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ochromism and
mechanochromism of a linear naphthopyran
enabled by a polarizing dialkylamine substituent†

Yan Sun, Molly E. McFadden, Skylar K. Osler, Ross W. Barber
and Maxwell J. Robb *

In contrast to common angular naphthopyrans that exhibit strong photochromic and mechanochromic

behavior, constitutionally isomeric linear naphthopyrans are typically not photochromic, due to the

putative instability of the completely dearomatized merocyanine product. The photochemistry of linear

naphthopyrans is thus relatively understudied compared to angular naphthopyrans, while the

mechanochromism of linear naphthopyrans remains completely unexplored. Here we demonstrate that

the incorporation of a polarizing dialkylamine substituent enables photochromic and mechanochromic

behavior from polymers containing a novel linear naphthopyran motif. In solution phase experiments,

a Lewis acid trap was necessary to observe accumulation of the merocyanine product upon

photochemical and ultrasound-induced mechanochemical activation. However, the same linear

naphthopyran molecule incorporated as a crosslinker in polydimethylsiloxane elastomers renders the

materials photochromic and mechanochromic without the addition of any trapping agent. This study

provides insights into the photochromic and mechanochromic reactivity of linear naphthopyrans that

have conventionally been considered functionally inert, adding a new class of naphthopyran molecular

switches to the repertoire of stimuli-responsive polymers.
Introduction

Naphthopyrans are molecular switches that undergo a 6p
electrocyclic ring-opening reaction upon external stimulation to
generate highly colored merocyanine dyes.1 The photochemical
ring-opening reaction of naphthopyrans upon irradiation with
UV light has been extensively studied.2,3 More recently, it was
discovered that naphthopyrans respond similarly to mechanical
force as the external stimulus,4 enabling new opportunities to
use these versatile switches for stress sensing applications in
polymers.5 The nascent eld of polymer mechanochemistry
explores chemical transformations that are promoted selec-
tively by mechanical force in privileged stress-sensitive mole-
cules called mechanophores.6–8 Mechanochromic
mechanophores generate colored products upon mechano-
chemical activation, facilitating the straightforward visualiza-
tion of stress and/or strain in materials.9 A rapidly growing class
of mechanochromic mechanophores includes spiropyran,10–12

spirothiopyran,13 rhodamine,14–16 oxazine,17,18 p-extended
anthracene adducts,19,20 triarylmethanes,21 and diary-
lbibenzofuranone,22,23 among others. Our group has been
ering, California Institute of Technology,

robb@caltech.edu

tion (ESI) available. See DOI:

–10499
particularly interested in naphthopyrans due to their synthetic
modularity and structural diversity, providing access to
mechanochromic mechanophores and materials with a wide
range of functional properties.5,24–29

The vast majority of studies on the photochromism and
mechanochromism of naphthopyran have focused on the so-
called angular naphthopyrans (Scheme 1a).1 Angular naph-
thopyrans have been extensively studied and developed as
photoswitches for commercial applications in photochromic
lenses.3 The mechanochemical ring-opening reaction of
angular 3H-naphtho[1,2-b]pyran in polymeric materials was
rst reported in 2016.4 In 2021, a closely related angular 2H-
naphtho[2,1-b]pyran scaffold was also demonstrated to exhibit
mechanochromic reactivity,26,27 complementing the well-known
photochromic behavior. However, the mechanochemical reac-
tivity of a structurally isomeric linear 2H-naphtho[2,3-b]pyran
scaffold has not been studied (Scheme 1b). These so-called
linear naphthopyrans contain a pyran ring that is linearly
oriented with respect to the naphthalene nucleus. In contrast to
the angular naphthopyrans, linear naphthopyrans do not typi-
cally exhibit photochromic behavior at ambient temperature
because the ring-opening reaction results in complete dear-
omatization of the naphthalene core.1 Therefore, linear naph-
thopyrans have received relatively little attention as
photoswitches and their mechanochemical reactivity is
unknown.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Naphthopyran isomers and their stimuli-responsive
behavior. (a) Angular naphthopyrans undergo ring-opening reactions
with UV light or mechanical force. (b) Photochromism and mecha-
nochromism of linear 2H-naphthopyran is enabled upon introduction
of an electron donating dialkylamine substituent.

Fig. 1 Density functional theory (DFT) calculations using the con-
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We recently demonstrated that mechanical force is capable
of promoting the dual ring-opening reaction of naph-
thodipyran, which diverges from the photochemical reaction
where the concurrent ring opening of both pyran units is
inaccessible.28 Trapping the putatively unstable dimerocyanine
product using a Lewis acid proved critical for observing its
formation in solution upon ultrasound-induced mechano-
chemical activation. Incorporation of an electron rich dialkyl-
amine substituent at the para-position of the pendant aryl
groups enables complexation of the merocyanine product with
boron triuoride, which signicantly slows or even eliminates
thermal reversion.30 Encouraged by these results, we hypothe-
sized that the ring-opening reaction of an appropriately
substituted linear naphthopyran may be observable upon
trapping with boron triuoride. Herein, we study the photo-
chemical and mechanochemical reactivity of polymers con-
taining a linear naphthopyran unit. In solution, a polarizing
dialkylamine substituent is indeed demonstrated to turn on the
photochromic and mechanochromic behavior of linear naph-
thopyran in the presence of boron triuoride. Notably, however,
silicone elastomers crosslinked with the same dialkylamine-
substituted linear naphthopyran motif also exhibit photochro-
mism and mechanochromism in the absence of any trapping
agent.
strained geometries simulate external force (CoGEF) method per-
formed on a linear 2H-naphtho[2,3-b]pyran model containing a para-
pyrrolidine substituent predict a ring-opening reaction upon
mechanical elongation. The structure of the predicted merocyanine
product is shown, corresponding to the position in the profile denoted
by the arrow. The features at ∼5.5 and 6.5 Å displacement correspond
to conformational changes. Calculations were performed at the
B3LYP/6-31G* level of theory.
Results and discussion

Density functional theory calculations using the constrained
geometries simulate external force (CoGEF) method were rst
performed to investigate the mechanochemical reactivity of
© 2023 The Author(s). Published by the Royal Society of Chemistry
linear naphthopyran.31,32 Models of targeted linear 2H-naphtho
[2,3-b]pyrans containing para-H and para-pyrrolidine substitu-
ents are both predicted to undergo ring-opening reactions upon
mechanical elongation to generate the anticipated merocyanine
products (Fig. 1 and S1†). The mechanochemical ring-opening
reactions of the linear naphthopyran derivatives with para-H
and para-pyrrolidine substitution occur with a maximum force
(Fmax) of 4.5 and 4.2 nN, respectively, which are similar to Fmax

values predicted by CoGEF for other naphthopyran
mechanophores.32

Encouraged by these computational results, we next set out
to experimentally investigate the photochemical and mecha-
nochemical reactivity of linear naphthopyran. Polymers in
dilute solution undergo rapid extension upon ultrasonication
with elongational forces maximized near the chain midpoint.33

Therefore, poly(methyl acrylate) polymers containing a chain-
centered linear naphthopyran unit (PMA-LNP and PMA-
PyLNP) were designed and synthesized, along with polymer
PMA-Control containing a pyrrolidine-substituted linear naph-
thopyran unit at the chain end, which does not experience
mechanical force upon ultrasonication (Scheme 2, see the ESI†
for details).8 Naphthopyrans are typically synthesized via an
acid-catalyzed reaction between a naphthol and a propargyl
alcohol.34 However, this protocol is not effective for the
synthesis of linear 2H-naphtho[2,3-b]pyrans.35 We therefore
employed an alternative Heck coupling strategy for the
construction of the linear naphthopyran scaffold.36,37 Synthesis
commenced by reacting 1-iodo-2-naphthol with acrylic acid to
Chem. Sci., 2023, 14, 10494–10499 | 10495
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Scheme 2 Synthesis of poly(methyl acrylate) polymers incorporating a linear 2H-naphtho[2,3-b]pyran unit.
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generate lactone 1, followed by reduction with LAH to afford
tethered alcohol 2. Protection of the primary alcohol with tet-
rahydropyran (THP) furnished naphthol 3, which was engaged
in a cross-coupling reaction with allylic alcohols 4 or 5 con-
taining a para-H or para-pyrrolidine substituent, respectively, to
afford the corresponding Heck products 6 and 7. Naphthopyran
formation and THP removal was then accomplished in a two-
step sequence using silica gel in DMF at 135 °C and Amber-
lyst 15 in methanol at room temperature, respectively. Linear
naphthopyran diols 8 and 9 were esteried with bromoisobu-
tyryl bromide to afford bis-initiators 10 and 11, which were
employed in the controlled radical polymerization of methyl
acrylate using copper wire and Me6TREN in DMSO38 to furnish
polymers PMA-LNP (Mn = 132 kDa; Đ = 1.12) and PMA-PyLNP
(Mn = 262 kDa; Đ = 1.15) containing a chain-centered linear
naphthopyran unit with para-H and para-pyrrolidine substitu-
ents, respectively. Polymer PMA-Control (Mn = 238 kDa; Đ =

1.09) containing a pyrrolidine-substituted linear naphthopyran
unit at the chain end was synthesized in a similar fashion
starting from the naphthopyran with a single a-bromo ester
initiating group (see the ESI† for details).

The photochemical and mechanochemical reactivity of the
linear naphthopyrans was evaluated by subjecting dilute solu-
tions of the polymers (2 mg mL−1 in CH3CN with 30 mM BHT)
to photoirradiation with 311 nm UV light at −30 °C or contin-
uous ultrasonication at −15 °C, and UV-vis absorption spectra
were recorded synchronously using a continuous ow setup (see
the ESI† for details).24,26 No photochromic or mechanochromic
response was observed for PMA-LNP under these conditions or
10496 | Chem. Sci., 2023, 14, 10494–10499
when similar experiments were performed in the presence of
0.5 mM BF3$Et2O (Fig. S2†). Likewise, no changes in absorption
were observed upon photoirradiation or ultrasonication of
PMA-PyLNP in the absence of BF3$Et2O (Fig. S3†). However,
photoirradiation of PMA-PyLNP in the presence of 0.5 mM
BF3$Et2O resulted in a new visible absorption peak at 540 nm
(Fig. 2a). An identical absorption spectrum was generated upon
ultrasound-induced mechanochemical activation of PMA-
PyLNP in the presence of 0.5 mM BF3$Et2O (Fig. 2b). The
products were found to be thermally persistent with no thermal
reversion of the trapped merocyanine observed upon cessation
of ultrasonication (Fig. S4†). Importantly, ultrasonication of
PMA-Control under the same conditions in the presence of
0.5 mM BF3$Et2O resulted in negligible changes in absorption,
conrming that mechanical force is responsible for the ring-
opening reaction of the linear naphthopyran unit in
PMA-PyLNP upon ultrasonication in the presence of BF3$Et2O
(Fig. 2b and S5†).

We next explored the potential of the linear naphthopyran
mechanophore to serve as a molecular force probe for visu-
alizing stress or strain in solid polymeric materials. Esteri-
cation of diol 9 with 4-pentenoic anhydride afforded bis-
alkene-functionalized linear naphthopyran Crosslinker-
PyLNP, which was covalently incorporated into elastomeric
polydimethylsiloxane (PDMS) networks via Pt-catalyzed
hydrosilylation (Fig. 3a, see the ESI† for details).12 Interest-
ingly, mechanical activation of the PDMS lm via compression
using an embossed stamp resulted in purple coloration where
force was applied, and a similar chromogenic response was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption spectra of PMA-PyLNP in CH3CN with
0.5 mM BF3$Et2O during (a) photoirradiation at−30 °C with 311 nm UV
light, and (b) continuous ultrasonication at −15 °C. Ultrasonication of
PMA-Control results in negligible merocyanine formation. Insets show
absorbance at 540 nm as a function of photoirradiation or sonication
time.

Fig. 3 (a) PDMS networks covalently crosslinked with linear
2H-naphthopyran mechanophore Crosslinker-PyLNP (1.5 wt%)
prepared via Pt-catalyzed hydrosilylation. (b) Photographs of the
material before and after photoirradiation with 365 nm UV light for
120 s through a photomask, and after mechanical force applied via
compression (2×) using an embossed stamp. Schematic representa-
tions of the photomask and stamp are shown.
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observed upon irradiation with UV light through a simple
photomask (Fig. 3b). The purple color generated upon
photochemical or mechanochemical activation faded
completely aer ∼20 min. These results contrast those above
for the photochemical and mechanochemical activation of
PMA-PyLNP in solution, in which merocyanine accumulation
was only observed in the presence of BF3$Et2O. Thermal
reversion of naphthopyran-derived merocyanine dyes is
signicantly slower in bulk polymeric materials,25 but that is
unlikely to completely account for the differences between
solution and solid state activation. The pyrrolidine
© 2023 The Author(s). Published by the Royal Society of Chemistry
substituent presumably favors a zwitterionic form of the
merocyanine that regains some degree of aromaticity in
comparison to the quinoidal form typical of angular naph-
thopyran-derived merocyanines. The anionic oxygen atom of
the zwitterion may also engage in a stabilizing interaction
with the oxophilic silicon atoms in the PDMS network. We
note that PDMS materials incorporating a linear naph-
thopyran crosslinker without a pyrrolidine substituent (i.e.,
para-H) were prepared in a similar fashion as above, but did
not exhibit any photochromic or mechanochromic behavior
(Fig. S6).
Conclusions

Unlike typical angular naphthopyrans that exhibit photo-
chromic and mechanochromic behavior, structurally isomeric
linear 2H-naphtho[2,3-b]pyrans are poorly developed because
they are commonly considered non-photochromic at ambient
temperature, while their mechanochemical activity has not
been studied. Here we investigate the photochemical and
mechanochemical reactivity of a linear naphthopyran cova-
lently incorporated into polymers and demonstrate that
a polarizing dialkylamine substituent enables both photo-
chromic and mechanochromic behavior in solution using UV
light and ultrasonication, respectively. Accumulation of the
merocyanine dye in solution is attributed to complexation of the
Chem. Sci., 2023, 14, 10494–10499 | 10497
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ring-opened product with boron triuoride, which renders it
thermally persistent. However, elastomeric poly-
dimethylsiloxane (PDMS) materials incorporating the linear
naphthopyran unit as a crosslinker also exhibit photochromic
and mechanochromic properties in the absence of any trapping
agent. The polarizing dialkylamine substituent may favor the
zwitterionic form of the merocyanine dye, regaining some
aromaticity and potentially leading to a stabilizing interaction
between the anionic oxygen atom and the oxophilic silicon
atoms in the PDMSmatrix. This study expands knowledge of the
reactivity of linear naphthopyrans that have conventionally
been overlooked as photoswitches and adds a new class of
naphthopyran mechanophores to the catalog for designing
stimuli-responsive polymers.
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