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Abstract. The current paper addresses the network-formation process of an epoxy polymer focussing on transition phenom-
ena like the percolation threshold and the chemically induced glass transition. Based on a single type of measurement, dif-
ferent kinds of volume changes are used as sensitive probes to the morphological changes accompanying the polymerization
process. Thereby, the rather new experimental technique of ‘Temperature Modulated Optical Refractometry’ (TMOR) allows
to simultaneously obtain not only the volume shrinkage and the accompanying dynamic thermal volume expansion in the
course of polymerization, but also the chemical turnover as a function of the refractive index. In order to test the applicability
of the refractive index as a reasonable quantity to substitute respective infrared spectroscopy (IR) measurements, the net-
work-formation is induced by homopolymerization reactions to specifically limit the degree of cure to a single spectral IR
component. This countercheck is performed using IR by attenuated total reflection (ATR). Whereas the chemical-induced
glass transition is clearly evidenced by the different kinds of volume changes, the percolation transition does not couple to
these properties. However, the transition to the glassy state is highly variable and leads to large differences of the macro-
molecular-induced morphologies.
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transition

1. Introduction

Today, cross-linking polymers (thermosets) are
amongst the most important functional and structural
design materials. They are used as adhesives [1] or
coatings [2], or are applied as polymer matrices in
high performance applications for air- and spacecraft
[3, 4]. The synthesis of these materials starts usually
at a low molecular liquid state and undergoes a com-
plex, non-equilibrium type of polymerization process.
Thereby, the polymerization reaction is accompanied
by severe irreversible changes of physical and chem-
ical properties, comprised of a continuous succession
of metastable states. The simultaneously progress-
ing changes of the different chemical and physical
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properties, such as the volume, the elastic moduli,
the specific heat capacity or the degree of cure, re-
flect the ongoing course of the underlying polymer-
ization process, yet from different perspectives. This
process is the irreversible formation of chemical
bonds, whereas the number of bonds can be inter-
preted as the natural order parameter. The sequence
of these metastable states in the case of polymeriza-
tion is of stochastic nature and manifests itself in per-
manent changes of the morphology and thus macro-
scopic variations of properties, such as e.g. the glass
transition [5, 6].

Unfortunately, gaining access to these properties,
and thus to the polymerization process, is challenging
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and most often limited to a measurement method that
exclusively maps the desired property. With regard
to chemical properties, the investigation of the chem-
ical turnover (or degree of cure) by means of infrared
spectroscopy (IR by attenuated total reflection) is
well-known [7, 8]. However, the deduction of the de-
gree of cure based on the analysis of IR spectra is
often reduced to the evaluation of only one distinct
absorption band, even though further absorption
processes might be involved. Amongst physical prop-
erties, the specific heat (e.g. via temperature modu-
lated calorimetry) [9, 10], the dielectric constants
(e.g. via electrical impedance spectroscopy) [11] or
(thermo-) mechanical properties (e.g. via rheology)
[12] are most commonly used to characterize the
polymerization process. Also, yet rather often neg-
lected, the progress of polymerization can be as-
sessed by monitoring accompanied types of volume
changes (e.g. volume shrinkage or the thermal vol-
ume expansion) [ 13—15]. Unfortunately, all these lat-
ter types of susceptibilities view the polymerization-
induced morphological changes as a function of time,
and not as a function of the degree of cure. From an
experimental perspective, the simultaneous acquisi-
tion of the aforementioned chemical and physical
properties, like the degree of cure and the volume
changes, in the whole course of polymerization would
be of huge interest, especially with regard to contin-
uous data acquisition from the liquid- to the visco-
elastic- and solid state.

In recent papers of Miiller et al. [8] and Philipp et
al. [14] it was demonstrated that the refractive index,
in the course of polymer network-formation can be
a measure to both, volume changes (shrinkage) and
the degree of cure. Thereby, the authors were able to
reveal a partial proportionality between both param-
eters. Here, it should be stressed that the refractive
index is related to the dielectric susceptibility € meas-
ured at optical frequencies. However, the sole analy-
ses of the refractive index or the degree of cure does
not provide any insights into the dynamics of poly-
merization-induced freezing processes of a polymer
system, and thus to e.g. the glass transition. Access-
ing such relaxation phenomena via volume changes
in the course of polymerization is possible by prob-
ing a sample via a sinusoidal temperature perturba-
tion. This allows measuring the dynamic thermal vol-
ume expansion, based on the underlying anharmonic-
ity of the average molecular interaction potential [16,
17]. Generally, polymer genesis is best studied under

isothermal conditions, such that other extrinsic influ-
ences, as e.g. kinetic effects, are omitted. However,
assessing the static thermal volume expansion under
isothermal conditions is not possible, and along with
that, relaxation phenomena stay usually hidden in
the course of polymerization. The rather new tech-
nique of ‘Temperature Modulated Optical Refrac-
tometry’ (TMOR) is based on classical (Abbe) re-
fractometry but additionally overcomes its limita-
tions. The application of a low frequency and low
amplitude temperature perturbation, enables TMOR
to provide, in addition to the refractive index and the
polymerization-induced volume shrinkage, access to
the dynamic thermal volume expansion behaviour
during polymer genesis, and thus to e.g. the poly-
merization-induced glass transition [13, 14, 18-21],
even under isothermal conditions.

In this study, we combine such TMOR measurements
with infrared spectroscopy (IR-ATR) to assess the de-
gree of cure spectroscopically and to test the applica-
bility of the refractive index as a quantity to substitute
IR measurements. To be able to establish such a rela-
tionship between the refractive index and the degree
of cure, thus relate polymerization-induced volume
changes to the depletion of a specific molecular group,
the network-formation is induced by homopolymer-
ization of a diglycidyl ether of bisphenol A (DGEBA)
resin. Thereby, the polymerization is initiated by small
concentrations of 1-methylimidazole. This specifical-
ly limits the polymerization reaction to a single spec-
tral IR component and allows us to relate the volume
changes during homopolymerization solely to the
DGEBA-dominated molecular network build-up
process. In total, it is demonstrated that a multiplicity
of important information to assess and describe poly-
merization-induced transition phenomena like the per-
colation threshold and the chemically induced glass
transition can be described as a function of the degree
of cure (i.e. the refractive index), all simultaneously
gained from the same measurement.

2. Methodology

2.1. Reaction mechanism

The homopolymerization reaction of DGEBA is
comprised of (i) an initiation reaction and (ii) a sub-
sequent, rather complex, polymer network formation
[22-25]. During the initiation stage, a highly nucle-
ophilic adduct or zwitterion is formed that, subse-
quently, undergoes further cross-linking reactions
(shown in Figure 1 for 1-methylimidazole and a
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Figure 1. Initiation reaction of 1-methylimidazole (1-MI)
and a DGEBA monomer, without hydroxyl catal-
ysis, to form an adduct that can further initiate a
cross-linking reaction (1).

diglycidyl ether of bisphenol A molecule (DGEBA),
without hydroxyl catalysis).

This two-step process includes (i) intermolecular and
intramolecular N-dealkylation reactions, leading ei-
ther to linear chain growth or a cyclisation of mole-
cules [24, 25], (i1) regeneration reactions of the ini-
tiator (B-elimination) [23], which allows to reuse the
initiator molecule for further initiation reactions,
(ii1) or catalytic effects on initiation and polymeriza-
tion, originating from hydroxyl groups [26, 27].
Figure 2 shows a possible polymerization route of
the initially created adduct (1, cf. Figure 1) with a
DGEBA molecule. Possible reactive pathways are
e.g. a linear polymerization route (2 to 3) or the for-
mation of crosslinks (3 to 4), depending on the oxi-
rane ring structure that is attacked.

This multiplicity of reactive pathways is comprehen-
sively summarized by Fernandez-Francos [23] and
demonstrates the underlying complexity of the
network formation that are far too often taken as
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granted, yet, which are the origin of the morpholog-
ical varieties of interest.

2.2. Materials and sample preparation

In the present work a bifunctional diglycidyl ether
of bisphenol A (DGEBA) based epoxy resin (Biresin
CR144, Sika Deutschland GmbH, Stuttgart, Ger-
many, average molecular weight My, =374 g/mol) is
homopolymerized using different concentrations of
I-methylimidazole as an initiator (1-MI, DY 070,
Huntsman Corp., Salt-Lake City, USA, average mo-
lecular weight M, = 82.1 g/mol). The mass concen-
trations were 0.9, 1.8 and 3.2 wt% (parts by weight
of 1-MI to 100 parts by weight of the resin), which
correspond to imidazole concentrations of about 2.0,
4.1 and 7.3 mol% (moles of imidazole per 100 moles
of epoxide groups). Samples were mixed at room
temperature with a dissolver aggregate for 20 min
until an optically homogeneous mixture had been
obtained. The samples are designated according to
the 1-MI concentration used, i.e. DGEBA/MI-0.9,
DGEBA/MI-1.8 and DGEBA/MI-3.2.

2.3. Infrared spectroscopy
Infrared spectroscopy was used as a tool to deter-
mine the chemical conversion of the different mate-
rials. Respective measurements were performed using
the technique of attenuated total reflection (ATR) on
a Nicolet iS50 (Thermo Fisher Scientific, Waltham,
USA). The device was attached to a Rheonaut module
0 o)
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Figure 2. Possible homopolymerization route of DGEBA: (1) initiated by 1-methylimidazole-DGEBA adduct, (2) and (3)
subsequent linear polymerization of DGEBA, (4) cross-linking of linear oligomers by reaction with (1), red: groups

that potentially undergo polymerization.
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(Haake Mars, Thermo Fisher Scientific, Waltham,
USA), which provides a heating stage with an em-
bedded diamond as a measuring prism. This setup al-
lows measuring IR spectra in a temperature range
from room temperature to 400 °C, either under iso-
thermal conditions or under the influence of a super-
imposed heating rate. The measurements were con-
ducted, isothermally, at Tis, = 80 °C. Once, the heating
stage had reached the anticipated temperature, a
sample of the liquid and reactive mixture was poured
onto the measuring prism. Simultaneously, data ac-
quisition was started. Every 30 seconds one (1) IR
spectrum was recorded, which was the average out
of eight (8) IR spectra, taken within four (4) seconds.
The total measuring time varied in between 180 to
360 min, depending on the accelerator concentra-
tion. The number of spectra varied between 360 to
720, respectively.

For determining the chemical conversion of the dif-
ferent materials, the band heights, i.e. the intensities
associated with the oxirane band Aox(f) (at v=
914 cm™) and the aromatic backbone molecules
hpn(?) (phenylene band at v= 1505 cm™!) were inves-
tigated [8, 28, 29]. The intensity of the oxirane band
signal is a measure of the number of epoxied groups
potentially available for initiation of the polymeriza-
tion and subsequent homopolymerization (cf. Sec-
tion 2.1.). Hence, the degree of cure u, and thus the
reduction of the intensity of the oxirane ring band,
is a time and polymerization driven process. On the
other hand, the band height of the phenylene struc-
ture is considered as unaffected by the polymerization
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process. Other effects, such as e.g. atmospheric in-
fluences on the measuring signal can affect the peak
heights, and are accounted for by relating the height
of the spectral line of the oxirane ring to the height
of the spectral line of the phenlyene ring.

For data analyses, the background signal was fitted
using a spline-fit function. The peaks of the oxirane
ring structure and the phenylene were fitted using a
Gauss-fit function. The degree of cure u was deter-
mined based on Equation (1):
hoy (1)

hpn (2)

hOx(Z‘O)
hpy (%)

u(t)=1-

(M

The initial peak intensities at #, were determined at
t = to = 2 min, to allow temperature equilibration of
the sample.

2.4. Abbe refractometry and TMOR

The underlying measuring principle of TMOR [18,
30] is Abbe refractometry, which measures the angle
oo Of total internal reflection at the interface be-
tween a prism of known refractive index 7prism and
the optically homogeneous and transparent sample.
The prism is made of neodymium-doped yttrium
aluminum garnet (YAG) or sapphire.

Applying Snellius law the refractive index ngmple 0f
the sample can be calculated for the given optical
wavelength A and the temperature 7 at ambient pres-
sure.

Modern Abbe refractometry (Abbemat 550,
Anton Paar OptoTec GmbH, Seelze, Germany),
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Figure 3. Principles of the Abbe refractometry and TMOR measurement technique: a) (1) light source for A = 589 nm (Na-D
spectral line), (2) diode array sensor, (3) measurement prism, (4) sample with ngmple = 72, (5) sample cavity,
(6) temperature controller, (7) temperature sensor, (8) divergent yet monochromatic light beam. b) s-polarized
Fresnel curve. R reflection coefficient, a angle of incidence.
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schematically given in Figure 3a, measures the s-po-
larized Fresnel curve (Figure 3b). This Fresnel curve
is detected with a diode array (Figure 3a (2)) and the
refractive index 7 = ngmple 1s derived from the fit of
this curve. Based on measurements of n, the quantity
Nmean 18 defined as the sliding average over one mod-
ulation period by the Abbemat 550 instrument (with-
out influence of the operator). It is the quantity Npean,
which is discussed when the refractive index is ad-
dressed in the current paper. The relative and ab-
solute accuracy of ANpean/Nmean are 107 and 107 re-
spectively.

The temperature control (6) in Figure 3a, allows for
a temperature accuracy of AT ==+0.03 K of the prism
and the adjacent probed sample volume.

After sample preparation, the liquid and reactive
mixtures were poured onto the pre-heated measuring
prism of the refractometer. All measurements are
performed under isothermal conditions at Tjs, =
80°C and constant pressure, i.e. Nyean only depends
on the internal variable (u(?))r;,. In the present work,
the temperature amplitude 47 is 0.1 K, the tempera-
ture-induced relaxation dynamics are probed at a low
frequency of /=17 mHz, corresponding to a modu-
lation period of T = 60 s. The measured Ny data
are automatically recorded in a computer file as a
table (¢, Nmean) Where t corresponds to the time of
measurement.

Note, for measuring reasons data acquisition starts
only after two minutes, after the start of the meas-
urement. Hence, all events, such as temperature in-
duced heating rate effects due to temperature equili-
bration of the ~0.15 ml sample on the hot prism
surface, are not captured within the datasets.

3. Results and discussion

The homopolymerization of a DGEBA resin is a
complex combination of linear chain growth and
cross-linking reactions, regeneration reactions of the
initiator species or even termination reactions of sin-
gle polymerization processes, cf. Section 2.1 or [23].
Thereby, the underlying processes largely depend on
the initial initiator concentration. In the case of very
low initiator concentrations, the formed adducts (cf.
Figure 1) are far apart from each other, i.e. the
chances of immediate interactions between these re-
active adducts are extremely limited in order to form
cross-links (cf. Figure 2). Considering such rather
theoretical conditions, subsequent polymerization re-
actions are likely to start via linear chain growth.

Assuming one single initiator specie could be intro-
duced into the DGEBA system, and regeneration re-
actions would be omitted, such a homopolymeriza-
tion reaction could yield to the formation of an
extremely large single polymer chain. On the con-
trary, when high initial initiator concentrations pre-
vail in the DGEBA resin, interactions between initi-
ated moieties increase and along with that the
number of cross-linking reactions. At the other ex-
treme, when the 1-MI concentration reaches such a
degree that the number of formed adducts is equal
or exceeds the number of remaining DGEBA mole-
cules, cross-linking might even be stopped, and low
molecular, liquid, non-cross-linkable oligomers re-
main, since reactive partners are missing [31]. Even
more, if one additionally considers that these process-
es are not unique to a certain DGEBA/1-MI compo-
sition and sample, but can also occur simultaneously
in the same sample, e.g. driven by local differences
of the 1-MI concentration and eventually provoked
by externally induced heat flux, it becomes obvious,
how complex and difficult it is to predict and derive
macromolecular properties of such polymer systems.
However, common to all these mechanisms, in the
course of polymerization, is that they are represented
by volume changes. Hence, investigating this phys-
ical property, not only as a measure to shrinkage, but
also via the refractive index as a natural order param-
eter to the degree of cross-linking seems a reasonable
pathway in order to peak behind the complex mo-
lecular processes during homopolymerization.

3.1. TMOR and IR — access to the degree of
cure and the dynamic glass transition

For practical reasons, measurements of physical or
chemical properties in the course of polymerization
are usually performed as a function of time, which is
a poor measure to the progress of polymerization. A
more valuable source of information about the
progress of polymerization is the degree of cure, i.e.
the level of the chemical turnover. Therefore, the ab-
scissa of time has to be transformed to the degree of
cure axis. To do this, a common experimental tech-
nique is infrared spectroscopy (IR, IR-ATR) [28, 29,
31]. Figure 4 shows a typical IR-ATR diagram for
the spectroscopic conversion, u, of one of our model
systems, DGEBA/MI-3.2 (dataset 3, indicated as
subscript), at Tis, = 80 °C as a function of curing time
(red, spherical data points). The degree of cure, u,
starts by strongly increasing at the beginning of the
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Figure 4. Homopolymerization of DGEBA/MI-3.2 at T, =
80°C. Spectroscopic conversion u (red data points)
and average refractive index Npyean (black data
points) of one dataset (dataset no. 3, indicated as
subscript) as a function of curing time. #(Tydyn) 1S
the time when the chemically-induced, dynamic
glass transition (based on Py, cf. Figure 7) is
reached.

polymerization process and then bottoms out, reach-
ing an incomplete or hindered state of polymeriza-
tion at u ~ 0.8. However, the course of u(¢) does not
provide any information about the type of polymer-
ization. The measured degree of cure, based on the
loss of oxirane rings, changes in the course of poly-
merization independent of a linear type of polymer-
ization or a cross-linking process. In both cases, the
number of oxirane rings diminishes.

Therefore, besides the chemical conversion over
time, as seen by IR-ATR, Figure 4 shows addition-
ally the evolution of the refractive index Nyean (Mea-
sured independently by TMOR) as a function of time
t, in the course of the polymerization of the sample
DGEBA/MI-3.2 (black, squared data points). The
similarity of both measurements is striking. This ap-
parent resemblance between u(¢) and Nyean(?) sug-
gests the existence of a similarity-transformation be-
tween both quantities, which is not only limited to
the current epoxy/initiator system, as discussed below.
Thus, the question appears in which way the refrac-
tive indexX Npean 18 related to the formation of chem-
ical bonds or the annihilation of reactive groups. To
elucidate this relationship, it is necessary to analyse
the Lorenz-Lorentz relationship [32-34] (Equa-
tion (2)):

_/1+2-rp
Noean =4/ TT=7r-p 2

where 7 corresponds to the specific refractivity and
p to the mass density of the sample. The mass den-
sity p is proportional to the electronic dipole density
of the material under consideration and r reflects the
average magnitude of the electronic dipole moments.
Hence, polymerization-induced changes of Nyeay are
caused by a polymerization-induced molecular den-
sification of the electronic dipole system, i.e. the ma-
terial shrinks, and the annihilation and creation of
electronic dipoles due to the formation of new chem-
ical bonds is accompanied by the loss of oxirane
rings. In other words, the chemical reaction, i.e. the
change of chemical bonds, which is measured by the
loss of the oxirane rings, leads to a densification of
the polymerizing material and to the loss and cre-
ation of new dipoles.

If Ninean can be defined as a function of the chemical
turnover u, based on the Lorentz-Lorenz equation,
two independent coefficients P(u) and y(u«) can be
related to the first derivative of Nyean(#0) [18] (Equa-
tion (3)):

_6Nmean(u) . deean —
<Nr2nean(u) - 1)(Nr2nean(u)+ 2) dM (3)
=y(u)+ Pu)
with (Equation (4) and (5)):

d
B0 = By (1) =317 @
y(u) =—%g—2 (5)

where B = B, is called the ‘shrink coefficient” and
defines the relative change of the specific refractivity
due to changes of chemical bonds. If the changes of
y are small in comparison to those of B, i.e. y << f3,
the changes dNpean/du are predominantly caused by
the polymerization-induced volume shrinkage.
Taking the similarity between u(f) and Nyean(?) into
account, it is self-evident to eliminate the time co-
ordinate ¢ in both datasets in order to create a direct
relationship between both quantities, as shown in
Figure 5.

The polymerization process, as reflected by the de-
gree of cure u, ends at about ugp ~ 0.8 (further dis-
cussion see below), whereas the full turnover (u = 1)
is based on a three hour-post curing process at
140 °C. After the post-curing process, the relevant
spectral peak intensity was evaluated and set to
100%. As expected from Figure 4, the presentation
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Figure 5. Relationship between the refractive index Npyean
and the spectroscopically measured degree of poly-
merization u of DGEBA/MI-3.2 (dataset 3, indi-
cated as index). ugp indicates the end of polymer-
ization for the applied isothermal condition Ty, =
80°C. A total error of 5% of the degree of cure is
indicated [8].

Of Nmean versus u in Figure 5 behaves widely linear.
However, for > 0.75, Niean seems to slightly level
off. This feature, at such a large chemical turnover
in the course of the Npean = Nmean(t)-plot, might be
either indicative for the chemically induced glass
transition or simply be related to data scatter. As a
matter of fact, at least at the end of the polymeriza-
tion process all samples were found to be in a solid
state, indicating the existence of a quasi-static glass
transition (73™"). In the case the dataset at the end of
the measurement is indeed bending (and would not
be an artefact due to data scatter), this behaviour
would indicate that the polymerization-induced glass
transition most-likely hinders further volume changes
while the polymerization continues. Such a bending
behaviour of Npean, or the volume shrinkage, over the
degree of cure was already reported by Miiller et al.
[8] and others [14, 15, 35]. From the perspective of
volume changes (cf. Equation (2)), Wenzel [35] stat-
ed that an off-levelling of the volume shrinkage as a
function of the degree of cure, in his case for an
epoxy/anhydride system, might indeed be related to
the glass transition of the system. Wenzel did not ob-
serve this behaviour for resin/ hardener systems that
did not reach a glassy state, due to non-stoichiomet-
ric mixtures. On the other hand, Holst ez a/. [15], who
performed similar investigations, did not find ‘sig-
nificant deviations’ from linearity in the course of
volume changes over the degree of cure, even though,
one could speculate on such a bending behaviour
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Figure 6. Relationship between the average refractive index
<Nmean™ and the average spectroscopically meas-
ured degree of polymerization <u> of DGEBA/
MI-3.2. u; corresponds to the degree of cure at
the loss maximum of Bhax (f= 17 mHz) given in
Figure 7. up corresponds to the maximum reach-
able chemical turn-over, under the given condi-
tions. A total error of 5% of the degree of cure for
u is indicated.

based on their data. However, in the present case, the
data accuracy of Figure 5 is insufficient to confirm
the glass transition-induced bending hypothesis.

To test the statistical relevance of the linear relation-
ship between Npean and u, on one hand, and the seem-
ingly bending behaviour of the Nyeu() function
close to the end of the polymerization process, on
the other, the Npean(?) dataset was independently
measured six times and the degree of cure (via IR)
four times. The results are shown in Figure 6.

In the margin of error the averaged <Npean™ as a
function of the averaged turnover <u> is still linear
in the complete <u>-interval. However, interestingly,
the polymerization process, reflected by the average
chemical turn-over <u>, ends at around 5 = ugp ~ 0.8.
Hence, something must hinder the further evolution
of the polymerization process at the isothermal poly-
merization temperature of 7= 80 °C. This could in-
deed be the above mentioned polymerization-in-
duced glass transition, which would strongly restrict
the translational, rotational and conformational mo-
lecular mobility of the constituents. However, nei-
ther the refractometry measurements nor the IR
measurements, presented and discussed so far, prove
the existence of a glass transition.

As indicated as u; in Figure 6, for DGEBA/MI-3.2,
dataset 3, the polymerization-induced dynamic glass
transition (f= 17 mHz, s.a. below) takes place at
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u; = 0.71. Around u,, which still reflects a viscoelas-
tic state of DGEBA/MI-3.2, it remains unclear whether
the polymerization-induced shrinkage can be hin-
dered although the polymerization proceeds. Since
the probe frequency of /=17 mHz is rather low, one
can indeed imagine such a behaviour. This would
mean, in the apparently bended region of Npean a su-
perordinate network structure would have been
frozen, already. However, very localized, further poly-
merization reactions could still occur, even though
they slowly diminish and stop at u, ~ 0.8.

As mentioned before, Abbe refractometry under iso-
thermal polymerization conditions is not able to yield
information about polymerization-induced freezing
phenomena. A physical quantity, which would prove
the presence of the polymerization-induced glass tran-
sition is the dynamical thermal volume expansion
coefficient B* (= p’' — iB"). This quantity can be ac-
cessed via the recently developed ‘Temperature
Modulated Optical Refractometry’ (TMOR). TMOR
[18, 30] is based on Abbe refractometry (cf. Sec-
tion 2.4.) and extended by a temperature controller
(cf. Figure 3a, (6)) which is able to modulate the
sample temperature close to the prism by superim-
posing a sinusoidal temperature signal, 77°¢ | on the
average temperature of the sample 7}y, (Equation (6)):

T(1) = Ty + T = T, + A" sin(27f1) (6)

where 7(f) is the instantaneous temperature, AT and
fare the amplitude and the frequency of the sinu-
soidal modulation of temperature, respectively. In
order to disturb the polymerization kinetics as little
as possible, the amplitude of the temperature modu-
lation is selected as low as 47 = 0.1 K. The theoret-
ical background of the TMOR technique has been
described in detail in literature (e.g. [ 14, 18-20, 30])
and therefore it will be introduced only shortly in the
current paper.

The refractive index response due to the temperature
excitation (Equation (6)) can be well described by
the following model in the framework of linearized
irreversible thermodynamics [16] (Equation (7)):

(n(1)), = (N, + (A", sin(2m1ft = (@),)  (7)

where Npean denotes the mean refractive index re-
sponse of the sample, calculated using a moving av-
erage over one modulation period (see also Sec-
tion 2.4.), A" is the amplitude of the sinusoidal

refractive index response to the temperature pertur-
bation, and @ is the phase lag between the sinusoidal
temperature perturbation and the refractive index re-
sponse.

The dynamic thermal expansion coefficient B*(¢) is
determined simultaneously and yields details about
phase transitions from the liquid state, over the per-
colation to the glassy state, even under isothermal
conditions. The dynamic thermal volume expansion
coefficient B"(¢, Tisosf) = B'(t, Tisorf) + iB" (£, Tisof) can
be quantified according to (Equations (8) and (9)):

~6(Nimean), _
Nr?nean)u - 1][<Nf2nean)u + 2]

(B,)u = [(

(8)
(A"),
. AT COS(((I))U)
. ~6(Nmean), ,
®), ([@)V;ean)u_l][(zviean)u+2] ©
A"),

T sin((q))u)

For the sake of simplicity, we omit the index u in the
following. In the absence of dynamics, or for very
low modulation frequencies, ' yields the static ther-
mal volume expansion coefficient Bgy. In the present
work, the temperature-induced relaxation dynamics
are probed at a low frequency of /=17 mHz, corre-
sponding to a modulation time of Ty,,q = 60 s. The
time scale of the dynamic probe may come in con-
flict with polymerization when the polymerization
progress is too fast. A proper evolution of a neat si-
nusoidal signal n(¢) is therefore a precondition for
the determination of B*(¢). This limits the possibility
to determine B°(f;f) with TMOR at large rates of
polymerization.

Figure 7 shows the real and imaginary part of the dy-
namic thermal volume expansion coefficient, of
DGEBA/MI-3.2 over time at T;,, = 80°C.

The imaginary part B” shows a clear maximum after
{(Tg4yn) ~43 minutes. At the same time the real part,
[', shows an inflection point and strongly decreases
from about 6-10~4/K to about 1.5-10~4/K. This change
of the dynamic thermal volume expansion coeffi-
cients B’ and B” is typical for a polymerization-in-
duced glass transition [18]. According to Figure 4
the temporal position of this glass transition #( 7 qyn)
is just below the levelling of Npean, and according to
Figure 5 and Figure 6 (cf. marked region), close to
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Figure 7. Real and imaginary part of the dynamical thermal
volume expansion coefficient p*= B’ —ip” of
DGEBA/MI-3.2 (dataset 3), measured at Ti, =
80°C as a function of time. Dataset approximation
(dashed lines) at the beginning of the measure-
ment, due to the interference between velocity of
the chemical conversion and dynamic probe fre-
quency (Tmod = 1//= 60 s). Ty gyn = 80 °C is reached
after ~43 minutes and defines the dynamic glass
transition temperature measured at a frequency of
f=17 mHz.

the end of the recorded Nimean = Nmean(tt) curve. The
behaviour of Nyean 1n all datasets indicates that the
end of the polymerization process is driven by a poly-
merization-induced glass transition. However, it
should be kept in mind that the described glass tran-
sition phenomenon is of dynamical nature, i.e. the
static solidification, which would strongly hinder
further polymerization, occurs somewhat later after
the peak of B” in Figure 7.

3.2. Influence of 1-MI concentration on the
polymerization process

As has recently been shown in [13], the amount of
initiator species (1-MI) largely affects the network
formation, under the perspective of volume changes
of DGEBA. This leads to several questions regard-
ing the influence of 1-MI on the polymerization
process: i) does the 1-MI concentration affect the
final degree of cure, as measured by the spectroscopic
turnover u (loss of oxirane rings)? ii) to which extent
does the degree of cure modify the refractive index
Nmean, considering that the amount of 1-MI mole-
cules might change the ratio between linear bond
formation and cross-linking? And in turn, how does
the type of bond formation affect the relationship be-
tween Npean and the spectroscopic degree of cure u?

Finaltumn-over _ _~_ " _______ I ___ -]
0.8 1 E
0.6 —
¢
o)
3
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o
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T T T

T T T T T
0 50 100 150 200 250 300 350 400
Time, t[min]

Figure 8. Average spectroscopic turnover <u> as a function
of curing time measured at Tjs, = 80 °C for differ-
ent mixtures of DGEBA with 1-MI.

ii1) The polymerization-induced glass transition de-
pends on the molecular arrangement during the net-
work formation. How does this phenomenon be-
come visible in the Nyeay versus u-representation, if
the 1-MI concentration changes?

To elucidate question (i) Figure 8 shows the average
degree of cure <u> over time for three different
DGEBA/MI systems. Obviously, and in the margin
of error, the final spectroscopically measured degree
of cure is independent of the 1-MI concentration. It
levels off at around u = 0.83. In other words, inde-
pendent of the type of polymerization (i.e. cross-
linking vs. linear chain extension), the final degree
of cure is neither enhanced nor restricted by the
polymerization process, at least in the investigated
1-MI concentration range. Hence, the loss of oxirane
rings is very similar for all material systems. In con-
trast, the time-related behaviour of the <u>(f)-curves
strongly depends on the 1-MI concentration (see
also (iii)).

With regard to question (ii) and as shown in Figure 9,
in the margin of error, the electronic polarizability
(<Nmean>) seems not to be modified by the number
of created and/or annihilated chemical bonds (<u>).
Based on the given datasets, nothing can be said
about the ratio between the formation of cross-links
and linear bonds. At the beginning of the polymer-
ization process, <Nmean>(<t>) follows a descending
order with increasing 1-MI concentration. This be-
haviour is to be expected due to the molecular mix-
ture of DGEBA (ny-gpec= 1.5477) and 1-MI
(nt=g0°c = 1.4691). Between 0.2 <<u><0.7 the
data points for the different MI-concentrations
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Figure 9. Relationship between the average refractive index
<Nmean> and the spectroscopically measured de-
gree of cure <u> of DGEBA, under the influence
of three different concentrations of 1-MI: 0.9, 1.8
and 3.2, the dashed, linear slope serves as a guide
to the eye.

merge, probably indicating the consumption of free
1-MI-molecules, as shown and discussed in [13].
Above 1> 0.7, <Nyean™> seems to level for all DGEBA/
Ml-systems. Thereby, in the margin of error, the lev-
elling behaviour is rather undefined and independent
of the 1-MI-concentration. Hence, the 1-MI-concen-
trations used for the current experiments neither in-
fluence the final degree of cure at the polymerization
temperature of 80 °C (cf. also Figure 8), nor do they
affect the levelling behaviour of the <Npc,n>-data
(Figure 9). Moreover, the linear transformation be-
tween <Npean™> and <u>, within the scope of accura-
cy, is independent of the 1-MI-concentration.

It should be noted that the shown datasets are an av-
erage of several measurements, which all underlie
certain measuring variabilities and uncertainties,
such as e.g. the seemingly identical time scales of
the independent measurements of the refractive
index and the spectroscopically measured degree of
cure. The latter one even underlies the challenge to
properly interpret the base line for data evaluation.
Coming to question (iii): According to the Lorentz-
Lorenz relationship (Equation (2)), the levelling of
<Nmean™> at 1 > 0.7, has to be related to some kind of
volume changes. Rearranging Equation (2), the vol-
ume shrinkage can be derived from Npean (Equa-
tions (10) and (11)), in the whole course of polymer-
ization, up to the final, levelled state, under the given
isothermal conditions [13, 36]:

_ vns_vns,u:0
T T (10)
where:
2
1 Nmean+2
Vs =7 = 2 ,r=1 (11)
" r p Nmea.n_l

Figure 10 displays a data plot of the derived volume
shrinkage vg, of the different DGEBA/MI systems
as a function of the spectroscopically measured de-
gree of cure <u>. The maximum shrinkage between
u =0 and u ~ 0.83 changes gradually from 4.8 to 5.1
to 5.3% with increasing 1-MI-concentration. From
the data scatter point of view, the hierarchy of the
maximum shrinkage with respect to the 1-MI-con-
centration seems to be statistically relevant.

At the beginning of the polymerization process, the
volume shrinkage overlaps for all three systems.
Then, in the course of polymerization, the datasets
start to deviate from each other and split up onto
three different plateaus once the volume changes
start to level, following the already mentioned de-
scending order of maximum shrinkage with increas-
ing 1-MI concentration. Hence, the volume shrink-
age opposed to the levelling behaviour of <Nyean™>
over <u> (Figure 9) is a more sensitive measure to
the effect of different 1-MI concentrations.

Volume shrinkage means an improved molecular
packing and indicates a loss of translational and rota-
tional degrees of freedom of molecules. The formation
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a, = DGEBA/MI-3.2
1 - 4
- [£]
)
> 2+ o 7
(0]
o
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<
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| ]
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o
> " _48%
u L]
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Figure 10. Volume shrinkage as a function of the spectro-
scopically measured degree of cure <u> of
DGEBA, under the influence of three different
concentrations of 1-MI: 0.9, 1.8 and 3.2. The
dataset was derived from the Npea, data given in
Figure 9.
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of strong intermolecular bonds, in particular in the
case of a three dimensional molecular network for-
mation, is especially efficient in producing such loss-
es. Following this argumentation, the maximum
shrinkage hierarchy discussed above could indicate
an increased cross-link density for materials with in-
creased 1-MI-concentration. However, other types
of strong molecular bonds between molecules and
chains might influence or substitute the effect of
cross-linking.

Comparing the datasets of Figure 9 and Figure 10,
even the volume shrinkage could be considered as a
measure to the degree of cure, if the linearity be-
tween degree of cure and volume shrinkage is taken
into account.

So far, based on the analyses of Npean(?), u(?) and
ven(£), it remains unclear if the levelling in the datasets
correlates to the polymerization-induced glass tran-
sition. Therefore TMOR measurements were per-
formed to supplement the already gained results by
the dynamic thermal volume expansion coefficient
B*(r), which is a sensitive property to freezing
processes.

The dynamic thermal volume expansion coefficients,
B’ and B”, as shown in Figure 7, are measured as a
function of time and not as function of the chemical
turnover u. In order to replace the time by the chem-
ical turnover we can now simply replace the spec-
troscopically measured turnover u with the short time
averaged refractive indeX Npean, based on the above
discussed similarity transformation. In Figure 11, the
dynamic thermal volume expansion coefficient
B (/) = B'(f) — iB"(f) is shown as a function of the av-
erage chemical turnover <u> (top axis), as well as
<Nmean> (bottom axis). The results obtained for the
probe frequency f'= w/(2n) = 17 mHz are striking:
The real and imaginary parts, ' and ", behave as a
function of the degree of cure, u, like a turnover-con-
trolled glass relaxator. An amorphous polymer un-
dergoing a thermal glass transition under cooling
conditions would show a similar trend for ' and "
[19, 37]. In both cases the glass transition is a result
of the randomly closed packing of the molecular sys-
tem [5, 38], and the drop of the dynamic thermal vol-
ume expansion coefficient ' is a canonical precursor
for the glass transition. The interpretation of a poly-
merization-induced glass relaxator [5] is in line with
the correlation between the linear part of f'(x) and a
quasi-static thermal volume expansion coefficient
B(u) with ot << 1, where 7 is the main relaxation

time of the glass-forming process and /= w/(2n) is
the thermal probe frequency. In contrast to literature
[39], as a consequence of the strict linearity of the
B'(u) ~ B(u)-dataset, until the onset of the dynamic
glass transition and in the margin of error, any evi-
dence for a percolation phase transition can be ruled
out. From the perspective of the shear stiffness, the
percolation threshold becomes visible as a second
order phase transition and is extremely important
when designing applications based on cross-linked
polymers. Taking the shear stiffness G(u) as an order
parameter susceptibility, there seems to be no cou-
pling between G(u) and B(u). The slightly decreasing
linear part, in the region of wt < 1 of B’ = B'(u) sug-
gests that the anharmonicity of the average intermol-
ecular interaction potential at the polymerization tem-
perature of 7is, = 80 °C decreases continuously from
the liquid to the viscoelastic state, with an increasing
degree of cure. In the course of polymerization,
when the polymer system undergoes a transition to
the glass state, the thermal volume expansion is dom-
inantly caused by anharmonic vibrations [16].
Another result obtained from Figure 11 is the fact
that within the linear range of '(x) the quasi-static
thermal volume expansion is almost independent of
the 1-MI concentration. Taking into account that the
ratio between cross-links and linear molecular bonds
might increase with the 1-MI concentration, it ap-
pears that, in the margin of error, B'(«) does not de-
pend on this ratio. This is also true for each system
on its own. Hence, in the course of polymerization,
up to u <0.7, the thermal volume expansion ' seems
to be independent of the type of polymerization (lin-
ear bond formation vs. cross-linking).

The rather large thermomechanical losses, reflected
by B"(«) in the linear range of f'(#) have nothing to
do with the glass relaxation (a-process), instead they
are rather caused by hydrodynamic friction between
the polymer material and the optical prism surface
in the refractometer [19].

The three horizontal bars in Figure 11 indicate the
Nmean-interval (i.e. the degree of cure), in which the
dynamic glass transition, based on B, of up to six
individual measurements of DGEBA/MI-0.9, -1.8
and -3.2 varied. In the range of the applied 1-MI con-
centrations, the dynamic glass transitions largely
overlap. For a more detailed view on the variation
of individual measurements of the same material
batch see the data collection of DGEBA/MI-1.8 in
Figure 12.
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Figure 12. Collection of four individual TMOR measure-
ments of DGEBA/MI-1.8. Shown are the me-
chanical loss curves as a function of the refractive
index development in the course of polymeriza-
tion. The datasets were obtained based on the
same material batch, measured with four different
TMOR refractometers.

This result clearly demonstrates that the same super-
imposed process (7is, = 80°C), applied to samples
that have been prepared under the most identical
conditions possible, leads to different glassy states
due to the formation of different morphologies.
However, again, it should be stressed that the dy-
namical glass transition, measured with a probe fre-
quency at 17 mHz, represents still a viscoelastic and

not a solid state. In agreement with this statement,
polymerization might still be possible although the
volume change reflects almost solid-state properties.
All over, the glass transition largely depends on the
molecular bond formation path (including linear
polymerization versus cross-linking) and thus under-
lies a certain statistical uncertainty, which needs to
be kept in mind when dealing with non-equilibrium
type of processes such as polymerization.

4. Conclusions

Based on a combination of TMOR and IR spec-
troscopy, it has been shown that the refractive index
can substitute the spectroscopically measured degree
of cure, over a wide range, from the initially liquid
and reactive state up to the glass transition. Even
more, the simultaneously assessed thermal volume
expansion coefficient, as a tool to access the glass
transition, can accordingly be described as a function
of the chemical turnover (the refractive index), using
the same experiment, even under isothermal condi-
tions. Based on the homopolymerization of the epoxy
resin, i.e. the exclusive loss of oxirane ring structures
during polymerization, it is shown that the depletion
of reactive groups measured via IR is indeed a meas-
ure to the total degree of cure, since other network-
forming reactions are excluded. This means, due to
the homopolymerization reaction, the changes of the
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refractive index, as a measure to the electronic dipole
density and the average magnitude of the electronic
dipole moments, can be exclusively related to the
loss of a single molecular group: the oxirane rings.
Hence, this is the origin of the striking linearity be-
tween the spectroscopically measured degree of cure
and the refractive index. In cases, when different re-
active moieties might be involved in the polymer-
ization process, the spectroscopically measured de-
gree of cure is less meaningful and the linear rela-
tionship to the refractive index deviates. This argu-
ment even strengthens the usage of the refractive
index as a measure to the degree of cure for all types
of polymerization processes, because changes of the
refractive index involve all possible changes of the
underlying morphology, independent of the chemical
origin.

This holds true, at least up to the glass transition,
when the molecular movement is largely hindered
but intra-network reactions can still occur, e.g. due
to unreacted moieties. Such chemical reactions rather
increase internal mechanical stresses than cause an-
other change of the volume.

Within that regard, the quasi-static glass transition
appears as a bending or levelling of the refractive
index over u in the Nyean = Nmean(#)-plot and causes
the saturation of the volume shrinkage at high chem-
ical turnovers. Nevertheless, a unique correlation be-
tween the 1-MI concentration and the polymeriza-
tion-induced appearance of 73 on the <u>-axis is
not observed. However, in contrast to Nyean, the de-
rived volume shrinkage seems to be more sensitive
to the variations of the initiator concentration and ul-
timately increases from 4.8 to 5.3% with increasing
initiator concentration.

Furthermore, it is found that the variation of the 1-
MI concentration (up to 3.2 wt%) as an initiator to
the homopolymerization reaction has neither an ef-
fect on the totally achievable degree of cure of such
systems nor on the polymerization-induced dynamic
glass transition, as shown by low frequency measure-
ments (f= 17 mHz) of the dynamic thermal volume
expansion coefficient B'(«), for all 1-MI concentra-
tions. This is because the glass transition itself under-
lies a certain statistical uncertainty, due to the mor-
phological variation during polymerization. Here, it
should be stressed that the quasi-static glass transi-
tion, as measured by Abbe refractometry, is moni-
tored by volume changes at the transition into the
solid state, whereas the chemical induced dynamic

glass transition is monitored by entropy production
(B"). The quasi-static and the dynamic monitoring of
the chemical induced glass transition therefore yield
different perspectives on the glass transition.
Finally, there is no indication for any instantaneous
structural change for the three 1-MI concentrations
below the polymerization-induced dynamic glass
transition. Hence, the percolation transition does not
couple to the thermal volume expansion in a meas-
urable way but remains hidden in the dynamic sus-
ceptibility of thermal volume expansion.
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