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Mechanochromism and Strain-Induced Crystallization in
Thiol-yne-Derived Stereoelastomers

Virginia C. Ritter, Samantha M. McDonald, Andrey V. Dobrynin, Stephen L. Craig,*
and Matthew L. Becker*

Most elastomers undergo strain-induced crystallization (SIC) under tension;
as individual chains are held rigidly in a fixed position by an applied strain,
their alignment along the strain field results in a shift from strain-hardening
(SH) to SIC. A similar degree of stretching is associated with the tension
necessary to accelerate mechanically coupled, covalent chemical responses of
mechanophores in overstretched chains, raising the possibility of an interplay
between the macroscopic response of SIC and the molecular response of
mechanophore activation. Here, thiol-yne-derived stereoelastomers doped
covalently with a dipropiolate-derivatized spiropyran (SP) mechanophore
(0.25–0.38 mol%) are reported. The material properties of SP-containing films
are consistent with undoped controls, indicating that the SP is a reporter of
the mechanical state of the polymer. Uniaxial tensile tests reveal correlations
between mechanochromism and SIC, which are strain-rate-dependent. When
mechanochromic films are stretched slowly to the point of mechanophore
activation, the covalently tethered mechanophore remains trapped in a
force-activated state, even after the applied stress is removed. Mechanophore
reversion kinetics correlate with the applied strain rate, resulting in highly
tunable decoloration rates. Because these polymers are not covalently
crosslinked, they are recyclable by melt-pressing into new films, increasing
their potential range of strain-sensing, morphology-sensing, and
shape-memory applications.
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1. Introduction

Semicrystalline polymers are used
widely in biomaterial and barrier film
applications.[1–3] These polymers contain
distinct regions of crystalline and amor-
phous morphologies, which collectively
impart often desirable properties, includ-
ing elastomeric mechanical behavior.[4,5]

Under uniaxial tension, semicrystalline
polymers often exhibit nonlinear stress
responses that arise from the disassembly
and formation of new crystalline regions.
For example, at large deformations, the
alignment of highly stretched polymer
chains can facilitate strain-induced crystal-
lization (SIC).[1] SIC results in significant
material toughening due to interchain
van der Waals interactions, which may be
desirable or undesirable, depending on
the application. Indeed, many polymer
products and devices are processed using
methods that specifically take advantage
of SIC-based toughening,[6] and SIC is
critical to many industrial applications,
including biomedical materials, pharma-
ceuticals, anti-tamper technology, and
polymer-reinforced infrastructure.[1,2,7–9]

The multitude of morphological re-
sponses exhibited by semicrystalline
polymers to uniaxial deformation are well
documented.[6,9–13] Initial polymer elasticity

is attributed mainly to the amorphous, rubbery regions that are
found between crystalline lamellar stacks. Extension of the amor-
phous chains (interlamellar shear) imposes stresses between the
crystallites until they eventually fragment, marking the initial
yield point. As strain increases further, the polymer deforms plas-
tically, during which tensile stress remains mostly constant with
increasing strain. The dominant processes during plastic defor-
mation include the disentangling of amorphous chains and the
shearing and melting of crystallites, among others. The uncoiling
of these chains gradually reduces their conformational degrees of
freedom as the polymer sub-chains approach their nominal con-
tour lengths. Eventually, this gradual transition is accompanied
by strain hardening (SH). At the molecular level, SH involves the
transition from a reduction in conformational entropy, to an in-
crease in the enthalpic distortion of chemical bonds. At the poly-
mer chain level, this corresponds to large tensile forces within the
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Figure 1. Mechanochromism in semicrystalline polymers. a) Synthesis of thiol-yne stereoelastomers. b) Force-coupled equilibrium of SP and MC.
c) Cartoon of polymers in relaxed SP state (top), strain-hardened MC (middle) and force-trapped MC due to SIC (bottom).

individual chains. Macroscopically, this process is manifested in
a nonlinear SH stress response, in which stress increases rapidly
with additional strain. As the amorphous polymer chains con-
tinue to deform, they become more rigidly aligned, and the pre-
cise orientation of the chains enables SIC. SIC, a sub-type of SH,
results in an anisotropic phase change in the newly crystalline
chains. Any subsequent polymer relaxation, both before and af-
ter failure, occurs primarily within the remaining amorphous
regions.[6,10–13]

Thiol-yne-derived stereoelastomers are one class of polymers
that undergo SIC under uniaxial tension. These polymers are
synthesized using a base-directed Michael addition step-growth
polymerization (Figure 1a). The relative stereochemistry of the
resulting alkene backbone is determined by the polarity of the sol-
vent, which influences the coordination of the base catalyst (and
thus the equilibrium constant, Keq) with the activated alkyne.[14,15]

Importantly, this tunable stereochemistry enables concomitant
control over mechanical and thermal properties.[15–17] More
specifically, an increase in cis content correlates with crystallinity
due to enhanced crystal packing, and this correlation is observed
similarly in proclivity toward SIC.[15] These polymers are lin-
ear, and although they are not crosslinked chemically, the crys-
talline domains aggregate as net-points that are linked weakly
through van der Waals forces. As a result, when polymers are
stretched, tensile response is influenced highly by the relaxation
kinetics associated with the reorganization of the crystalline do-
mains. Macroscopically, this results in behaviors that are strain-
rate-dependent in both onset and extent. Consequently, connec-
tions between these strain-rate-dependent macroscopic proper-
ties with stress/strain dependent molecular behaviors have the
potential to inform end use applications.

Mechanochromophores are stress-responsive functional
groups that, when incorporated within materials, provide
macroscopic visualization of molecular stresses.[18,19] These
molecules undergo force-coupled switching between isomers
that possess different spectroscopic properties. In general,

mechanophores possess (comparatively) reactive sites, which
are employed strategically so that they will break, or otherwise
react, prior to other irreversible scission events within the ma-
terial. The activation of the covalent mechanophore occurs as
the polymer chains reach SH, when covalent bonds are under
increased enthalpic distortions.[20] For example, the widely used
spiropyran (SP) mechanophore is initially colorless because
of its spirocyclic structure. With applied force, SP undergoes
an electrocyclic ring-opening to merocyanine (MC), and this
isomerization results in a visibly observable blue or purple color
due to the increased co-planarity and conjugation of aromatic
groups, as illustrated in Figure 1b. The force-coupled equilib-
rium between these “off” (SP) and “on” (MC) states can then be
monitored using absorbance or fluorescence spectroscopy.[21–23]

As a result, mechanophores facilitate macroscopic monitoring
of molecular-level stresses within polymer materials.

The direct application of mechanophores to detecting and
monitoring changes in bulk materials remains a burgeon-
ing research area. Mechanophores have been used to probe
specific processes including: shape-memory effects,[24] visual-
ization of polymer necking,[25] temperature-induced crystallite
formation,[26] and quantitative stress-mapping.[23,27] In these re-
ports, mechanochromic responses to uniaxial deformation typi-
cally display the same behavior, in which activation is minimal
through the yield point, increases close to linearly with further
strain through SH, and, in some cases, plateaus just before ma-
terial failure.[23,28] In most of these examples, mechanophore ac-
tivation is independent of the applied strain rate, so there is
minimal influence from viscoelastic relaxation. For the publica-
tions that do report strain rate-dependence, mechanophore acti-
vation is delayed by an additional 10–50% elongation per 100-
fold decrease in strain rate.[28–31] Accordingly, the interplay of
mechanochromism and strain-rate-dependent SIC, particularly
within thiol-yne stereoelastomers, is of interest.

In this work, SP-doped, thiol-yne-derived stereoelastomers are
shown to be semicrystalline, recyclable, and mechanochromic
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Scheme 1. Synthsesis of monomer 4 and step growth polymerization of thiol-yne polymers.

under several methods of mechanical activation. Uniaxial tensile
tests at three different strain rates confirm that modulus, SH,
and SIC behavior depend on the applied strain rate, and therefore
all are influenced highly by viscoelastic effects of chain entangle-
ments. Mechanical and thermal properties are independent of
the added SP reporting molecules, confirming that SP behaves
as a true sensor. The activation strain of SP mechanochromism
correlates strongly with the onset of SH. Moreover, the lifetime of
the MC state is correlated with the extent of SIC that, once force is
removed, leaves the MC isomer in a trapped force-activated state
until the respective polymer relaxes, as illustrated in Figure 1c.
Stress relaxation tests also indicate correlations between SP acti-
vation and SIC.

2. Results

2.1. Synthesis

SP monomer 4 was synthesized according to Scheme 1. Com-
mercially available 6-bromohexanoic acid was used to syn-
thesize the anhydride 1 in quantitative yield, in a man-
ner analogous to a previously reported method using N,N′-
diisopropylcarbodiimide.[32] SP diol 2 was synthesized using a
previously published procedure.[33] The functional anhydride 1
was then coupled onto 2 using a catalytic amount of N,N′-
dimethylaminopyridine, to yield 3 (68%). Sodium propiolate was
synthesized according to procedures published previously,[34]

and then used in excess with 3 in anhydrous DMF to yield the
dipropiolate-functionalized monomer 4 via nucleophilic substi-
tution (36%).

Thiol-yne polymers were synthesized using a base-directed
thiol-yne step growth polymerization using monomers 5, 6, and
a small mole fraction of 4 (Scheme 1).[15–17] Monomer stoichiom-
etry was controlled precisely so that the molar equivalences of
propiolate monomer were in a 1:1 ratio to the added 1,6-hexane

dithiol. The amount of added 4 spanned 0, 1, and 1.5 wt% of the
bulk, resulting in polymers named 0-SP, 1-SP, and 1.5-SP, re-
spectively (Table 1); for 1-SP and 1.5-SP, this corresponds to 0.25
and 0.38 mol% of 4. Under these synthetic conditions, polymers
of Mw 40–70 kDa and 79.9 ± 0.3% cis content (average ± 1 stan-
dard deviation., n = 3; calculated from the integrations of the cis
and trans 1H NMR resonances) along the polymer backbone were
obtained consistently.[15] 1-SP and 1.5-SP are mechanochromic
in their bulk unprocessed state, and 4 is activated under several
forms of applied force (Figure S52, Supporting Information). No-
tably, these polymers may be recycled multiple times by melt-
pressing into new films, as they are not covalently crosslinked.

2.2. Film Fabrication

Films (0.75–1.00 mm thickness) of each polymer were fabricated
using a melt-compression machine. The combination of melt-
ing, intense pressure, and slow cooling under confinement resets
the thermal history, resulting in consistent crystallinity across the
polymer film compositions. The melt-press machine was pre-
heated to 10 °C above the polymer melt transition temperature
(Tm), then granulated polymer was added into a 50 × 50 × 1 mm
mold and placed on the compression machine under ambient
air and pressure. After 15 min of melting, the polymer was sub-
jected to 100 psi of pressure for 20 min. Subsequently, each film
was cooled slowly to ambient temperature over 20 h, while un-
der 100 psi of pressure to prevent wrinkling of the film’s surface.
The films were visually inspected to ensure that no bubbles were
present in the films. Then, dog-bone tensile bars were cut using
a custom ASTM Die D-638 Type V die punch (neck dimensions
9.53 mm × 1.50 mm). Two black ink marks were placed on the
surface of each sample to assist in image processing; however,
they were not used for any measurements. All films were pressed
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Table 1. Polymer nomenclature and characterization.

Polymer SP content 𝜖˙

[wt%] [mol%] Mw
[kDa]

Xc
[%]a)

Tg
[°C]

[mm min−1] [s−1]b) E
[MPa]

𝜖break
[%]

0-SP – – 72.6 12.8 −1 10 0.02 128.6 ± 7.1 599 ± 21

1 0.002 115.6 ± 3.4 683 ± 61

0.1 0.0002 96.9 ± 5.7 751 ± 51

1-SP 1.0 0.25 50.4 14.6 0 10 0.02 130.0 ± 9.0 781 ± 58

1 0.002 104.3 ± 5.8 826 ± 64

0.1 0.0002 97.9 ± 2.3 880 ± 38

1.5-SP 1.5 0.38 56.4 9.3 2 10 0.02 106.6 ± 4.0 967 ± 18

1 0.002 89.3 ± 3.1 995 ± 52

0.1 0.0002 82.3 ± 4.9 974 ± 39
a)

Xc were measured on unstretched films using wide-angle x-ray scattering within 1 day of melt-pressing;
b)

Approximate values; see Table S3 (Supporting Information) for
averages and associated gauge lengths.

to similar dimensions (0.75–1.00 mm thickness) to facilitate di-
rect comparison of all image sets.

2.3. Characterization of Unstretched Films

2.3.1. Thermal Properties

Differential scanning calorimetry (DSC) was performed on
a series of samples (5–10 mg) using temperature ramps of
10 °C min−1 (heating and cooling) over the range −20 to 140 °C.
The glass transition temperature (Tg), crystallization temperature
(Tc), Tm, and enthalpy of melting (ΔHm) were determined from
the second heating cycle of the DSC thermograms, unless oth-
erwise noted. The results were averaged from two independent
trials.

Stereoelastomer thermal properties for 0-SP, listed in Table
S1 (Supporting Information), are consistent with those reported
previously.[15] These thiol-yne stereoelastomers possess an aver-
age Tg of between −1 and 2 °C, and all samples displayed crystal-
lization exotherms in their 2nd heating cycles, at Tc of 42, 39, and
41 for 0-SP, 1-SP, and 1.5-SP, respectively, showing that the SP
incorporation has no statistical influence on the stereoelastomer
thermal properties. Additionally, all polymers displayed a distinct
Tm in both the 1st and 2nd heating cycles, which is also consis-
tent with previous reports.[15] The average normalized ΔHm were
15, 16, and 15 J g−1 for 0-SP, 1-SP, and 1.5-SP, respectively.

2.3.2. Physical Properties

All three polymers were investigated by small-angle and wide-
angle X-ray scattering (SAXS and WAXS), and data acquisition
and analyses were completed using the methods detailed in Sec-
tion 5. All scattering experiments were completed within 24 h
of melt-pressing each respective film in order to reset thermal
histories and facilitate comparison; it should be noted that all
polymers undergo additional crystallization at room tempera-
ture (RT), as the Tg is less than RT and contain no covalent
crosslinks that could otherwise prevent the rearrangement—and
subsequent phase change—of polymer chains.

The degree of crystallinity (Xc), calculated from the modeled
WAXS data using the ratio of the crystalline area to the sum of
crystalline and amorphous areas, was 12.8%, 14.6%, and 9.3%
for 0-SP, 1-SP, and 1.5-SP, respectively (Table 1). The materi-
als exhibited an inverse relationship between the crystalline do-
main size and Xc, which is consistent with this and other thiol-
yne stereoelastomer families.[15–17] Crystal dimensions, calcu-
lated from SAXS data, were 195, 186, and 202 Å for 0-SP, 1-SP,
and 1.5-SP, respectively.

2.4. Tensile Tests at Different Strain Rates

Samples were tested at 3 different strain rates (𝜖˙, s−1), cor-
responding to crosshead speeds of 10, 1, and 0.1 mm min−1

(herein, referred as 𝜖˙10, 𝜖˙1, and 𝜖˙0.1). The large deformations and
heterogeneous response (e.g., necking) observed in these sam-
ples complicate any evaluation of intrinsic true stress/true strain
properties, and it is important to regard the reported stress/strain
behavior in this context. As discussed below, however, the em-
pirical 𝜖˙-dependent behavior at large deformations that is the
focus of this work is well characterized by governing equations
of uncrosslinked polymeric materials, even across subtle varia-
tions in sample size and initial strain rate. The sample gauge
lengths (mm) and the corresponding initial strain rates (2 × 10−4

to 2 × 10−2 s−1) are listed in Table S3 (Supporting Information).
All tests were done in triplicate to ensure reproducibility, and re-
sults are reported as average± 1 standard deviation (n= 3), unless
otherwise noted.

Tensile mechanical data (Table S1 and Figure S10, Support-
ing Information) for these polymers typically show a short in-
terval of elastic deformation before yielding at ≈5–9 MPa and
10–15% elongation (𝜖). This is followed by a regime of strain-
softening and plastic deformation. Within the ranges examined
here, higher 𝜖˙ results in larger moduli (E), and, in most cases,
lower 𝜖 at break (Table 1). When stretched to approximately 𝜖 =
200%, polymers enter SH regimes, then subsequently fail be-
tween 𝜖 = 600–1000% and 30–50 MPa stress. Typically, tensile
testing data display two SH regimes that are separated by a brief
interval of strain-softening. This transition is most pronounced
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Figure 2. Examination of the effect of 𝜖˙and SP content on mechanical properties. All parts include triplicate data for 0-SP, 1-SP, and 1.5-SP, across all
𝜖˙(i.e., 27 individual tensile tests). a) Stress vs 𝜖 at small deformations; b) 𝜎(t)/𝜖 vs t = 𝜖/𝜖˙; c) stress vs 𝜖 over the studied deformation range; d) 𝜎(t)/𝜖˙
vs t = 𝜖/𝜖˙. Please see the related Figure S62 (Supporting Information) that explicitly identifies each tensile test according to each polymer.

for 𝜖˙10-tested samples; when stretched slowly, there is a more
gradual progression through the SH regimes.

2.4.1. Effect of Strain Rate

In Figure 2a, stress is plotted as a function of 𝜖 at low defor-
mations for 0-SP, 1-SP, and 1.5-SP, across all rates. In general,
stress at a given 𝜖 decreases with decreasing 𝜖˙, which is expected
for networks with physical crosslinks and is a manifestation of
strand relaxations.[36,37] At a constant strain rate 𝜖˙, the tensile
stress (𝜎) of a network with relaxation modulus E(t), according
to the Boltzmann superposition principle, can be written as fol-
lows:

𝜎 (t) = 𝜀̇

t

∫
0

E
(
t′
)

dt′ ≈ 𝜀 (t) E0

⎧⎪⎨⎪⎩

√
𝜏R∕t, for 𝜏0 < t < 𝜏R

1, for 𝜏R ≤ t < 𝜏l

𝜏l∕t, for 𝜏l ≤ t

(1)

where 𝜖(t) = 𝜖˙t is the strain at any given time, E0 is Young’s mod-
ulus at small deformations of a network with Rouse relaxation
time of network strands, 𝜏R, and characteristic segmental relax-
ation time, 𝜏0. Here, we assume that the lifetime, 𝜏1, of crystalline
domains playing role of the physical crosslinks is much longer
than the strand relaxation time connecting them (𝜏1 >> 𝜏R). It
is followed from Equation (1) that at short time scales, 𝜎(t) is
proportional to √(𝜖(t)) and increases monotonically with increas-
ing deformation rate as √(𝜖˙). At intermediate time scales, 𝜎(t) ∝

𝜖(t), which reflects elastic response to deformations. Finally, at
long time scales, we should observe yielding. By replotting data
in Figure 2a as 𝜎(t)/𝜖 vs time, we highlight different stress relax-
ation regimes as pictured in Figure 2b.[37] At small deformations
(𝜖 ≤ 10%), the data sets collapse to an apparent plateau (elastic
regime) with E0 ≈ 100MPa, although there is more variability in
this value for samples that are stretched slowly. After stretching
past yield points, all curves display a drop in 𝜎(t)/𝜖, indicating
that polymers have entered a yielding regime where 𝜎(t) ∝ 𝜖˙
is in accordance with Equation (1).[37] Zooming out on the en-
tire deformation range (Figure 2c), the yielding is followed by
a strain-induced network stiffening, indicating recrystallization
of the aligned network strands, which produce effective physical
crosslinks with a much longer lifetime than that in unstrained
networks.

2.4.2. Effect of SP Content

To highlight the effect of SP content on the network mechanical
properties, we present stress 𝜎(t) vs 𝜖(t) and normalized stress
𝜎(t)/𝜖˙ as a function of time in Figure 2c,d, respectively. The data
collapse in Figure 2d indicates that SP-doped networks are me-
chanically indistinguishable from those of undoped controls, de-
spite the modest variance in thermal properties and baseline Xc
(Table 1). The overlap between samples of varying SP content
demonstrates that the SP mechanophore is acting as a minimally
perturbative reporter of the mechanical state of the nascent thiol-
yne polymer.
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At small time intervals (and therefore, small deformations),
these curves collapse into a straight line, which confirms that,
within this range, the mechanical properties of the polymers
are independent of the applied 𝜖˙; importantly, this behavior is
consistent with the previous reports of thiol-yne polymers.[15]

As samples are stretched past their yield points, all stress
strain curves show a corresponding characteristic plateau. In
this treatment, curves of each 𝜖˙ set shift horizontally from
one another, which is consistent with thiol-yne materials and
other loosely crosslinked networks with dynamic intermolec-
ular bonding interactions.[15,37] Finally, the slopes increase
again as polymers are stretched to deformations associated
with SH.

The molecular behavior that correlates with these macroscopic
observables was probed by monitoring the extent of SP activa-
tion. All mechanochromic samples underwent a transition from
a gradual to an abrupt increase in color, with further strain.
The extension at which this transition occurs (𝜖act) is defined
by the extrapolated intersection of the two color vs 𝜖 regimes;
the details of this procedure are discussed in Section 2.7. When
the data corresponding to 𝜖act are added to the macroscopic
mechanical plots, they are scattered among the raw data of
Figure 2c but cluster tightly according to 𝜖˙ in the scaled plot of
Figure 2d.

2.5. Image Analysis

Pixel data from digital images captured during each tensile test
served as the raw data to quantify SP activation and subsequent
relaxation processes. These images were captured in regular in-
tervals using an intervalometer, such that each image repre-
sented either 1 or 2 mm displacement by the crosshead beam;
the corresponding 𝜖 associated with each image was calculated
from this displacement interval and the original sample gauge
lengths.

Image processing was done using Fiji (Image J), according to
methods described in the literature.[22,38] Images within each data
set were split into their red (R), green (G), and blue (B) color
channels. The mean pixel intensities of each channel, R, G, and
B, were measured within a small rectangular region of interest
(ROI). This process was completed for all images within each
tensile test data set, taking extra care to ensure the ROI was al-
ways within the center of the tensile sample with no overlap at
the sample edge.

The chromatic change of the blue channel was used to mea-
sure SP activation, and it was calculated as described in a pre-
vious publication.[23] First, the total chromaticity, S, was calcu-
lated for each image as the sum of R, G, and B. Next, the
chromaticity of the blue channel was defined as the ratio B
S−1, which describes how the blue signal intensity is compared
to the other color channels. Finally, B S−1 values for each set
of images were normalized to values at 𝜖 = 0%, giving the
chromatic change of the blue channel, ΔSblue, as shown in
Equation (2):

ΔSblue =
B ⋅ S−1

(B ⋅ S−1)
𝜀=0

(2)

2.6. Chromaticity Results

For all samples, including 0-SP, R, G, and B increase dramati-
cally for the first 50–80% displacement, which is attributed to a
shadow effect from the top gripper on the Instron (Figure S2a,
Supporting Information). As the gripper moves out of the cam-
era field of view, more photons can reach the camera lens, in-
creasing mean pixel intensities for all color channels. The corre-
sponding ΔSblue behavior within this region is variable, and, in
some cases, ΔSblue decreases initially from its value at 𝜖 = 0%.
For this reason, subsequent data fittings were completed only for
images obtained after gripper shadow effects had dissipated, as
confirmed with image histograms in Adobe Lightroom.

At sufficiently high strains, polymers 1-SP and 1.5-SP exhibit a
blue color that is visible to the naked eye. The color change is ob-
served only after polymers have entered SH, and this behavior is
consistent with literature precedent.[21,22,39] Mechanochromism
is manifested within pixel data as a dramatic increase in ΔSblue.
At the point of failure,ΔSblue for 1-SP and 1.5-SP has increased by
≈50–400% of its initial value, depending on the applied 𝜖˙. In con-
trast, the maximum ΔSblue for non-mechanochromic 0-SP never
increases by more than 5–10% of the original pixel intensities
(Figure 3). As a result, any observed increase in ΔSblue beyond
this 5–10% threshold is attributed to SP activation, rather than
deviations in lighting conditions or sample thickness.

Typically, ΔSblue curves for thiol-yne polymers display multi-
ple regimes, and, when plotted as a function of 𝜖, these regimes
correlate with the tensile data for each polymer. Importantly, this
multiregime behavior differs from other reports of SP activation.
In prior reports, ΔSblue remains mostly constant until polymers
reach SH, increases linearly as SP is activated, and finally, may
plateau just before material failure.[21–23,39] In contrast, ΔSblue
curves for 1-SP and 1.5-SP display additional regimes, as shown
in the multiple inflections of ΔSblue curves. Of particular interest
to us is the onset of rapid increase in mechanochromism, where
the population of activated chains begins to grow abruptly. We
denote this transition point as 𝜖act, and its corresponding tensile
stress as 𝜎act. The details of these calculations are discussed in
Section 2.7.

For example, ΔSblue and tensile data have been plotted to-
gether in Figure 4 for 1-SP at each 𝜖˙; overlays of data from all
triplicate experiments are pictured in Figures S4–S7 (Support-
ing Information). ΔSblue begins to increase linearly at the start
of tensile region SH, which usually occurs around 𝜖 = 140–
200%. In some cases, the first ΔSblue regime occurs before
SP activation is obvious to the naked eye; one example can
be seen in Figure 4b in the image obtained at 𝜖 = 200%.
As polymers are stretched further within early SH, the abso-
lute slope of the ΔSblue vs 𝜖 plot increases dramatically, and
images confirm that blue color becomes much more intense;
linear regressions of the ΔSblue vs 𝜖 regions before and after
this inflection point are pictured in Figures S13–S21 (Support-
ing Information). Subsequently, the absolute slope of ΔSblue
vs 𝜖 decreases as polymers transition through later SH ten-
sile regimes; usually this point is marked by a brief period
of strain-softening in the tensile data. Finally, just prior to
failure, the ΔSblue vs 𝜖 slope increases again to levels sim-
ilar to those observed in the beginning of SH. The overall
increase in color, and thus ΔSblue, is dependent on the ap-

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (6 of 16)
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Figure 3. Example images and ΔSblue curves for 0-SP, 1-SP, and 1.5-SP, all for 𝜖˙10. Gauge regions are shown to emphasize the mechanochromism but
note that image analysis ROIs were always within the center of each sample as described in Section 2.5.

plied 𝜖˙; polymers stretched slowly become more intensely
blue, which is also consistent with results reported in previous
publications.[23,33,39]

2.7. Linear Extrapolation to Define 𝝐act

In each mechanochromic sample, SP activation is slow and sub-
tle at first, then becomes rapid and intense. The transition from
slow to abrupt is indicative of a change in polymer chain be-
havior that occurs at some critical extension. We denote this
point of transitional mechanochromic behavior 𝜖act, and it is de-
fined as this inflection point, which is calculated by the inter-
section of linear extrapolations of ΔSblue vs 𝜖 from each of these
regimes.

Before performing any regressions, however, all images within
each experimental set were carefully inspected, and the image
that displayed a significant increase in blue intensity was identi-
fied. The two activation regimes are observed readily in images
of 1-SP (Figure 4); all samples display an initial low level of SP
activation (𝜖 = 300%), followed by intense color change (around
𝜖 = 400–600%). All curve fittings are pictured in Figures S13–S21
(Supporting Information), and 𝜖act increases for decreasing 𝜖˙, for
both 1-SP and 1.5-SP (Table S2, Supporting Information), but
𝜖act always lies within the first SH regime. The corresponding
𝜎act typically occurs between 12 and 20 MPa (Table S2, Support-
ing Information), with a negligible 𝜖˙-dependence, as observed
in other reports of SP-doped materials.[23,39] As noted above, the
presence of necking and ultimate large deformations in these sys-
tems complicates a precise measure of true stress/true strain be-
havior. The true strains in the gauge region (where transitions
in mechanochromism are monitored), however, can be obtained
with good accuracy (albeit modest precision) by measuring the
relative displacement in the images of marks placed on the gauge
with a marker. Using this method, we find that the range of 𝜖 =
300–500% (within which 𝜖act is observed) corresponds to gauge
strains of 400–500% (obtained with pixel analysis).

Most importantly, when the 𝜖act extrapolations are plotted with
𝜎(t)/𝜖˙ data in Figure 2d, each of these points cluster on the same
position of their respective curves, which confirm the validity of
this method for identifying 𝜖act for these polymers across all ex-
amined 𝜖˙.

2.8. SP Recovery Kinetics

2.8.1. Color Persistence

The SP derivative employed in these systems is open only as
a critical force is applied; typically, when force is removed,
the activated merocyanine isomer relaxes immediately (in less
than 0.1 s).[30,33] The proton substituent para to the pyran
oxygen offers little stabilization for the MC isomer, and this
shifts the equilibrium toward SP.[33] In contrast, a more widely
used SP derivative has a nitro substituent that provides reso-
nance stabilization, and the activated MC may persist for up
to 1 h after removing force, depending on the polarity of the
medium.[40]

It is therefore notable that SP remains activated in these
materials well after material failure releases the applied
stress, apparently trapped in a force-activated, extended
state. Moreover, the time needed for the mechanophore
to relax back to its colorless SP isomer depends on 𝜖˙
(Figure 5). Indeed, after stretching at 𝜖˙0.1, the majority of
the blue color fades over the course of several hours, and
a small fraction (≈1–3%) is still visible even 12 h later
(Figure S53, Supporting Information). Similar behavior
is observed after stretching at 𝜖˙10, but the fading occurs
over the timescale of minutes. The slow relaxation of SP
in the thiol-yne polymer after material failure indicates
that there are underlying changes in polymer morphol-
ogy that are governing the SP polymer stress relaxation
kinetics.

2.8.2. Dependence of SP Recovery Time on Strain Rate of Activation

Images, which were captured at regular intervals with the inter-
valometer, also provided the raw data to study SP polymer relax-
ation kinetics. ΔSblue intensity was calculated in images after ma-
terial failure to determine the decoloration kinetics of the blue
signal. For these tests, four different ROI of identical size and
shape were selected for each sample to account for any error asso-
ciated with camera focus and differences in localized stress due to
polymer necking. Then each set was normalized such that ΔSblue
= 1 for the first image acquired after material failure. In order to

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (7 of 16)
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Figure 4. Strain-rate-dependent mechanochromism in 1-SP. a–c) Images captured between 𝜖 = 100–800% while stretching at 𝜖˙10 (a), 𝜖˙1 (b), and 𝜖˙0.1
(c). d–f) The corresponding ΔSblue and tensile curves are pictured directly below their respective tension images.

quantify the timescale of the observed relaxation behavior, data
for each ROI were fit to an exponential decay curve in Matlab,
according to Equation (3):

Δ Sblue =
(
1 − ΔS∞

)
e(−kt) + ΔS∞ (3)

where ΔS∞ is the final chromatic change, k is the kinetic decay
constant, and t is the elapsed time since failure.[31,40] It is impor-
tant to reiterate that normalizing ΔSblue facilitates direct compar-
ison between data sets and does not artificially skew sample data.
This was confirmed by calculating k before and after normaliza-
tion, which were found to be identical. All kinetics results are re-

ported from n = 12 samples (4 ROI per sample and 3 samples per
strain rate), and all data fittings are included in Figures S22–S48
(Supporting Information).

Relaxation kinetics data display both fast and slow phases, and
all sample data curves display tails that deviate from the 1-phase
curve fittings. This tail deviation begins to occur at 3.5, 17, and
50 min after failure for samples tested at 𝜖˙10, 𝜖˙1, and 𝜖˙0.1, re-
spectively. For the sake of simplicity, the results presented here
are only for single-phase exponential fits and do not include the
tail data. Additionally, immediately after failure, some samples
display an initial fast increase in ΔSblue as the material becomes
a darker shade of blue; this unloading effect, which can be seen

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (8 of 16)
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Figure 5. a–c) 𝜖˙-dependent relaxation in 1-SP after stretching at 𝜖˙10 (a), 𝜖˙1 (b), and 𝜖˙0.1 (c).

in Figure 5a, has been well documented in other SP-based ma-
terials, and it is likely representative of a change in volumetric
concentration after material failure.[22,23] There is 𝜖˙-dependence
for this effect, as it is apparent only for samples tested at 𝜖˙10. Ki-
netics fittings for any samples showing this effect used data only
after ΔSblue begins to decrease; this occurs usually within 12 s af-
ter failure, and examples of this effect are depicted in Figure S22
(Supporting Information).

Average decay constants (n = 12) are listed in Table S2 (Sup-
porting Information). For 1-SP tests at 𝜖˙10, there was an aver-
age decay constant of 0.373 ± 0.074 min−1, which corresponds
to a 1.9 min half-life. When 1-SP was tested at 𝜖˙1 and 𝜖˙0.1, de-
cay constants decrease to 0.249 ± 0.014 and 0.087 ± 0.017 min−1,
respectively. The corresponding half-lives for 1-SP are 1.9, 2.8,
and 8.0 min for the three 𝜖˙. 1.5-SP showed similar behavior,
with average decay constants of 0.488 ± 0.025, 0.285 ± 0.008, and
0.074 ± 0.005 min−1; the corresponding half-lives were 1.4, 2.4,
and 9.4 min. Notably, there is more variation observed in k for
samples strained at 𝜖˙10 than for those strained at 𝜖˙1 and 𝜖˙0.1.
This is likely because images captured after failure are more likely
to be out of focus at higher strain rate tests. At this point, the bro-
ken polymers will sway, twist, or bend, which result in less precise
pixel analyses for these ROI. In contrast, polymers tested at lower
rates are more fixed in position and do not move after they break.
This variation is attributed to differences in the extent of SIC, and
the 𝜖˙-dependence is consistent with DSC results discussed be-
low in Section 2.10.2; slowly stretching results in more extensive
SIC, and correspondingly, there are fewer chains in amorphous
regions that may otherwise enable relaxation after failure.

2.9. Stress Relaxation Tests

Stress Relaxation (SR) tests were completed for 1-SP to deter-
mine the 𝜖˙-dependence of SR. Samples of 1-SP were stretched at
𝜖˙10 and 𝜖˙1 until reaching 𝜖 = 600%, then fixed in that position,
and the subsequent SR kinetics were measured (Figure 6a,b). Six
hundred percent was chosen because it is within 80% of the aver-
age elongation at break for 1-SP; all tests were completed in du-
plicate, and all results are included in Figures S49–S51 (Support-

ing Information). Images were captured concurrently to quantify
any change in ΔSblue. After samples relaxed to stress levels lower
than those measured at the start of SH (between 7 and 9 MPa),
the bottom gripper of the Instron was released. Subsequently, SP
decoloration kinetics were measured for the same ROI (size and
position) used for images from SR. SR kinetics were fit to a 2-
phase exponential decay curve according to Equations (4), (5), and
(6):

𝜎 (t) = 𝜎f e(−kf t) + 𝜎se
(−kst) + 𝜎∞ (4)

𝜎f = (𝜎0 − 𝜎∞)f% (5)

𝜎s =
(
𝜎0 − 𝜎∞

) (
1 − f%

)
(6)

In Equation (4)–(6), 𝜎(t) is the stress as measured, 𝜎0 and 𝜎∞
are the initial and final stresses, and kf and ks are rate constants of
the fast and slow phases, respectively; f% refers to the contribution
of the fast phase.[31,40]

An example data set of SR kinetics is pictured in Figure 6c,d.
SR kinetics indeed display 𝜖˙-dependence; when fit according to
Equation (4) in Matlab, 𝜖˙10-tested samples display an average kf
of 6.840 ± 0.305 min−1 and ks of 0.694 ± 0.032 min−1. In con-
trast, the 𝜖˙1-tested samples displayed slower SR kinetics, with
average kf = 2.333 ± 0.252 min−1 and ks = 0.373 ± 0.008 min−1.
Additionally, there is a greater magnitude of SR for 𝜖˙10-tested
samples, in comparison to 𝜖˙1. These results are indeed consis-
tent with DSC measurements of 𝜖˙-dependent SIC in 0-SP, as de-
tailed below in Section 2.10.2. For all samples, there is no signifi-
cant change in mechanochromism during SR, as ΔSblue remains
mostly constant (Figure 6c). After tensile stress was relaxed to
≈7–9 MPa, the bottom sample gripper was released, at the point
where ΔSblue began to decrease exponentially, with kinetics like
those measured after failure. These results likely indicate that the
trapped activated SP is located either within or at the interface of
SIC-derived crystalline bundles; if the activated SP remained en-
tirely surrounded by amorphous regions, we would observe color
recovery as the material relaxed to tensile stresses below the SP
critical activation threshold.

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (9 of 16)
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Figure 6. Stress relaxation in 1-SP. a,b) Stress v 𝜖 curve, stretching to 600% (a), followed by stress relaxation while held at 600%(b). c) Mechanochromism
in 1-SP during and after stress relaxation, with associated images included in (d). Similar trends were observed in all polymers after stretching to different
elongations (i.e., results are not unique to 600%), and these data can be found in Figures S22–S51 (Supporting Information).

2.10. Characterization of SIC and Correlations with
Mechanochromism

Tensile tests with subsequent ex situ SAXS, WAXS, and DSC
analyses were completed to further probe the 𝜖- and 𝜖˙-dependent
evolution of SIC, particularly with regard to their correlations to
mechanochromism. As mentioned in the previous sections, un-
stretched thiol-yne polymers of 80% cis content exhibit an inher-
ent baseline level of crystallinity (Xc ≈ 10–20%) that accumulates
during the drying process,[15] and we have confirmed that this
trend extends to 1-SP and 1.5-SP. Importantly, previous reports
demonstrated that 0-SP undergoes significant SIC, as evidenced
by increased Xc (2x from unstretched values), increased align-
ment of crystallites, and decreased spacing.[15] Since the mechan-
ical behavior of 1-SP and 1.5-SP is effectively indistinguishable
from 0-SP (most clearly depicted in Figure 2d), we expected that
1-SP and 1.5-SP would also undergo SIC.

Several measures were taken to ensure that all samples pos-
sessed similar thermal histories. Tensile bars were cut from the
same film for each set of experiments. Films were handled only
with forceps, as opposed to fingers, which prevented any SIC
melting from body heat. An unstretched control film was stored

under the exact same conditions, and all tests were performed on
the same day. Samples of 5–10 mg were cut using a razor blade,
and samples for stretched films were always taken from the cen-
ter (or the fractured ends, in the case of stretching to 𝜖break).

Finally, it should be emphasized that these ex situ analyses,
while useful for describing the onsets of the different chromatic
regimes, are only snapshots of the SIC evolution in the material.
The relationships between the macroscopic mechanical data and
the changes in physical microstructure are complex, due to vari-
ables like the crystal structure, morphology, and the orientation
of crystallites. In situ WAXS or SAXS characterization is needed
for a more complete picture of the SIC dynamics, as results ob-
tained from the two methods (ex situ versus in situ) are known
to differ.[9,10]

2.10.1. Elongation-Dependent SIC

Ex situ characterization of SIC was completed to probe the under-
lying morphological changes that correlate with the 𝜖-dependent
chromatic regimes. All polymers exhibit diffraction-based poly-
mer whitening effects, which are marked by increase in opacity

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (10 of 16)
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Figure 7. 𝜖- and 𝜖˙-dependent SIC in thiol-yne. a) DSC thermograms and b) 2D SAXS patterns of 1-SP after stretching to different 𝜖 (all 𝜖˙10); c) ΔSblue,
ΔXc, and Δ(ΔHm), plotted as a function of elongation, overlayed with tensile data; note that the ΔSblue and tensile data pictured correspond to one
sample that was stretched to failure; d) DSC thermograms of 0-SP at different 𝜖 .̇

that is visible by naked eye.[9] Due to this increase in scattering,
these effects are also captured within the ΔSblue regimes at exten-
sions greater than 𝜖act . Data and images for 0-SP most readily
illustrate these connections, but it is important to note that these
effects are also observed for 1-SP and 1.5-SP (Figure S61, Sup-
porting Information).

Individual samples were stretched at 𝜖˙10 until 𝜖 = 100%,
200%, 300%, 400%, 500%, 600%, and 𝜖break, then immediately
taken for ex situ characterization. All tensile bars for each experi-
mental set were cut from the same film, and tests were completed
within 24 h of each respective melt-press. All initial gauge lengths
were fixed at 10.45 mm.

Overall crystallinity increased with increasing extension
within 1-SP, and these results were corroborated with DSC
(Figure 7; Table S6, Supporting Information). Uniaxial exten-
sion of 1-SP showed significant alignment of the crystallites
in both WAXS and SAXS spectra, which is consistent with
other polymers, such as polypropylene, polyethylene terephtha-
late, and polyethylene furanoate, among others.[35,41–43] These 𝜖-
dependent SIC analyses were compared to in situ chromatic data;
analogous to ΔSblue, Xc and ΔHm were normalized to their ini-
tial values, according to Equations (7) and (8), giving ΔXc and
Δ(ΔHm):

ΔXc =
Xc

(Xc)𝜀=0
(7)

Δ
(
ΔHm

)
=

ΔHm

(ΔHm)
𝜀=0

(8)

Changes in Δ(ΔHm) and ΔXc as a function of 𝜖 provide in-
sights into SIC in these materials and more context for the ob-
served chromatic response. Samples displayed a moderate de-
crease in ΔXc following the yield point. After yielding and the
onset of SH (𝜖 > 150%), fully extended chains nucleate new mi-
crocrystal domains, which are manifested in WAXS calculations
as an increase in ΔXc. At further extensions, the characteristic
increase in ΔSblue is accompanied by a plateau in Δ(ΔHm), sug-
gesting that the SP activation occurs when the amorphous chains
are fully extended. At strains greater than 𝜖act, the rate of color ap-
pearance with additional strain begins to decrease, but the strain
dependencies of both ΔXc and Δ(ΔHm) increase, which is con-
sistent with the formation of larger crystal bundles via interchain
van der Waals interactions.

2.10.2. Strain-Rate-Dependent SIC

Because these polymers exhibit 𝜖˙-dependent SH behavior, it is
of interest to confirm the 𝜖˙-dependence of the extent of SIC,
before and after stretching. These results are listed in Table S5
(Supporting Information), and heating curves from one experi-
mental set are pictured in Figure 7d. As expected, in the 1st cy-
cle, stretched samples displayed larger Tm peak areas when com-
pared to the unstretched control. For 𝜖˙10-tested sample, there
is 48% average increase in ΔHm (cycle 1); when tested at 𝜖˙1,
ΔHm increased by 86%, relative to unstretched controls. Impor-
tantly, this 𝜖˙-dependence is not observed in the 2nd cycle data;
there is no significant increase from control values, indicating
that any strain-induced crystallites had melted. Some samples

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (11 of 16)
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Figure 8. a,b) Recycled 1-SPReset rate-dependent mechanochromism for average 𝜖act, (±1 standard deviation, n = 3) (a) and average decoloration
constants (±1 standard deviation, n = 12) (b), plotted as functions of 𝜖 .̇ Data are plotted with 1-SP and 1.5-SP data for comparison, and p-values
comparing 1-SPReset to 1-SP (2-tailed Student t-test) are included for each 𝜖 .̇

depict small shifts in Tm to lower temperatures after stretch-
ing, however further experiments must be conducted before
making any quantitative conclusions about their significance.
These results confirm that the extent of SIC is indeed depen-
dent on the applied 𝜖˙: SIC is observed within the 1st cycle, then
the 2nd cycle is reflective of the polymer’s intrinsic (non-SIC)
crystallinity.

2.11. Recyclability

Previous publications have reported that linear stereoelas-
tomers display shape memory behavior that is comparable
to that observed in chemically crosslinked networks.[16,17]

Within these non-crosslinked thermoplastics, shape memory
is attributed to robust chain entanglements, as well as the
temperature-dependent formation and recovery of crystalline
domains.[16,17,44] A corollary to this process is observed readily in
the strain-rate-dependent DSC experiments of 0-SP: all strain-
induced crystallites are melted during the 1st heating cycle,
thereby erasing the SIC from the thermal history. As such, it is
of interest to investigate the interplay of reset thermal history
and mechanochromism in recycled 1-SP samples, referenced
herein as 1-SPReset.

Samples of 1-SP that had been stretched to failure (at all ap-
plied 𝜖˙) were combined, then melt-pressed into a new film us-
ing the same procedure described in Section 2.2. The reset be-
havior in 1-SPReset is linked directly to this process. First, the
used 1-SP samples were heated above Tm, which melted the
strain-induced crystallites. Subsequently, samples were cooled to
room temperature while under confinement, producing a film
with properties comparable to the original 1-SP. DSC measure-
ments confirm that 1-SPReset possesses similar thermal proper-
ties to 1-SP (Table S4, Supporting Information), as there was
no significant difference between samples for either heating
cycles.

SPReset was subjected to uniaxial deformation under all three
strain rates. The mechanical properties of SPReset were found
to be consistent with those of the original 1-SP material (Table

S2, Supporting Information). Image analysis confirms that
mechanochromism also follows the same trends (Figure 8). Com-
pared to 1-SP, the extrapolated 𝜖act for SPReset occurs at statistically
indistinguishable elongations (p-values > 0.1, for all rates). This
trend is observed similarly in the calculated SP decoloration ki-
netic constants. Calculations of k for 𝜖˙10, 𝜖˙1, and 𝜖˙0.1 tests were
≈25%, 13%, and 8% lower than the respective values obtained
from the parent 1-SP.

3. Discussion

As evidenced most concisely in Figure 2d, the 𝜖˙-dependence of
mechanochromism, mechanical properties, and SIC are corre-
lated. Below, we summarize and discuss these correlations and
their potential consequences.

3.1. Strain-Rate-Dependent SH, SIC, and Mechanochromism

The 𝜖˙-dependence exhibited by these polymers confirms that vis-
coelastic relaxation from crystallite dissociation and formation
plays a significant role in material properties. More specifically,
there is some degree of relaxation within polymer amorphous do-
mains that enable this apparent dependence on 𝜖˙. A tenfold in-
crease in 𝜖˙ is correlated with a corresponding change in elastic
moduli, SH behavior, extent of SIC, as well as several measures
of mechanochromism. Importantly, the extrapolated 𝜖act also ex-
hibits 𝜖˙-dependence; for any tenfold decrease in 𝜖˙, there are cor-
responding delays in SP activation of up to 100% additional 𝜖.
This significant delay is almost an order of magnitude greater
than other reports of 𝜖˙-dependent mechanophore activation for
comparable changes in 𝜖˙.

3.2. Strain-Rate-Dependent SIC Enables Force-Trapping of
Activated Mechanophore

The extent of SIC increases as the strain rate decreases and
is correlated with the decoloration kinetics of the activated
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mechanophore; this is shown most readily in Figure 8b. Stretch-
ing slowly correlates with more extensive SIC, presumably be-
cause of the greater time available for chains to orient and pack
into crystalline regimes. Similar reasoning has been used to ratio-
nalize why low 𝜖˙ results in greater mechanophore activation (i.e.,
greater color change).[31] Here, the two effects work in concert.
Slower stretching results in more extensive SIC growth, which
in turn inhibits SP relaxation after the (macroscopic) release of
force. Typically, the SP derivative employed here reverts immedi-
ately (ms or faster) once the external stress is no longer applied.
In this example, color persists from 10 min to hours. To the best
of our knowledge, this represents the longest reported activation
lifetime of this spiropyran derivative, with decoloration times that
are comparable to, or longer than, resonance-stabilized, nitro-
substituted SPs.[30,33,40]

The tunable reversibility demonstrates that decoloration rates
may be manipulated without altering the nascent material, the
mechanophore derivative, or other synthetic modifications to de-
velop or isolate the color.[33,45,46] Given that the end-to-end dis-
tance of monomer 4 is considerably longer than monomer 5, it
is possible that the polymer chains may achieve more effective
crystal packing if the monomers have comparable end-to-end dis-
tances, offering further tunability over the color recovery kinetics.
In practice, these results demonstrate that one mechanochromic
material may be applied toward applications requiring longer
color lifetimes (like anti-tamper reporting) or shorter lifetimes
(like product prototyping), depending on how frequently mate-
rials are monitored. Additionally, SIC may provide a platform
for researching mechanophore properties, especially for those
with more ephemeral activation states, as is the case with the SP
mechanophore used herein.

3.3. Multiregime 𝚫Sblue Indicates SP is Activated in Multiple
Morphological Domains

The multiregime mechanochromism observed in these polymers
may represent sequential SP activation and phase change within
different morphological domains. These regimes are most clearly
delineated by the boundary between the tensile SH regimes.
Since later SH is accompanied by an increase in Xc, these regimes
are likely dominated by SIC processes; conversely, early SH cor-
responds to chain overstretching in amorphous domains. More
specifically, during early SH there is a competition between the
disruption of interchain van der Waals forces (within both crys-
talline and amorphous domains) and the activation of SP. This
competition is consistent with the macroscopic multiregime SP
response; first, there is a slow development of blue color (van
der Waal disruption-dominant), which is then followed by a dra-
matic chromatic change with strain (SP activation-dominant). We
believe this abrupt increase in color onset indicates that the crys-
talline regions offer a more effective transduction of the applied
force across the SP, resulting in more activated SP within the
amorphous chain regions.

As these chains are extended further (to elongations associ-
ated with late SH, where 𝜖 > 𝜖act), it is possible that some SP-
activated chains undergo a phase change to crystalline during
SIC. This is most evidenced Figure 7 and Figure S61 (Support-
ing Information); in late SH (i.e., 𝜖 > 𝜖act), each of the polymers

displays an increase in the slope of ΔSblue, which is accompa-
nied by an increase in Xc and visible polymer whitening effects.
It is unclear if there is any SP activation within (already) crys-
talline domains; the relative energy barrier of any possible dis-
ruption to crystal packing may be too substantial to enable SP
activation.

The implications of these results include the likelihood
that mechanophore activation and especially the persistence
of mechanochromism directly report the progression of SIC
within stereoelastomer materials. Mechanophores offer a macro-
scopic visualization of molecular-level stresses, so their applica-
tion could bridge insights from current macro- and microscopic
methods of monitoring SIC. In practice, for applications outside
of the research laboratory, this means that SIC could be moni-
tored by not only visible eye, but also programmable, quantifiable
methods based on principles of absorbance and fluorescence.
Such technology could even provide in vivo, real-time monitor-
ing of SIC within biomedical implants, with the aid of embedded
nano sensors.[47,48]

3.4. Recyclability Supports Potential for Application to
Shape-Memory Systems

Aside from the obvious environmental and economic benefits as-
sociated with recyclable plastics, the studies of recycled 1-SPReset
indicate that stereoelastomers are a new platform to incorporate
mechanochromism within shape-memory materials, which rely
on temperature-dependent erasure of material thermal history.
Because the morphological domains result from stereochemistry
of the backbone alkene, one can generally assume that there are
no localized polarity differences between hard and soft (i.e., cis
and trans) regions that would otherwise bias the mechanophore’s
force-coupled equilibrium.

4. Conclusion

The interplay of mechanochromism and SIC within semicrys-
talline SP-doped thiol-yne stereoelastomers has been inves-
tigated thoroughly. Material properties are influenced heav-
ily by viscoelastic effects due to chain entanglement, as ev-
idenced by their 𝜖˙-dependent moduli and SIC behaviors.
Mechanochromism is also 𝜖˙-dependent, such that SP activation
depends significantly on the applied 𝜖˙. Furthermore, SP relax-
ation is correlated heavily with the extent of SIC, resulting in
the longest reported activation lifetime for this SP derivative,
to date. Importantly, these polymers also display multiregime
mechanochromism, and the transitions between these regimes
correlate with the onset of SIC.

In general, the morphological changes consistent with the pro-
gression of SIC may be monitored in situ using macroscopic
(indirect), microscopic (direct, quantitative) methods, or a com-
bination of the two.[9] Potential consequences of the correla-
tions between mechanochromism and SIC include the possi-
bility that mechanochromophores may provide a potential (in-
direct) pathway to bridge these phenomena, since molecular-
level mechanochemical activation results in a macroscopic color
change in the bulk material.

Adv. Mater. 2023, 2302163 © 2023 Wiley-VCH GmbH2302163 (13 of 16)
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While these results are not yet quantitative, these data indi-
cate that mechanophore activation may represent a new strat-
egy for real-time monitoring of material deformation and SIC.
Still, further work is needed to better understand how SIC—
and by extension, mechanochromism—may be influenced in
thiol-yne elastomers and other materials. Of particular interest
is the elastomers’ nascent crystallinity (and propensity to crys-
tallize), which may impact mechanochromism through increas-
ing nucleation. Moreover, how do chain entanglements, and the
chain dynamics they inhibit, influence mechanochromism? And
finally, it is necessary to examine how these correlations be-
tween mechanochromism and strain-induced polymer morphol-
ogy may (or may not) extend across a broad range of polymer
compositions. Ongoing research will work to quantify the pre-
cise nature of this multiregime relationship in the hope to further
extend these studies to thiol-yne-derived stereoelastomers of dif-
ferent cis content, and thus different proclivities toward SIC.

5. Experimental Section
Synthesis of 6-Bromohexanoic Anhydride (1): 1 was synthesized accord-

ing to a modified previously published procedure.[32] A 3-neck 500 mL
round bottom flask outfitted with stir bar and addition funnel were
flame dried then cooled to ambient temperature under ambient air. 6-
bromohexanoic acid (16.02 g, 82.22 mmol, 1 eq.) was dissolved in anhy-
drous DCM (225 mL) in the flask, then cooled to 0 °C for 30 min. A solution
of N,N′-diisopropylcarbodiimide (DIC; 6.21 g, 49.3 mmol, 0.6 eq.) in anhy-
drous DCM (100 mL) was added to the addition funnel, then the solution
was added to the main reaction flask drop-wise over 30 min. The reaction
was warmed to ambient temperature and stirred under N2 overnight. The
resultant precipitate was removed using filtration, then the crude product
was concentrated, redissolved in ethyl acetate, then filtered once again.
Evaporation of the solvent gave 1 a transparent oil in quantitative yield.
The product was used immediately in the following reaction without fur-
ther characterization.

Synthesis of 2-(8-((6-Bromohexanoyl)Oxy)−3′,3′-Dimethylspiro
[Chromene-2,2′-Indolin]−1′-yl) Ethyl 6-Bromohexanoate (3): SP diol
2 (4.00 g, 12.4 mmol, 1 eq.) and N,N′-dimethylamino pyridine (DMAP;
0.15 g, 1.2 mmol, 0.01 eq.) were dissolved in anhydrous DCM (25 mL). 1
(9.91 g, 1.24 mmol, 2.15 eq.) was added drop-wise over 5 min, turning the
solution from dark purple to a light red/brown. The reaction was stirred
overnight at ambient temperature, then concentrated. The reaction was
re-dissolved in ethyl acetate then washed with water, sodium bicarbonate,
and brine before drying on sodium sulfate. The solution was concentrated
onto neutral aluminum oxide and purified via column chromatography
(hexane/ethyl acetate) to yield 3 as a reddish (68%). 1H NMR (500 MHz,
CDCl3, 𝛿): 7.13 (td, J = 7.7, 1.2 Hz, 1H), 7.07–7.01 (m, 1H), 6.95 (dd, J =
7.6, 1.6 Hz, 1H), 6.91–6.77 (m, 4H), 6.62 (d, J = 7.8 Hz, 1H), 5.77 (d, J =
10.3 Hz, 1H), 4.24 (dt, J = 11.1, 6.4 Hz, 1H), 4.13 (dt, J = 11.6, 6.1 Hz,
1H), 3.46–3.27 (m, 7H), 2.38 (t, J = 7.4 Hz, 1H), 2.27 (t, J = 7.4 Hz,
2H), 2.15–1.99 (m, 2H), 1.85 (dp, J = 35.2, 6.9 Hz, 3H), 1.75–1.36 (m,
8H), 1.30–1.11 (m, 10H). 13C NMR (126 MHz, CDCl3, 𝛿): 179.46, 179.44,
175.17, 173.25, 171.14, 157.53, 146.99, 144.76, 137.68, 136.25, 129.25,
127.33, 124.06, 122.73, 121.33, 119.67, 119.65, 119.34, 119.19, 106.57,
104.78, 77.41, 77.16, 76.90, 62.78, 51.55, 51.23, 44.63, 42.28, 36.83, 33.85,
33.71, 33.55, 33.47, 33.41, 33.37, 32.35, 32.26, 32.10, 32.08, 27.54, 27.52,
27.47, 26.20, 25.79, 24.32, 23.86, 23.82, 23.70, 23.60, 20.48, 19.42. HRMS
(m/z): [M+H]+ Calcd for C32H39Br2NO5: 678.4; observed: 678.2.

Synthesis of 3′,3′-dimethyl-1′-(2-((6-(propioloyloxy)hexanoyl)oxy)-
ethyl)spiro[chromene-2,2′-indolin]−8-yl 6-(propioloyloxy)hexanoate (4): A
2-neck 100 mL round bottom flask with magnetic stir-bar was flame
dried, then cooled to ambient temperature under ambient air, in a dark
fume hood. 3 (2.41 g, 3.56 mmol, 1 eq.) was added quantitatively with
anhydrous DMF (30 mL). Sodium propiolate (3.30 g, 35.6 mmol, 10 eq.)

was added to the flask; please note that sodium propiolate decomposes
in ambient light and should only be handled in the dark. The reaction flask
was then sealed and heated at 80 °C with stirring. After 2 h, the reaction
was cooled to ambient temperature and transferred to a 500 mL beaker
with saturated NH4Cl (200 mL) and stirred for 10 min. The crude product
was extracted with ethyl acetate (200 mL) and washed with DI water 5×,
brine 2×, then DI water 1×, before drying over Na2SO4. The crude product
was then filtered, concentrated onto silica gel, and dried under vacuum
for 10 h. The product was purified with flash chromatography, from 0%
to 30% ethyl acetate in hexane, yielding 4 as a light blue oil (36%). 1H
NMR (500 MHz, CDCl3, 𝛿): 7.12 (td, J = 7.7, 1.3 Hz, 1H), 7.03 (dd, J =
7.4, 1.2 Hz, 1H), 6.95 (dd, J = 7.5, 1.6 Hz, 1H), 6.91–6.76 (m, 4H), 6.61
(d, J = 7.8 Hz, 1H), 5.77 (d, J = 10.3 Hz, 1H), 4.28–4.08 (m, 6H), 3.34
(qt, J = 15.2, 6.3 Hz, 2H), 2.88 (d, J = 15.6 Hz, 2H), 2.26 (t, J = 7.4 Hz,
2H), 2.15–1.98 (m, 2H), 1.73–1.49 (m, 7H), 1.43–1.10 (m, 13H), 0.07
(s, 1H). 13C NMR (126 MHz, CDCl3, 𝛿): 175.16, 173.21, 171.20, 171.05,
157.74, 152.76, 152.70, 147.11, 144.86, 137.77, 136.36, 129.32, 127.39,
124.15, 122.82, 121.44, 119.75, 119.38, 119.28, 106.65, 104.89, 77.41,
77.36, 77.16, 76.90, 74.82, 74.78, 74.72, 74.69, 66.10, 66.00, 62.82, 60.34,
53.49, 51.64, 51.32, 42.38, 36.92, 33.90, 33.50, 28.11, 27.96, 27.82, 27.67,
25.85, 25.34, 25.24, 25.15, 24.79, 24.32, 24.04, 21.01, 20.54, 19.49, 14.19.
HRMS (m/z): [M+H]+ Calcd for C38H41NO9: 656.7; observed: 656.3.

General Procedure for Thiol-yne Step Growth Polymerization: Commer-
cially available 6 (2.51 g, 16.7 mmol, 1 eq.), 5 (3.00 g, 16.6 mmol, 0.995
eq.), and 4 (0.05 g, 0.08 mmol, 0.005 eq.) were added to a 100 mL round
bottom flask with CHCl3 (35 mL). The solution was then cooled to −15 °C
with stirring for 20 min. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU; 25.0 μL,
0.167 mmol, 0.01 eq.) was diluted with CHCl3 (3 mL) before adding to the
reaction dropwise over 20 min. Notably, the addition of DBU caused the
solvent to bubble due to an exothermic reaction. After 10 min, the reaction
was allowed to be warmed to room temperature. After an additional 2 h,
several drops of 5 were added into reaction solution with CHCl3 (5 mL) to
endcap any remaining thiol groups. After another 0.5 h, butylated hydrox-
ytoluene (BHT) (≈200 mg) was added to prevent any crosslinking. The
polymer was then precipitated into Et2O (500 mL) and collected by de-
canting the supernatant. The polymer was then dried under high vacuum
at ambient temperature for 24 h to obtain the pale-yellow polymer. Size-
exclusion chromatography (SEC; CHCl3): Mn = 16.4 kDa, Mw = 50.4 kDa,
ÐM = 3.1. 1H NMR (CDCl3, 500 MHz): %cis ≈ 79–80%, with 99% incor-
poration of SP monomer 4.

Small- and Wide-Angle X-ray Scattering: SAXS and WAXS were per-
formed on a SAXSLab Ganesha system with a Cu 50 kV Xenocs Genix ULD
SL X-ray point source and a 170 μm pixel-spaced, single-photon counting
Dectris Pilatus 300k 20 Hz detector. This was done in a two slit config-
uration where the distances between the sample and the detector were
≈101 and 1041 mm for WAXS and SAXS, respectively. 1D averaging of
SAXS data was carried out using 1000 points with linear x-axis binning
and an azimuth of 14–163° to account for the observed alignment of the
crystalline features in the stretched samples. Spectra-by-spectra reduction
and corrections for sample transmission, sample thickness, and absolute
intensity factor were all included as part of 1D averaging using SAXSGUI
software v2.23.33. 1D averaging of WAXS data was carried out in the same
manner with an azimuth of 99–240°. The patterns were modeled using Fi-
tyk software to determine the momentum transfers with corresponding
peak intensities in SAXS/WAXS spectrums. A spline was used to flatten
the baseline, and gaussian distributions (4 for WAXS, 2 for SAXS) were
used to model the pattern by minimizing the residual.

Statistical Analysis: Mechanical data were obtained from tensile tests
using methods detailed in Section 2.4; all mechanical data are reported
as an average ± 1 standard deviation for n = 3 independent trials. Ther-
mal data were obtained from DSC using methods detailed in Section 2.3.1
for unstretched films and Section 2.10 for stretched films, and they are re-
ported as an average of n = 2 or 3 independent trials, unless otherwise
noted. Chromaticity data were obtained from pixel analyses of digital im-
ages, using methods detailed in Section 2.5 and Section 2.6. 𝜖act extrap-
olations were obtained using methods detailed in Section 2.7, and data
are presented as an average ± 1 standard deviation for n = 3 independent
trials. SP recovery kinetics data were obtained using methods detailed in
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Section 2.8. SP Recovery kinetic constants, k, were obtained by fitting data
to an exponential decay (Equation (3)) in Matlab, and they are reported as
average ± 1 standard deviation for n = 12 ROI (3 independent samples; 4
independent ROI per sample). Stress relaxation kinetics constants, kf and
ks, were obtained by fitting tensile data to a two-phase exponential decay
(Equations (4)–(6)) in Matlab, and they are reported as an average of n =
2 independent experiments. To compare the mechanochromism proper-
ties of 1-SPReset and 1-SP, average values for 𝜖act and k were compared for
each applied 𝜖˙. p-values (2-tailed Student’s t-test) were calculated using
Excel.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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