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ABSTRACT: Mechanochromic functionality realized through force-respon- o0 =

sive molecules (i.e., mechanophores) has great potential for spatially localized

damage warning in polymers. However, in structural plastics, for which oo

damage warning is most critical, this approach has had minimal success

because brittle failure typically precedes detectable color change. Herein, we Safe Polycarbonate Damaged
report on the room-temperature mechanochromic activation of spiropyran in .
high T, bisphenol A polycarbonate. The mechanochromic functionality was "“°‘n’°
introduced by polymerization of dihydroxyspiropyran as a comonomer while © No o {;

retaining the excellent thermomechanical properties of the polycarbonate. The

mechanochromic behavior is thoroughly evaluated in response to changes in stress, deformation, and time, providing new
insights regarding how loading history controls stress accumulation in polymer chains. In addition, a new method to incorporate
mechanochromic functionality in structures without dispersing costly mechanophores in the bulk is demonstrated by using a
mechanochromic laminate. The room-temperature mechanochromic activation in a structural polymer combined with the new
and efficient preparation and processing methods bring us closer to the application of mechanochromic smart materials.

B INTRODUCTION

In the field of stimuli-responsive materials, there is a growing
interest in compounds that can generate productive chemical
transformations in response to mechanical load, that is,
mechanophores.'™® Particularly, mechanophores that boast
the ability to display mechanically driven color or emission
change have been suggested as sensors for stress, strain, and
damage detection in polymeric materials.””” Furthermore,
these mechanophores can be used as molecular probes to
illuminate the microscopic processes that govern the trans-
mission of mechanical energy from external stress to
deformation and force along polymer chains.*”~"* One of
the most ubiquitous and well-studied mechanophores is
spiropyran (SP).'”'® SP demonstrates a distinct color and
fluorescence change under mechanical stimulus due to
breaking of the weak C,;,—O bond and isomerization to
merocyanine (MC)."® SP can be covalently incorporated into
polymers via different anchor points that result in different
activation responses.u'17 Moreover, SP can be incorporated
into polymers using different attachment chemistries'”'*~*" as
well as by various attachment mechanisms (initiator,””*" cross-
linker,"®**~** or monomer™’).

However, there are major challenges that inhibit application
of SP as a sensor in polymeric materials. While the activation of
SP at room temperature in rubbery materials is quite
common,'#**#%° the ability to activate SP at room temper-
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ature in glassy polymers has remained mostly elusive.**”** SP

activation in glassy polymers has only been achieved by
specially designed force application methods including tor-
sional shearing” and high amplitude acoustic shockwaves.””
This limitation happens because brittle failure often occurs
before mechanochromic activation.'"> While tensile SP
activation in glassy polymers can be achieved at elevated
temperature”®” or by the addition of plasticizers,*® these
methods deteriorate the mechanical properties of the material
and are not representative of standard working conditions. For
mechanophores to serve as damage warning sensors in high-
performance structural plastics, the mechanochromic activa-
tion needs to be tailored to the application. Hence, a basic
understanding of how force is transmitted and accumulated is
fundamental to the development of precise mechanochromic
systems.’*” Given that there is a complex relationship
between mechanochromic response and stress, deformation,
and time, understanding the transformation in varying
mechanical conditions is essential.”’

Currently, the synthesis of mechanophores and the
incorporation into polymeric materials is laborious." For
example, the overall yield for the synthesis of spiropyran
with bis(methacrylate) side groups is ~4% mainly due to the

Received: April 18, 2019
Published: June 6, 2019

DOI: 10.1021/jacs.9b04229
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b04229
http://dx.doi.org/10.1021/jacs.9b04229

Journal of the American Chemical Society

o}

_é(

tnphosgene Et;N O
ON O o N O,N 0 N o
® O ~omonoe WY ¥
OH HO OH o7\ © 071x

SP(OH),

SP-BPA-PC
x = 0.001

Figure 1. Synthesis of spiropyran-bisphenol A polycarbonate (SP-BPA-PC) by the copolycondensation of bisphenol A (BPA), dihydroxyspiropyran
(SP(OH),), and triphosgene in dichloromethane with triethylamine (Et;N).

inefficient final substitution step of dihydroxyspiropyran.'®**

In polycondensations, the dihydroxyspiropyran can be directly
used, 51§n1ﬁcantly improving the vyield of the chemical
process.”” Moreover, the mechanophores are typically
uniformly dispersed throughout the polymer. However,
mechanophores could be used more efficiently by direct
deposition in specific domains by 3D printing” or by the
development of mechanochromic coatings.”

We have addressed the challenges described above by
embedding SP functionality into bisphenol A polycarbonate
(BPA-PC) backbone. BPA-PC is an engineering thermoplastic
that boasts a high glass transition temperature (Tg), strength,
toughness, impact resistance, and optical transparency.”” It can
be readily synthesized, processed, and molded. Because of
these properties, polycarbonate is bemg used in safety critical
applications such as protective gear,” aviation,”” and bullet
resistant glass.”” The ability to detect damage in advance
before catastrophic failure is highly desirable for these
applications.

Herein, we present the synthesis of high molecular weight
BPA-PC with SP functionality embedded in its backbone. The
low yield SP functionalization step is avoided by using
dihydroxyspiropyran as a bisphenol comonomer. The copoly-
mer retains the high performance mechanical and thermal
properties of polycarbonate while presenting the desired
mechanochromic activation at room temperature. We
investigate the influence of stress, deformation sequence, and
time on the activation of SP. We also demonstrate the use of a
mechanochromic laminate as an economical alternative to the
uniform dispersion of mechanophores throughout the bulk.

B RESULTS AND DISCUSSION

Spiropyran-Bisphenol A Polycarbonate (SP-BPA-PC)
Synthesis. Spiropyran-bisphenol A polycarbonate (SP-BPA-
PC) was synthesized by a modlﬁcatlon to the industrial
polycarbonate production process’” that involves the reaction
of phosgene with bisphenol A in CH,Cl, under basic
conditions (Figure 1). Triphosgene was used instead of the
direct addition of the highly toxic phosgene gas."' Dihydrox-
yspiropyran (SP(OH),) was synthesized according to the
literature procedure™ (see Supporting Information) and used
directly as a bisphenol comonomer, Because triphosgene can
react as three phosgene molecules*” (Figure S3), triphosgene
use will be noted according to its phosgene equivalents.

While the SP-BPA-PC synthesized by the method described
above reached the desired molecular weight, it did not show
the expected SP (colorless) to MC (purple) photochromic
isomerization in solution on exposure to 365 nm UV light,
typically observed for SP-containing polymers (Figure 2).
Because of the SP-MC equilibrium in solution, under excess
phosgene conditions ([phosgene] > [phenol]), either chlor-
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Figure 2. SP-MC equilibrium generates a MC phenoxide functionality
that in turn reacts with chloroformate end-groups or phosgene to
produce permanently inactive merocyanine (iMC) species. The top
vials show the typical color change between active SP (colorless) and
MC (purple). The iMC (yellow) does not show a visible color change
under UV or white light exposure.

oformate polymer chain-ends or phosgene react with the
transient MC phenoxide. The reaction of the phenoxide fixates
the MC in an inactive (iMC) configuration and prevents the
reversible force and light-induced isomerization (Figure 2).
White light irradiation during the polymerization reaction to
shift the SP-MC equilibrium to the ring-closed SP config-
uration” showed only limited success in preventing the
unwanted side reaction (Figure S4).

We next sought to minimize formation of the iMC species
by synthesizing SP-BPA-PC under phosgene-starved condi-
tions. The MC-derived phenoxide is located para to the NO,
group and is therefore less nucleophilic as compared to the
BPA and SP(OH),-derived phenoxides (Figure 3a) as
indicated from the calculated pK, values of the conjugate
phenols™* (Figure S5). As a result of this reactivity difference,"
iMC formation was effectively suppressed by performing the
reaction under phosgene-starved conditions (Figure 3b).
However, only low molecular weight SP-BPA-PC was obtained
when using nonstoichiometric reaction conditions ([phos-
gene]/[BPA] < 1). The lower molecular weight SP-BPA-PC is
a brittle material in contrast to the high toughness typically
associated with commercial polycarbonate. To achieve high
molecular weight PC without iMC formation, small amounts
of triphosgene ([phosgene] = 1/2[phenol] end-groups) were
added stepwise to the low molecular weight SP-BPA-PC
(Figure 3b). The stepwise addition of triphosgene was
performed while monitoring the molecular weight by gel
permeation chromatography (GPC). Figure 3c shows the
reduction in retention time after each addition of triphosgene,
while Figure 3d shows the corresponding increase in number-
average molecular weight (M,). The synthesized PC was
confirmed by 'H and *C NMR (Figures S6 and S7) and
presented the typical thermal and mechanical properties
(Figures S8 and S9) for BPA-PC. Satisfactorily, a solution of
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Figure 3. (a) Relative reactivities of MC, SP, and BPA-derived phenoxides toward phosgene or chloroformate end-groups. (b) Formation of the
inactive iMC species during SP-BPA-PC synthesis in the presence of excess phosgene and retention of the active SP-MC species by using
phosgene-starved conditions. (c) GPC plots show the lower retention time (higher M,) after each addition of triphosgene. (d) M, after each
addition of triphosgene. () 532 nm excitation fluorescence spectra in CH,Cl, of active SP-BPA-PC synthesized under phosgene starved conditions
(blue) and iMC-BPA-PC synthesized under excess phosgene conditions (red) before and after exposure to 365 nm light.

the synthesized SP-BPA-PC in dichloromethane exhibited the
desired reversible photochromism when alternatively irradiated
with UV and white light (Figure S4). In the solid state, the SP-
BPA-PC does not photoisomerize, while the nonbonded SP
dispersed in commercial PC can reversibly isomerize upon
irradiation, verifying the covalent attachment of SP in the SP-
BPA-PC backbone (Figure S10). To corroborate the
assumption that phosgene excess causes the loss of SP-MC
activity, the active SP-BPA-PC was exposed to triphosgene
([phosgene] > [phenol]) under basic conditions, presumably
forming iMC-BPA-PC. The fluorescence emission spectra after
exposure to UV light for SP-BPA-PC show the MC typical
broad peak around 690 nm that is not observed before or after
UV exposure of the iMC-BPA-PC (Figure 3e).

Mechanical Characterization. Simultaneous Measure-
ment of Stress, Strain, and Fluorescence. Characterization of
mechanically driven spiropyran to merocyanine conversion was
obtained by simultaneous tensile testing and fluorescence
imaging (Figure 4a). Fluorescence was excited by a 532 nm

laser source and imaged through a long-pass filter to detect the
fluorescence peak of MC*® (Figure S11). Between images, a
mechanical shutter blocks the laser source to minimize
photobleaching. Relative changes in the activation of
spiropyran are quantified by measuring the fluorescence
intensity in the center region of the tensile specimen (Figure
4b). Even though SP-BPA-PC is a stiff glassy polymer with an
elastic modulus of ~1.9 GPa, it is also highly stretchable with a
maximum elongation of over 100%. Like conventional
polycarbonate, the mechanical response of SP-BPA-PC starts
with linear elasticity followed by a distinct yield peak,
softening, and strain hardening. From the change in
fluorescence intensity, we observed that activation of SP
occurs after yield and continues to increase while the material
strain hardens (Figure 4c). When viewed under white light, the
specimen stretched past it’s yield point exhibits a vibrant
purple color (movie S1). Upon force removal, activated SP
maintains its color (Figure 4d). It has been shown in the
literature that attachment on both sides of the SP molecule is
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Figure 4. (a) Schematic of the experimental system for concurrent fluorescence measurement and uniaxial tensile deformation of SP-BPA-PC
specimen. (b) Fluorescence images of SP-BPA-PC subjected to uniaxial tensile deformation with the fluorescence intensity measurement region
denoted by the yellow rectangle. (c) True stress versus strain versus fluorescence change for a typical monotonic tensile test. (d) Purple color of a
stretched specimen when viewed under visible light. The purple color is maintained after 24 h. (e) Stress and fluorescence change over time when a

specimen is stretched to 0.47 true strain and unloaded.

essential for force transmission across the Cg; —O bond,
allowing efficient mechanochemical activation."”'**® To rule
out other mechanisms such as local heating and molecular
friction,”” we compared the SP-BPA-PC with SP dispersed in
BPA-PC. The unattached SP molecules, which can photo-
isomerize, do not produce a significant change in fluorescence
upon tensile loading (Figure S12), supporting the mechanism
of force driven activation in SP-BPA-PC.

In a separate experiment, the SP activation of a specimen
loaded past yield was monitored after unloading for 1 h with
the laser shuttered between images and for another hour with
continuous light exposure. Under dark conditions with the
laser shutter, SP activation continues slowly after stress release
with fluorescence increasing by 15% over 1 h. When the
specimen is continuously exposed to the laser, there is a slight
decrease (6%) in fluorescence after 1 h. The persistent
mechanochromic response after stress release is ideal for
indicating the associated prior deformation.

Monotonic Loading. To evaluate SP activation under
varying mechanical histories, we stretched SP-BPA-PC at strain
rates spanning four decades. Figure Sa shows that the stress—
strain response is comparable when loaded at varying rates
with slightly higher stress at faster rates. Under closer
examination, Figure 5b shows that the initial elastic behavior
is insensitive to strain rate with moduli between 1.8 and 2 GPa.
The yield strengths for the slower rates of 0.0001 and 0.001 s~
are similar, averaging at 44 and 46 MPa, respectively, whereas
the faster rates of 0.01 and 0.1 s™' result in higher yield
strengths of 52 and 57 MPa, respectively. Despite similar
stresses, SP activation depends strongly on the strain rate.
Figure 5c shows that fluorescence at a given strain is higher for
slower strain rates. While this may seem contradictory at first
glance because higher strain rates result in higher stresses and
presumably higher forces to drive mechanophore activation,
the slower strain rates provide more time for SP to MC
conversion and molecular mechanisms that enable this

. 13,30 ) . )
conversion. " A finite amount of time is required for the
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Figure 5. Strain rate effect during monotonic uniaxial loading. (a)
Stress—strain response, (b) elastic modulus and yield stress versus
strain rate, (c) fluorescence change versus strain, and (d) fluorescence
change versus time.

polymer chains to reach a configuration in which force is
applied across the SP (e.g., when chains are aligned with the
loading direction).”*”** The polymer chain reorientation time
scale (7), which can be inferred from the initial rates of stress
relaxation,*”* ranges from 30 to 70 s during plastic flow
(Figure S13). The test time for the fastest strain rate
experiment is shorter than the relaxation time scale (t., ~
0.3—0.77) while the slowest strain rate experiments are longer
(test ® 2—4007), allowing more time for chain reorientation.
The effect of time for the mechanochemical reaction to occur
is made clear from the differences in fluorescence for the
0.0001 and 0.001 s experiments, which have nearly identical
stresses. When fluorescence is compared against time (Figure
5d), it is clear that SP to MC conversion happens faster at
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higher strain rates. The approximate order of magnitude
difference in SP activation rates corresponds to the order of
magnitude differences in strain rates among the tests.

Cyclic and Stress Relaxation Loading. Because SP
activation has complex interactions with stress, deformation,
and time, we devised experiments that alter one parameter
while controlling the others. In the previously described
monotonic tensile tests, the amount of stress primarily
depended on strain. With different strain rates, we can observe
SP activation under different test times, while keeping stress
and strain comparable between tests. To study SP activation
with varying stresses, we performed cyclic and stress relaxation
tests, which result in different stress histories while controlling
strain and test time. For cyclic tests, we stretched the specimen
to increments of 0.1 engineering strain and, at each increase,
cycled down to zero load three times. During these cycles, the
stress decreased ca. 5% upon each reload. In addition to the
expected increase in fluorescence while stretching, there is also
a smaller overall increase in fluorescence during the cycles with
larger changes at higher strain increments (Figure 6a). For the
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Figure 6. Comparison of stress and fluorescence for monotonic,
cyclic, and stress relaxation loading. Stress versus time versus
fluorescence change for (a) cyclic test and (b) stress relaxation test.
(c) Stress versus strain and (d) fluorescence change versus strain for
monotonic, stress relaxation, and cyclic tests.

stress relaxation test, we stretched the specimen to increments
of 0.1 strain and held at constant strain for the same duration
as the corresponding cyclic test cycles. When holding the
specimen at constant strain, the stress decreases rapidly and
then approaches a plateau. During this time, the fluorescence
increases, albeit at a slower rate than during loading (Figure
6b).

The stress—strain responses of the three loading histories
(Figure 6¢) are overall similar the first time a strain is reached.
During the hold time for the stress—relaxation tests, the stress
drops; when the strain is increased again, there is a slight
overshoot before the stress drops back down to the monotonic
stress. Similarly, the cyclic stress response slightly overshoots
the monotonic stress upon reloading. Critically, the average
stress for the stress relaxation and cyclic tests is 9% and 40%
lower than the monotonic tests, respectively, when averaged
over the duration of each experiment. The cyclic and stress
relaxation tests take nearly the same amount of time as each

other and ~3 times longer than the monotonic test.
Comparing the stress relaxation and monotonic fluorescence,
it appears that, despite the lower average stress, the
fluorescence for the stress relaxation sequence is slightly
higher than the monotonic loading (Figure 6d). However, this
comparison is convoluted because the stress relaxation
specimen is exposed to stress over longer times. It appears
that, while stress hold times can mildly increase fluorescence,
this does not strongly stimulate the mechanochemical reaction.
Under cyclic loading, the increase in fluorescence at each strain
is significantly higher as compared to the monotonic and stress
relaxation sequences. For instance, at a true strain of 0.47, the
cyclic test has a fluorescence value of 2.5, whereas the stress
relaxation test has a fluorescence of 1.7 and the monotonic test
has a fluorescence of 1.4. The comparison between cyclic and
stress relaxation is direct because the total test time is matched.
This shows that average stress over time does not predict
mechanochemical activation. Because it is well-known that
cyclic loading can cause PC to fail at reduced strains as
compared to monotonic loading,”" we consider this increase in
fluorescence with cyclic loading to be a desirable feature. The
contrast among fluorescence behavior under monotonic, stress
relaxation, and cyclic loading is reminiscent of the glassy
polymer micromechanics plasticity literature. Inelasticity
occurs through shear transformation zones that develop
inhomogeneously throughout the material, opening up free
volume to enable molecular mobility. This evolution varies
with both loading rate and loading history.”” % Stress
relaxation loading provides more time than the monotonic
loading at each strain for the microstructure to evolve, whereas
the cyclic loading directly stimulates this evolution.

Mechanosensing in a SP-BPA-PC Laminate. To
validate the potential for SP-BPA-PC as a sensor that reveals
mechanical history, we implemented it as a film that can be
laminated onto a bulk plasticc. The film provides a 2D
fluorescence field that indicates plasticity with high spatial
resolution. Because the laminate can be used to place
mechanophores in relevant locations (e.g., visible surfaces),
this approach reduces the quantity of costly mechanophores
when compared to uniformly distributed mechanophores in
bulk structures. To support our proof of concept, the SP-BPA-
PC fluorescence field was compared to digital image
correlation (DIC), a widely adopted method for full-field
deformation measurement. Yet, SP-BPA-PC sensors have
unique advantages over DIC: (i) In contrast to DIC, which
requires continuous monitoring to ensure image correlation,
SP-BPA-PC film can be left unattended and provides
information via persistent SP activation. (ii) SP-BPA-PC
indicates plasticity, which predicates material failure, whereas
DIC reports strain and displacement. (iii) The resulting
fluorescence field is observable by visual inspection with a UV
light, whereas DIC measurements require image processing
software. Together, these features make SP-BPA-PC ideal for
use as plastic deformation warning indicators.

The SP-BPA-PC film was incorporated onto a polycarbonate
beam with a light-cure adhesive and tested using four-point
bending (Figure 7). The resulting red fluorescence field
(Figure 7b) was then compared to strain measurements
obtained by DIC on an identical beam with the same loading
(Figure 7c). We bent the beams in increments of 2 mm
displacement and captured the fluorescence and DIC field at
each increment. Four-point bending generates longitudinal
(e,,) strain between the two indenters that has its maximum
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(c) digital image correlation axial strain (&,,) measurement during beam bending at 4 mm displacement, 12 mm displacement, and after unloading

to zero force.

tensile values at the bottom surface and increases to the
maximum compressive value at the upper surface. At small
deformations, the ¢, compressive and tensile strains are
mirrored around the center; however, at large displacements,
the strain on the faces are nonsymmetric. Four-point bending
to large displacement also results in transverse (eyy) strain and
shear (8xy) strain. In the bottom-center of the beam, we see
compressive €, strains that are up to 60% of the &,, strain,

»
while everywhere else, ¢,, and ¢,, are considerably lower than

the ¢,, strains (Figure S14 and movie S2).

When the beam was bent elastically (to 4 mm deflection),
the SP-BPA-PC film did not show activation. We measured the
red channel intensity of the image for a S X 5 mm region on
the top and bottom edges of the center of the beam. Initially,
the signal was 152 for the top and 138 for the bottom, which
after 4 mm deflection changed to 152 and 141, respectively.
The DIC analysis showed a strain field with average &, strain
on the top of —0.02 and on the bottom of 0.02. When the
beam was bent plastically to 12 mm deflection, the SP-BPA-PC
film showed activation at the bottom region, with the red
channel intensity increasing to 196. This coincides with
average €, strains of 0.17. In the upper part of the beam, €,,
strains average at —0.04, which results in faint fluorescence
with a red channel value of 166, indicating little activation. SP
activation under compression of a glassy polymer was

demonstrated in prior work,> so we expect that this small
degree of activation is primarily due to the small strain value
rather than a tension versus compression difference. Upon
unloading, SP-BPA-PC fluorescence in the plastically deformed
regions remained with a red value of 198 in the bottom region
and 152 in the top region, whereas the DIC measurement
shows a reduction in strain with average &,, of 0.12 for the
bottom and —0.03 for the top due to elastic recovery. Although
the total beam deflection of the unloaded beam is similar to
loading to 4 mm, the mechanical history of the beam is evident
from the difference in fluorescence field with peak fluorescence
equal to that at max loading,

B CONCLUSIONS

We have introduced the mechanoactive spiropyran function-
ality into a polycarbonate backbone while retaining its
excellent thermomechanical properties. We avoided the typical
low yield SP functionalization step, by utilizing the bisphenol
structure of dihydroxyspiropyran directly in the polycondensa-
tion reaction. Spiropyran-polycarbonate is the first glassy
polymer that has been shown to exhibit room-temperature
mechanochromic activation under tensile loading without any
additives. This model system allows us to understand how the
complex interactions between stress, deformation, and time
contribute to spiropyran activation in glassy polymers.
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Spiropyran activation correlates with strain after yield, but rate
and strain history are also key factors. Cyclic loading stimulates
considerably higher activation as compared to monotonic
loading, suggesting chain rearrangement during the unloading
cycles. In addition, the higher activation under cyclic loading
demonstrates the desirable enhanced activation in response to
loading that promotes failure. Moreover, the persistent
activation of SP after force removal enables on demand
inspection rather than requiring continuous tracking (a
requirement for DIC). Laminates were shown to be an
effective way for adding mechanochromic functionality to
structures and follow surface deformation while reducing the
use of costly mechanophores. We laminated SP-BPA-PC film
onto conventional polycarbonate to visualize surface deforma-
tion with a 2D fluorescence field under four-point bending.
The laminate fluorescence reflected the maximum loading case
experienced by the beam. These developments of efficient
processes for employing mechanophores and room-temper-
ature activation in stiff materials bring us closer to using
mechanochromic materials as damage sensors in high perform-
ance engineered plastics.
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