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ABSTRACT: Polymer multifunctionality can be designed through the incorporation of chemical groups termed
“mechanophores” that have a specific chemical transformation in response to applied force. The behavior of mechanophore-
linked polymers depends on synthetic factors such as the choice of the mechanophore, the polymer chemistry, and the
mechanophore linking architecture and on externally imposed factors such as temperature, loading mode, and loading rate. While
many papers have explored changing polymer architecture, relatively few have systematically looked at these external factors,
particularly temperature and loading mode. These external factors are critical for practical application of mechanophore-linked
polymers, particularly for damage detection in engineering materials. Here, we use a single synthetic system to quantify the
influence of these externally imposed factors. In particular, the mechanophore spiropyran (SP) is covalently bonded into lightly
cross-linked poly(methyl methacrylate) (PMMA). SP is a mechanophore that has a distinct color and fluorescence change when
activated through force to the merocyanine state, making it ideal for in situ studies. We monitor and analyze the full field
fluorescence of SP-PMMA samples during mechanical loading under tension and compression, over 3 decades of strain rate, and
over a 60 °C range in temperature. Typical SP mechanoactivation response exhibits three distinct regimes: minimal change
through yield, followed by rapid intensity increase, and approach to a steady state. Stress has a strong influence on the rate of
increase in SP activation, where stress increase by temperature decrease or strain rate increase substantially raises the SP
activation rate. Uniaxial compression displays a qualitatively similar response to that of uniaxial tension. However, a longer flat
region is observed in the case of compression as compared to tension corresponding with the larger yield strain.

1. INTRODUCTION

Mechanical force can drive chemical transformations by shifting
energy states and barriers similarly to light and heat.1−3 This
phenomena of mechanochemistry is ubiquitous in both
biological systems like hearing and bone remodeling as well
as synthetic fields like grinding, milling, and sonication.2,4,5

Synthetic mechanochemistry can be tailored through chemical
groups termed “mechanophores” that have a specific chemical
transformation in response to applied force. When covalently
bonded into polymer systems, mechanophores can add
functionality to a polymer, for instance, damage warning or
reactive site unveiling.3,6−9

Spiropyran (SP) is a reversible mechanophore that has a
strong color and fluorescence change associated with its force
driven transformation toward the merocyanine (MC) state.10

This molecule is also light and heat responsive with UV light
and heat driving equilibrium to the MC state and visible light

driving equilibrium to the SP state. The optical signature of the
SP to MC transformation (activation) has led to the covalent
incorporation of SP into numerous polymers including glassy
materials such as poly(methyl methacrylate) and polystyrene
and rubbery materials such as poly(methacrylate), polyur-
ethane, and poly(dimethylsiloxane) for tracking stress (or
damage), actuating color change, and furthering understanding
of mechanophore-linked polymer behavior.10−23

SP mechanoactivation in solid state polymers is a function of
the loading history, polymer matrix, linking architecture, and
environmental conditions.10,15,16,20,24,25 In glassy polymers it
has been observed that the onset of SP mechanoactivation
initiates only after passing through the yield peak even though
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stress is much higher than that which induces mechanoactiva-
tion in elastomers.14,15 Several reports have proposed that
molecular mobility is a major restriction on activation in glassy
polymers.12,24,26 Mobility is coupled with thermal history,
stress, strain rate, andabove allplastic flow.27−31 In a tensile
study of SP-linked linear PMMA at different temperatures,
Beiermann et al. found that color change at failure was
strongest for material 40 °C below the glass transition
temperature where stress was high and the material had
significant ductile flow.15 In a single temperature in situ shear
deformation study on lightly cross-linked SP-linked PMMA,
Kingsbury et al. found strain rate dependence of fluorescence
that did not have clear correlations with stress levels.12 Given
the complex interactions of temperature, time, stress,
architecture, and loading mode on mechanophore trans-
formation, there is a need for a comprehensive study on a
single mechanophore−polymer system.
Here, SP is covalently incorporated as a cross-link within the

glassy polymer, poly(methyl methacrylate) (PMMA), and its
activation is studied as a function of loading mode (tension vs
compression), temperature, and strain rate. This is the same
material as one of those characterized under shear loading by
Kingsbury et al. and Degen et al.12,13 In order to track the
activation during mechanical deformation, a full field
fluorescence optical setup is built for compatibility with a
uniaxial mechanical testing setup and associated (windowed)
environmental chamber. To our knowledge, this is the first in
situ study of the same mechanophore-linked polymer under
both tension and compression and the first in situ study at
different temperatures. The insights gained from these
experiments have direct implications for the use of SP as a
damage warning system and for the design of mechanochemi-
cally active glassy polymers.

2. EXPERIMENTAL SECTION
Material Synthesis and Processing. The SP molecule was

synthesized following the procedure of Davis et al.10 The 5′ and 8
points were chosen for attachment sites and functionalized with

methacryloyl esters for the subsequent polymerization reaction (Figure
1). These attachment points preferentially transfer force across the C−
O spiro bond.

PMMA, poly(methyl methacrylate), was synthesized via bulk free
radical polymerization and lightly cross-linked with ethylene glycol
dimethacrylate (EGDMA).12,13 MMA (methyl methacrylate, Poly-
sciences, Inc., 99.5% pure) was passed through an alumina packed
column dropwise (DHL-4, Scientific Polymer Products) before
polymerization to remove the hydroquinone inhibitor. This inhib-
itor-free MMA monomer was first mixed with 0.66 mol % of a BPO
(benzoyl peroxide, Sigma-Aldrich, 98% pure) initiator and 0.02 mol %
of difunctional SP, flushed and blanketed with nitrogen for 30 s, sealed
with an airtight lid, and vigorously stirred for 20 min. After confirming
homogeneous mixing, 0.98 mol % of an EGDMA (Sigma-Aldrich, 98%
pure) cross-linking agent and 0.5 mol % of a DMA (N,N-
dimethylaniline, Aldrich, 99.5% pure) activator were added. The
mixture was again flushed and blanketed with nitrogen, sealed, and
stirred for 30 min in order to increase its viscosity. For cross-linked
PMMA without the SP mechanophore, 1 mol % of EGDMA and no
SP were used, and the procedure was otherwise identical. For tensile
specimens the polymerization was done between two glass plates using
a Teflon-encapsulated Viton O-ring as a spacer and clamps to hold the
plates together. A two-step polymerization procedure was applied: (i)
the glass plates were placed in a nitrogen-filled plastic bag and
submerged into a 25 °C water bath for 24 h, and (ii) the samples were
additionally cured in a vacuum oven under a nitrogen atmosphere at
120 °C for 2 h. The first slow curing step inside a water bath is
necessary in order to avoid inhomogeneous shrinkage of PMMA. The
PMMA sheet was then removed from the glass mold, and test
specimens were cut into dog bones of gauge dimensions 1.3 mm × 3.7
mm × 16 mm using an Epilog Zing 24 laser cutter. For compression
specimens the same two step curing procedure was used except the
reaction was carried out in a test tube to produce a cylindrical plug. In
order to avoid buckling and shearing during compression, the plug was
machined into cylindrical specimens 7 mm in both diameter and
length. Both tension and compression specimens were stored inside a
desiccator before use. In order to obtain a uniform initial specimen
state, just prior to testing specimens were (i) held at Tg + 20 °C for 30
min in an oven, (ii) cooled to room temperature by taking it out of the
oven, (iii) photobleached by a visible light source (Intralux 6000) at
100 °C for 2 h to convert the mechanophores into the SP form, and

Figure 1. Chemical structure of SP-linked cross-linked PMMA, where the PMMA backbone (1) is cross-linked with EGDMA (2) and SP (3). Force,
UV, and heat can lead to the ring-opening of SP (3) to the red/purple and strongly fluorescent MC (4). The symbol P indicates lightly cross-linked
PMMA backbone.
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(iv) thermally equilibrated in the mechanical testing chamber for 30
min.
Thermal and Mechanical Tests. The glass transition temperature

was measured using a TA Instruments Q1000 modulated differential
scanning calorimeter (DSC). A 5−10 mg piece of material was loaded
inside an aluminum pan, and an inert atmosphere was maintained by
flowing nitrogen at the rate of 50 mL/min. Before each run the sample
was heated to 180 °C, well above the glass transition temperature, for
30 min to erase any previous thermal history. The sample was then
cooled at 30 °C/min to 30 °C, thermally equilibrated for 5 min, and
then heated at 10 °C/min to 180 °C. The glass transition temperature
was determined by analyzing the heat flow during the second heating
ramp. Neither decomposition nor additional curing was observed
during the temperature scan.
Constant engineering strain rate measurements were performed for

uniaxial tension and compression using a Zwick/Roell Z010 testing
system equipped with a BW91272 thermal chamber. For uniaxial
tension the dog bone specimen was tightly fastened by grips to avoid
any slippage, whereas in the case of uniaxial compression the
cylindrical specimen was placed between two parallel platens and
lubricated with a mold release agent (Smooth-On) to minimize
friction at the contact surfaces and thus obtain homogeneous
deformation. Four different strain rates were chosen for both tension
and compression: 1.2 × 10−4, 1.2 × 10−3, 1.2 × 10−2, and 1.2 × 10−1

s−1. The effect of temperature on tension was examined from 50 to
110 °C, at 10 °C increments.
Full Field Fluorescence and Fluorescence Spectroscopy. Full

field fluorescence intensity was used to measure the degree of SP to
MC conversion during mechanical loading. Fluorescence was excited
with a 532 nm green laser (CPS532, Thorlabs). The laser was passed
through an engineered diffuser (ED1-S20-MD, Thorlabs) and a
combination of convex and concave lenses prior to hitting the
specimen in order to provide a homogeneous intensity distribution
and required beam size, rather than the default Gaussian distribution
and beam size, respectively. Fluorescence was collected with a CCD
detector (Exi-blue, Qimaging) positioned at 45° to the laser source. A
575 nm long-pass filter (84-751, Edmund Optics) was placed in front
of the camera in order to block any excitation light from contributing
to the apparent fluorescence intensity (Figure 2). The Zwick and
optical setups were covered by rubber-coated black-out fabric (BK5,
Thorlabs) to minimize background light. For all experiments, exposure
time was set at 1 s and laser power was set at 4.5 mW.

The fluorescence emission spectrum was measured using a
spectrofluorometer (QuantaMaster QM-1, Photon Technology
International). 532 nm was selected as the excitation wavelength,
and the emission was scanned from 550 to 750 nm. The excitation
light and emission detector were positioned perpendicularly to each
other in order to minimize contributions from the incident beam to
the emission results.
Analytical Methods. To characterize the uniaxial mechanical

behavior, engineering stress and strain were calculated from force and

crosshead displacement respectively, using the initial specimen
dimensions. The accuracy of a crosshead-based strain measure was
verified using digital image correlation on SP-free PMMA specimens
subjected to identical loading conditions. For compression specimens
it was found that a compliance correction was needed in order to
obtain an accurate axial strainthis correction was applied to all
compression data. For the true stress numbers given in the paper, force
was divided by current area approximating the material as
incompressible (a reasonable approximation for large plastic
deformations). The yield stress and strain are defined throughout
this paper as the maximum stress point in the yield peak.

The full field fluorescence was converted to a single intensity value
by averaging over the field of interest using the software ImageJ. For
both tensile and compressive specimens a rectangular field of interest
was used with its center located at the centroid of the specimen. The
field of interest was moved according to the mechanical loading rate so
that the centroid of the specimen was kept under observation. The
tensile field of interest was 1.5 mm by 4 mm; the compressive field was
6 mm by 1 mm. The intensity variation was within 2% with a factor of
two change in window area.

Normalized fluorescence intensity was calculated to enable
comparisons between tensile and compressive specimens. Normalized
fluorescence, In(ε), was defined as12

ε ε ε= − =
−

I
I I

I I
( )

( ) ( 0)
n

max min (1)

where I(ε) is the measured intensity of fluorescence at a given strain ε
and In(ε = 0) is the measured intensity of fluorescence at zero strain.
The normalization factor, Imax − Imin, was obtained by assuming the
probability of mechanoactivation as a function of uniaxial strain can be
described by Weibull distribution statistics as shown in eq 232

ε = − − ε−I I I I( ) ( )e k
max max min

( )d
(2)

where 1/k and d are the scale and shape parameters, respectively. The
set of data at each loading mode and temperature was fit
simultaneously using the least-squares method, keeping Imax and Imin
constant while allowing k and d to vary from sample to sample.

Once the fluorescence is normalized, threshold strain (or stress) can
be readily calculated to compare the onset of activation for different
specimens. Following Kingsbury et al.,12 the threshold activation strain
is defined as when the normalized fluorescence intensity equals 0.01.

3. RESULTS AND DISCUSSION
The SP-free PMMA and SP-PMMA are thermomechanically
indistinguishable and optically quite distinct. The DSC data for
SP-free PMMA and SP-PMMA overlap nearly perfectly (Figure
3). The heat flow responses of both materials show a glass
transition temperature of 118 °C. Optomechanical measure-
ments were performed at 90 °C and 1.2 × 10−3 s−1 for both SP-

Figure 2. Schematic of experimental optical setup for in situ
measurement of full field fluorescence during uniaxial deformation
for SP-linked cross-linked PMMA.

Figure 3. DSC curves measured on heating from 30 to 180 °C at the
rate of 10 °C/min for SP-free PMMA and SP-linked PMMA. The heat
flow curves for SP-free PMMA and SP-linked PMMA are well
overlapped.
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PMMA and SP-free PMMA (Figure 4). The PMMA uniaxial
mechanical response is elastic−plastic with a distinct yield peak
and significant ductility. As expected, the fluorescence response

for SP-PMMA is different from that of SP-free PMMA. The SP-
free PMMA fluorescence starts from a value of 350 and remains
unchanged throughout deformation. This intensity value is
slightly above the background fluorescence of 326. SP-PMMA
fluorescence starts from a higher initial intensity than SP-free
PMMA (450 vs 350), indicating that some of the
mechanophore remained in the MC state despite the bleaching
procedure. The SP-PMMA fluorescence−strain curve has three
regions: (1) during the elastic regime the fluorescence change is
minimal, (2) there is a significant rate of increase following
yield, and (3) then at large strains the fluorescence rate of
increase decreases approaching a steady-state value. Both the
mechanical behavior and the glass transition temperature are in
good agreement with previous reports,33 showing SP can be
used as a force-sensitive sensor without significantly altering
thermal or mechanical properties. From this baseline SP-
PMMA optomechanical behavior, we will present and discuss
the effects of temperature, strain rate, and loading mode.
In order to determine the influence of temperature on

activation in SP-PMMA under deformation uniaxial tensile

Figure 4. (a) Uniaxial tensile stress−strain response and (b) corresponding evolution in fluorescence intensity at 90 °C and constant engineering
strain rate of 1.2 × 10−3 s−1 for SP-free PMMA and SP-linked PMMA.

Figure 5. Temperature effect on (a) stress−strain behavior and (b) fluorescence−strain behavior of SP-linked cross-linked PMMA under uniaxial
tension at a constant engineering strain rate of 1.2 × 10−3 s−1.

Figure 6. (a) Stress vs strain and (b) fluorescence intensity vs strain for SP-linked cross-linked PMMA under uniaxial tension at 90 °C at constant
engineering strain rate.

Figure 7. Fluorescence intensity vs time for SP-linked cross-linked
PMMA under uniaxial tension at 90 °C at constant engineering strain
rate (replotted from Figure 6b).
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experiments were performed at 1.2 × 10−3 s−1 for temperatures
from 50 to 110 °C. Over this temperature range the PMMA
mechanical behavior varies from brittle with a strength of 57

MPa at 50 °C to highly ductile with a strength of 6.4 MPa at
110 °C (Figure 5a). The optical behavior depends strongly on
temperature (Figure 5b). The initial fluorescence intensity
increases with increasing temperature, most significantly above
90 °C. The evolution of this fluorescence during the 30 min
thermal equilibration procedure is given in the Supporting
Information. The progression of fluorescence with monotonic
uniaxial tensile loading is more rapid at lower temperatures.
This fluorescence trend is expected from the significantly higher
stress the polymer experiences at lower temperatures. There
should be a secondary effect (favoring the opposite trend) by
which higher temperature deformations should approach
equilibrium faster, but this secondary effect is not apparent at
these relatively low strain rates. Only the specimens deformed
at 90 °C or higher reach the maximum SP to MC conversion,
while the specimens at lower temperatures fracture before
saturation (the 110 °C specimen reaches saturation at a larger
strain than we are showing here).

Figure 8. (a) Stress vs strain and (b) fluorescence intensity vs strain for SP-linked cross-linked PMMA under uniaxial compression at 90 °C at
constant engineering strain rate.

Figure 9. Comparison of tension and compression response of SP-linked cross-linked PMMA: (a) stress vs strain and (b) fluorescence intensity vs
strain at 90 °C and a constant engineering strain rate of 1.2 × 10−3 s−1.

Figure 10. (a) Emission spectrum and (b) normalized emission spectrum ranging from 550 to 750 nm with 532 nm light as excitation source. SP-
linked cross-linked PMMA samples were activated as follows: uniaxial tension at 90 °C and 1.2 × 10−3 s−1 up to 70% strain, uniaxial compression at
90 °C and 1.2 × 10−3 s−1 up to 70% strain, heat treatment at 140 °C for 1 h, and white light at 100 °C for 1 h.

Figure 11. Yield and activation strains vs logarithm of strain rate for
SP-linked cross-linked PMMA at 90 °C for uniaxial tension and
uniaxial compression.
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Constant strain rate experiments were performed at 90 °C
under uniaxial tension at four different strain rates (Figure 6).
All four rates exhibit glassy polymer behavior with an elastic
regime followed by a distinct yield peak, softening, and then
moderate strain hardening. The elastic stiffness, yield peak, and
postyield strength all increase with increasing strain rate. For all
strain rates the fluorescence intensity follows the same general
shape with a near constant value in the elastic regime followed
by a significant postyield increase and finally a rollover toward a
maximum intensity. At the faster rates the specimens break
before the rollover occurs. At a given strain value the slower
rate experiments exhibit consistently higher fluorescence
intensity. This may at first seem counterintuitive since the
lower rates have lower stresses (and presumably lower force

applied to the mechanophores), but these slower rate
experiments also have more time for the SP to MC conversion
to occur. Replotting the fluorescence as a function of time
rather than strain (Figure 7), it is apparent that the SP to MC
conversion rate does increase with increasing strain rate, which
is consistent with the higher stresses exhibited by the polymer
at increasing strain rates.
Constant strain rate uniaxial compression experiments at 90

°C were conducted in order to examine the effect of
deformation mode on SP mechanoactivation (Figure 8).
Everything except for specimen geometry and grip conditions
was held the same for the compressive experiments as
compared to the tensile experiments. Both the mechanical
and fluorescence response exhibit the same trends in
compression as in tension: (1) stress at a given strain is greater
at faster strain rates, (2) fluorescence at a given strain is higher
for slower strain rates, and (3) fluorescence at a given time is
higher for faster strain rates. One noticeable difference for the
compression experiments is that fracture occurs at higher
strains since this loading is not subject to strain localization.
The stress exhibited by the compression specimens is higher
than the corresponding tensile specimens at each strain rate due
to the pressure dependence of PMMA plasticity (Figure 9).
This pressure difference will enable us to identify whether
activation is driven by the deviatoric stress or the total stress.
However, in order to directly compare the tension and
compression fluorescence, we first need to normalize the
fluorescence intensity to account for specimen geometry and
surface quality effects.
We compare the tensile and compressive response in three

ways: the full emission spectrum of a deformed specimen
(Figure 10), the onset of activation as defined in Kingsbury et
al.12 (Figure 11), and the normalized fluorescence−strain
(Figure 12). First we use the full emission spectrum to confirm
that tensile and compressive loading are activating comparable
isomers of SP. The compression and tension samples were
taken from experiments at 90 °C and 1.2 × 103 s−1 stopped at

Figure 12. Normalized fluorescence intensity vs strain for SP-linked cross-linked PMMA at 90 °C for uniaxial tension and compression. Constant
engineering strain rates are (a) 1.2 × 10−4, (b) 1.2 × 10−3, (c) 1.2 × 10−2, and (d) 1.2 × 10−1 s−1.

Table 1. Stimuli and Conditions Exerted on SP-Linked
Cross-Linked PMMA

stimuli conditions

uniaxial tension 90 °C, 1.2 × 10−3 s−1, 70% deformation
uniaxial compression
heat treatment 140 °C, 1 h
white light 100 °C, 2 h

Table 2. Parameters of Eq 2 To Fit Fluorescence Intensity
Response for Uniaxial Tension and Compression for SP-
Linked Cross-Linked PMMA at 90 °C

strain rate Fmax Fmin d k

tension 1.2 × 10−4 2345.1 447.59 2.0494 2.6205
1.2 × 10−3 2.0000 2.0849
1.2 × 10−2 2.7185 1.8706
1.2 × 10−1 4.0335 1.6932

compression 1.2 × 10−4 1814.5 592.66 2.2010 2.8803
1.2 × 10−3 2.5555 2.1539
1.2 × 10−2 4.2710 1.7868
1.2 × 10−1 6.4893 1.5986
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an engineering strain of 0.7. Although we include the raw data,
the intensity values from different specimens cannot be readily
compared due to geometry and surface condition sensitivity.
Examining the normalized spectrum, we see that the tensile and
compressive emission spectra overlap nearly perfectly. Both are
red-shifted by 17 nm relative to the material activated by heat
(140 °C for 2 h). The onset of activation characterizes the
transition from a flat fluorescence response to an evolving
fluorescence response. The strain at onset of activation is
plotted along with the yield strain in Figure 11 for both tension
and compression. The yield strain increases with increasing
strain rate (linear vs log strain rate) and is larger for
compression than for tension. For all experiments the onset
of mechanical activation occurs at a larger strain than the yield
peakas is consistent with other literature on SP-linked
PMMA (Table 1).12,24 Like the yield strain, the onset of
activation strain increases with increasing strain rate and is
larger for compression than for tension. The trend for strain at
the onset of activation is in fact more exaggerated than the
trend for yield strain (quadratic vs log strain rate). This
nonlinearity has two likely contributions: (1) The yield peak
gets wider at larger strains, and activation is likely tied with the
end of intrinsic softening rather than the peak (a difficult point
to extract from the tensile data). (2) At faster strain rates
activation is in part rate limited. Following this onset of
activation, activation under compressive loading progresses at
similar rates to that of tensile loading for all strain rates despite
the significantly higher stresses experienced under compressive
loading (Figure 12). For example the true stress at 50%
mechanical activation is 1.5 times higher under compression
than tension at 1.2 × 10−3 s−1 (32.7 MPa compressive stress vs
21.8 MPa tensile stress) and 1.3 times higher stress at 1.2 ×
10−4 s−1 (20.9 MPa compressive stress vs 15.6 MPa tensile
stress). The corresponding Weibull fit parameters are given in
Table 2the shape parameter d corresponds to the onset of
activation and the scale parameter (1/k) corresponds to the
rate of activation.

4. CONCLUSION

In this study spiropyran was covalently incorporated into cross-
linked PMMA. An in situ full field fluorescence optical setup
was used to make quantitative correlations among stress, strain,
time, and the SP activation response during mechanical
deformation. Optomechanical experiments were performed
under a diverse spectrum of conditions: over a 60 °C range in
temperature, over 3 decades of strain rate, and under uniaxial
tension and compression. Three regimes were observed for SP
activation response during deformation: minimal change
through yield, rapid activation, and slow approach to a steady
state value. As expected, stress was a critical factor for
determining the SP activation rate for both temperature and
loading rate experiments. The activation response under
tension and compression was compared in terms of three
aspects: fluorescence emission spectrum of a deformed
specimen, the onset of activation, and the normalized
fluorescence−strain response. Activation under compression
was found to be comparable to activation under tension, even
though the stress is higher in compression than in tension at a
given strain. This study provides a fundamental understanding
of the mechanoactivation response of an SP-linked glassy
polymer that can be used for determining whether an SP-based
damage detection system is practical for a given application and

for developing models for mechanophore-linked polymer
design.
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