
Subscriber access provided by Caltech Library

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Communication

Mechanochemical Regulation of a Photochemical Reaction
Xiaoran Hu, Molly McFadden, Ross Barber, and Maxwell J. Robb

J. Am. Chem. Soc., Just Accepted Manuscript • Publication Date (Web): 17 Oct 2018

Downloaded from http://pubs.acs.org on October 17, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Caltech Authors - Main

https://core.ac.uk/display/216294307?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1 

Mechanochemical Regulation of a Photochemical Reaction 

Xiaoran Hu, Molly E. McFadden, Ross W. Barber, and Maxwell J. Robb* 

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, United States. 
 

Supporting Information Placeholder

ABSTRACT: We introduce the concept of mechanochemically-
gated photoswitching. Mechanical regulation of a photochemical 
reaction is exemplified using a newly designed mechanophore 
based on a cyclopentadiene–maleimide Diels–Alder adduct. Ultra-
sound-induced mechanical activation of the photochemically inert 
mechanophore in polymers generates a diarylethene photoswitch 
via a retro [4+2] cycloaddition reaction that photoisomerizes be-
tween colorless and colored states upon exposure to UV and visible 
light. Control experiments demonstrate the thermal stability of the 
cyclopentadiene–maleimide adduct and confirm the mechanical 
origin of the “unlocked” photochromic reactivity. This technology 
holds promise for applications such as lithography and stress-sens-
ing, enabling the mechanical history of polymeric materials to be 
recorded and read on-demand. 

Polymer mechanochemistry is an emerging genre of research 
that investigates the use of mechanical force to promote selective 
chemical transformations.1 Polymer chains transduce an externally 
applied mechanical stress to a particular covalent bond in mecha-
nochemically active molecules called mechanophores, resulting in 
a specific chemical reaction.2 Research has showcased exciting and 
unique capabilities of polymer mechanochemistry, contributing to 
new fundamental understanding of molecular reactivity and creat-
ing myriad opportunities for application. For instance, mechanical 
force has been shown to bias reaction pathways, facilitating for-
mally symmetry-forbidden pericyclic reactions.3 Mechanophores 
have also been designed to produce color changes4 and chemilumi-
nescence5 for stress-sensing applications, generate reactive func-
tional groups for self-healing materials,6 release small molecules,7 
and produce changes in electrical conductivity.8 Despite advance-

ments in mechanophore development, expanding the existing rep-
ertoire of mechanochemical function will enable novel applications 
in organic materials. 

An undeveloped yet potentially transformative application of 
polymer mechanochemistry is the use of mechanical force to regu-
late a secondary chemical transformation. The concept of gating 
describes a system in which a desired chemical reaction occurs only 
if it is preceded by a specific stimulus. In 2016, Craig and Boulatov 
reported the only example of a mechanically-gated reaction in 
which a molecule containing two distinct mechanochemically ac-
tive groups underwent sequential activation under force (i.e., the 
second mechanophore unit was gated by the first).9 Conventionally, 
the gating concept has been applied in the context of photoswitch-
ing, where light triggers a chemical change in a molecule to reveal 
a new structure with unique chemical reactivity (termed photogated 
reactivity),10 or in the case of reactivity-gated photoswitching,11 a 
photoswitchable molecule is revealed after a chemical reaction.12 

Here we introduce the concept of mechanochemically-gated 
photoswitching. We report a new mechanophore based on a ther-
mally stable cyclopentadiene–maleimide Diels–Alder adduct that 
undergoes a retro [4+2] cycloaddition reaction under mechanical 
force to reveal a diarylethene (DAE) photoswitch. DAEs are an im-
portant class of photochromic compounds that undergo 6π electro-
cyclic ring-closing reactions with UV light to produce fully conju-
gated and intensely colored species, while visible light triggers the 
reverse ring-opening reaction to regenerate the original colorless 
molecules.13 Mechanical regulation of photochemical reactivity is 
promising for a variety of applications from novel lithographic 
methods to stress-sensing, enabling the mechanical history of pol-
ymeric materials to be permanently recorded and read on-demand. 

Scheme 1. Mechanochemically-Gated Photoswitching Using a Cyclopentadiene–Maleimide Mechanophore.   
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Our strategy for achieving mechanochemically-gated pho-
toswitching is illustrated in Scheme 1. Diels–Alder adducts of ma-
leimide with furan14 and anthracene15 are well-known mechano-
phores that undergo retro [4+2] cycloaddition reactions under me-
chanical force. Accordingly, mechanical activation of cyclopenta-
diene–maleimide adduct 1 is anticipated to generate DAEopen, 
which photoisomerizes between colorless and colored states upon 
exposure to UV and visible light. Critically, Diels–Alder adduct 1 
is photochemically inert because it does not possess the necessary 
6π electronic framework for cyclization, which is only revealed af-
ter a mechanochemically-induced retro Diels–Alder reaction. 

Density functional theory (DFT) calculations using the simple 
constrained geometries simulate external force (CoGEF) tech-
nique16 were initially performed at the B3LYP/6-31G* level theory 
to evaluate the mechanochemical activity of cyclopentadiene–ma-
leimide adduct 1 (Figure 1). Starting from the equilibrium geome-
try of a truncated structure with terminal acetyl groups, the con-
strained distance between methyl carbon atoms was increased in 
increments of 0.05 Å and the energy of the molecule was mini-
mized at each step. The computational results indicate that mechan-
ical elongation of the cyclopentadiene–maleimide adduct induces a 
retro Diels–Alder reaction to generate the expected cyclopentadi-
ene-based DAE and maleimide fragments. The reaction occurs with 
an estimated rupture force of 4.6 nN, which is comparable to rup-
ture forces calculated with the CoGEF method for many other pu-
tative mechanophores including furan–maleimide Diels–Alder ad-
ducts.14a It is important to note that forces calculated with the Co-
GEF method are typically overestimated compared to experi-
ments;17 nevertheless, they provide a useful framework for evalu-
ating relative mechanochemical activity. 

We next set out to synthesize the cyclopentadiene–maleimide 
adduct and incorporate it into a polymer to investigate its mecha-
nochemical properties experimentally (Scheme 2, see the Support-
ing Information (SI) for details). Polymers containing a chain-cen-
tered mechanophore are mechanically activated in solution using 
ultrasonication, which produces shear forces maximized near the 
chain midpoint.18 Starting from DAE molecule 2,19

 a formylation 
reaction followed by a two-step reduction and protection sequence 
afforded 4. Oxidation following Branda’s conditions10a using bro-

mine in diethyl ether provided a mixture of cyclopentadiene iso-
mers, including 1,2-disubstituted DAE 5. The mixture of isomers 
was reacted with N-(2-hydroxyethyl)maleimide in dichloro-
methane at room temperature to provide a separable mixture of iso-
meric Diels–Alder adducts, including two with the desired nor-
bornene imide architecture as identified by 1H NMR spectroscopy. 
These two isomers possess a 2,3-diaryl substituted olefin and differ 
in the regiochemistry of the thienyl substituents, having the hy-
droxymethyl-substituted thiophene located alpha (proximal) or 
beta (distal) to the diene/maleimide junction. Stevenson and De Bo 

Figure 1. DFT calculations using the constrained geometries sim-
ulate external force (CoGEF) method predict the formation of cy-
clopentadiene-based DAE and maleimide fragments resulting from
a retro [4+2] cycloaddition reaction upon mechanical elongation of 
the Diels–Alder adduct. The calculated structures shown corre-
spond to the data point indicated by the arrow. Calculations were
performed at the B3LYP/6-31G* level of theory. 

Scheme 2. Synthesis of Poly(Methyl Acrylate) (PMA) Containing a Chain-Centered Cyclopentadiene–Maleimide Adduct and 
Structure of a Chain-End Functional Control Polymer. 
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recently reported the enhanced reactivity of analogous furan–ma-
leimide adducts having a proximal pulling geometry.14a Therefore, 
we focused our investigation on isomer 7, which was characterized 
by single crystal X-ray diffraction to have a proximal geometry and 
endo configuration after removal of the TIPS protecting group. Es-
terification with α-bromoisobutyryl bromide furnished bifunctional 
initiator 8, which was subsequently employed in the controlled rad-
ical polymerization of methyl acrylate using Cu wire/Me6TREN in 
DMSO to afford poly(methyl acrylate) (PMA) polymer 1 contain-
ing the chain-centered cyclopentadiene–maleimide adduct (Mn = 
90 kg/mol; Ð = 1.09). 

Mechanochemical activity of the cyclopentadiene–maleimide 
Diels–Alder adduct was evaluated using pulsed ultrasonication (1 
s on/2 s off, 11.0 W/cm2) in THF at 0 °C. Molecular weights were 
measured as a function of ultrasonication time by gel permeation 
chromatography (GPC) monitored with a multi-angle light scatter-
ing detector. Polymer 1 exhibited a steady change in Mn over 90 
min of sonication time, decreasing from 90 kg/mol (Mi) to 48 
kg/mol (Figure 2). The GPC chromatograms measured using a re-

fractive index (RI) detector clearly illustrate the attenuation of the 
initial polymer peak (Mp = 92 kg/mol) with the generation of a new, 
well-defined peak (Mp = 51 kg/mol) at approximately one-half the 
original molecular weight as expected for site-selective cleavage of 
the cyclopentadiene–maleimide adduct located near the center of 
the polymer chains. The average rate constant and standard devia-
tion for chain scission, k′, was measured to be (11.2 ± 1.1) x 10-5 
kDa-1 min-1 from four replicate experiments (see the SI for details). 
Additional GPC measurements using a UV-vis detector provided 
insight into the photochemical properties of the polymer after ul-
trasonication. Irradiation of the polymer solutions with UV light (λ 
= 311 nm) immediately prior to GPC analysis revealed a new peak 

monitored at 460–550 nm (vide infra). Importantly, this peak coin-
cides with the low molecular weight fragment peak in the refractive 
index traces, indicating that a polymer-bound photochromic moiety 
is produced upon chain scission (red dashed trace in Figure 2). 

The photochemical changes that accompany mechanochemical 
chain scission of polymer 1 were further investigated by UV-vis 
spectroscopy (Figure 3 and Figure S1). Aliquots were removed 
from the polymer solution during ultrasonication at 0, 10, 30, 50, 
70, and 90 min and the absorption spectrum was measured for each 
sample. The peak absorbance of the polymer solution increases in 
the region of 290–310 nm with increasing ultrasonication time. The 
solution remained colorless throughout the duration of the ultrason-
ication treatment. Remarkably, irradiation of the same samples 
with UV light revealed a new broad peak in the absorption spectra 
centered at 505 nm that increased in optical density with longer ul-
trasonication times. This new photochromic peak matches the ab-
sorption spectrum of the ring-closed species isolated from the mix-
ture of cyclopentadiene isomers containing DAE 5 after UV irradi-
ation (Figure S2, see the SI for details). The spectroscopic changes 
that accompany the ultrasound-induced mechanical activation of 
polymer 1 are visually reflected in the color of the solutions, trans-
forming from colorless to red upon exposure to UV light. The col-
ored isomer is stable in the dark at ambient temperature with neg-
ligible changes observed in the absorption spectrum over 25 min 
(Figure S3). Moreover, the photochromic behavior of polymer 1 
after mechanical activation was reversible over six cycles with al-
ternating irradiation using UV and visible light (Figure S4). 

We note that the solution of polymer 1 prior to ultrasonication 
displays a very weak photochromic peak in the absorption spectrum 
after UV irradiation. To further investigate this feature and confirm 
the mechanical origin of the observed chemical transformations in-
duced by ultrasonication, we prepared an end-functional control 
polymer containing the cyclopentadiene–maleimide mechanophore 
at the chain end (see Scheme 2 for structure). The control polymer 

Figure 2. GPC traces (RI) and molecular weight data for polymer
1 as a function of ultrasonication time. Ultrasound-induced mech-
anochemical activation causes chain scission near the polymer mid-
point, resulting in attenuation of the initial polymer peak and an
increase in a new peak at approximately one-half the original Mn.
A sample subjected to ultrasonication for 90 min was irradiated
with UV light (λ = 311 nm, 60 s) immediately prior to analysis by
GPC using a UV-vis detector monitored at 460–550 nm, demon-
strating the generation of a photochromic moiety covalently bound
to the polymer fragment (red dashed trace). The inset shows the
measured rate constant for polymer chain scission from four repli-
cate experiments. Error bars represent standard deviation. 

Figure 3. UV-vis absorption spectra of polymer 1 before and after 
ultrasonication and UV irradiation demonstrating mechanochemi-
cally-gated photoswitching. Ultrasound-induced mechanical force
reveals a latent diarylethene photoswitch that isomerizes under UV 
light (λ = 311 nm, 25 s) to generate a colored species with an ab-
sorption maximum at 505 nm. Photographs of THF solutions of
polymer 1 illustrate the visual change in color of the mechano-
chemically activated material, transforming from colorless to red 
upon exposure to UV irradiation. The solution of polymer 1 re-
mains colorless under UV light prior to mechanical activation. 

Page 3 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

(Mn = 93 kg/mol; Ð = 1.08) was synthesized in an analogous man-
ner to polymer 1 starting from TIPS-protected Diels–Alder adduct 
6 with a single hydroxyl group (see the SI for details). The control 
polymer was subjected to ultrasonication under the same conditions 
as above and analyzed by UV-vis spectroscopy. Interestingly, the 
same weak photochromic peak was present in the absorption spec-
trum of the control polymer after exposure to UV light prior to ul-
trasonication; however, in direct contrast to polymer 1 containing 
the chain-centered cyclopentadiene–maleimide adduct, no changes 
in the photochromic properties of the control polymer were ob-
served after 90 min of ultrasonication (Figure S5). These results 
indicate that mechanical force is responsible for the changes in pho-
tochemical behavior observed for polymer 1 and preclude alterna-
tive reaction pathways due to thermal or photochemical activation 
of the cyclopentadiene–maleimide mechanophore during ultrason-
ication. Additionally, heating a solution of Diels–Alder adduct 7 in 
toluene-d8 at 90 °C for 3 hours resulted in no changes to the UV-
vis or 1H NMR spectra (Figure S6 and Figure S7, respectively), 
confirming the thermal stability of the cyclopentadiene–maleimide 
mechanophore. 

In summary, we have introduced the concept of mechanochemi-
cally-gated photoswitching. Mechanochemical activation of a 
newly designed cyclopentadiene–maleimide mechanophore re-
veals a latent photochromic diarylethene (DAE) molecule in poly-
mers via a retro Diels–Alder reaction. The mechanochemically 
generated DAE photoswitch undergoes a reversible photoisomeri-
zation reaction, switching between colorless and colored states 
upon exposure to UV and visible light. Control experiments con-
firm that mechanical force is responsible for “unlocking” the pho-
tochromic properties of the cyclopentadiene–maleimide mechano-
phore. Our laboratory is currently investigating this technology as 
a new platform for stress sensing, encryption, and patterning appli-
cations in polymeric materials. 
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