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a b s t r a c t

Mechanochemical changes in absorption or fluorescence in solid polymers are important for the
development of new methods of damage sensing, and must be demonstrated in structural polymers such
as epoxies for widespread use. With this in mind, we have observed that diamine-cured epoxies con-
taining 4,40-diaminodiphenyl methane (DDM) framework display mechanochemical changes in both
absorption and fluorescence. Samples change from original “blue” to mechanochemically activated “red”
fluorescence in response to uniaxial compressive deformation beginning in the early stages of strain
hardening. Accompanying the “red” fluorescence is an increase in radical concentration; both are
impermanent in time, suggesting the reactive intermediate as the fluorophore. Orange and green
chromophores are generated by compression as well; the orange chromophore is the red-emitting flu-
orophore while the green chromophore is non-fluorescent at ambient conditions. Our work indicates
that the DDM structure is the origin of the mechanochromic responses, and stoichiometric variation and
degree of cure are strong determinants for whether orange or green chromophores will form. Based on
these results the red-emitting orange chromophore is proposed as a reactive radical intermediate of core
DDM structure, generated by bond scission reactions on the epoxy network. The green chromophore is a
quinoidal methine resulting from the intermediates.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Within the field of stimuli-responsive polymers, those that have
an optical response to mechanical force are especially interesting.
Two examples of this are mechanochromism (force-induced color
change, MC) and mechanoresponsive fluorescence (force-induced
change in fluorescent emission characteristics, MRF), with recent
developments suggesting potential applications in damage detec-
tion, non-destructive evaluation, and strain sensing [1,2]. Most of
the examples of MC/MRF changes in solid polymer systems have
been realized in ‘soft’ polymers with low modulus and high elon-
gation at break, requiring large amounts of deformation to effect
the change [3e6]. It is important that MC/MRF systems be identi-
fied or developed in strong, stiff polymers as these are used in
structural applications that will have the most critical need for
damage detection capability.
An especially useful solid polymer is diamine-cured epoxy, a
glassy amorphous thermoset with mechanical properties sufficient
for use in structural applications. Epoxies are used in the aerospace,
marine, and automotive industries as the matrix material for fiber-
reinforced composites [7,8]; in the electronics industry as encap-
sulants; and in myriad applications as structural adhesives.
Recently, our group and others have worked to develop MC/MRF
sensor systems that are active in epoxy polymers [9e13]. Most of
these efforts have tried to impart MC/MRF functionality to epoxies
by incorporating secondary mechanochemically active molecules
into the thermoset network. However, in one example we found
that a commercially available epoxy based on 4,40-tetra-glycidyl
diaminodiphenyl methane (TGDDM) cured with diethylenetri-
amine (DETA) demonstrated MC/MRF behavior intrinsically, and
we demonstrated its utility as an impact damage detection system
for aerospace composites [10]. This work explores the origin and
properties of this intrinsic MC/MRF phenomenon.

Initially, most diamine-cured epoxies are optically transparent
or pale yellow in color, and emit blue fluorescence in response to
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ultraviolet (UV) excitation. Color change in epoxies in response to
external stimuli has been observed in response tomechanical force,
oxygen environments, high temperatures, irradiation with gamma
rays, or UV photons [14e20]. The reported colors have been yellow,
brown, dark blue or green, and are often transient or reversible
with specific thermal/environmental exposures. Yellow and brown
colors have been positively attributed to formation of carbonyl
products due to photo- or thermo-oxidation [21]. Green and blue
colors have been observed in several epoxy formulations contain-
ing TGDDM or the curing agent 4,40 diaminodiphenyl methane
(DDM) in response to high temperature and UV exposure
[14e16,22]. The mechanochromic generation of green color in
DGEBA resin cured with 4,40-diaminophenyl disulfide has been
reported by Ruiz de Luzuriaga and co-workers [20].

Observations of a fluorescent response in epoxy to an external
stimulus have been rare, and generally limited to enhancement or
quenching of the intrinsic blue fluorescence rather than the crea-
tion of new fluorophores. Levy and Ames studied the viscosity
dependence of the fluorescence of TGDDM-based epoxy formula-
tions. They noted a broad fluorescence at 463 nm that was viscosity
dependent and that was correlated with the TGDDM monomer
[23e25]. They observed a sharp fluorescence peak at ~606 nm in an
uncured TGDDM resin but did not speculate on its origin or stimuli
dependence [23]. Our previous work observed that compression or
impact of cured TGDDM-DETA samples produced a similar red-
emitting fluorescent species with emission maximum at 607 nm,
which we believe was the first reporting of intrinsic MRF in epoxy
[10].

Excluding carbonyl formation, nearly all of the stimuli-
responsive color change and fluorescence observations in epoxy
have implicated DDM as the responsive structure, whether it is
contained in the TGDDM epoxy monomer or the DDM amine
monomer. While the mechanisms and schemes have varied, the
proposed green chromophore-generating transition is often from
‘benzoidal methane’ DDM to a green or dark blue ‘quinoidal
methine’ chromophore derived from DDM [14e16,19,22]. The
proposed reaction pathways have involved bond scission or
hydrogen abstraction at one of several vulnerable bonds
including the C-N bond near crosslink sites and the C-H bond at
the central DDM methylene. These attacks generate several
proposed reactive intermediates, some of which result in qui-
noidal methines.

The reactive intermediates between the initial DDM structure
and the ultimate products of a bond scission or hydrogen abstrac-
tion event have not been previously studied in great detail. The
proposed intermediates are “open-shell” molecules similar to
diphenylmethyl and triphenylmethyl radicals which exhibit fluo-
rescent emission, with large Stokes shifts and often in the red
wavelengths, when stabilized long enough for study [26,27].
Reactive intermediates may be rendered persistent by immobiliz-
ing them via cryogenic solvent glass (matrix isolation technique),
trapping in zeolite channels, or by hosting the parent molecule in a
polymer solid and creating the intermediate via irradiation
[28e31]. In comparison with these techniques, the glassy amor-
phous epoxy network may be an ideal environment for prolonging
the lifetime of a reactive intermediate enough to observe its fluo-
rescence. Previous works have used electron paramagnetic reso-
nance (EPR) spectroscopy to confirm and correlate the formation of
green chromophores with radicals produced in DDM-containing
epoxies by external stimuli, although the lack of hyperfine struc-
ture did not allow conclusive identification of the radical species
[14,16].

Molecules similar to DDM that form a green chromophore
through transition from benzoidal methane to quinoidal methine
form includeWurster’s Blue and Malachite Green dyes [32e34]. An
interesting study on mechanochemical generation of radical de-
rivative of viologen, a related molecule with multiple redox states,
has been reported recently, showing that the viologen derivative in
powder form turned from yellow to green under 1e3 GPa of
compression or hydrostatic pressure; detailed absorbance studies
in a diamond anvil cell showed the formation of a red-colored
radical chromophore during the loading period of a pressure cy-
cle, with the radical stabilizing to a green-colored form during the
unloading period [35]. Molecules which transition from one
emissive state to another via rearrangement of covalent bonds have
found application in bioimaging [36].

The relationship between mechanochemical and photo-
chemical reactions is quite interesting. A well-known class of
mechanochemical reactions is based on the ring-opening of
cyclobutenes [37e39]; this electrocyclic reaction can also be
activated by incident photons [40e42]. Several mechanochemical
reactions producing MC/MRF response can also be accomplished
photochemically. The seminal spiropyran-merocyanine system
displays both mechanochromic and photochromic responses; the
ring-opening reaction from weakly colored, non-emissive spi-
ropyran form to colorful, emissive merocyanine form can be
produced by applying mechanical force [2] or by irradiation with
ultraviolet light [43e46]. The colorless dimer of lophine (2,4,5-
triphenyhimidazolyl) can also be dissociated into colorful
radical monomers mechanochemically via ultrasonication of
polymer chains or grinding of purified powders, or photochem-
ically by irradiation with 365 nm photons [47e49]. The study of
molecular systems that are both mechanochemically and
photochemically active has potential to advance the under-
standing of both fields, with researchers choosing the most
appropriate method to generate and quantify mechano- and
photochemical phenomena.

In this work we report on the MC/MRF response of DDM-
containing epoxies under uniaxial compression. Diamine-cured
solid epoxies containing DDM from either the epoxy or diamine
monomer display an irreversible “blue-to-red” change in fluores-
cent emission, along with the generation of orange or green chro-
mophores, in response to uniaxial compression. Our experiments
show the “red” fluorescence results from the orange chromophore,
which is a reactive radical intermediate of the DDM aromatic core
that can turn to non-emissive forms including the green chromo-
phore, a quinoidal methine. In a companion work to this paper, we
show that sustained UV illumination of DDM-containing epoxies
also produces these optical changes.

2. Experimental

2.1. Materials

The molecular structures of the commercially available epoxies
and diamine curing agents used in this study are shown in Fig. 1.
These epoxies and curing agents can be used in different combi-
nations to produce solid polymers with a wide variety of thermal
and structural properties. The tetra-functional TGDDM epoxy used
in this studywas obtained fromHuntsman under the product name
MY720. The di-functional diglycidyl ether of bisphenol A (DGEBA)
was obtained from Miller-Stephenson under the trade name Epon
828. The long-chain epoxy diluent diglycidyl ether of poly-
propylene glycol (DGEPPG) was obtained from Dow Chemical un-
der the trade name DER 736. The DETA, DDM, and 4,40-
methylenebis (2-methylcyclohexylamine) (MMCA) curing agents
were obtained from Sigma Aldrich. The 4,40-diaminodiphenyl sul-
fone (DDS) curing agent was obtained from Huntsman. The poly-
oxypropylenediamine (POPDA) curing agent was obtained from
Dow under the trade name Epikure 3274.



Fig. 1. Molecular structures of epoxy monomers and curing agents used in this study. Epoxies at left; diamine curing agents at right.
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2.2. Sample fabrication and thermal analysis

All three epoxies are liquid at room temperature; TGDDM has
high viscosity andwas raised to 70 �C for pouring andweighing, but
cooled to room temperature before mixing. The DETA, MMCA, and
POPDA curing agents are also liquids at room temperature, so for-
mulations involving these three curing agents were mixed with the
epoxies in 25e40 g batches and poured into aluminum molds to
cure. The DDM curing agent was obtained in solid pellets, which
were heated until melting then mixed into the epoxies as liquids.
The DDM returned to solid form during mixing, so the mixture was
gently heated until the DDM crystals dissolved, then returned to
room temperature. The DDS curing agent was obtained in powder
form. The powdered DDS was stirred into the epoxy liquids which
were gently heated until the DDS powder melted, after which the
liquids were stirred and removed from heat.

Dynamic differential scanning calorimetry (DSC) was used to
determine the appropriate cure temperatures of the various
epoxy samples. The onset of the cure exotherm in a dynamic DSC
scan at 5 �C per minute was used as the cure temperature;
samples were cured for 1 h at this temperature in a ThermoFisher
HeraTherm convection oven. These cure schedules produced
solid epoxy casts that were capable of undergoing machining and
testing, but were not necessarily completely cured. For the
detailed study of TGDDM-POPDA, dynamic DSC was used to
determine the degree of cure (d.o.c.) and the glass transition
temperature (Tg) of the different TGDDM-POPDA stoichiometries
and cure conditions.

Samples of 5e15mg in mass were scanned at 5 �C per minute
from room temperature through a temperature range encompass-
ing the cure reaction, in a TA Instruments Q50 DSC. The d.o.c. was
calculated using equation (1)

d:o:c ¼ 1� DН res

DН rxn
(1)

Where DHres is the residual heat of reaction given off by the sample
during a scan after the cure process, and DHrxn is the total heat of
reaction given off by the mixture during a scan before cure. The
heats of reaction were determined by integrating under the reac-
tion curve using the TA Universal Analysis software. Samples were
assigned a d.o.c. of 1 if no DHres was measurable, although the
increasing Tg after higher-temperature cure processes suggests that
at least some crosslink sites are still available. Glass transition
temperatures were also determined using the software, which
identified the characteristic step in the heat flow curve associated
with Tg. Samples with low d.o.c. often have a Tg below room tem-
perature, and these are not assigned a Tg value.

For detailed study of the TGDDM-POPDA system, batches of
epoxy with three stoichiometric conditions were mixed. Formula-
tion A had a 50wt% excess of the TGDDM epoxy; formulation Bwas
stoichiometrically balanced, for a ratio of 1 epoxide group to 1
amine group of curing agent; formulation C had a 50wt% excess of
POPDA amine curing agent. Samples were mixed at room temper-
ature, poured intomolds, and left at room temperature for 24 h. The
mixture was then heated in a convection oven at 50 �C for 1 h
(condition 0). Prism samples of 4mm� 4mm by 40mm were
machined from the casts using a PACE Pico 150 low speed saw with
polycrystalline diamond wafering blade. These prisms were post-
cured for 30min at 75, 100, 125, or 150 �C (conditions 1, 2, 3, and
4, respectively), then samples were machined from them for
compression testing.

Samples for uniaxial compression and optical analysis were
machined from the casts into flat plates of approximate dimension
4mm� 4mm x 1.0mm. For transflectance baseline measurements,
the samples were 0.5mm to more closely match the path length of
samples after extensive compressive deformation.
2.3. Mechanical deformation

Samples were compressed uniaxially in an Instron 5500R test
frame between polished steel platens. Engineering stress-strain
curves were determined using crosshead displacement and the
load recorded by a 100 kN load cell; true stress-strain curves were
determined from the engineering stress-strain data using equa-
tions (2) and (3)

strue ¼ εengr
�
1þ sengr

�
(2)

εtrue ¼ ln
�
1þ εengr

�
(3)

Samples were deformed at a crosshead displacement speed of
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0.5mm/min and were unloaded slowly, controlling the crosshead
by hand, to avoid catastrophic fracture on unloading.

2.4. Optical imaging and spectral analysis

Images of samples were collected using a Canon PowerShot
ELPH 100HS digital cameramounted on a small tripod. Natural light
images were taken in ‘portrait’ mode with no flash using a white
ceramic plate as background. Fluorescence images were collected
in ‘long shutter’ mode using a 15 s exposure in a darkroom using a
black, nonfluorescent felt cloth as background. Illumination for the
images came from a standard long wave UV bulb (lmax ~365 nm)
mounted at 45� to the sample surface.

Fluorescent excitation and emission spectra were collected from
samples of TGDDM-DETA polymer. The solid polymer was
machined as described above into 4mm� 4mm x 1mm samples
and mounted into a solid sample holding fixture. Spectra were
collected in a Perkin Elmer LS-50B luminescence spectrometer;
spectra from samples after compression were collected within
20min of compressive unloading.

Fluorescent emission spectra for this work were also collected
with a Y-type 7-around-1 fiber optic fluorescence probe held at 45�

to the sample surface and processed by a portable spectrometer
(Stellarnet BLUE-Wave UVN 200). The excitation light was pro-
duced by an LED source (Stellarnet SL1-LED) using a 390 nm LED
bulb. Measurements of changes in the fluorescent signal with time
were collected using the spectrometer’s episodic data capture
function. To collect time-resolved emission spectra at temperatures
other than room temperature, samples were attached to the digi-
tally controlled temperature stage of a GladiATR attachment (PIKE
Technologies) to a Vertex 70 spectrometer (Bruker). Samples were
Fig. 2. Fluorescent properties of TGDDM-DETA epoxy before and after compression. a) Exc
607 nmb) Emission spectra before compression due to excitation at 360, 390, 410 nm c)
607 nmd) Emission spectra after compression due to excitation at 360, 390, 410 nm.
brought into thermal equilibrium with a thin layer of thermally
conductive paste (Arctic Silver) at room temperature; the stage was
set to the desired temperature and measurements began when the
temperature was reached.

Absorbance spectra were collected from solid samples using a
transflectance method. A reflectance probe mounted into a 90�

holder (Ocean Optics CSH) which isolated the probe and sample
from ambient light was used to pass white light from a tungsten-
halogen source (Stellarnet SL1) through the sample to a reflective
aluminum foil tape layer. Light returning through the sample,
having passed through the sample for a path length of twice the
sample thickness, was collected by a spectrometer (Stellarnet
Silver Nova). A white-light baseline value was collected with no
sample in place, and absorbance spectra were determined by
comparison.

Absorbance spectra from liquid samples were collected using a
Thermo Fisher Evolution 300 UVeVis spectrophotometer. Liquid
solutions of epoxy dissolved in dichloromethane were held in the
beam path in quartz cuvettes, and compared to baselines of pure
dichloromethane liquid.

Electron paramagnetic resonance spectra were collected from
compressed epoxy samples using a Bruker EMX EPR spectrometer
with 1mW of microwave (9.27138 GHz) power and a modulation
amplitude of 1 G. A quartz sample tube was filled with fragments of
several TGDDM-DETA samples that had been compressed to ~7 GPa
of true stress. The initial spectrum was collected ~1 h after
compression. The sample tube was kept in approximately the same
alignment in the instrument at room temperature while subse-
quent spectra were collected for the next several days. The radical
concentration was calculated by double integration of the EPR
spectra.
itation spectra before compression corresponding to emission peaks at 438, 486, and
Excitation spectra after compression corresponding to emission peaks at 438, 486,
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3. Results

3.1. Excitation and emission of “blue” and “red” fluorescence

Before compression, the studied epoxy samples emit a “blue”
fluorescence in response to UV excitation light, with two peaks at
~430e450 nm and ~480e500 nm depending on formulation. In
previous works this emission has been attributed to the monomer
components of the formulation. [18,23e25,50,51]. UV-excited blue
fluorescence has been observed from epoxide monomers such as
TGDDM and from diamine curing agents such as POPDA when in
solid environments. Aromatic monomer components may also
form excimer complexes that emit blue fluorescence. After
compression however, some of the tested formulations show a
dramatic “blue-to-red” change in emission response to UV light.
Fig. 2 shows the excitation and emission spectra for a TGDDM-DETA
sample, before and after compression to ~7 GPa of true stress. Inset
to the emission spectra are fluorescent images of a TGDDM-DETA
samples under long wave UV light before and after compression,
showing the “blue” fluorescence before compression and “red”
fluorescence after. The fluorescence has three emission peaks at
438, 486, and 607 nm. Fig. 2a shows the excitation spectra corre-
sponding to the observed emission peaks. The excitation spectra for
438 and 486 nm are similar, a smooth peak at ~375 nm with a
shoulder at ~300 nm. The excitation spectrum for 607 nm emission
has a much more distinct spectrum with a broad peak at 410 nm,
and several smaller peaks between 450 and 490 nm. Fig. 2b shows
the three emission peaks observed using excitation of 360, 390, and
410 nm; the emission at 438 nm is stronger at lower excitation
wavelengths while the emission at 486 nm is stronger at 410 nm.
The 607 nm emission is observable at 390 nm and strongest at
410 nm. After compression, the excitation spectra undergo dra-
matic changes, as shown in Fig. 2c. The excitation corresponding to
607 nm emission shows an increase of 100-fold or more in the
410 nm peak after compression. The emission spectra after
compression, shown in Fig. 2d, exhibit a corresponding change. The
“red” emission at 607 nm increases in intensity due to compression,
as much as 100e200-fold depending on excitationwavelength; it is
Fig. 3. Images of epoxy formulations before (top) and after (bottom) uniaxial compressio
component. Left grid - ambient light. Right grid - long wave UV light.
also possible to observe a potential second peak that presents as a
shoulder at ~660 nm that also becomes more intense due to
compression. The correlation between 410 nm excitation and
607 nm emission and their synchronized increase in response to
compressive stress indicates that both can be attributed to some
mechanically generated species.

3.2. Identification of DDM as active structure

We performed a canvass of the 15 combinations of epoxy and
diamine monomers from Fig. 1, and tested them using 1.5 GPa of
uniaxial compression. Images of the samples before and after
compression are shown in Fig. 3. The ambient-light images show
that development of either green or orange color occurred after
compression in formulations containing either the TGDDM epoxy
or the DDM curing agent. Formulations that contained neither
TGDDM nor DDM did not show changes in color due to compres-
sion. The colors formed were transient, fading from the sample in
several hours or days at room temperature in air. The fluorescence
images, taken using long-wave UV excitation, show that “red”
fluorescence developed due to compression in nearly all formula-
tions that contained either TGDDM or DDM, and did not develop in
formulations that did not. The only exception occurred in TGDDM-
DDS formulation, which developed green color but did not exhibit
visible “red” fluorescence. These results clearly support the
involvement of the DDM framework in the reaction mechanism for
MC/MRF phenomena in epoxies.

3.3. Fluorescent response to varying deformations

The “blue-to-red” change in fluorescence due to uniaxial
compression is incremental - increasing deformation causes a
stronger “red” response. The excitation spectra in Fig. 2 show that
both “blue” and “red” fluorescence can be excited by 350e410 nm
photons. A 390 nm LED is capable of exciting all fluorescent emis-
sion, and can be used to observe all three peaks simultaneously.
This enabled comparison between samples of varying deformations
and changing geometries by normalizing to the intensity of the
n. Row labels indicate epoxy component; column labels indicate amine curing agent



Fig. 5. a) True stress-true strain curve of DDM-cured epoxy formulations. Inset -
yielding/strain softening region. b) Normalized 607 nm emission intensity vs true
stress for DDM-cured epoxy formulations.
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486 nm emission peak.
The normalized fluorescence spectra collected from samples of

TGDDM-DETA immediately after compressions of varying
maximum true stress are shown in Fig. 4. The inset shows the low-
intensity regions of the spectra, an expansion of the dotted box in
the large plot. After compression the 438 nm ”blue” peak emission
is decreased slightly and the 607 nm “red” peak emission becomes
dramatically more intense. This peak grows stronger with
increasing compressive deformation.

Examination of the mechanical deformation characteristics via
the stress-strain curves of samples during compression can help to
determine details of the activation mechanism. The true stress-true
strain curves of the three epoxies cured with DDM curing agent are
shown in Fig. 5a. Inset to Fig. 5a is a magnified view of the yielding
and strain-softening region, an expansion of the dotted box in the
main figure, with labels indicating the elastic modulus and yield
strength of the samples. Fig. 5b shows the intensity of 607 nm
fluorescence plotted against the maximum true stress for several
samples of these three DDM cured epoxies. The fluorescence has
been normalized to facilitate comparison using Equation (4)

I* ¼ I � Iinitial
Imaximum � Iinitial

(4)

where I* is the plotted intensity, I is the measured intensity, Iinitial is
the intensity measured from a sample before deformation, and
Imaximum is the highest intensity measured after compression from
the formulation being plotted. The onset of activation for each
formulation is determined by the x-intercept of the line fitted to the
activation region of each formulation in this plot.

The TGDDM-DDM and DGEBA-DDM samples are rigid glasses,
with high moduli and yield strengths, while the DGEPPG-DDM
sample is more flexible with much lower modulus and yield
strength. However, the activation onset for all three occurs at
similar stress levels, between 1.2 and 2.1 GPa. This stress level oc-
curs in the early-to-middle of the strain hardening region of the
true stress-true strain curve, and has beenmarkedwith a bracket in
Fig. 10. This level of deformation is consistent with fluorescence
activation conditions we previously observed in TGDDM-DETA [10].
The similarity of the activation onset behavior across all three for-
mulations suggests that a mechanism common to all three is
responsible for fluorescent species generation; the only common
structure in the formulations is the DDM framework, further evi-
dence for its involvement in the mechanochemical creation of the
Fig. 4. Fluorescence emission after compression. TGDDM-DETA samples to varying
compressive true stress levels. Inset: magnified plot of low-intensity region. Spectra
normalized to 486 nm emission peak.
fluorophore.
In TGDDM and DGEBA samples, macroscopic fracture caused a

response significant enough to be observed on the stress-strain plot
in Fig. 5 (~1.54 GPa for TGDDM; ~1.98 GPa for DGEBA). The onset of
fluorescent activation occurs at true stress levels slightly lower than
those causing macroscopic fracture in these two formulations.
Other researchers have established that covalent bond scission
events are strongly correlated with macroscopic fracture, with
scission often preceding fracture in samples subjected to increasing
stress [52e57]. Recent quantum mechanics/molecular mechanics
simulation work by Barr et al on the DGEBA-DDM system have
determined the uniaxial compression stress required for scission of
the first-to-break covalent bond to be 1.10e1.25 GPa, which is in
close agreement with the activation onset of our samples [58].
These results suggest a link between bond scission and fluorescent
activation in our samples.

The correlation between bond scission-causing stresses and
fluorescent activation in our samples naturally suggests the
involvement of a radical species created via rupture of a covalent
bond. The mechanochemical creation of unstable radicals has been
observed often in solids and polymers, and has been accompanied
by color change in several instances [49,59e62]. Some radical
species especially those involving aromatic rings, such as diphe-
nylmethyl, are quite strongly fluorescent [63e71]. Most radicals,
however, are inherently unstable intermediates which rapidly form
more stable products. The optical properties of fluorescent radical
intermediates can be difficult to observe in general due to their
reactivity and very short lifetime in most environments. Successful
characterizations of the optical properties of fluorescent radicals
have been accomplished by lowering the diffusion and recombi-
nation rates of the radicals, either by “freezing” the pre-radical in an
amorphous solvent glass at cryogenic temperature [28,70,72e74]
or by hosting the pre-radical in a solidmatrix such as a polymer or a
zeolite crystal [27,29,30,75] followed by stimulating radical for-
mation via irradiation, illumination, or thermal exposure. By anal-
ogy to these techniques, an amorphous glassy polymer such as
epoxy is an environment in which diffusion and recombination



Fig. 6. Images of sample of DGEPPG-DDM after ~2.5 GPA true stress compression. a) ambient b) long wave UV.

Fig. 7. TGDDM-POPDA samples with controlled d.o.c. after compression to 3000MPa. Cure conditions (see Table 1) listed at top. left - ambient light. right - long-wave UV light. Row
A e excess TGDDM formulation. Row B e balanced formulation. Row C e excess POPDA formulation.
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rates of a fluorescent radical should be low, leading to a long life-
time and enabling spectroscopic observations.

3.4. Analysis of chromophores

In Fig. 3 it is shown that while all DDM-containing formulations
displayed similar MRF behavior, some samples showed different
MC response. TGDDM-DETA and TGDDM-MMCA, for example,
changed from transparent to orange while TGDDM-DDS and
DGEBA-DDM changed from transparent to green, while displaying
the same “blue-to-red” fluorescence change. To rule out the pos-
sibility that green color is generated via some other non-
mechanochemical process, we compressed samples such that
they show only partial areal activation, to enable spatial correlation
observations. Fig. 6 shows ambient-light and fluorescence images
of a sample of DGEPPG-DDM compressed to ~2.5 GPA of true stress.
This sample shows the clear spatial correlation between regions of
“red” fluorescence and those of green color formation. The spatial
correlation suggests that the green chromophore and red-emitting
fluorophore are both created by the same mechanochemical
reaction.

To explore the chromophore generation more deeply we elim-
inated chemistry variation by studying only the TGDDM-POPDA
system, and attempted to “drive” MC formulation of one color or
the other by varying the stoichiometry and degree of cure of the
compressed samples. The degree of cure of samples was deter-
mined using Equation (1) to analyze dynamic DSC scans of samples
after the cure conditions recorded in Table 1. The DSC scans are
provided in the Supporting Information. Fig. 7 shows the results of
this study, with ambient-light images of TGDDM-POPDA samples
after 1.5 GPa of compression at left, fluorescent emission of the
compressed samples at right. The images are arranged with
increasing degree of cure from left to right, and increasing amine
stoichiometry from top to bottom.

It is clear that stoichiometry and degree of cure have a large
effect on the MC response of the epoxy samples. Samples with
incomplete cure of any stoichiometry produce an orange color in
response to compression. Compressed samples that are highly
cured, with an excess of TGDDM, become green in color. Com-
pressed, highly cured samples with an excess of POPDA become
orange in color. Highly cured samples with balanced stoichiometry
show very weak green color or no color at all. The fluorescent
images show that samples with incomplete cure, or with complete
cure of imbalanced stoichiometry, show strong red emission after
compression. Balanced, well-cured samples showed increasingly
weak fluorescence and very pale green color.

The most dramatic color change resulted from excess TGDDM
cure condition 2 (A-2, green) and from excess POPDA condition 4
(C-4, orange). Absorption spectra were collected from these two
samples immediately after compression, and then re-measured at
increasing times. The spectra collected have been plotted in Fig. 8
along with ambient light and fluorescence images. Both samples
showed an initial absorbance peak in the UV with a maximum at
~365 nm. After compression both samples showed a strong



Fig. 8. Examples of color formation in TGDDM-POPDA samples e images and absorbance spectra. Top e C-4 (orange). Bottom e A-2 (green). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Absorbance spectra of colorful species generated from TGDDM. Solid line - in solid TGDDM-POPDA, via 3GPA compression. Dotted line - in liquid DCM solution, via addition
of iodine crystals. Inset images show before and after color change in ambient light. Top e solid via compression; bottom e liquid via iodine. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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increase in absorbance at 410 nm consistent with the excitation
spectra assigned to mechanically generated “red”-emitting species
in Fig. 2. The green sample also showed a strong increase in
absorbance at 635 nm. A notch in the absorbance at 605e610 nm is
attributed to the fluorescent emission of the sample in this wave-
length region. The colors are transient, fading over the course of a
few hours, as reflected in the decrease in absorbance peaks as time
increases.

This analysis serves as further evidence that the orange chro-
mophore is also the “red”-emitting fluorophore. Absorbance at
410 nm, shown in Fig. 2 to be the excitation responsible for red
emission, is present in both orange and green-colored samples; the
635 nm-absorbing green chromophore cannot be the fluorophore
since it is not present in sample C-4 which is strongly red fluo-
rescent. However, samples that appear green may also have orange
chromophores present, as evidenced by strong 410 nm absorbance
from the green-appearing sample A-2. This also suggests that the
orange and green chromophores are not mutually exclusive.

Our observations of the dependence on degree of cure and
stoichiometry of the colors developed after compression are
consistent with the behavior of persistent radicals. The absorbance
of the cation of diphenylmethyl radical is at much higher wave-
length than the radical itself, and the equilibrium between radical
and cation form can be influenced by the pH or presence of
oxidizing gases in the environment, or thermally [29,76]. The
stoichiometric changes to the formulations of TGDDM-POPDA, and
the modifications of degree of cure, change the concentration of
unreacted amines and epoxides which modify the electron-
donating character of the environment around a formed radical
and favor either the orange benzoidal radical or the green quinoidal
form.

The formation of the green chromophore can be investigated



Fig. 10. a) Intensity of 607 nm emission peak vs time for TGDDM-DETA samples after 1.5 GPa compression, measured at various temperatures. b) Half-life of intensity decay vs
measurement temperature.

Table 1
Cure process, degree of cure (d.o.c.), and Tg for TGDDM-POPDA formulations.

Condition 0 1 2 3 4

Cure process RT 24hr, 50 �C 1hr Condition 0 þ 75 �C 30min Condition 0 þ 100 �C 30min Condition 0 þ 125 �C 30min Condition 0 þ 150 �C 30min
A d.o.c. (Tg,�C) .87 .98 (49.5) 1 (54.7) 1 (61.0) 1 (63.4)
B d.o.c. (Tg,�C) .70 .89 (59.0) 1 (80.8) 1 (95.5) 1 (98.5)
C d.o.c. (Tg,�C) .88 .99 (51.2) 1 (61.6) 1 (65.6) 1 (68.3)
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further by experiments in solution. Fig. 9 shows absorbance spectra
of a TGDDM-POPDA sample demonstrating green color change due
to compression, compared with a similar green color can observed
in a 5wt% TGDDM solution in DCM after the addition of a fewgrains
of iodine solid and brief sonication. The samples have a strong
absorbance peak at ~615e635 nm; a peak at 410 nm is observable in
the solid samples but not in liquid, which has a small peak at
365 nm. The images inset to Fig. 9 show before and after ambient
light images of the color change. When illuminated by 390 nm
excitation, the solid sample was highly fluorescent while the liquid
was not.

Aromatic amines such as DDM are known to oxidize to quinoidal
methine form with iodine in solution, often producing strong
visible absorption [77e80]. The similarity in absorbance between
the TGDDM-DCM-iodine solution and the solid TGDDM-POPDA
sample after compression is strong evidence that a similar qui-
noidal methine is formed in response to compression via some
mechanochemical intramolecular reaction. The solid sample also
exhibits 410 nm absorbance and 607 nm emission, while the liquid
sample has neither. This supports the correlation in Fig. 2 between
410 nm excitation peak and 607 nm emission from samples after
compression. The presence of the green chromophore in the liquid
sample in the absence of 607 nm fluorescence suggests that the
green chromophore is not fluorescent at room temperature in
liquid DCM.

3.5. Time stability after activation

The “red” fluorescent emission observed in Figs 2-4 is not per-
manent e illumination with identical UV excitation produces suc-
cessively lower emission intensities over time. The decrease in
“red” emission intensity is not accompanied by an increase in
“blue” emission intensity, meaning the decrease is not due to a
reversal of the “blue-to-red” transition but a further conversion of
the “red” fluorophore to some non-emissive state. This conversion
is more rapid if the sample is held at elevated temperatures. Fig. 10a
shows time resolved measurements of the “red” fluorescent
emission intensity measured from TGDDM-POPDA samples at
increasing times after 1.5 GPa of compressive true stress, taken
from samples held at temperatures from 25 to 70 �C. Fig. 10b shows
the intensity half-lives for different temperatures. The emission
intensities have been normalized to the intensity value at the onset
ofmeasurement, whichwas ~5min after unloading the sample. The
emission intensity decreases with time; increasing the temperature
of the sample during measurement increases the rate of decrease.

We attribute the decrease in emission intensity of the “red”
fluorescence over time to a conversion of the compression-
generated reactive intermediate fluorophore to some non-
emissive product. The companion work to this report demon-
strates that high-intensity UV illumination serves to activate the
“red” fluorescence rather than quench it e this rules out photo-
bleaching or photo-oxidation effects as the reason for the emission
intensity decay. The increasing rate of decay with increasing tem-
perature is consistent with a diffusion-dependent recombination
reaction, which is one pathway for a reactive intermediate “red”
fluorophore to become non-emissive [10,81,82]. Other pathways to
non-emissive species include oxidation reactions to produce car-
bonyls and formation of quinoidal methines.

The traditional method of studying radical species is EPR spec-
troscopy. EPR studies of mechanically deformed samples of
TGDDM-DETA epoxy confirm that large quantities of radicals are
produced in compression compared to undeformed samples.
Similar results were obtained from photo-activated samples of
TGDDM-POPDA, which are discussed in the companion work.
Fig.11 shows the EPR spectra of a sample of TGDDM-DETA collected
before compression and at increasing times after compression to
~7 GPa true stress, over the course of several days. The spectra
collected after compression used a quartz insert and had a different
microwave frequency, which accounts for the shift in center
crossing point and differences in signal to noise ratio. The g values
of 2.007e2.008 from samples before and after compression indi-
cate the presence of organic radicals, with a large increase in radical



Fig. 11. EPR spectra of TGDDM-DETA sample before compression and at various times after compression. Inset: relative radical concentration vs time after compression, time axis
logarithmic.
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concentration after compression. Over time the relative radical
concentration decreases in a manner consistent with a first-order
decay reaction, as plotted in the inset to Fig. 11. The EPR spectrum
of the compressed epoxy does not display hyperfine structure
suitable for positive identification of the radical, however its gen-
eral shape and features are quite similar to those observed by re-
searchers creating radicals in epoxy using other stimuli
[14,16,83e87]. There appear to be two overlapping spectral
Scheme 1. Scheme for reactions creating orange and green chromophores and red
fluorophore in DDM-containing epoxies.
contributions, with different decay rates. This is consistent with
other observations of radicals in epoxy as well [87]. Epoxy samples
that were made fluorescent via photo-activation also showed a
large increase in radical concentration, with EPR signal indistin-
guishable from that displayed by mechanically activated samples.
This work is discussed in more detail in the companion work.

3.6. Mechanism

Scheme 1 presents the original DDM structure, the reactive in-
termediate structure, and a quinoidal methine structure, which are
responsible for the color and fluorescence changes in DDM-
containing epoxies. Mechanically induced bond scission at any of
several adjacent bonds to the DDM structure, including the C-N
crosslink bonds, may result in radicals which ultimately migrate to
the central methylene of the DDM structure. This radical structure
can reduce its energy via resonance, making it preferable for
delocalized radical charge. A radical on the DDM structure in an
amorphous glassy thermoset environment such as cured epoxy
may be expected to have orange color, red fluorescence, and rela-
tively long lifetime consistent with our observations. As proposed
by others to account for the green coloration observed, the qui-
noidal methine structure of DDM is a natural structure to form from
the DDM central methylene radical. The selection of orange form or
green form as the preferred structure for the different formulations
will be studied in future works.

4. Conclusions

This paper presents our study of the mechanochromic and
mechanoresponsive fluorescence properties of diamine-cured
epoxy formulations containing the diaminodiphenylmethane
structure. Such epoxies displayed an irreversible “blue-to-red”
change in fluorescent emission when uniaxially compressed. The
activation of this change occurs in the early stages of strain hard-
ening, consistent with bond scission. The fluorescence change is
accompanied by the formation of orange and green chromophores;
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spectroscopic evidence shows the orange chromophore is the red-
emitting fluorophore, its EPR spectrum and impermanent emission
in time show it to be a reactive intermediate formed by
compression-initiated bond scission events. One product of such
events is the quinoidal methine form of DDM, which is shown here
to be the green mechanochemically generated chromophore.
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