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Gold nanoparticles and multi-functional acrylate (TMPTA) were incorporated into a photopolymerized
thiol-ene (TMPMP–APE) network as a physical and chemical approach to intentionally control sub-Tg

aging. The degree of the restriction effect was evaluated by differential cooling rate measurements
allowing the quantification of the apparent activation energy for enthalpy relaxation (Dh*) upon sub-Tg

aging. Incorporation of gold nanoparticles (0.01 to 1 wt%) into the TMPMP–APE network increased Tg

and decreased DCp at Tg due to molecular mobility restrictions. The extent of enthalpy relaxation and
apparent activation energy for enthalpy relaxation (Dh*) clearly indicated the significant restrictive
effect of the gold nanoparticles on the molecular mobility in the thiol-ene network. A TMPMP–APE–
TMPTA ternary system was investigated in order to correlate Dh* and network uniformity as a chemical
approach. TMPTA, being capable of homopolymerization as well as TMPMP–TMPTA copolymerization,
was incorporated into a TMPMP–APE network structure, thereby decreasing the network uniformity
and significantly affecting the sub-Tg aging. The extent of enthalpy relaxation decreased and the
distribution was drastically broadened as a function of TMPTA content due to molecular mobility
restrictions, which were also quantified by measuring values for the apparent enthalpy relaxation
activation energy (Dh*).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Thiol-ene photo-polymerization has attracted much attention as
an emerging area in industry as well as academia as detailed in
a review in 2004 [1]. The advantages of thiol-ene radical polymeri-
zation include initiatorless photo-polymerization, low oxygen
inhibition, and versatility in hybridization with other thiol click type
reactions that provide the potential for opening up many new
applications [1–20]. In addition, the unique chemical reaction
mechanism, i.e. free-radical step-growth, yields matrices with highly
uniform network structure (Fig.1(a)). The effect of thiol-ene network
uniformity on physical/mechanical properties has been extensively
studied and comparisons made with inhomogeneous multi-func-
tional acrylate homopolymer networks (Fig. 1(b)) [5,6,21]. The
uniform photopolymerized thiol-ene network structure is charac-
terized by a very narrow glass transition region (FWHM w 10 �C). It is
believed that this uniform network structures has very narrow
preparation of this article.
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spectrum of relaxation times and physical/mechanical properties are
sensitive to environmental conditions, i.e. temperature.

Sub-Tg aging is a thermodynamic phenomenon involving volume
and enthalpy relaxation upon annealing below the glass transition
temperature of a polymer resulting in physical/mechanical property
changes. Sub-Tg aging of thiol-ene photopolymerized networks with
uniform chemical structure and a narrow distribution of relaxation
times has been extensively investigated in terms of enthalpy relax-
ation by Shin et al. [22,23]. Thiol-ene networks showed temperature
and time dependency relationships for enthalpy relaxation as
generally observed in conventional polymers. However, the extent of
enthalpy relaxation and overall relaxation rate significantly
decreased with the rigidity of the ene chemical structures and
functionality of the thiols forming thiol-ene networks. The effect of
chemical and physical modification of thiol-ene network structure
on enthalpy relaxation also has been reported. Overall both the rate
and extent of enthalpy relaxation decreased by inclusion of flexible
n-alkyl side chains as a function of alkyl chain length, while hydroxyl
side chain incorporated into thiol-ene networks resulted in
enhanced enthalpy relaxation. A multi-functional acrylate forming
an inhomogeneous cross-linked structure by homopolymerization
was copolymerized into thiol-ene networks to correlate enthalpy
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Fig. 1. (a) Uniform and dense network pictorial of photopolymerized thiol-ene made with trithiol and triene, and (b) inhomogeneous cross-linked pictorial of multi-acrylate
homopolymer showing microgel formation.
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relaxation and network uniformity. The extent and distribution of
enthalpy relaxation of thiol-ene networks were significantly affected
by disruption of the uniformity.

Because the rate of enthalpy/volume relaxation and corre-
sponding rearrangement of polymer chains depend on the local
environment surrounding mobile segments, sub-Tg aging can be
restricted by various chemical and physical environmental effects
such as thin films on substrates, the rigid amorphous regions of
semi-crystalline polymers, highly cross-linked polymer networks,
and nanocomposites [24–32]. In addition, the restriction of
molecular mobility and enthalpy relaxation is directly related to
configurational energy barriers in the relaxation process. Thus, the
activation energy for the enthalpy relaxation (Dh*) has been used
to quantify the extent of the restrictive effect upon sub-Tg aging
[32–39]. It has been reported that rigid chains and high crosslink
density increase Dh* [33–36]. Similarly, an increase in Dh* of an
epoxy matrix by incorporation of nano-clay due to the anchoring of
epoxy chains to the nano-clay surface was also reported [32].

In the research described herein, gold nanoparticles and highly
cross-linked TMPTA based rigid nano-domains as a physical and
chemical approaches, respectively, were employed to control
molecular relaxation dynamics upon sub-Tg aging. The restrictive
effect on enthalpy relaxation was quantified by measuring values
for the apparent enthalpy relaxation activation energy (Dh*).

2. Experimental section

2.1. Materials

TMPMP Trimethylolpropane tri(3-mercapto-propionate), APE
(allyl pentaerythritol), and TMPTA (trimethylolpropane triacrylate)
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Chart 1. The molecular structure
were obtained from Bruno Bock Thio-Chemicals-S and Perstorp
Specialty Chemicals, respectively. Gold nanopowder (99.9þ%) was
purchased from Aldrich. The structures of all components and
corresponding acronyms are shown in the Chart 1. The photoinitiator,
2,2-dimethoxy 2-phenyl acetophenone (DMPA), was supplied by Ciba
Specialty Chemicals. All materials were used as received.

Preparation of TMPMP–APE-gold and TMPMP–APE–TMPTA
network films. TMPMP–APE-gold networks were prepared with
gold dispersed in TMPMP and APE. Gold nanoparticles were added
and dispersed in TMPMP with weight percents from 0.01 to 1.0. A
detailed procedure for the dispersion of gold nanoparticles into
TMPMP was described in the literature [43]. For TMPMP–APE–
TMPTA ternary systems, the molar ratio of TMPTA to TMPMP–APE
was varied from 0 to 100% to form TMPMP–APE–TMPTA ternary
networks. 1 wt% of DMPA was first dissolve in gold nanoparticles
dispersed TMPMP for TMPMP–APE-gold networks and TMPMP for
TMPMP–APE–TMPTA ternary systems by sonication for 10 min.
Thiol (–SH) and ene (–C]C–) concentrations were held constant at
1:1 functional group molar equivalent for all networks. Films were
cast on glass plates (200 mm) and cured on a Fusion UV curing line
system with a D bulb (400 W/cm2) having a belt speed of 10 feet/
min and irradiance of 3.1 W/cm2. All samples were post-cured at
80 �C for 24 h to insure complete reaction and eliminate any
possibility of chemical conversion effect on enthalpy relaxation
during sub-Tg annealing.

2.2. Characterization

Glass transition temperatures and enthalpy relaxation for all
modified thiol-ene networks were characterized with a TA Q1000
differential scanning calorimeter (DSC) with RCS 90 (Refrigerated
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Fig. 2. Schematic representation of the differential cooling rate method. The symbols
qh and qc represent heating/cooling rates.
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Fig. 3. DSC heating scans of TMPMP–APE-gold photopolymerized films after cooling
with differential cooling rate (qc).

J. Shin et al. / Polymer 50 (2009) 6281–6286 6283
Cooling System). A RCS 90 cooling head mounted on the DSC Q1000
furnace encases the DSC cell preventing frost build-up during
operation. Three calibration steps (Tzero calibration, enthalpy
constant calibration, and Temperature calibration) for the TA
Q1000 were performed periodically. Detailed calibration protocol
has been well described in previous reports [22]. For sub-Tg aging
experiment, the differential cooling rate method was used as
described in Fig. 2. The measurement was conducted twice and the
sequence of cooling rate variation was reversed in the second
running. Equivalent results were obtained in each case, i.e.,
instrumental drift did not play a factor, and the results were
reproducible despite the different order for obtaining the data sets.
Furthermore, the heat capacity of TMPMP–APE sample without
aging, as a standard, was measured after every calibration and set of
experiments to ensure consistency. 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 glass transition region (Tg,i w Tg,e). Cooling
rate (qc) was differentiated at a fixed heating rate (qh, 10 �C/min) to
provide samples the different degree of non-equilibrium state in
the glass and enthalpy recovery upon reheating. The detailed
description of the experimental measurement technique is
described in the text.
Gold Nanoparticles (wt%)
0.0 0.2 0.4 0.6 0.8 1.0

T
g 

(° C
)

T
g,

e-
T

g,
i

-18

-16

-14

-12

-10

-8

-6

0.0 0.2 0.4 0.6 0.8 1.0
4.0

4.5

5.0

5.5

6.0

Fig. 4. Effect of gold nanoparticles on Tg of TMPMP–APE-gold photopolymerized films.
3. Results and discussion

The basic structural units used to make the thiol-ene and thiol-
ene-acrylate ternary networks which are the subject of the inves-
tigation in this paper are shown in Chart 1 (gold structure is not
shown). The three functional thiol (TMPMP) and ene (APE) are
standard thiol and ene monomers typically used to make thiol-ene
networks. Herein, we focus on defining the role of physically
incorporated gold nanoparticles and chemical structure uniformity
of the basic thiol-ene networks on sub-Tg aging behavior in terms of
the apparent activation energy for enthalpy relaxation. The depar-
ture from equilibrium in the glassy state can be controlled via
thermal treatment, i.e. by varying the cooling rate in DSC
measurements. The cooling rate in DSC measurements. Hence, the
thiol-ene networks were equilibrated above Tg to remove prior
thermal history and cooled down at different cooling rate (qc). The
subsequent heat capacity was monitored upon reheating the
sample through its glass transition. Equilibration achieved by
maintaining the sample for 10 min. at a temperature above Tg

(Tg,eþ 50 �C) effectively erases the previous thermal history, and is
necessary to prepare the sample for sub-Tg aging. The differential
cooling rate method measures the apparent activation energy for
enthalpy relaxation and can potentially probe changes in enthalpy
relaxation distribution.

TMPMP–APE-gold networks. The effect of gold nanoparticles on
sub-Tg aging of thiol-Ene photopolymerized films was investigated
as a physical approach to intentionally control enthalpy relaxation
and molecular mobility by binding the network structure to
a non-reactive nanoparticle additive. The TMPMP–APE-gold pho-
topolymerized networks made from mixtures of TMPMP, APE, and
dispersed gold nanoparticles (0.01–1 wt%) were analyzed by DSC
with varying cooling rate (qc) from 0.2 to 10 �C/min and a fixed
heating rate (qh¼ 10 �C/min). As shown in Fig. 3, with decreasing
cooling rate, the intensity of the endothermic peak upon subsequent
heating progressively increases for all TMPMP–APE-gold films.
However, for results obtained at each cooling rate, the overall peak
intensity of the subsequent heating scan decreases and Tg shifts to
higher temperature as a function of gold nanoparticle content
(Fig. 4). For reference, we note that the Tg values of the un-aged
samples (qh¼ qc¼ 10 �C/min) increase from �15 to �7 �C, leveling
off at 0.5 wt% due to dispersion problems encountered in the
pre-polymerized TMPMP and APE mixtures resulting in some
aggregation of the gold nanoparticles as identified by light scattering
[43]. Fig. 5 shows a plot of DCp as a function of the gold nanoparticle
wt% in the TMPMP–APE network. It is clear that restriction of
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photopolymerized films as a function of gold nanoparticle content.
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molecular mobility and hence lower DCp in the rubbery phase upon
incorporation of gold up to 0.5 wt% in the TriThiol–APE network is
consistent with the Tg results in Fig. 4. This certainly results from
a binding interaction between sulfide linkages (or un-reacted thiol
groups) in the network structure and the gold surface which restricts
molecular motion, raises the Tg, and correspondingly reduces DCp at
Tg. The gold nanoparticles effectively restrict conformational
degrees of freedom otherwise operative in the TMPMP–APE
network above Tg.

The logarithmic cooling rate (qc) vs. reciprocal fictive tempera-
ture (Tf) for each of the TMPMP–APE-gold photopolymerized films
are readily fit to straight lines with different slopes as shown in
Fig. 6. The restriction of molecular relaxation can be mathemati-
cally quantified by the apparent activation energy for enthalpy
relaxation (Dh*) as defined in Eq. (1),

dðlnqcÞ
d
�

1=Tf

� ¼ �Dh*

R
(1)

where R is the universal gas constant and qc is cooling rate in DSC
measurement [36–42]. The fictive temperature (Tf), which is defined
as the temperature at which the extrapolation of thermodynamic
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Fig. 6. Plots of logarithmic cooling rate (qc) vs. reciprocal fictive temperature (Tf) of
TMPMP–APE-gold photopolymerized films.
parameters such as enthalpy, volume or entropy at a given
temperature and annealing time in the glassy region intersects the
extension of the liquid equilibrium line, can be used to characterize
the structure of certain glassy states under a given set of conditions
[44–46]. The apparent activation energy (Dh*) obtained from the
slopes in Fig. 6 increases from 353 kJ/mol for the neat Thiol-Ene
network to 836 kJ/mol for the sample with 1 wt% gold nanoparticles
in the network (Fig. 7). As with the Tg and DCp results in Figs. 4 and 5,
Dh* increases substantially with an increase in gold nanoparticles up
to approximately 0.5 wt%, whereupon aggregation of the gold
nanoparticles occurs [43], thus limiting the gold surface area for
interaction with the TMPMP–APE network. The increase in activa-
tion energy for enthalpy relaxation (Dh*) is thus consistent with the
reduction in the enthalpic departure from equilibrium with
increasing gold concentration already noted.

TMPMP–APE–TMPTA ternary networks. TMPMP–APE–TMPTA
ternary networks were next used to investigate the effect of network
structural uniformity on sub-Tg aging. As reported in references
[22,23], due to the network uniformity, TMPTA–APE has a very
narrow glass transition temperature region and a distinct enthalpy
relaxation peak around Tg obtained by DSC scanning of the
pre-cooled sample at 10 �C/min cooling (qc) followed by an
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immediate (no time for extended aging at a single annealing
temperature) subsequent heating at a rate (qh) of 10 �C/min.
Concomitantly, photopolymerized TMPTA has an inhomogeneous
cross-linked structure with a wide variation of crosslink densities
and corresponding microgel structures, as well as dangling chain
ends [47–52], resulting in a very broad glass transition region and no
clearly defined enthalpy relaxation peak.

To define the effect of sub-Tg aging of ternary TMPTA–APE–
TMPTA networks, systems were prepared by mixing TMPMPþAPE
with increasing TMPTA molar concentrations (10, 20, 30, 40, 50, and
60 mol%). The basic DSC glass transition temperature (see plots for
qc¼ 10 �C/min in Fig. 8) increases as a function of TMPTA content
(Fig. 9), and the enthalpy relaxation peak is absent for TMPTA
concentrations greater than 20%. It is clear that incorporating TMPTA
into the TMPMP–APE network successfully decreases the network
uniformity and microgel formation by TMPTA homopolymerization,
acting like rigid amorphous region, restricts molecular mobility of
thiol-ene networks, as previously reported [6,21,23].

The restriction of molecular mobility in the Thiol-Ene network
by incorporation of the third component leads to a reduction of DCp

values. As shown in Fig. 10, DCp at Tg of TMPMP–APE–TMPTA also
significantly decreases as a function of TMPTA content due to
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Fig. 10. Effect of TMPTA on heat capacity of photopolymerized TMPMP–APE–TMPTA
ternary networks.
restriction of internal degrees of freedom resulted from the micro-
gelation of TMPTA accompanied by a broadened distribution of
network/crosslink density and broad glass transition temperature
range and distribution of relaxation times. The broadening of the
temperature range and restrictive effect on enthalpy relaxation by
incorporating TMPTA into the TMPMP–APE network is even more
obvious when characterized by a differential cooling rate sub-Tg

aging method (Fig. 8) from 0.2 to 10 �C/min at a fixed heating rate
(qh¼ 10 �C/min). This allows investigation of enthalpy relaxation
behavior independent of temperature and time dependency, i.e.,
enthalpy relaxation distribution over a temperature range can be
observed. In Fig. 8, the intensity of the endothermic peak progres-
sively increases as the cooling rate decreases for all of the TMPMP–
APE–TMPTA ternary systems, and the enthalpy relaxation peak
maximum is lower as well as the distribution broadened with
increasing TMPTA content. The apparent activation energy Dh* from
Eq. (1) obtained from slopes of linear regression lines in Fig. 11
(semi-log plots of cooling rate (qc) vs. Tf

�1) increases from 349 kJ/mol
for the neat TMPMP–APE network to 1962 kJ/mol for the network
with 60 mol% of TMPTA in the TMPMP–APE–TMPTA ternary system
(Fig. 12). This correlates with the decrease in the heat capacity
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changes at Tg (DCp) and clearly indicates that the enthalpy relaxation
decreases with increasing TMPTA content.

4. Conclusions

Thiol-Ene networks were physically and chemically modified to
provide control of apparent activation energy for enthalpy relaxa-
tion caused upon sub-Tg aging via two methods; addition of gold
nanoparticles and chemical addition of a third (acrylate) compo-
nent (ternary system). The effect of gold nanoparticles as a physical
blending approach to reduce the extent of enthalpy relaxation on
TMPMP–APE network was first demonstrated. The decrease in the
amount of relaxed enthalpy upon sub-Tg aging, increase in Tg,
decrease in DCp, and increase in Dh* all occur with an increase in
the gold nanoparticle content and attain limiting values at a gold
nanoparticles concentration of 0.5 wt%. Effective incorporation of
higher gold content at levels of 1 wt% or greater will require new
mixing protocols due to the tendency for aggregation. Multifunc-
tional acrylate (TMPTA) was incorporated into a TMPMP–APE
network structure as a chemical approached to investigate the
effect of the network uniformity on the apparent activation energy
for enthalpy relaxation. The extent of enthalpy relaxation
decreased and the distribution was drastically broadened as
a function of TMPTA content. It can be concluded that network
uniformity manipulated by chemical structural change is respon-
sible for manipulation of the activation energy for enthalpy relax-
ation, i.e. sub-Tg relaxation of TMPMP–APE based networks. The
restrictive effect of inorganic gold nanoparticles and rigid amor-
phous regions due to microgelation of TMPTA homopolymerization
successfully decreases segmental chain mobility of TMPMP–APE
networks resulting in significant reduction of activation energy for
enthalpy relaxation. The physical and chemical approaches
demonstrated for the model thiol-ene network provides a guide for
control and restriction of sub-Tg aging of polymer networks.
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