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ABSTRACT: Multilayered thiol-ene network films with two and three different components were fabricated by spin coating and photopo-
lymerization. The distinctive glass transition temperatures of each layer component were observed at corresponding glass transition
regions of each bulk sample. Sub-T, aging of 10-, 21-, and 32-layered thiol-ene films was investigated in terms of enthalpy relaxation.
Enthalpy relaxation of each layer component occurred independently and presented the characteristic time and temperature dependency.
Overlapped unsymmetrical bell-shaped enthalpy relaxation distribution having peak maximum at T,-10°C of each layer component was
observed, resulting in broad distribution of enthalpy relaxation over wide temperature range. In addition, enthalpy relaxation of each
layer component in the multilayered thiol-ene films was significantly accelerated comparing to that of bulk thiol-ene samples. Dynamic
mechanical thermal properties of multilayered thiol-ene films also showed two and three separated glass transition temperature. How-
ever, for 32-layered thiol-ene film consisting of three different layer components, glass transition and damping region are overlapped
and the width is extended more than 100°C. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Photopolymerized thiol-ene networks have attracted much in-
terest in academia as well as industries due to the unique reac-
tion mechanism and chemical structure.'™"> The kinetics of
thiol-ene reactions following free-radical step reactions and re-
sultant uniform networks structure have been extensively stud-
ied by Bowman and Hoyle since 2000.°”"> Uniform and highly
dense network structure results in narrow glass transition tem-
perature (FWHM < 20°C) and very high damping factor (tan ¢
< 1.6) due to probably narrow distribution of relaxation
times."'* Recently, the physical importance of the uniformity of
thiol-ene networks has been reported by correlating chemical
structure of thiol-ene networks and sub-T, aging in terms of en-
thalpy relaxation.">'® The overall relaxation is significantly
affected by chemical structural parameters such as network uni-
formity, crosslink density, rigidity, bulky side groups, and
hydrogen bonding. It is well known that apparent glass transi-
tion temperature and physical/mechanical properties of polymer
materials can be potentially changed during the sub-T, aging.
In most cases, maximum enthalpy relaxation rate is observed at
T¢-10°C that resulted by the competition between thermody-
namic driving force and molecular mobility."”” As photopoly-
merized thiol-ene based materials mostly have T, near room
temperature, the considerable property changes by sub-T, aging
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are expected. Thus, it has been reported that the overall rate
(Pu) and extent of enthalpy relaxation (dy) can be successfully
restricted by chemical and physical modification of the thiol-
ene network structure.'

Polymer thin films are widely being used as a membrane for gas
separation and food packaging. Also, recently their applications
are expanding over many applications with the increasing
demand of miniaturizing electronic devices.'”*° It is known
that as thickness decreases, the physical properties of very thin
polymer films appear to be different with what is observed in
the bulk.*'* Special attention has been paid to study glass
transition (T,) behavior in confined thin films where the T is
correlated to the chain mobility and interfacial interaction with
substrate.”*** In the case of polymer films having weak interac-
tion with the substrate, T, usually decreases with decreasing
film thickness.”"** If such a thin film is removed from the sub-
strate, the resultant free-standing film has much different T,
than the film attached to the substrate.”> On the contrary, an
increase of T, with decreasing film thickness has been shown
for a PMMA (poly(methyl-methacrylate)) thin film on a hydro-
philic-modified substrate where there is strong interaction
between the polymer thin film and the substrate.”*** Therefore,
it is concluded that, at least for linear, noncrosslinked or net-
work polymers, the nature of the substrate-film interface is a
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Figure 1. The chemical structure of thiol and ene monomers.

critical factor affecting the thermal properties of polymer thin
films. Especially, it can be speculated that the substrate-film
interface will also affect relaxation processes upon physical
aging. Interestingly, several recent reports have shown that the
accelerated physical aging of thin films formed from linear poly-
mers result in drastic changes of physical properties on very
short time scales.'"™>%*® Huang et al. observed more rapid
increase in refractive index of thin films than that of thick films
for linear polymers.”® It has also reported that gas permeability
of polymer thin films significantly decrease as a function of
time, which has been correlated to physical aging.'®>%*¢2
Because gas permeation of polymeric materials is directly related
to free volume, the accelerated physical aging for polymer thin
films seems to result in the rapid free volume changes.

Multilayered films of different polymers are commonly used in
many applications such as gas barriers for food packaging and
anti-reflective optical coatings.”*>' These multilayered films
consist of a few to thousands layers with two or more different
polymers. Each polymer has different physical properties and
sensitivity to environment, i.e., environment changes such as
temperature and humidity, so that the responses to environ-
mental change are individual. Thus, it is important to charac-
terize and understand the physical and mechanical properties
of each layer within the multilayered films. For instance, if
each polymer or layer is actually phase separated without any
chemical bonding, they will undergo sub-T, aging at different
rate for a specific set of annealing conditions due to their dif-
ferent molecular parameters, such as chain rigidity and cross-
link density.

In this article, 10-, 21-, and 32-layered thiol-ene photo-poly-
merized films were fabricated with two and three different
chemical compositions, respectively, by spin coating and eval-
uated in terms of sub-T, aging monitored by enthalpy relaxa-
tion. The extent and rate of enthalpy relaxation of multilayered
thiol-ene network films were investigated and compared with
bulk samples of each composition. In addition, layering thiol-
ene films, which have high uniform dense network resulting in
glass transition occurring at narrow temperature region, pro-
vided a good venue as a damping material through the wide
temperature range of loss modulus and tan 9.
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EXPERIMENTAL

Materials

Thiols (Trimethylolpropane tris(3-mercaptopropionate) (Thiol
1) and pentaerythritol tetra(3-mercaptopropionate) (Thiol 2))
and ene monomers (allyl pentaerythritol (Ene 1), 2,4,6-trially-
loxy-1,3,5-triazine (Ene 2), and 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (Ene 3)) were obtained from Bruno
Bock Thio-Chemicals-S and Perstorp Specialty Chemicals,
respectively (Figure 1). The photoinitiator, 2,2-dimethoxy 2-
phenyl acetophenone (DMPA), was obtained from Ciba Spe-
cialty Chemicals and directly used without purification.

Preparation of Multilayered Thiol-ene Films

Each layer has different glass transition temperature by the
combination of different thiol and ene monomers that have dif-
ferent functionality and rigidity (Thiol 1-Ene 1 : T, = —14°C,
Thiol 2-Ene 2 : T, = 10°C, and Thiol 2-Ene 3 : T, = 45°C).
Thiols and enes for each layer were mixed with 1 wt % of
photo-initiator (DMPA) and sonicated for 30 min in order to
dissolve it. Multilayered thiol-ene network films were prepared
by repeating spin coating and UV irradiation on the glass plate
(2.5 x 2.5 cm?). UV lamp was shuttered using an electrically
automated optical shutter while each layer was spin-coated.
Thickness of each layer was controlled by the spin rate and UV
light was irradiated for 30 s with low pressure mercury lamp
(254 nm, 0.1 mW/cm?). Photopolymerized multilayered thiol-
ene network films were postcured at 80°C, which is higher than
T, of all thiol-ene layer components, for 12 h in order to ensure
full conversion of thiol-ene free-radical reaction and remove the
possibility of unexpected chemical structural change during
physical aging. Figure 2 illustrates a diagram for multilayered
thiol-ene network films consisting of three types of thiol-ene
network layers with three separate Ts as well as physical aging
behavior at specific temperature and time. Thickness of each
layer and film was controlled by the amount of mixture and
rpm of spin coater. Thickness of each layer was calculated with
the weight, density of monomers, and area of glass plate when
prepared and it was compared with SEM analysis after the com-
pletion of the postcuring. The difference of thickness between
the value obtained by the calculation and actual measurement
was less than 5%, which resulted by the shrinkage during
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Figure 2. (a) Layer by layer structure thiol-ene network films with three
different components, (b) diagram of physical aging of multilayered thiol-
ene network films at three different annealing temperatures (7). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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network formation. Two different sets of multilayered thiol-ene
network films were prepared in this study. For the first set, 10-,
21-, and 32-layered thiol-ene network films were fabricated by
alternating two layer components (Thiol 1-Ene 1 and Thiol 2-
Ene 3) with the variation of overall thickness. 21- and 32-lay-
ered thiol-ene network films were made by combining 10-lay-
ered thiol-ene film (containing Thiol 1-Ene 2 and Thiol 2-Ene
3) with Thiol 1-Ene 1 and Thiol 2-Ene 3 monomer mixtures as
adhesion layers. The average thicknesses of Thiol 1-Ene 1 and
Thiol 2-Ene 3 were 47 and 43 um, respectively. The overall
thicknesses of 10-, 21-, and 32-layered thiol-ene network films
were 450, 950, and 1430 um, respectively, and the weight ratio
of all three systems was about 55:45. The second set of sample
was prepared by layering three different thiol-ene system (Thiol
1-Ene 1, Thiol 2-Ene 1, and Thiol 2-Ene 2) and the average
thicknesses were 16, 20, and 17 um, respectively. The number of
each layer (9:10:13) and weight ratio (25:35:40) were deter-
mined based on the results reported in our previous study.'’
The heat capacity change at T, (AC;) on DSC heating scan is
directly related to the overall rate and amount of enthalpy relax-
ation (the area of enthalpy relaxation peak). Also, the chemical
structure of thiol and ene monomers, i.e., functionality and ri-
gidity, has a significant effect on the enthalpy relaxation. Thus,
10-layered thiol-ene network film of the first set of thiol-ene
network films was simply designed to show the distinct differ-
ence of enthalpy relaxation distribution of each composition at
approximately the same weight ratio (55:45) by weight. 21- and
32-layered thiol-ene network films were additionally prepared in
order to investigate the effect of number of layers with the same
layer components on the enthalpy relaxation. For 32-layred
thiol-ene network film of the second set, the number of layers
and weight ratio were designed based on quantitative calcula-
tion using AC,, resulting in the ratio of 9:10:13 by layers and
25:35:40 by weight. The overall thickness was 564 um for 32-
layered thiol-ene network film.
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Figure 3. Physical aging behavior by different annealing methods; (a) Differential cooling rate (g cooling rate), (b) Isochronal (annealing time, t, =

constant), and (c) Isothermal (annealing temperature, T, = constant).
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[Color figure can be viewed in the online issue, which is available at
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Figure 4. Three different experimental procedures for enthalpy relaxation;
(a) Differential cooling rate, (b) Isochronal, and (c) Isothermal; g. and ¢), =
cooling and heating rate, f, = annealing time, T, = annealing temperature.
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Characterization

Glass transition temperatures and thermal properties were
measured with a TA Q800 dynamic mechanical analyzer (DMA)
from —80 to 200°C at a heating rate of 3°C/min and frequency
of 1 Hz using tensile mode, and a TA Q1000 differential scan-
ning calorimeter (DSC) from —60 to 120°C at a 10°C/min heat-
ing and cooling rate. TA Q1000 was set up with RCS 90 (Refri-
gerated Cooling System). A RCS 90 cooling head mounted on
the DSC Q1000 furnace encases the DSC cell preventing frost
building-up during operation. Three calibration steps (T, cali-
bration, enthalpy constant calibration, and Temperature calibra-
tion) for the TA Q1000 were performed periodically. Detailed
calibration protocol has been well described in a previous
literature,'>'

Three different aging methods were used to characterize en-
thalpy relaxation of multilayered thiol-ene films as described in
Figure 3 which showed time (isothermal) and temperature
(isochronal) dependency of physical aging as well as different
cooling rates potentially show the distribution of enthalpy relax-
ation (Figure 4). Special attention was paid to running the DSC
to ensure the accuracy of the enthalpy relaxation measurement.
For three different annealing methods described in Figure 3, the
measurement was conducted twice and the sequence of anneal-
ing was reversed in the second running. Equivalent results were
obtained in both cases, i.e., instrumental drift did not play a
factor, and the results were reproducible despite the different
order in obtaining the data sets. Furthermore, the heat flow and
heat capacity of Thiol 1-Ene 1 sample without aging, as a stand-
ard, were measured after every calibration and time-sequence
scan to ensure consistency. Finally, in order to remove sampling
errors, the same DSC pans (samples) were used for all measure-
ments. All experiments were carried out under nitrogen with a
flow rate of 50 mL/min. Sample weights were 8.0 = 1.0 mg to
ensure sufficient sensitivity for heat capacity measurements.
DSC scans were conducted over the temperature range of
+50°C from the highest and lowest glass transition temperature
of multilayered thiol-ene films. Annealing temperature (7T,),

Figure 5. SEM images of fractured surface of (a) 10- (set 1, Thiol 1-Ene 1 and Thiol 2-Ene 3) and (b) 32-layered (set 2, Thiol 1-Ene 1, Thiol 2-Ene 2

and Thiol 2-Ene 3) thiol-ene network films.
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Figure 6. Thermal properties of (a) 10- (set 1, Thiol 1-Ene 1 and Thiol
2-Ene 3) and (b) 32-layered (set 2, Thiol 1-Ene 1, Thiol 2-Ene 2, and
Thiol 2-Ene 3) thiol-ene network films.

annealing time (f,), and cooling rate (g.) were controlled to es-
tablish different annealing methods. Detailed descriptions of
measurement techniques are described in mthe text.

The morphology of multilayered thiol-ene films was obtained
using scanning electron microscopy (SEM) (Quanta 200 SEM)
in the high-voltage mode. Multilayered thiol-ene films were
quenched in liquid nitrogen and fractured followed by mount-
ing on the SEM sample holders with epoxy. Samples were sput-
ter-coated with a 5-nm gold layer using a Emitech K550X sput-
ter coater to enhance the image quality.

RESULTS AND DISCUSSION

Morphology

In Figure 5, the SEM images of fractured surface of 10- (set 1)
and 32-layered (set 2) thiol-ene films show that multilayered
structure is well defined for both samples and the delamination
between layers are not observed. Thickness of each layer for
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each sample is approximately consistent with the calculated av-
erage thickness, i.e. 43 £ 2 um for 10-layered film (set 1) and
17 = 2 um for 32-layered film (set 2).

Thermal Properties

DSC thermograms and glass transition temperatures of 10-
(set 1) and 32-layered (set 2) thiol-ene films and bulk samples
of each layer composition were shown in Figure 6. Two and
three distinctive separated T, s were observed for 10-layered (a)
and 32-layered films (b), respectively, corresponding glass tran-
sition temperature of each layer in bulk. It seems that adjacent
layers does not affect much on chain mobility and thermal
property each other because each layer has pretty great thick-
ness (40 = 2 um for set 1 and 17 = 2 um for set 2) to exhibit
its own T, and no chemical and physical interaction between
layers.

(a) Thiol 1-Ene 1 (A)
—_ Thiol 2-Ene 3 (C)
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Figure 7. DSC heating scans (g, =10°C/min) of (a) 10- (set 1, Thiol
1-Ene 1 and Thiol 2-Ene 3) and (b) 32-layered (set 2, Thiol 1-Ene 1,
Thiol 2-Ene 2, and Thiol 2-Ene 3) thiol-ene network films after different
cooling rate (g, = 10 and 0.2°C/min).
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Figure 8. DSC heating scans (g, = 10 °C/min) of (a) 10-, 21-, and 32-
layered thiol-ene network films (set 1, Thiol 1-Ene 1, and Thiol 2-Ene 3)
after different cooling rate (¢, = 10 and 0.2°C/min).

Enthalpy Relaxation

Figure 7 shows DSC heating scans of 10- (set 1) and 32-layered
(set 2) thiol-ene network films after cooling at different rates (g,
= 10°C/min and 0.2°C/min) as described in Figures 3(a) and
4(a). Differential cooling rate methodology was used to define
the distribution and extent of enthalpy relaxation for 10- and
32-layered thiol-ene films independent to the annealing time
and temperature dependency on the enthalpy relaxation. For
both 10- and 32-layered thiol-ene films, the endothermic peaks
by enthalpy relaxation of each layer were observed at its T,
region. The area of enthalpy relaxation produced by differential
cooling rate for 10-layered films shows that the layers of Thiol
1-Ene 1 present greater endothermic peak by enthalpy relaxa-
tion than Thiol 2-Ene 3 layers [Figure 7(a)] even though the
weight ratio of two components are almost the same (55:45). As
stated in experimental section, it is due to the different enthalpy
relaxation rate of each layer component, which is influenced by
chemical structure and can be correlated with the heat capacity
change at T, (AC,). In our previous study, we systematically
investigated the effect of chemical parameters of thiol-ene net-
works such as network density and rigidity on enthalpy relaxa-
tion."”> The higher network density and more rigid chemical
structure of thiol-ene networks result in the slower/less extent
of enthalpy relaxation as well as smaller AC,. For 32-layered
(set 2) thiol-ene network film, the layer number and weight ra-
tio of three network components were quantitatively determined
based on the characteristic AC, (Thiol 1-Ene 1 : 0.4985, Thiol
2-Ene 2 : 0.3633, and Thiol 2- Ene 3 : 0.2514 J/g°C) of each
component as in bulk resulting in the similar enthalpy relaxa-
tion peak area with the ratio of 9:10:13 by layers and 25:35:40
by weight [Figure 7(b)]. In Figure 8, the effect of overall thick-
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Figure 9. DSC heating scans of the 10-layered thiol-ene film (set 1, Thiol
1-Ene 1, and Thiol 2-Ene 3) after annealing for 1h (t, = constant) at dif-
ferent temperature (7,). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

ness/number of layers with the same thiol-ene layer components
on the enthalpy relaxation using set 1 (10-, 21-, and 32-layered
thiol-ene network films) is shown. The characteristic enthalpy
relaxation peaks by Thiol 1-Ene 1 and Thiol 2-Ene 3 are almost
identical, which is due to that each thiol-ene network layer does
not affect the molecular mobility of adjacent thiol-ene network
layers resulting in independency of enthalpy relaxation behavior
to the number of layers/overall thickness of multilayered thiol-
ene network films. It is concluded that multilayered thiol-ene
films exhibit enthalpy relaxation over wide temperature range
due to the different Tgs of each layer as well as the inconsistent
enthalpy relaxation will be occurred in a film at a specific
annealing condition, i.e. annealing time (#,) and temperature
(T,). As a result, there are potential problems due to the incon-
sistency of enthalpy relaxation among layers since each layer has
different chemical structure and resultant relaxation times,

1.0
¢,=¢,=10 °C/min

E{) 0.8 1 ¢,=60 min
-
g
= 0.6 1
k=
=
K04 4
=]
]
3
] 0.2 1
a7

0.0 1

-60 -40 -20 0 20 40 60

Annealing temperature (7,,°C)

Figure 10. The distribution of enthalpy relaxation of the 10-layered thiol-
ene film (set 1, Thiol 1-Ene 1, and Thiol 2-Ene 3) obtained by isochronal
aging method (annealing time, t, = constant, 1 h).
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Figure 11. DSC heating scans of the 32- layered thiol-ene film (set 2,
Thiol 1-Ene 1, Thiol 2-Ene 2, and Thiol 2-Ene 3) after annealing for 1 h
(t, = constant) at different temperature (7,). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

which could be a potential problem in physical and mechanical
properties of multilayered thiol-ene films.

In Figures 9-12, the temperature dependency of the enthalpy
relaxation for both 10- (set 1) and 32-layered (set 2) thiol-ene
films is shown. DSC heating scans of 10-layered thiol-ene film
after annealing at different temperature from —39 to 49°C for
1h in Figure 9 show that the enthalpy relaxation is clearly tem-
perature dependent. The endothermic peaks due to the enthalpy
relaxation are maximum at Tg-10°C of two different compo-
nents (—24°C for Thiol 1-Ene 1 and 35°C for Thiol 2-Ene 3)
and decrease as T, is getting farther from T, This temperature
dependency of enthalpy relaxation is affected by two factors
such as chain mobility and thermodynamic driving force, and
maximum at T,-10°C is the resultant temperature of the com-
petition of them.'>'® In general, chain mobility is extremely re-
stricted below T,-30°C and there is no relaxation over T +5 °C
because liquid or rubbery state is already thermodynamic equi-
librium. Therefore, no enthalpy relaxation was observed from
—1~14°C where temperature is too low for Thiol 2-Ene 3 to be
relaxed and it is equilibrium for Thiol 1-Ene 1. Figure 10 shows
the distribution of enthalpy relaxation as a function of tempera-
ture, which was calculated by the integration of enthalpy relaxa-
tion peak as following equation.

T,+50°C T,+50°C

AH/(T,, t,) = / Gy(T,, 0)dT,

T,—50°C

Cp(Ta, ta)dT—/

T,—50°C

1)

where C, (T, t,) and C, (T, 0) represent specific heat capaci-
ties for samples annealed at T, for t = f, and unannealed sam-
ples, respectively.

For 32-layered (set 2) thiol-ene films, three different thiol-ene
layer components showing different glass transition temperature
(Thiol 1-Ene 1: T, = —14°C, Thiol 2-Ene 2: T, = 10°C, and
Thiol 2-Ene 3 : T, = 45°C) were stacked, which results in three
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separated T,s and endothermic peaks due to the enthalpy relax-
ation. In Figure 11, three different enthalpy relaxation peaks
were observed and all of them have maximum at T,-10°C of
each component indicating each layer is independent to adja-
cent layers. The distribution of enthalpy relaxation as a function
of T, in Figure 12 shows overlapped three peaks corresponding
temperature dependency of each component (Thiol 1-Ene 1,
Thiol 2-Ene 2, and Thiol 2-Ene from left to right).

The time dependency of enthalpy relaxation for 32-layered (set
2) thiol-ene film characterized by isothermal aging method as
described in Figures 3(c) and 4(c) is shown in Figure 13. The
32-layered thiol-ene film was annealed at three different temper-
atures (-24, -1, and 34°C), where the enthalpy relaxation
showed maxima in isochronal aging method, as a function of
annealing time (¢,). At each T, the extent of enthalpy relaxation
increases as increasing t, at the corresponding T, region of each
layer component but no relaxation was observed at the region
of the other two layer components, indicating that the enthalpy
relaxation of layers are independent each other. In Figure 14,
the extent of enthalpy relaxation (dy) of 32-layered thiol-ene
film calculated by eq. (1), normalized values by weight ratio of
each layer component (Thiol 1-Ene 1 : Thiol 2-Ene 2 : Thiol 2-
Ene 3 = 25 : 35 : 40), and that of bulk samples are plotted as a
function of logarithmic annealing time. The calculated values
are summarized in Table I. To quantitatively analyze the general
overall relaxation rate (fy), a simple eq. (2)**7° was applied to
the plots in Figure 14.

doy
dlogt,

Bu = (2)

It is clear that the Sy values obtained from the extent of enthalpy
relaxation (Jdy) vs. logarithmic annealing time (¢,) at each T, in
Figure 13 smaller than Sy of bulk samples due to the weight ra-
tio of each layer component in 32-layered (set 2) film. However,
the normalized Jdy per unit weight of each layer component is

1.0
4,=¢,=10 °C/min

— .
20 0.8 £,=60 min
-
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~

0.0

-60 -40 -20 0 20 40 60

Annealing temperature (7,,°C)

Figure 12. The distribution of enthalpy relaxation of the 32-layered thiol-
ene film (set 2, Thiol 1-Ene 1, Thiol 2-Ene 2, and Thiol 2-Ene 3) obtained
by isochronal aging method (annealing time, f, = constant, 1 h).
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Figure 13. DSC heating scans of the 32-layered thiol-ene film (set 2,
Thiol 1-Ene 1, Thiol 2-Ene 2, and Thiol 2-Ene 3) after annealing at three
different annealing temperatures (T, = —24, —1.5, and 35°C) as a func-
tion of annealing time. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

considerably greater than dy of bulk samples resulting in faster
overall relaxation rate (fi). It is concluded that the thin layers
within 32-layered (set 2) film that are not chemically bonded ex-
hibit accelerated enthalpy relaxation compared with that of bulk
samples because segmental chain mobility of each layer increases
and each layer does not affect each other.

Dynamic Mechanical Thermal Properties
In Figure 15, tan ¢ and loss modulus of 10- (set 1) and 32-lay-
ered (set 2) thiol-ene films are shown. Two and three distinctive
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transition peaks are observed at T, of each layer component
that is consistent with DSC results. Thus, for 32-layered thiol-
ene film, glass transition regions of three different layer compo-
nents are overlapped and ranges from —20~80°C. Based on the
viscoelasticity, the damping property of a polymer can be esti-
mated by the intensity and area of tan ¢ or loss modulus
(E").*” Therefore, it has been reported that thiol-ene networks
are a good candidate for high energy absorbing materials due to
the high tan J peak resulted by the highly dense and uniform
chemical structure."**™** However, the narrow glass transition
range of thiol-ene resulted by the highly dense and uniform net-
work structure limits energy damping temperature, i.e. working
temperature. Consequently, layering thiol-ene films exhibiting
high and broad loss modulus (E”) and tan ¢ as shown in Figure
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@® Thiol 1-Ene 1 bulk (a)
¥ Thiol 1-Ene 1 in 32 layers
8.0 1 E normalized Thiol 1-Ene 1 i ers
& 6.0 -
=
&
‘< 4.0 -
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=
T
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c 6.0 1
=
R
" 4.0 4
2.0 1
0.0 : ;
1 10 100
log (¢, h)

Figure 14. The overall relaxation rates (fi;) of 32 layered thiol-ene film
(set 2, Thiol 1-Ene 1, Thiol 2-Ene 2, and Thiol 2-Ene 3) at three different
annealing temperatures (T, = —24, —1.5, and 35°C). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. The Extents of Enthalpy Relaxation at 24 h (AH,y,) and Overall Relaxation Rates (Bf;) for Three Thiol-Ene Network Components for 10- (set
1, Thiol 1-Ene 1, and Thiol 2-Ene 3) and 32-Layered (set 2, Thiol 1-Ene 1, Thiol 2-Ene 2, and Thiol 2-Ene 3) Films

AHz417 (J/9)

BrP (J/g per decade)

Sample # Bulk In layers Normalized Bulk In layers Normalized
Thiol 1+Ene 1 3.7 2.2 8.7 1.5 0.9 8.7
Thiol 1+Ene 2 21 1.2 3.5 0.8 0.4 13
Thiol 2+Ene 3 1.7 0.9 2.3 0.6 0.3 0.8

“The extent of enthalpy relaxation after 24 h at Tg-10°C, The overall enthalpy relaxation rate at T410°C.

15 could provide the solution to the existing problems of thiol-
ene-based materials as energy damping applications.

CONCLUSIONS

10-, 21-, and 32-layered thiol-ene films were successfully pre-
pared by sequentially repeating spin coating and photo-poly-
merization of two and three different thiol-ene compositions,
respectively, to investigate thermal property and enthalpy relaxa-
tion behavior of multilayered thiol-ene films. Two and three

16x10°
(a) o —e— 10-layered film
oy v v 32-layered film
9‘; 12x10° ;
3
2 8x10°
o
=
§ 4x10°
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Temperature (°C)
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(b)

tan &
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Temperature (°C)

Figure 15. Loss modulus (E’) and tand of (a) 10- (set 1, Thiol 1-Ene 1,
and Thiol 2-Ene 3) and (b) 32-layered (set 2, Thiol 1-Ene 1, Thiol 2-Ene
2, and Thiol 2-Ene 3) thiol-ene network films. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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separated T,s as well as distinctive enthalpy relaxation peaks
were observed for 10-layered (set 1 with Thiol 1-Ene 1 and
Thiol 2-Ene3) and 32-layered films (set 2 with Thiol 1-Enel,
Thiol 2-Ene 2, and Thiol 2-Ene 3) as they were in bulk thiol-
ene samples indicating that each layer of multilayered thiol-ene
network films is independent each other. Isochronal annealing
experiments showed temperature dependency of enthalpy relax-
ation for both 10- (set 1) and 32-layered (set 2) thiol-ene films
that are distributed over wide temperature range. Time depend-
ency of enthalpy relaxation for 32-layered (set 2) thiol-ene film
was obtained by isothermal annealing experiment at three
annealing temperature (7;) providing the information on the
enthalpy relaxation kinetics. The extent (Jy) as well as overall
enthalpy relaxation rate (fy) was significantly accelerated by
layering of thin films compared with bulk samples. Conse-
quently, the enthalpy relaxation of each layer component occur
independently at a different temperature, so as a result the
inconsistency in physical and mechanical property changes
between layers by enthalpy relaxation could be a potential prob-
lem to affect the original performance of multilayered thiol-ene
films. In other words, the acceleration of enthalpy relaxation by
the formation of multilayered thin films is another parameter
that has to be considered when designing thiol-ene films.

Loss modulus (E’) and tan J of 10- (set 1) and 32-layered (set
2) thiol-ene film showed two and three distinctive peaks corre-
sponding to Tgs of different thiol-ene layer components defined
by DSC. For 32-layered thiol-ene film consisting of three differ-
ent components, glass transition and damping regions are over-
lapped and the width is extended over 100°C. It is proposed
that multilayered structure using thiol-ene exhibiting high
damping factor (tan J) could be a good candidate for an energy
damping material in many applications.

Finally, this article mainly discussed about thermal properties
and characteristic enthalpy relaxation behavior of thiol-ene net-
work films as in multilayered structure. However, the thickness
variation of each layer within the multilayered thiol-ene net-
work films and its resultant effects on physical properties, i.e.
glass transition temperature, refractive index, gas permeability,
and enthalpy relaxation, are also very interesting topics when
especially the size does down to the nanoscale (<100 nm).
Thus, “the scale effect” of thiol-ene networks in several different
areas is under extensive investigation. In addition, actual energy
damping properties such as impact, acoustic, and vibrational
damping of multilayered thiol-ene films will be reported in near
future.
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The authors dedicate this article to the late Dr. Charles E. Hoyle
who passed during the preparation of the publication. This arti-
cle is a small part of his scientific contributions to thiol click
chemistry and thiol based polymeric materials. His endeavor
and enthusiasm will long be remembered.
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