this relaxation has
to be related to the backbone ether groups of the Jeff molecules
within the materials. Comparison of the relaxation maps and
activation energies (E,,) of the materials with Jeff and JMF con-
firm this hypothesis. Figure 7(c) shows that when the fluorine
content increases the relaxation times of y relaxation decreases,
to the point of overlapping their Jeff (and JMF) counterparts.
The observed activation energies values are very close to their
Jeft and JMF counterparts (see Tables I and II). For FES5, the E,,
closely coincides with the Jeff and JMF observed values (30K]/
mol) while for DGEBA and FED the E,, is 28K]J/mol. These

Absorbance (A.U.)
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bjso-cH,
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1500 1250 1000 750
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Figure 8. FTIR spectra of the fluorinated networks (a) overall view, (b)
zoomed view. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. (a) Isothermal dielectric loss spectra for fluorinated networks at
380 K. (b) Corresponding relaxation map for the o relaxation process (the
dots stand for the experimental points and the lines for the fitting).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

results further support the association of this process with the
ether groups.

On the other hand, the f process of the modified networks is
partially overlapped with the corresponding JMF relaxation.
This particular relaxation is associated with the OH groups
within the molecules, as already pointed out in “Reactants
Characterization” section. As commented above, from the BDS
spectra [see Figure 7(a)] it is clear that: (1) the relaxation time
is shifted to higher frequencies as the fluorine content increases
and (2) the intensity of these relaxation peaks decreases as the
fluorine content increases. This is probably related to a decrease
of the OH concentration due to the fluorine introduction. Every
two FED molecules introduced, one DGEBA molecule (and the
corresponding attached hydroxyl group) is removed to keep the
stoichiometric balance. In addition, E,; is unaffected by the flu-
orine content. Similar values of E,; are also obtained for JMF
and DGEBA which reinforces the hypothesis that the f second-
ary relaxation is originated from OH groups (see Table I). FTIR
spectra in Figure 8 show the OH signal at about 3500 cm™'
(and the absence of unreacted epoxy signals), thus supporting
previous statements.

o Relaxation. Glass transition temperatures ranging from 340 to
360 K were found by calorimetry for fluorinated epoxy net-
works. Similar T, values were reported also for other epoxy net-
works using the Jeffamine D230.* A systematic decrease of the
T, is observed by increasing flexible FED chains content in the
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Figure 10. A¢ as a function of temperature for fluorinated networks. The
dielectric strength values were obtained from the HN [eq. (2)] fitting of
the o relaxation. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

networks. Figure 9 shows the dielectric loss spectra of the fluori-
nated networks obtained at 380 K. The segmental relaxation
shifts to higher frequencies as the fluorine content increases,
thus indicating an acceleration of the response for the coopera-
tive movements.

Figure 9(b) shows the temperature dependence of the segmental
relaxation time for the networks with different fluorine contents
and the corresponding VFT fittings (Table II shows the VFT
parameters obtained and the calculated T;g0). As the fluori-
nated materials are obtained from the chemical addition of FED
to the diamine, the final networks present pendant flexible
chains in their structure. As shown in Figure 10, there is a sig-
nificant reduction of the relaxation strength in the fluorinated
networks, which follow a well defined trend: A¢ decreases as the

DGEBA

~
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Figure 11. Fluorinated networks scheme (gray circles represent the regions
where the crosslink density has been reduced due to the fluorinated chains
incorporation). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table II. Fitting Parameters for the Temperature Dependence of the Relaxation Times and Glass Transition Temperatures Obtained by DSC for the

Modified Networks

VFT parameters

Sample log 10 TolK) D m Tq100s (K) Eqp (kd/mol) Eq, (kJ/mol) Tq (K)

FEO -10.7+0.1 3155+0.5 3.3x0.1 124.6 3512 543+0.5 342+0.3 358.9
FE1 -109=+01 3106+1.3 35x0.2 122.4 347.2 547 +0.3 33.1+0.2 354.7
FE3 -11.0+0.2 291.8+3.0 41+04 108.0 3318 559=+0.3 31.4+03 348.4
FE5 -11.7+02 281.7x2.4 49=+0.3 101.1 325.6 55.8=x0.2 30.3x0.2 339.5

10 is the reciprocal of a characteristic vibrational frequency, Ty is the temperature at which the extrapolated relaxation time tends to diverge, and D is
connected with the so-called fragility strength parameter, m, through eq. (4).924-26 Tg100s is @ dielectric estimation of the glass transition tempera-
ture.?” E,y and Eg, stand for the activation energies of the secondary relaxations f and 7. T, stands for the calorimetric glass transition temperatures.

fluorine content increases. In addition, a broadening of the
dielectric response in the region of the glass transition can be
observed with increasing fluorine content. These results suggest
an increasing heterogeneity of chain dynamics at glass transi-
tion; i. e. the chain dynamics is different in different regions of
the sample. According to the Addam-Gibbs framework,*® the
characteristic size of these regions must be larger than the size
of the cooperative rearrangement region (CRR), which has been
determined for various polymers to be in the range 1-4 nm by

31,32 . . 33,34
and calorimetric

means of mechanical,?®?° dielectric,
methods. The spatial heterogeneity in the networks can be
understood in terms of increasing free volume due to loosened

molecular packing of the networks.

Rationalization of Results

BDS and DSC results show that the « relaxation becomes sys-
tematically faster as the fluorine content increases. Moreover,
the secondary y relaxation is also faster in the fluorinated net-
works, and shows a clear decrease of the activation energy with
increasing fluorination. The time scale of the secondary f relax-
ation is also affected in the same way, while the activation
energy is constant in the analyzed temperature and frequency
range. These experimental results could be rationalized in terms
of an increase of the free volume, arising from loosened molec-
ular packing of the chains due to the presence of the flexible
FED units and their covalent bonding to the network. Figure 11
shows a scheme of the fluorinated network and the free volume
originated by the above mentioned pending chains. These flexi-
ble pending chains also affect the network fragility (m),>*4-%¢
which decreases as the fluorine content increases (see Table II).

DT, < T, > .
m= 1—
Te100:In (10) ¢100s

T (4)
The fragility characterizes the deviation of the temperature
dependence of the relaxation time from an Arrhenius behavior.
Therefore, a system with a non-Arrhenius temperature depend-
ence of its relaxation time close to T, is called “fragile.””” In
other words, as the fluorine content increases the materials tend
to present a very abrupt change in their physical properties as
the temperature approaches T, (whereas less fluorinated materi-
als undergo a relatively smooth transition from the rubbery
state to the glassy state). This trend has also been observed for
the Jeff-JMF fragilities (see Table I).
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Despite the huge change induced in the surface properties,*™®
the chemical modification of the networks progressively
increases their bulk mobility, thus reducing their crosslink den-
sity, glass transition temperature and fragility. To prevent these
undesired side effects, but at the same time keeping a relatively
large enrichment of the fluorine surface concentration,'? chemi-
cal modifications of about 1 wt % F appear as the most recom-
mendable option. By keeping the fluorine content close to these
concentrations, it is possible to achieve materials with almost
the same bulk behavior as the neat and relatively large hydro-
phobicity (the F/C ratio on the materials surface as a function
of the F wt % is shown in Supporting Information Figure S3).

CONCLUSIONS

Fluorinated epoxy materials were characterized in terms of their
calorimetric and dielectric relaxation behavior to determine the
effect of the chemical modification on its bulk dynamics.
Dielectric processes were successfully identified and it was dem-
onstrated that the fluorinated pendant chains contribute to
decrease both the segmental and the secondary relaxation times
and to decrease the activation energy of the secondary y relaxa-
tion. A map of the dielectric processes over a concentration
range from 0 to 5 wt % showed that up to 1 wt % of fluorine
can be introduced in the epoxy networks with a remarkable
benefit in the surface properties and no significant weakening of
the bulk mechanical behavior.
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