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ABSTRACT: Spiropyran (SP) is a mechanophore that undergoes swelling 2 A
changes in chemical structure and thus in optical character when @? 2, A’ ’
subjected to a force. Incorporation of SP into polymer chains ene 2 e
enables optical detection of stress/strain and damage in the O mechanophore % &’ ’

material under load. However, the mechano-sensitivity of SP- gfn’::fg:n %1 .7 830%
linked polymers is in general insufficient for many applications. A PDMS ‘a‘:o) " improved
Attempts have been made to enhance the mechano-sensitivity of g0

01 5 10 15
SP-linked polymers via modification of the chemical structure of swelling time (min)

the SP mechanophore or the mesostructure of the polymer matrix.

In the present study, we explore how the mechano-sensitivity of SP incorporated in a poly(dimethylsiloxane) (PDMS) network is
influenced by the pre-swelling of PDMS with an organic solvent (xylene). The effect of PDMS swelling on the optical property of the
mechanophore was investigated by measuring the fluorescence intensity from the SP-linked PDMS in situ during uniaxial
deformation using a custom-built opto-mechanical measurement setup. The results suggest that a longer swelling time causes a
decrease in the initial fluorescence, a decrease in the activation onset strain, and an increase in the activation slope, resulting in
enhanced apparent mechano-sensitivity. For instance, the 15 min pre-swollen SP-linked PDMS showed an 8.3-fold increase in
mechano-sensitivity relative to the unswollen reference. Such effect is not limited to uniaxial extension but also observed in other
modes of deformation, such as compression and bending. When corrected against the variation in sample thickness during uniaxial
extension, and pre-strain and initial fluorescence intensity due to solvent swelling, the SP fluorescence intensity vs true strain (or
chain entropy) curves obtained at various degrees of initial swelling collapse into a single curve, which suggests that the swelling-
enhanced mechano-sensitivity is due to the pre-strain of the network and a decrease in initial fluorescence intensity caused by the
pre-swelling.

B INTRODUCTION

Mechano-chromic polymers exhibit changes in optical proper- force
ties, such as light emission intensity and/or wavelength under PE— (o
mechanical deformation and have potential for applications in visible light R

such areas such as stress/strain mapping, damage detection,
and anti-counterfeiting.'~” One typical method for preparing spiropyran (SP) form merocyanine (MC) form

mechano-chromic polymers is to incorporate force-responsive Figure 1. Chemical structure of the spiropyran (SP) mechanophore

moieties, called mechanophores, into polymer chains. and its transformation into the merocyanine (MC) form.
Spiropyran (SP) is currently one of the most popular

mechanophores. When an external force is applied, SP Since the mechano-chromic property of SP-linked poly-
undergoes a reversible chemical transformation into merocya- (methyl acrylate) was first demonstrated in 2007,'¢ the SP
nine (MC) via a ring-opening cleavage of a C—O bond (see mechanophore has been applied to a wide variety of 2polymers,
Figure 1), resulting in changes in absorbance and fluorescence including poly(carbonate),'" poly(caprolactone),'"* poly-
characteristics;® SP is originally colorless (or pale yellow) and

non-fluorescent, whereas MC is dark purple (or blue) and Received: May 4, 2020 Wacromolecules
highly fluorescent, producing emission at wavelengths between Revised:  August 28, 2020 .9
550 and 700 nm.” These changes are typically detectable even Published: September 10, 2020 C W
with the naked eye. As shown in Figure 1, the SP to MC éx%»;
transformation is reversible, where MC returns to SP upon

illumination by visible light.
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(methyl methacrylate),'”'*"> poly(urethane) (PU),""~" and
poly(dimethylsiloxane) (PDMS).”°">* SP-linked ductile/
stretchable polymers are potentially useful for wearable
sensors, e-skins, flexible electronics, and bio-mimics.>™>°
However, relatively low mechano-sensitivities, i.e., low
sensitivities to mechanical stimuli (stress/strain) of SP-linked
polymers have been recognized as a limiting factor for their use
in these applications. In rubbery polymer networks, SP is
converted into MC only at high strains (e.g, >50% in SP-
linked PDMS and >500% in SP-linked PU);%’27 in ductile/
rubbery polymers, which are easily deformed under small
loads, only a small fraction of the applied force is transmitted
to the SP links, resulting in a poor sensitivity to deformation.”®
Therefore, the development of SP-linked polymers with
improved mechano-sensitivities is highly desirable for many
applications.

Several attempts to improve the mechano-sensitivity of SP-
linked polymers have been reported. One approach is to
modify the chemical structure of the SP mechanophore.
Gossweiler and co-workers synthesized two different variants
of SP with an identical functional group attached at two
different sites, and their single molecule force spectroscopy
measurements demonstrated that different amounts of force
are required to induce the SP to MC transition between the
two SP derivatives.”” Barbee and co-workers investigated the
effect of the substituent on the mechanochemical reactivity of
SP.*° They found that with more electron withdrawing
substituent, a smaller force is required to induce the SP-MC
transition. Another avenue explored is the modification of the
polymer matrix so that an external force is more effectively
transmitted to the SP linkages. Chen and co-workers
incorporated ureidopyrimidinone (UP) into SP-linked PU so
that the resulting supramolecular interaction enables more
efficient force transfer and thus improves the mechano-
sensitivity.”” Park and co-workers created a hierarchical
nanoparticle-in-micropore structure in SP-linked PDMS, in
which the mechano-sensitivity is enhanced due to the
structure-induced stress concentration.”®> Beiermann and co-
workers achieved a mechano-activation of a glassy polymer
(PMMA) at room temperature using methanol as a
plasticizer.”” Raisch and co-workers, using electrospinning,
fabricated highly oriented poly(SP-alt-C,,) nanofibers, which
exhibited an enhanced mechano-sensitivity in the direction of
the nanofiber orientation.”’ In addition, Qiao and co-workers
incorporated SP into a polyacrylate multi-network structure
and showed that its mechanochromic sensitivity can be
regulated by the variation of a network composition.”™*

In the present study, we explore solvent pre-swelling as
means to enhance the mechano-sensitivity of a SP-linked
polymer network. Divinyl functionalized SP was covalently
incorporated into a PDMS network.”” The PDMS swelling
degree was controlled by varying the time of swelling in a
solvent, xylene. The mechano-response of SP-linked PDMS
was characterized in situ by the measurement of the
fluorescence intensity during a uniaxial tensile test using a
custom-built opto-mechanical measurement setup. The results
suggest that the mechano-sensitivity of SP-linked PDMS
increases linearly with swelling time. This swelling-induced
mechano-sensitivity enhancement was not limited to extension
but also observed in compression and bending. We found that
the fluorescence intensity vs true strain (or chain entropy)
curves obtained at various degrees of pre-swelling collapse onto
a single curve when the fluorescence intensity is corrected for
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the decrease in thickness of the specimen during stretching and
the pre-strain and initial fluorescence intensity caused by
swelling.

B EXPERIMENTAL SECTION

All chemical reagents used in this study were purchased from Sigma-
Aldrich. Organic solvents were purified by distillation on CaH, before
use. First, dihydroxyl SP (1’-(2-hydroxyethyl)-3',3'-dimethyl-6-
nitrospiro[ chromene-2,2"-indolin]-8-0l) was synthesized using a
published procedure."®*" The hydroxyl groups of the SP were then
converted into vinyl groups using the procedure of Gossweiler and co-
workers”® (with minor modifications). Briefly, 1.48 g of dihydroxyl SP
and 0.88 g of 4-dimethylamino pyridine were dissolved in 50 mL of
anhydrous THF, and then 1.90 g of 4-pentenoic anhydride was added.
After stirring at room temperature in a nitrogen atmosphere for 24 h,
the solution mixture was purified by flowing through a basic alumina
column using ethyl acetate and n-hexane (1:3 v/v) as the eluent, dried
in vacuum, and recrystallized from hot hexane. The resulting yellow
crystals were separated with filter paper, washed with cold hexane, and
then dried overnight in a vacuum oven at 60 °C. The final divinyl
functionalized SP mechanophore exhibited green color. The detailed
synthesis scheme and NMR spectra of divinyl SP are presented in
Scheme S1 and Figure S1 in the Supporting Information, respectively.

SP was chemically incorporated into PDMS via hydrosilylation.
Divinyl functionalized SP (0.12 g) was completely dissolved in 1.6 mL
of xylene in a 70 mL glass vial, and then 16.0 g of Sylgard 184 base
(Dow Corning, USA) was added. The solution was vigorously mixed
for S min using a vortex mixer (Vortex Genie 2, Scientific Industries
Inc., USA) until the color of the solution changed from blue to pale
red. Next, 1.6 g of the Sylgard 184 curing agent was added, and the
solution was agitated with a vortex mixer until the color turned to pale
yellow in approximately 5 min. After sonication for 3 min to remove
bubbles, the polymerization reaction was carried out between a pair of
Pyrex glass plates fixed with clamps using a Teflon-encapsulated Viton
O-ring as a spacer. Curing conditions were 70 °C for 4 h followed by
25 °C for 12 h. The resulting SP-linked PDMS sheet was removed
from the glass plates and cut into a dog-bone shape using a laser
cutting system (ILS 12.150D, Universal Laser Systems, USA).
Specimens were stored in a desiccator under dark conditions for 24
h before performing the swelling and opto-mechanical experimenta-
tion. The specific dimensions of the dog-bone specimen are
summarized in Figure S2 in the Supporting Information. SP-linked
PDMS samples with different degrees of swelling were produced by
immersing the dog-bone specimens in xylene for different amounts of
time, i.e, 0, 1, 5, 10, and 15 min. Following swelling over a specified
time, the specimen was taken out of xylene and immediately subjected
to mechanical testing. Since the specimen underwent an isotropic
expansion during solvent swelling, its volume expansion ratio was
calculated as the cube of the extension ratio.

The mechano-response of SP-linked PDMS was measured using a
custom-built opto-mechanical setup, in which the full-field fluo-
rescence intensity of a dog-bone specimen was measured in situ under
deformation, as schematically shown in Figure 2. Uniaxial extension

\Ienses & diffuser -t

laser
—
P
\’ SP-PDMS

i specimen
long-pass filter
CCD camera

Figure 2. Schematic of the custom-built opto-mechanical measure-
ment set-up used in this study.
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experiments were performed at a constant strain rate of 0.007 s~* at
25 °C using an Instron 5567A universal testing machine equipped
with a 100 N capacity load cell. Pneumatic grips were employed to
avoid slippage during extension. The force and crosshead displace-
ment were converted to the true stress and true strain (Henky strain),
respectively, based on the instantaneous cross-sectional area and
length of the specimen. As shown in Figure 2, light from a 532 nm
laser (CPS532, Thorlabs Inc., USA, S mW) passed through optical
components consisting of a concave lens (LC2679-A, Thorlabs Inc.,
USA), a convex lens (LA1433-A, Thorlabs Inc., USA), and an
engineering diffuser (ED1-S20-MD, Thorlabs Inc, USA) and
subsequently illuminated a dog-bone specimen with a beam width
greater than the width of the specimen and a uniform intensity
distribution. The intensity of the fluorescence emitted from the
illuminated SP-linked PDMS specimen was measured using a CCD
detector (Prosilica GT2750, Allied Vision Technologies GmbH,
Germany) after passing through a 575 nm long-pass filter (OD4-575
nm 50 mm, Edmund Optics, USA) to eliminate scattering and
reflection. Fluorescence images of the specimen were recorded every
2.5 s with an exposure time of 0.6 s during extension. Image] software
was used to quantify the average fluorescence intensity from the
region of interest (ROI), which covered approximately 50% of the
gauge area of the specimen. All experiments were performed inside a
rubber-coated black-out fabric (BKS, Thorlabs Inc., USA) to block
external light.

B RESULTS AND DISCUSSION

Swelling Behavior of SP-Linked PDMS. Figure 3a
displays photos of SP-linked PDMS dog-bone specimens pre-

swelling time (min) 1.8 -
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Figure 3. (a) Photographic images and (b) volume expansion ratio vs
swelling time relationships for SP-linked PDMS specimens prepared
at different swelling times.

swollen in xylene for different time periods. As the swelling
time was increased from 0 to 1, 5, 10, and 15 min, an
increasing amount of xylene was absorbed by the specimen,
resulting in an increase in its dimensions (length, width, and
thickness). At the same time, the color of the SP-linked PDMS
changed from red to pale yellow (or colorless) with increase in
swelling time. This result is different from that reported by Lee
and co-workers.”® This is because the SP mechanophore
preferentially exists in the yellow SP form rather than in the red
MC form in a nonpolar solvent such as xylene. The
solvatochromic characteristics of divinyl SP in several different
solvents (i.e, xylene, toluene, chloroform, acetone, and
methanol in the order of an increasing polarity) are
demonstrated in Figure S4 in the Supporting Information. As
shown in the figure, the color of the SP changed from colorless
to deep red (or purple) as the polarity of the solvent was
increased, i.e, as the solvent was switched from xylene to
toluene, to chloroform, to acetone, and to methanol. Figure 3b
shows the volume change of the specimen as a function of the
swelling time. Following the rapid initial expansion, a nearly
constant rate of volume increase was observed up to 15 min; at
15 min, the specimen volume increased by a factor of 1.75
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relative to the unswollen volume. When SP-linked PDMS was
pre-swollen longer than 15 min, the samples could not be used
for mechanical testing because they crumbled too easily.
Dependence of Mechanical and Mechano-Chemical
Response of SP-Linked PDMS on Swelling Time. The
effects of pre-swelling on the mechanical and mechano-
chemical properties of SP-linked PDMS were investigated
using a custom-built opto-mechanical setup, in which the
fluorescence intensity from the SP-linked PDMS specimen was
recorded in situ during uniaxial extension. Figure 4a displays
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Figure 4. (a) Stress vs strain dependence and (b) fluorescence
intensity vs strain dependence for various pre-swollen SP-linked
PDMS specimens. €" denotes the true strain in uniaxial extension.

the constant strain rate stress vs strain curves for pre-swollen
SP-linked PDMS samples prepared at different swelling times.
All samples exhibited a typical mechanical response for rubbery
polymers, that is, the linear increase in stress at small strains
followed by the nonlinear strain hardening at large strains. The
increased pre-swelling caused the strain-hardening behavior to
begin at a lower strain, resulting in generally higher stresses in
the high strain regime. For instance, the 0, 1, 5, 10, and 15 min
pre-swollen samples exhibited true stresses of 2.5, 3.4, 5.0, 5.7,
and 6.1 MPa, respectively, at a true strain of 0.7. Also, a longer
pre-swelling time decreased the fracture strain (Figure 4a).
Figure 4b displays the fluorescence intensities of the pre-
swollen SP-linked PDMS samples measured in situ during
uniaxial extension as functions of strain. A similar shape of the
fluorescence intensity vs strain curve was observed for all pre-
swelling times; specifically, the fluorescence signal initially
declined at low strains but subsequently rose at strains higher
than a critical value. The initial decrease in fluorescence
intensity is attributed to the decrease in thickness of the SP-
linked PDMS specimen caused by the Poisson’s effect. Only
when a sufficient amount of deformation is applied, the SP
mechanophores start experiencing sufficient stretching forces
and undergo transformation into the MC isomers, resulting in
an increase in fluorescence. As shown in Figure 4b, smaller pre-
swelling resulted in an increasingly more V-shaped fluores-
cence curve. As the amount of pre-swelling increased, the
initial fluorescence intensity was reduced, and at the same time
the critical strain marking the onset of fluorescence activation
also decreased. SP-linked PDMS samples with longer pre-
swelling times exhibited steeper slopes for the fluorescence
intensity vs strain curves at high strains.
Mechano-Sensitivities of Pre-Swollen SP-Linked
PDMS Samples. The data shown in Figure 4b were further
analyzed to produce plots of the initial (pre-extension)
fluorescence intensity, the strain at the onset of fluorescence
activation, and the post-activation slope of the fluorescence
intensity vs strain curve as functions of the pre-swelling time
(presented in Figure Sa—c, respectively). The decrease in the
initial fluorescence intensity with increasing swelling time

https://dx.doi.org/10.1021/acs.macromol.0c00985
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Figure S. () Initial fluorescence intensities, (b) activation onset strains, (c) post-activation fluorescence slopes, and (d) strain sensitivity factors of
solvent-swollen SP-linked PDMS specimens prepared at different pre-swelling times.

(Figure Sa) is due to a shift in equilibrium between SP
(colorless/yellow) and MC (blue/purple) toward SP in
nonpolar xylene. The activation onset strain is defined as the
critical strain at which the fluorescence intensity begins to rise
during extension and was determined as the point at which the
derivative of the fluorescence intensity with respect to the
strain becomes equal to zero. As the pre-swelling time was
increased, the activation onset strain was found to decrease
(Figure Sb); for instance, when the SP-linked PDMS sample
was pre-swollen for 15 min, the activation onset strain was
reduced to 0.21 (from 0.50 for the unswollen sample). The
activation slope was determined from the linear region of the
fluorescence intensity vs strain plot, post the activation onset
point. As shown in Figure Sc, the activation slope was constant
for samples with small degrees of pre-swelling (at swelling
times up to S min) but increased with swelling time in highly
pre-swollen samples. The decrease in the initial fluorescence
intensity and the activation onset strain and the increase in the
activation slope with increased pre-swelling all positively
contribute to an enhancement of the mechano-sensitivity of
SP-linked PDMS (Figure Sd). First, the decrease in the initial
fluorescence intensity indicates an increase in the SP to MC
ratio, which means that an increased amount of active
mechanophores (SP) becomes available for mechano-sensing.
Second, the decrease in the activation onset strain enables
detection of smaller deformations. Finally, a higher activation
slope leads to a higher intensity of fluorescence signal for a
given mechanical load.

For the SP-linked PDMS samples prepared at different pre-
swelling times, the strain sensitivity factors were calculated
using the following equation™

(Al/L,)

strain sensitivity factor = o
€

(1)
where I, denotes the initial fluorescence intensity, and AI
denotes the change in the fluorescence intensity relative to I, at
the point of sample failure. The estimated values of the
sensitivity factors were 0.3, 0.5, 1.2, 2.1, and 2.5, for the 0, 1, §,
10, and 15 min pre-swollen samples (Figure Sd), respectively,
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suggesting a linear relationship between the sensitivity factor
and the pre-swelling time. Particularly, the 15 min pre-swollen
SP-linked PDMS sample exhibited an 8.3-fold enhancement of
the mechano-sensitivity relative to the non-swollen reference.
The mechano-sensitivity enhancement observed after the pre-
swelling treatment can thus be understood as being caused by
the combined effects of decreased initial fluorescence intensity,
decreased activation onset strain, and increased activation
slope.

The mechano-sensitivity enhancement observed in the 15
min pre-swollen SP-linked PDMS sample was further validated
with other types of mechanical deformation. As shown in
Figure 6a, the pale red color of the unswollen specimen

(a) non-swollen 15min-swollen| (b) >

non-swollen

compression

before

tension (250 N)

(e=0) g

I
non-swollen —
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Figure 6. Comparison of the mechano-sensitivities of the non-swollen
and 15 min pre-swollen SP-linked PDMS specimens under different
types of deformation modes: (a) uniaxial extension, (b) compression,

and (c) bending.

remained unchanged even after uniaxial stretching, indicating a
poor mechano-sensitivity of the unswollen material. In
contrast, the 15 min pre-swollen specimen exhibited a
significant change from colorless to blue when the same
amount of tensile strain was applied, indicating a significant
enhancement of the mechano-sensitivity upon pre-swelling.
Figure 6b,c demonstrates similar results for the 15 min pre-
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Figure 7. Original fluorescence intensity vs true strain curves shown in Figure 4b have been rescaled to take into account the (a) variation of the
thickness of the specimen during the uniaxial deformation, (b) additional strain caused by the solvent pre-swelling, and (c) difference in the initial

fluorescence intensity among specimens prepared at different pre-swelling times. " denotes the true strain caused by uniaxial extension. €

total

denotes the total strain, which is the sum of the uniaxial strain and the pre-strain caused by the solvent swelling.

swollen sample under compressive and bending loads,
respectively.

Origin of Swelling-Induced Mechano-Sensitivity
Enhancement. To better understand the exact origin of the
pre-swelling-induced mechano-sensitivity enhancement, the
original fluorescence intensity vs true strain data (Figure 4b)
were corrected for the variation of the sample thickness during
the uniaxial extension, the pre-strain caused by the solvent
swelling, and the initial level of fluorescence prior to uniaxial
deformation. The resulting corrected fluorescence intensity vs
strain curves are presented in Figure 7a—c.

Since the area of the specimen from which the fluorescence
intensity was measured was always constant, the total number
of the SP or MC moieties probed within the illumination
volume changed in proportion to the change in the thickness
of the specimen during the uniaxial deformation. Therefore,
the thickness change has to be accounted for to keep the
number of SP moieties the same during deformation. The
change in thickness of the specimen during the uniaxial
extension can be estimated using the equation

AL
=—dy|1 -1+ =

Lo )

where d, and L, denote the initial thickness and length of the
specimen, respectively, and Ad and AL denote the changes in
thickness and length of the specimen, respectively, that occur
during the uniaxial deformation; v denotes the Poisson’s ratio
of SP-linked PMDS. A value of v = 0.5 was used assuming that
xylene-swollen SP-linked PDMS behaves like an ideal rubber.
Thus, the thickness-corrected fluorescence intensity was
calculated as

Ad

thickness corrected fluorescence intensity
F. intensity

Ad+d,
do

F. intensity

(1 * %) 3)

The thickness-corrected fluorescence intensity vs true strain
curves are shown in Figure 7a. As seen in the figure, the
thickness-corrected fluorescence intensity is constant at small
strains, i.e., at strains lower than the onset of fluorescence
activation and only begins to increase with deformation at large
strains. The slopes of the high-strain portions of the intensity
vs strain curves generally became steeper after the thickness
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corrections. However, the slope increase due to the thickness
correction was greater for shorter pre-swelling times so that all
fluorescence intensity vs strain curves exhibited comparable
post-activation slopes after correction for the variation in
thickness of the specimen (Figure 7a). Details of the
calculation of the activation slopes are presented in Section 6
of the Supporting Information. Further, the total strain
experienced by the specimen &% was estimated by adding
the isotropic pre-strain caused by swelling €™ to the uniaxial
tensile strain €™, and the fluorescence intensity data were
replotted in terms of £ in Figure 7b. As shown in the figure,
the longer the pre-swelling time, the greater the pre-strain
became due to the expansion of the specimen. Thus, when
corrected against swelling strain, the fluorescence intensity vs
true strain curve was shifted more to the right. After this
correction, we found that the values of the fluorescence onset
(“activation”) strains coincide for all pre-swelling times (Figure
7b). Details of the calculation of the onset strains are described
in Section 6 of the Supporting Information. Lastly, to take into
account the amount of the MC moieties that existed in the
specimen prior to the uniaxial deformation, that is, to measure
only the amount of MC produced from SP during the uniaxial
tensile test, we further subtracted the initial fluorescence
intensity from the overall fluorescence intensity (that is, the
fluorescence intensity curves were vertically shifted downward
so that y-intercepts are set to zero for all curves). This
procedure assumes that the initial SP/MC ratio does not affect
the SP-MC conversion process. The final shifted fluorescence
intensity curves are presented in Figure 7c. As shown in the
figure, all curves superimpose onto a single curve within a
relative standard deviation (for the area under the curve) of
about 2.1%, which strongly supports the analysis described in
this paragraph.

We would like to point out that the true strain used above
only considers the deformation of the specimen along the
direction of uniaxial extension. However, solvent swelling
typically produces an isotropic expansion of the specimen;
uniaxial extension causes an extension of the material along the
longitudinal (tensile) axis, whereas it causes a contraction of
the sample along the transverse axes. Therefore, the uniaxial
strain quantity might not precisely capture the full effect of
deformation experienced by the mechanophores. For this
reason, we evaluated the respective entropy changes associated
with the solvent pre-swelling and uniaxial extension processes
using the following equations, respectively,

Nk
ASY = —-"2(342 -3 —-1InA}
2 ( sw n SW) (4)
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Nk 2

AS" = ——)2002 — 3+ =
2 At (s)
Astotal = AS™W + Asut (6)

where A, and A, denote the extension ratios for the solvent
pre-swelling and uniaxial tension, respectively, and N, denotes
the total number of elastic strands, and k is the Boltzmann
constant. The above equations assume that the network is
composed of Gaussian strands; see Section $ in the Supporting
Information for derivations. Figure 8 displays plots of the

6k
= /
‘@
5
E 4k d
w
Fe] .
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Figure 8. Corrected fluorescence intensity vs total entropy change for
the system curves for pre-swollen SP-linked PDMS specimens
prepared at different swelling times.

corrected fluorescence intensity vs total entropy change for the
system. As shown in the figure, all curves overlap with a relative
standard deviation for the curve area of about 5.6%. This result
suggests that the net overall deformations of the mechano-
phores in the transverse directions are negligible, because of
the near cancellation of the effects of the initial volume
expansion during pre-swelling and the contraction in the
transverse directions caused by the uniaxial elongation.

The results of the above analyses (Figures 7 and 8) suggest
that the pre-swelling-induced mechano-sensitivity enhance-
ment of SP-linked PDMS is due to the combined effects of
thickness reduction, pre-swelling deformation, and decreased
initial fluorescence intensity. The unswollen specimen showed
the highest initial fluorescence intensity, and the greatest
decrease in fluorescence intensity due to reduced thickness
under uniaxial extension (Figure 4b). The intensity decrease
due to the thickness decrease was the smallest for the 15 min
pre-swollen specimen (Figure 4b). The greater the pre-
swelling, the steeper the slope of the fluorescence intensity
vs tensile strain curve became (i.e., the greater the mechano-
sensitivity became) (Figure 4b), because a smaller initial
fluorescence intensity causes a reduced decrease in fluores-
cence due to a further decrease in thickness. The solvent
absorption created a pre-strain in the SP-linked PDMS
network. As a result, a smaller amount of additional strain
was necessary to induce the mechano-chemical activation of
the SP mechanophores (Figure 7b). The solvent-induced
mechano-sensitivity enhancement is attributed to the de-
creased initial fluorescence intensity (the shift of the SP-MC
equilibrium toward the SP state), the decreased sensitivity of
the fluorescence intensity to the thickness of the specimen, and
the pre-strain created due to the solvent swelling.

B CONCLUSIONS

In the present study, we explored whether solvent pre-swelling
can be used as means to enhance the mechano-sensitivity of
SP-linked PDMS. SP-linked PDMS was synthesized by

covalently incorporating divinyl functionalized SP linkages
into a cross-linked PDMS network. Pre-swollen SP-linked
PDMS samples with different degrees of swelling were
produced by exposing SP-linked PDMS to a nonpolar solvent
(xylene) for different periods of time (0, 1, 5, 10, and 15 min).
The mechano-responses of these samples were investigated
using an inhouse-developed opto-mechanical measurement
setup that enabled in situ measurement of the fluorescence
intensity from a SP-linked PDMS specimen during uniaxial
extension. We found that the mechano-sensitivity of solvent-
swollen SP-linked PDMS increased in proportion to the pre-
swelling time. The swelling-induced mechano-sensitivity
enhancement was due to the combined effects of decreased
initial fluorescence intensity, decreased fluorescence onset
strain, and increased post-activation florescence intensity slope.
The 15 min pre-swollen SP-linked PDMS specimen, for
instance, exhibited an 8.3-fold increase in mechano-sensitivity
relative to the unswollen state. A similar, swelling-induced
enhancement of the mechano-sensitivity of SP-linked PDMS
networks was also observed with other types of deformation
such as compression and bending. When rescaled to take into
account the variation of the specimen thickness during uniaxial
extension and the differences in the magnitude of the pre-strain
caused by the solvent swelling and in the initial fluorescence
intensity, the fluorescence intensity vs strain curves collapsed
onto a single curve for all values of pre-swelling time. This
result suggests that the swelling-induced mechano-sensitivity
enhancement is due to the combined effects of the decreased
initial fluorescence intensity, the decreased sensitivity of the
fluorescence intensity to the thickness of the specimen ,and the
additional strain caused by the solvent pre-swelling. The results
of this study provide insights on how solvent pre-swelling
could be used as means to enhance the mechano-sensitivity of
SP-linked polymer networks.
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