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The incorporation of mechanophores into networked thermoset polymers, such as epoxy, is notably

missing from the mechanochemistry literature, which focuses more on traditional thermoplastic and

elastomeric polymers. In this work, we develop novel approaches for direct covalent grafting of photoactive

mechanophore units into an epoxy matrix (a two-part network polymer), to create a self-sensing thermo-

set network nanocomposite, linked by both epoxide and mechanophore bonds. Two routes of grafting

mechanophore units into an epoxy system to form a self-sensing nanocomposite were explored, includ-

ing grafting of the mechanophore precursor molecule cinnamamide to the epoxy resin, with subsequent

hardener addition and ultraviolet curing to form the mechanically sensitive cyclobutane rings, and the

separate grafting of the solution-made mechanophore di-cinnamamide to the epoxy resin to allow for

maximum cyclobutane concentration in the formed nanocomposites. Under a compressive force, the

cyclobutane rings in the mechanophore units break, increasing the overall fluorescence, which can then

be correlated with the applied stress. The goals of this work included detecting early damage by

fluorescence spectroscopy, environmental robustness, and retention of the mechanical and thermal

properties of the composite. Overall, there was successful formation of self-sensing nanocomposites and

achievement of the early damage detection functionality. This systematic work additionally aims to

provide further fundamental understanding of mechanochemistry as a whole.

1. Introduction

Mechanochemistry encompasses the use of mechanical force
to induce a chemical change, with early studies focusing on
the type of mechanical force applied, such as ball milling and
grinding, and to realize reaction pathways not possible via
alternative means.1–3 In the recent years, the focus of the field
has shifted towards utilizing mechanochemistry as a tool to
probe the local mechanical environment of chemical bonds,
with the development of specialized force-responsive mole-
cular units, or mechanophores.4–6 Mechanophores undergo
selective bond scission in response to an external force to
provide a measureable signal to correlate with the applied
force for a targeted chemical response.7–9 The examples of
mechanophore bond scission include targeted homolytic clea-
vage, dative bond scission, cycloreversion, and electrocyclic
ring opening.10 Mechanophores are often also mechanochro-
mic, or change color with an applied force, showing a visible

light or fluorescent response to a mechanical force.11–14

The responsiveness and tunability of mechanophores thus
lead to the relatively new and exciting field of polymer
mechanochemistry.15–17

An important breakthrough in the polymer mechanochem-
istry field was the synthesis of spiropyran (SP)-embedded, elas-
tomeric poly(methyl acrylate) (PMA) chains, with the SP units
acting as force sensors in response to tensile loading.6 Tensile
testing and simultaneous optical spectroscopy were applied to
examine the force-induced 6-electrocyclic ring-opening reac-
tion from colorless spiropyran to colored merocyanine, result-
ing in a mechanically induced visible color change. The
researchers additionally showed that SP could act as a func-
tional mechanophore crosslinker in glassy poly(methyl metha-
crylate) (PMMA) beads.6 As the mechanically induced signal
from SP is visible to the naked eye, other researchers have
used it as their mechanophore of choice in various elastomeric
or thermoplastic polymer systems, including as crosslinkers in
PMMA,18 in rubber-toughened PMMA,19 and in networked
elastomeric poly(dimethylsiloxane) (PDMS).20

Cycloaddition via photodimerization is a well-known mech-
anism, in which certain monomeric structures can dimerize
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into cycloalkane rings, such as cinnamoyl groups into cyclo-
butane via [2 + 2] cycloaddition.21,22 Cyclobutane rings formed
from the photodimerization of cinnamoyl groups can also act
as mechanophore units, with the strained rings reverting to
their fluorescent, monomeric cinnamoyl form after an applied
stress.23–25 The strained cyclobutane ring structure has been
used as a mechanophore in a number of studies, including to
produce a mendable poly(butylene adipate) network by
functionalization with cinnamoyl groups,26 as masked cyano-
acrylate functional groups,27 and as various mono- and
di-cyano-substituted (and without cyano groups) cyclobutanes
to study the collapse of cavitation bubbles.28,29

While many studies regarding thermoplastic and elasto-
meric polymer mechanochemistry exist, there has been
limited study of mechanochemistry within another branch of
polymer chemistry, that being thermoset network poly-
mers.8,16,17 Thermosets find ubiquitous use due to their excel-
lent mechanical and physical properties, including in printed
circuit boards, high-performance adhesives, military personal
protective equipment, and various marine, aerospace, and
other applications.30–33 Cured epoxy resins are generally quite
brittle, with a propensity to crack if exposed to sufficient stress
and strain, leading to irreversible damage such as
microcracking.34–36 When mechanophores are incorporated
into the backbone of linear, thermoplastic or elastomeric poly-
mers, the mechanophore activation in these systems requires a
relatively large deformation.37 Additionally, when a mechano-
phore is incorporated into polymer chains, it requires an
appropriate position relative to the polymer backbone, because
mechanophores can only be force-activated if the force can be
effectively transferred through the bulk material to individual
chains, then to the cleavable bonds on the mechanophore
units.38 While mechanically sensitive retro Diels–Alder reac-
tions have been studied in thermoplastic elastomeric
systems,20,39–41 thermally responsive Diels–Alder adducts have
only been applied in thermoset networks for a self-healing
functionality,42–44 with force-responsive thermoset networks
not currently seen in the literature. The networked polymer
nature of thermosets thus provides a unique platform to study
mechanochemistry, due to their ubiquitous use, superior
physical properties, and unique molecular architecture.

Mechanochemistry allows for the development and employ-
ment of unique stress-responsive materials targeted towards
damage monitoring and recovering damage.45 In our previous
work, we applied mechanochemistry to thermoset systems by
creating self-sensing polymer blends of cyclobutane-based
mechanophores and epoxy.46 We then followed up the work by
synthesizing dimeric anthracene-based mechanophore par-
ticles and applying them to an epoxy matrix for damage pre-
cursor detection.47 However, when the mechanophores were
simply used as stress-sensing additives, the self-sensing could
only occur between the stress-sensing molecules, and any
damage done to the matrix polymer could not be sensed, the
fluorescent nature only serving as a signal to the damage.
Another notable drawback of utilizing mechanophores as addi-
tives was the significant lowering of the glass transition temp-

erature of the system, narrowing the temperature window in
which the composite can be used. Thus, we propose to over-
come these limitations by direct covalent incorporation of
the mechanophore units into an epoxy network thermoset
polymer to create a novel functionalized nanocomposite
system, by using the mechanophore precursor and mechano-
phore, cinnamamide and di-cinnamamide, respectively. This
systematic and novel work also provided further fundamental
understanding of mechanochemistry as a whole.

2. Experimental
2.1. Materials

Cinnamamide (Cinn, Sigma-Aldrich), diethyl ether (VWR
International), and deuterated dimethyl sulfoxide (DMSO-d6,
Cambridge Isotope Laboratories) were used as received. The
epoxy resin FS-A23 (digycidylether of bisphenol F, DGEBPF)
and epoxy hardener FS-B412 (diethylenetriamine, DETA) were
purchased from Epoxy Systems Inc. and used as received.

2.2. Synthesis of dimeric cinnamamide (Di-Cinn) and
chemical characterization

To synthesize di-cinnamamide, 2 g of cinnamamide were dis-
solved in 40 mL of diethyl ether and the mixture was homo-
genized via magnetic stirring and under a nitrogen purge.
The solution was then photoirradiated with a 302 nm wave-
length UV lamp (UVP, UVM-28), with a light density of approxi-
mately 1300 μW cm−2 at a distance of 3 cm, for two days.
A white precipitate was formed, which was washed with diethyl
ether by gravity filtration to remove the brown cinnamamide
monomer, until the bottom solution was clear. The product
was then dried to remove the excess solvent. 1H NMR
(400 MHz, DMSO-d6) δ 7.53–7.07 (10H, m), 6.55 (4H, d), 3.29
(4H, s).

1H Nuclear Magnetic Resonance (NMR) spectra were
recorded with a Bruker 400 MHz NMR spectrometer. For the
NMR samples, approximately 5 mg of the sample was dis-
solved in 750 μL of DMSO-d6. Fourier Transform Infrared
(FTIR) spectra were recorded under vacuum using a Bruker IFS
66v/S FTIR spectrometer equipped with a Pike Diamond ATR
(Attenuated Total Reflectance) accessory. Emission spectra
were recorded with a Horiba Scientific FluoroLog-3
Spectrofluorometer with an excitation wavelength of 350 nm,
and all slits set at 1 nm. Microscopic morphologies of
the surface of the epoxy samples were taken with a FEI/Philips
XL30 Environmental FEG Scanning Electron Microscope
(SEM). The chemical structures were drawn with MarvinSketch.

2.3. Preparation and characterization of mechanophore-
embedded epoxy matrix composites

To form the studied nanocomposites consisting of 10 wt%
cinnamamide or 10 wt% di-cinnamamide in 5 g total epoxy, each
was first reacted with the resin to ensure the covalent bond
formation. 0.5 g of cinnamamide or di-cinnamamide was added
to 3.704 g of epoxy resin (digycidylether of bisphenol F,
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DGEBPF) and 20 mL of dichloromethane. This mixture was
then heated at 40 °C for 4 h under a nitrogen purge and mag-
netic stirring to allow for the reaction between the epoxide
rings and the amine groups. After the reaction was complete,
the cinnamamide reaction solution turned fluorescent opaque
yellow while the di-cinnamamide reaction solution was white
and opaque. The dichloromethane solvent was then removed
under reduced pressure and 0.796 g of hardener (diethyl-
enetriamine, DETA) was added to each functionalized resin
mixture (4.204 g total). The hardener/resin/mechanophore
weight ratio was calculated according to the manufacturer’s
recommendations and the epoxide/amine equivalent weight.
These mixtures were then impeller-mixed at 200 rpm for 5 min
at room temperature until homogeneous. The mixtures were
then poured into silicone rubber molds, sprayed with a mold
release agent and allowed to cure overnight at room tempera-
ture, with the cinnamamide epoxy being UV cured for 4 h
under 365 nm light (UVP, UVLMS-38) prior to leaving in dark-
ness to complete the curing. Neat epoxy samples were prepared
in a similar manner with a 100 : 27 ratio of resin to hardener.

After simple machining, the average dimensions of the
samples for the compression test were 3 × 4 × 8 mm and 2 ×
12 × 35 mm for the Dynamic Mechanical Analyzer (DMA) tests.
A TA Instruments Q20 Differential Scanning Calorimeter (DSC)
was used to determine the glass transition temperature (Tg) of
the epoxy samples in aluminum Tzero pans with lids under
nitrogen, with air (an empty pan and lid) used as the reference.
The sample was first heated to 70 °C to eliminate any thermal
history, cooled down to −20 °C, and then heated to 120 °C to
determine the Tg, with all heating and cooling rates set at
10 °C min−1. A TA Instruments Thermogravimetric Analyzer
(TGA) Q500 was used to determine the decomposition temp-
eratures (Td) under nitrogen. Each sample was placed in a
tared platinum crucible and heated from 25 to 600 °C at a
heating rate of 10 °C min−1. A TA Instruments Q800 Dynamic
Mechanical Analyzer (DMA) was used to measure the storage
modulus, loss modulus, and tan delta for the epoxy samples
over a temperature range and to calculate the crosslink
density. The multi-frequency/strain method was used with the
single cantilever clamp and a frequency of 1 Hz under ampli-
tude control. The temperature was ramped from 25 to 120 °C
at a heating rate of 5 °C min−1, with the strain amplitude set at
25 μm. The characteristic temperatures and moduli values
from DSC, TGA, and DMA were found using the built-in
functions in the TA Instruments Universal Analysis software.
A TestResources 800L Compression Test System was used to
compress the samples to different strains and obtain stress–
strain plots for the epoxy samples. A small amount of pet-
roleum jelly was applied to the samples to minimize their fric-
tion with the compression plate, and prevent unwanted shear-
ing. The tests were run in displacement control in the longi-
tudinal direction at a loading rate of 1 mm min−1 and con-
ducted at room temperature. The fluorescence generation from
the compressed epoxy samples was observed under a Nikon
Eclipse TE300 inverted video fluorescence microscope, by exci-
tation under 340–380 nm UV light, with a filter cube to capture

the emission of light between 500–550 nm. All images were
taken with a black-and-white camera and with the same inten-
sity of light, gain, and exposure time. The ImageJ (http://
imagej.nih.gov/ij/) software package was used to quantify the
fluorescence intensity of the images taken. Every image was
first converted to an 8-bit image and then the “Measure” func-
tion was used to calculate the integrated intensity for the
selected area of the image; this is through the software taking
the sum of the pixel values in the image, and then averaging
the intensity at each point. The 8-bit gray scale fluorescence
images from the fluorescence microscope were subsequently
pseudocolored green with ImageJ with the built-in “Green”
LUT, and the fluorescence images published in this paper
were all further enhanced by increasing both brightness and
contrast by 40% for better viewing.

3. Results and discussion
3.1. Formation of the mechanophore-grafted self-sensing
thermoset network polymer

For this study, the mechanophore precursor chosen was cinna-
mamide (Cinn, chemical structure in Fig. 1b left inset), as it is
commercially available and its amine group can covalently
bond to the epoxy resin chosen (diglycidyl ether of bisphenol
F, DGEBF), in a similar manner to the crosslinking of the resin
with the chosen hardener (diethylenetriamine, DETA) in the
neat epoxy system. Cinnamamide is known to be able to form
a cyclobutane type dimer (di cinnamamide, Di-Cinn, chemical
structure in Fig. 1c left inset) under UV photoirradiation via
[2 + 2] cycloaddition. Thus two routes are studied in this work
for the mechanophore covalent incorporation into an epoxy
matrix, the first being the reaction of the cinnamamide
mechanophore precursor with DGEBF to ensure covalent bond
formation, with subsequent hardener addition.

The epoxy mixture is then UV cured so that the cyclobutane
mechanophore units can be formed via photodimerization,
while the conventional resin-hardener curing is taking place.
The second route is to first form di-cinnamamide in solution
under UV light, then to react it with DGEBF, with subsequent
hardener addition and conventional epoxy bond formation. In
this second method, it was expected that more cyclobutane
rings would be present in the final nanocomposite, as Di-Cinn
is theoretically 100% dimerized prior to addition, and was con-
firmed via the amount of initial fluorescence of the composite
for the same weight percentage of the mechanophore used. In
this route, the penetration depth for curing an epoxy sample
and the UV curing efficiency do not play a role. In the Cinn-
containing composite, this dimerization occurs in the viscous
epoxy resin-hardener solution, and thus there is competition
between the two types of crosslink formation as well as physi-
cal impedance for the cinnamoyl groups to find each other in
the mixture and dimerize, compared to simple dimerization in
solution.

To form the studied nanocomposites, the cinnamamide
dimer was first synthesized by dissolving cinnamamide in
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diethyl ether under magnetic stirring and a nitrogen purge.
The solution was then photoirradiated with a 302 nm wave-
length UV lamp for two days to carry out the [2 + 2] cyclo-
addition for the formation of the cyclobutane rings. The white
Di-Cinn precipitate was then washed and dried to obtain a
pure product. To form the studied nanocomposites consisting
of covalently bonded 10 wt% cinnamamide or 10 wt% di-
cinnamamide in epoxy, each was first reacted with the resin to
ensure the covalent bond formation between the amine hydro-
gens in Cinn or Di-Cinn and the epoxide rings of DGEBF. This
was performed by adding cinnamamide or di-cinnamamide to
DGEBPF with dichloromethane as a solvent. This mixture was
then heated at 40 °C for 4 h under a nitrogen purge and mag-
netic stirring to promote the reaction between the epoxide
rings and the amine groups. The dichloromethane solvent was
then removed under reduced pressure and the diethyl-
enetriamine hardener was added to each functionalized resin

mixture, with the hardener/resin/mechanophore weight ratio
calculated according to the manufacturer’s recommendations
and the epoxide/amine equivalent weight. The amount of
mechanophore vs. epoxide crosslinks must be balanced in
order to allow for the desired sensing signal while not
depressing the thermal and mechanical properties of the
matrix. These mixtures were then impeller-mixed at room
temperature until homogeneous, subsequently poured into
silicone rubber molds and allowed to cure overnight at room
temperature, with the cinnamamide epoxy being UV cured for
4 h under 365 nm light prior to leaving in darkness to com-
plete the curing. Neat epoxy samples were prepared in a
similar manner with a 100 : 27 ratio of resin to hardener.

The chemical structure in Fig. 1a shows a cinnamamide
dimer di-substituted with DGEBF, with the resin containing
two active epoxide ring end groups that can covalently bond
with an amine hydrogen active site. Theoretically, each amine

Fig. 1 (a) Chemical structure of a cinnamamide dimer di-substituted with the epoxy resin diglycidyl ether of bisphenol F. (b) ATR-FTIR spectra for
the reaction of cinnamamide (chemical structure in the left inset) with DGEBF over reaction time; inset, macroscopic image of the reaction solution
over reaction time; inset, ATR-FTIR spectra of the region between 3400 and 2900 cm−1. (c) ATR-FTIR spectra for the reaction of di-cinnamamide
(chemical structure in the left inset) with DGEBF over reaction time; inset, macroscopic image of the reaction solution over reaction time; inset,
ATR-FTIR spectra of the region between 3400 and 2900 cm−1.
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from a cinnamamide group has two free active hydrogen sites
that could participate in this reaction (with a total of 4 for a di-
cinnamamide molecule), but as seen in Fig. 1a, sterical hin-
drance of the reaction should be taken into account. Because
the cinnamamide or di-cinnamamide first reacts with the
resin molecule, there is a higher probability for increased
covalent bonding to occur (compared to the reaction happen-
ing in the epoxy in situ), however there is likely a higher substi-
tution occurring with cinnamamide compared to di-cinnama-
mide, due to the steric hindrance. Thus, to evaluate the
amount of substitution, ATR-FTIR was performed on the reac-
tion solutions of cinnamamide/di-cinnamamide and DGEBF
in dichloromethane, as seen in Fig. 1b and c, respectively.
Interestingly, in the reaction solutions for either chemistry, the
primary amine hydrogen peaks representative of Cinn and Di-
Cinn at 3367 and 3157 cm−1 (seen in Fig. 2a) are not present
in the FTIR scans. However, there are other important func-
tional group peaks present to evaluate the mechanophore–
resin grafting over the reaction time. As the ATR-FTIR acces-
sory was used on these samples, quantitative analysis regard-
ing the change in peak height over the reaction time can be
made. For both the cinnamamide– and di-cinnamamide–resin
reaction FTIR spectra shown in Fig. 1b and c, important func-
tional group peak changes over reaction time include a slight
reduction of the 730 and 700 cm−1 peaks for the aromatic C–H

bend, attributed to the change in aromaticity upon grafting;
the dramatic increase of the peak at 1032 cm−1, for the for-
mation of new C–OH bonds upon opening of the epoxide
rings; an increase at 1175 cm−1, again for the new C–OH
stretch; a dramatic increase near 1237 cm−1 for the for the
C–O–C ether stretch in DGEBF change in conjugation; a
decrease at 1265 cm−1 for the removal of the C–O stretch in
the epoxides; an increase at 1454 cm−1 for the C–H aliphatic
hydrogens; and increases at 1490, 1508, and 1606 cm−1 for
the benzene ring, due to its change in conjugation over the
reaction time. In only the cinnamamide–resin reaction
FTIR spectra, there is a dramatic reduction of the peak at
1140 cm−1, which can be correlated with the loss of the C–N
amine peak, specifically for primary amines.48–51

In the inset spectra in Fig. 1b and c showing the wavenum-
bers from 3400 and 2900 cm−1, there is an overlaying of the
peaks for the C–H bonds of the aromatics, alkanes, and
epoxide rings. For both cinnamamide and di-cinnamamide,
there is an increase of the 3055, 2980, and 2924 cm−1 peaks,
and for cinnamamide, there is a clear removal of the 2976 and
3015 cm−1 peaks after the reaction is completed. As the conju-
gation and interactions of the molecules can obscure the
specific identification of these peaks, the simple change in
peak intensity and the removal of certain peaks in this region
will provide the additional evidence of the procession of the

Fig. 2 (a) ATR-FTIR spectra comparing cinnamamide (green) with di-cinnamamide (orange). (b) Emission spectra the neat epoxy (black), 10 wt%
Cinn epoxy (red), 10 wt% Di-Cinn epoxy (blue) for an excitation wavelength of 350 nm. (c) ATR-FTIR spectra comparing the neat epoxy (black), with
the 10 wt% Cinn epoxy (red) and 10 wt% Di-Cinn epoxy (blue), with the inset image showing the neat epoxy, the 10 wt% Di-Cinn epoxy, and the
10 wt% Cinn epoxy samples (from left to right).
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mechanophore–resin reaction, with more defined evidence
from the spectra at the smaller wavenumbers.

A macroscopic viewing of the functionalization is addition-
ally seen in the inset images of Fig. 1b and c, which shows
diluted reaction solution aliquots taken at 0, 1, 2, 3, and 4 h
from left to right. At 0 h, before the reaction occurred, both
Cinn and Di-Cinn reaction solutions were colorless, due to the
solubility of both in dichloromethane. However, after only 1 h
of reaction, cinnamamide reaction solution turned fluorescent
opaque yellow, with the amount of yellow color increasing as
the reaction proceeded. This color change is a visible signal of
the resin–mechanophore functionalization, as the UV fluo-
rescence of the cinnamamide is shifted to the longer visible
wavelengths upon reaction with the large resin molecules. The
di-cinnamamide reaction solution turned white and opaque as
the reaction proceeded, which is expected to be the functiona-
lized di-cinnamamide resin that should not have intrinsic fluo-
rescence unless the dimers are broken under a mechanical
stress.

The ATR-FTIR spectra of the pure cinnamamide crystals
and di-cinnamamide powder can been seen in Fig. 2a, with
the important primary amine hydrogen peaks at 3367 and
3157 cm−1. Other defining peaks for the spectrum include the
CvO carbonyl stretch, and various aromatic peaks, below
1700 cm−1. Fig. 2c shows the resulting ATR-FTIR spectra for
the neat epoxy, and the 10 wt% Cinn and 10 wt% Di-Cinn
epoxy nanocomposites, with the Cinn composite having
undergone UV curing. A macroscopic image of the epoxy
samples on a light blue background can be seen in the inset of
Fig. 2c, with the neat epoxy being translucent, the 10 wt% Di-
Cinn epoxy being opaque white, and the 10 wt% Cinn epoxy
being opaque yellow; the fluorescent yellow color of the Cinn
composite being a visual indicator of its intrinsic fluorescence
even before damage is applied, due to the lower amount of
cyclobutane formation as a result of UV dimerization in the
curing epoxy mixture. In the neat and composite epoxy FTIR
spectra, the clear, broad –OH peak near 3300 cm−1 is present,
due to the opening of the epoxide rings during epoxy curing. It
should be noted that the 10 wt% Di-Cinn composite spectrum
exhibits flattening out of this peak and a small peak at
3350 cm−1 compared to the other spectra, which can be evi-
dence that the Di-Cinn composite still retains some of its
amine hydrogens, likely only moving from the primary amine
to the secondary amine form, due to the increase in the steric
hindrance in the Di-Cinn-DGEBF reaction, as compared to the
Cinn-DGEBF reaction. The smooth nature of the Cinn peak in
the region implies that all or most of its amine hydrogens were
removed during its reaction with the resin. This difference in
the bonding between Cinn and Di-Cinn with the epoxy matrix
can result in differences in the mechanochemical response
discussed below. Compared to the neat epoxy, the Cinn and
Di-Cinn composites exhibit additional peaks at 2916 and
2846 cm−1, with an additional peak for Cinn at 2941 cm−1.
These peaks are representative of the newly present aromatic
and alkane C–H bonds in the nanocomposites. Other impor-
tant functional group peaks can be seen below 1700 cm−1, and

are similar to the peaks discussed above as shown in Fig. 1.
Overall, from the ATR-FTIR spectra of the reaction between cin-
namamide and di-cinnamamide and DGEBF, along with the
spectra for the final nanocomposites, there is sufficient evi-
dence for the covalent grafting of the mechanophore units
into the thermoset epoxy network.

Fig. 2b shows the comparison of the fluorescent emission
for the neat epoxy, and the Cinn and Di-Cinn composites
under 350 nm excitation, with each curve normalized to its
maximum emission. Both neat and Di-Cinn epoxy samples
have similar emission with the maximum between 370 and
470 nm, while the Cinn epoxy has its maximum emission at
the higher wavelength range of 500 to 600 nm. This confirms
the macroscopic fluorescence visualization of the composite
samples mentioned above, and as the emission wavelengths
gathered in the subsequent fluorescence microscopy imaging
are between 500 and 550 nm, it is expected that the neat and
Di-Cinn samples will have a much lower intrinsic or baseline
fluorescence as compared to the Cinn samples.

3.2. Effects of mechanophore-grafting on the nanocomposite
material properties

As the newly formed nanocomposites feature covalent incor-
poration of the mechanophore units, it is desired to evaluate
their effect on the material properties. Differential Scanning
Calorimetry (DSC) was used to determine the glass transition
temperature (Tg) of the neat and mechanophore incorporated
samples. A representative DSC scan for the neat epoxy can be
seen in Fig. 3a, with scans for the 10 wt% Cinn and Di-Cinn
composites shown in Fig. 3b. The Tg values were calculated at
the step transition in the curves with the TA Universal Analysis
software. The average Tg values over 4 runs were 47.85 ±
3.01 °C, 41.46 ± 0.82 °C, and 42.28 ± 1.22 °C, for the neat,
10 wt% Cinn, and 10 wt% Di-Cinn samples, respectively. This
results in a decrease of the Tg from the neat of approximately

Fig. 3 Representative DSC scans showing the glass transition for the (a)
neat epoxy (black) and the (b) 10 wt% Cinn and Di-Cinn epoxy compo-
sites (red and blue, respectively), with the resulting Tg values (as an
average of 4 runs) in the inset on the top right. (c) Representative SEM
images showing the epoxy surfaces.

Paper Polymer Chemistry

7254 | Polym. Chem., 2016, 7, 7249–7259 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 A
SU

 L
ib

ra
ry

 o
n 

7/
8/

20
19

 1
1:

12
:2

3 
PM

. 
View Article Online

https://doi.org/10.1039/c6py01463a


6 °C for both the mechanophore nanocomposites. This Tg
decrease can be expected as the newly formed mechanophore
bonds are not as thermally stable as the neat epoxy network,
however a 6 °C lowering is relatively low compared to other
studies regarding mechanophore incorporated composites.
Fig. 3c shows the SEM images of the neat and composite
samples, with some difference in the surface morphology
observed, but not a significant enough different to imply
phase separation. Additionally, as the DSC scan only reported
one Tg, it is additionally confirmed that the mechanophore
units are successfully grafted and are miscible with the matrix.

Fig. 4 shows representative Thermogravimetric Analysis
(TGA) for the samples, with the corresponding Differential
Thermal Gravimetry (DTG) curves in the left inset. These tests
were run under nitrogen to prevent weight loss due to oxi-
dation, and thus purely capture the thermal decomposition of
the bonds within the epoxy samples. The main decomposition
temperatures (Td) were found via the tallest peaks in the
DTG curves, and were 349.10 ± 3.77 °C, 363.91 ± 1.72 °C, and
369.09 ± 2.26 °C, for the neat, 10 wt% Cinn, and 10 wt%
Di-Cinn samples, respectively. The addition of the mechano-
phore did shift the main decomposition temperature higher
than the neat by approximately 15 to 20 °C, for the Cinn and
Di-Cinn mechanophores, respectively.

However, there is a notable weight loss in the mechano-
phore containing composites of approximately 20% from 90 to
310 °C, followed by the main degradation. From the DTG
curves, it also appears that there are two small peaks before
the main Td at 120 and 236 °C. The Td values of the pure cin-
namamide and di-cinnamamide (prior to embedding) were
found to be 249.15 ± 1.24 °C and 251.68 ± 7.45 °C, respectively,
and occurred in one sharp decomposition step, with little to
no weight loss before 200 °C. This degradation of the mechano-
phores help to explain the second slight decomposition step

near 236 °C in the composites, thus the first small decompo-
sition step near 120 °C is likely due to the breaking of the
bonds between the mechanophore units and the epoxy matrix.
This step is more pronounced in the Di-Cinn sample, and is
likely due to the lessened conjugation of the dimer with the
matrix initially, due to the di-substitution of the dimers, rather
than the full substitution seen with the cinnamamide–resin
reaction.

In addition to utilizing DSC to determine the Tg values,
Dynamic Mechanical Analysis (DMA) can be used, with rep-
resentative curves seen in Fig. 5. The peak of the tan delta (tan δ)
curve in DMA is used to determine the Tg value for the sample,
with tan δ being defined as the ratio between the loss and
storage moduli. From DMA, the Tg values over 4 runs of each
sample were 60.83 ± 1.50 °C, 52.66 ± 2.80 °C, and 52.23 ±
2.05 °C, for the neat epoxy, and the 10 wt% cinnamamide and
di-cinnamamide composites, respectively. This makes for a
lowering of the Tg from the neat by about 9 °C for the
mechanophore grafted samples, with the mechanophore grafted
samples having statistically similar Tg values. It should be
noted that this decrease is slightly more than what was seen
with DSC, and overall, all of the Tg values are greater with
DMA compared to that of DSC. These results can be hypoth-
esized to be from the mechanical determination of the Tg in
DMA, rather than the thermal determination in DSC.

DMA can also be used to calculate the crosslink density for
a given sample, according to the theory of rubber elasticity,52

ρxl ¼
G′
3RT

, where ρxl is the crosslink density expressed in moles

of elastically effective network chains per cm3 of sample, G′ is
the rubbery plateau modulus, R is the gas constant, and T is
the absolute temperature at which the rubbery plateau storage
modulus is determined. The crosslink densities were thus
calculated to be 0.73 ± 0.01 × 103 mol cm−3, 0.55 ± 0.02 × 103

mol cm−3, and 0.63 ± 0.09 × 103 mol cm−3 for the neat epoxy,
and the 10 wt% cinnamamide and di-cinnamamide composites,
respectively. Similar to the other thermomechanical property
comparisons, the neat epoxy was expected to be more highly
crosslinked than either mechanophore containing composites.

3.3. Compressive mechanochemical activation and observed
fluorescent response

To evaluate the mechanochemical response of the mechano-
phore-grafted nanocomposites, compression tests were used to
apply repeatable and quantifiable damage to the thermoset
samples. From these compression tests, stress–strain curves
were obtained for each of the different sample types, as seen
in Fig. 6. The Young’s modulus values were calculated from
the slope in the linear elastic region of the curves, and were
found to be 2.21 ± 0.01 GPa, 1.36 ± 0.09 GPa, and 1.89 ± 0.09
GPa for the neat epoxy, 10 wt% Cinn and 10 wt% Di-Cinn
epoxy composites, respectively. Thus, there was a notable
decrease in the Young’s modulus upon 10 wt% cinnamamide
mechanophore incorporation, but the use of 10 wt% di-cinna-
mamide notably increases the Young’s modulus value.
Similarly, the yield strength values were 95.61 ± 1.26 MPa,

Fig. 4 Representative TGA curves showing the decomposition of neat
epoxy (black), and the 10 wt% Cinn (red) and 10 wt% Di-Cinn (blue)
epoxy composites, with the resulting major Td values (as an average of 4
runs) in the inset on the top right. The left inset shows the respective
DTG curves to determine the Td values.
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57.32 ± 0.73 MPa, and 77.44 ± 1.77 MPa for the neat, 10 wt%
Cinn, and 10 wt% Di-Cinn epoxy samples, respectively. This
increase in the mechanical properties when Di-Cinn is used as
opposed to Cinn is, again, likely due to the higher crosslink

density in the Di-Cinn composites from the mechanophore
cyclobutane dimers being formed prior to incorporation into
the epoxy mixture.

Fluorescence microscopy was then used in tandem with the
compression tests to evaluate the fluorescent response of the
self-sensing thermoset network composites, with fluorescence
images taken at the strain values of 0, 2, 4, 6, 10, and 15%.
From the compression test curves, 0% strain is the baseline
value prior to compression, while 2% and 4% strain are in the
elastic region, with 4% immediately before the yield point. 6%
strain is immediately after the yield point, and 10 and 15%
strain are well into the plastic region.

The representative images for the selected strain values for
the 10 wt% Cinn and Di-Cinn epoxy nanocomposites can be
seen in Fig. 7a and b, respectively. These images were taken
under excitation of 340–380 nm UV light, capturing the fluo-
rescent emission between 500–550 nm. The raw 8-bit gray
scale fluorescence images were pseudocolored green and the
brightness and contrast were increased by 40% for better visu-
alization and are shown in Fig. 7. It can be clearly seen that
the 10 wt% Cinn composite has a much higher fluorescent
emission overall compared to the 10 wt% Di-Cinn composite,
which was further confirmed by the macroscale visualization
of the samples and the fluorometer data. This reinforces the
hypothesis that the cinnamamide groups in this composite are
much less crosslinked, and less mechanically sensitive cyclo-
butane units are formed, than when the di-cinnamamide is
incorporated into the epoxy. For both of the composites

Fig. 5 DMA curves showing the storage modulus (G’, green), loss modulus (G’’, red), and tan delta (blue) of the (a) neat epoxy, (b) 10 wt% cinnama-
mide composite, and (c) 10 wt% di-cinnamamide composite, respectively. The inset table shows the average Tg and ρxl of the samples determined
from the DMA curves.

Fig. 6 Stress–strain curves for the neat epoxy (black), and the 10 wt%
Cinn (red) and 10 wt% Di-Cinn (blue) epoxy composites, with the lower
right inset showing the resulting Young’s modulus and yield strength
values.
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studied, there is an overall increase in the fluorescence with an
increase of the strain applied, however, there is not a clear
difference between the 0, 2, and 4% strains, which would be
required for damage precursor detection. There seems to be a
noticeable difference between the 4 and 6% strain values, thus
quantification of the fluorescence via ImageJ was performed to
analyze the phenomenon further.

For each sample analyzed, ten fluorescence images were
taken representative of the sample face and the ImageJ soft-
ware calculated average fluorescence intensity values for each
image. For each composite batch made, two samples for each
strain percentage would be analyzed, thus each point shown in
Fig. 8 is an average of 20 images. The upper left inset of Fig. 8
shows the raw fluorescence intensity data for 2 batches of the
10 wt% Cinn epoxy composite, which were found to have
slightly different fluorescence intensity values initially, likely
due to the variation in the UV curing of the epoxy samples,
which could be attributed to the light penetration depth,
among other factors. However, when the curves are overlaid by
normalizing the intensities to the 0% strain value, there is
good agreement in the shape of the curve and the strains at
which damage can be detected, as seen in the main image of
Fig. 8a. There is no significant difference in the fluorescence
intensity values between the 0, 2, and 4% strains, but there is
a marked increase in the fluorescence intensity at the 6%
strain mark, which is immediately after the yield point, and
can serve as early damage detection. The 10 and 15% strain

values show a further increase in the intensity with the applied
strain, as expected.

Similarly, Fig. 8b shows the raw fluorescence intensity data
for two batches of the 10 wt% Di-Cinn epoxy composites, with
no normalization, showing good agreement between the
batches. Both batches have nearly identical starting fluores-
cences, and there is not a significant increase in the intensity
for the batches for 2 or 4% strain. However, akin to the 10%
Cinn composite batches, there is a marked statistical increase
in the fluorescence at the 6% strain, with the intensity increas-
ing with the application of 10 or 15% strain. This early
damage detection at 6% strain reinforces our previous work,
which involved photodimerization of cinnamoyl functional
groups to create cyclobutane stress-sensing moieties within
polymer blends of crosslinked-cyclobutane containing poly-
mers and epoxy.46 Thus, despite the covalent incorporation
into the epoxy network, there is not an improvement in the
occurrence of the fluorescent response, likely due to the limit-
ation of the cinnamoyl chemistry in terms of its fluorescence

Fig. 7 Representative fluorescence images for the mechanophore-
embedded epoxy composites identifying the strain values for which the
images were taken, for (a) 10 wt% cinnamamide and (b) 10 wt% di-
cinnamamide. Scale bars are 50 µm. The images were pseudocolored
green and the brightness and contrast were increased by 40% to
enhance the visual analysis of the images.

Fig. 8 Average fluorescence intensity values for each strain calculated
via ImageJ from the obtained fluorescence microscopy images, with
each point being an average of 20 images and 2 samples per batch. (a)
Upper left inset shows the raw fluorescence intensity data for 2 batches
of the 10 wt% Cinn epoxy composite, while the main image shows the
overlay of the two curves by normalizing the intensity to the 0% strain
value. (b) Raw fluorescence intensity data for 2 batches of the 10 wt%
Di-Cinn epoxy composite, showing good agreement between the
batches.
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quantum yield. This shows that Cinn or Di-Cinn can be co-
valently grafted into a thermoset epoxy network and can
additionally be used as a stress-responsive mechanophore via
fluorescent signal generation, and that applying increasing
strain increases the fluorescence emission, due to the breaking
of the formed cyclobutane dimers, causing reversion to the
fluorescent monomeric form.

4. Conclusion

Mechanochemistry is a relatively new and exciting field, and
the pervasive nature of damage makes it an important one,
with thermoset composites being rarely studied for stress
sensing. In this work, we prepared novel, grafted, covalently-
bonded, self-sensing mechanophore-embedded thermoset
network nanocomposites. This study has the potential to open
new directions to polymer mechanochemistry, as while
mechanophores of varying chemistries have been covalently
incorporated into elastomeric and thermoplastic polymer
systems, they had not yet been covalently incorporated into a
thermoset network polymer. The mechanophore precursor
chosen was cinnamamide, as its amine group can covalently
bond to the epoxy resin chosen, in a similar manner to the
crosslinking of the resin with the chosen hardener in the neat
epoxy system. Cinnamamide was known to be able to form a
cyclobutane type dimer (di-cinnamamide) under UV photoirra-
diation via [2 + 2] cycloaddition. Thus two routes were studied
for the mechanophore covalent incorporation into an epoxy
matrix, the first being the reaction of the cinnamamide
mechanophore precursor with the epoxy resin to ensure
covalent bond formation, with subsequent hardener addition.
The epoxy mixture was then UV cured so that the cyclobutane
mechanophore units could be formed via photodimerization,
while the conventional resin-hardener curing took place. The
second route was to first form di-cinnamamide in solution
under UV light, then to react it with the epoxy resin, with sub-
sequent hardener addition and conventional epoxy bond for-
mation. In this second method, there were more cyclobutane
rings present in the final nanocomposite, as di-cinnamamide
was theoretically 100% dimerized prior to addition, and this
thus affected the resulting material properties of the compo-
sites. The chemistry of the covalent bonding between the
mechanophore units and the epoxy constituents was con-
firmed via an extensive FTIR study, and its effect on the com-
posite material properties including the Tg, decomposition
temperature, crosslink density, Young’s modulus, and yield
strength was studied. By these methods, it was determined
that the amount of cyclobutane bond generation and the
mechanophore–resin substitution amount determined the
resulting material and sensing properties. Compression tests
were used to apply damage to the mechanophore-embedded
networks, and fluorescent early damage detection occurred
immediately after the yield point for both the cinnamamide
and di-cinnamamide systems. Overall, both the routes of
mechanophore incorporation were successful in creating

grafted, self-sensing thermoset network composites, which
were capable of early damage detection via fluorescence
emission.
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