Zweitveroffentlichung/
Secondary Publication

Staats- und
Universitatsbibliothek
Bremen

https://media.suub.uni-bremen.de

Tim Stauch

Mechanical Switching of Aromaticity and Homoaromaticity in Molecular Optical Force
Sensors for Polymers

Journal Article as: peer-reviewed accepted version (Postprint)

DOl of this document®(secondary publication): https://doi.org/10.26092/¢elib/3673
Publication date of this document: 14/02/2025

* for better findability or for reliable citation

Recommended Citation (primary publication/Version of Record) incl. DOI:

T. Stauch, Mechanical Switching of Aromaticity and Homoaromaticity in Molecular Optical Force Sensors for
Polymers. Chem. Eur. J. 2018, 24, 7340. https://doi.org/10.1002/chem.201801013

Please note that the version of this document may differ from the final published version (Version of Record/primary
publication) in terms of copy-editing, pagination, publication date and DOI. Please cite the version that you actually used.
Before citing, you are also advised to check the publisher's website for any subsequent corrections or retractions

(see also https://retractionwatch.com/).

This is the peer reviewed version of the following article cited above, which has been published in final form at
https://doi.org/10.1002/chem.201801013. This article may be used for non-commercial purposes in accordance with Wiley Terms
and Conditions for Use of Self-Archived Versions. This article may not be enhanced, enriched or otherwise transformed into a
derivative wark, without express permission from Wiley or by statutory rights under applicable legislation. Copyright notices must
not be removed, obscured or modified. The article must be linked to Wiley's version of record on Wiley Online Library and any
embedding, framing or otherwise making available the article or pages thereof by third parties from platforms, services and
websites other than Wiley Online Library must be prohibited.

This document is made available with all rights reserved.

Take down paolicy
If you believe that this document or any material on this site infringes copyright. please contact
publizieren@suub.uni-bremen.de with full details and we will remove access to the material.



Chemistry - A European Journal 10.1002/chem.201801013

Mechanical Switching of Aromaticity and
Homoaromaticity in Molecular Optical Force Sensors
for Polymers

Tim Stauch*

Department of Chemistry, University of California, Berkeley, CA 94720, United States of America

Abstract: The sensing of mechanical stress in polymers is indispensable for investigating the origin and
propagation of cracks that lead to material failure and for designing mechanically responsive polymers.
Here the unique approaches of using the force-induced switching of aromaticity and homoaromaticity in
molecular optical force sensors for the real time measurement of mechanical forces acting in stretched
polymers are suggested. The mechanical switching of aromaticity in Dewar benzene is an irreversible
event, whereas the degree of 7-orbital overlap in homoaromatic compounds like homotropylium can be
adjusted progressively over a wide range of forces. Using computational methods, it is demonstrated that
both approaches lead to significant changes in the visible part of the UV/VIS spectra of the force sen-
sors upon application of weak forces (pN—nN). Polymers that incorporate such molecular force sensors

therefore change their color well before material failure occurs.

* Corresponding author. Email: stauch@berkeley.edu
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The design of stress-responsive and mechanochromic polymers has received a tremendous amount of
attention during the past few years.!?> Recent advances in the incorporation of force-responsive units,
so-called mechanophores, into the backbones of polymers' have allowed the synthesis of a prototypical
molecular force sensor, in which the mechanically induced isomerization of spiropyran to merocyanin is
accompanied by a color change of the material from yellow to red.? While several molecular force sensors

%10 or chemiluminescence!! spectra

based on changes in their vibrational,*® UV/VIS,%® fluorescence
have been reported, an ongoing challenge in the design of novel molecular force sensors is the need to
generate a measurable spectral change well before material failure occurs. Using computational methods,
it is here demonstrated that the mechanically induced switching of aromaticity and homoaromaticity
in molecular force sensors are convenient approaches to achieve substantial changes in color at low
stretching forces.

In particular, the thermodynamically stable Dewar benzene '>!* (Scheme 1A), in which the mechan-
ical disruption of the transannular carbon—carbon bond leads to benzene, is suggested as a force sensor.
Since the electron delocalization and the 7-orbital overlap of aromatic compounds are responsible for
their unique spectroscopic properties, mechanical force can induce the transition from a colorless deriva-
tive of Dewar benzene to a colored derivative of benzene. It is also demonstrated that homoaromatic

compounds, in which 7-orbital overlap is reduced by a methylene group in the ring, '*!>

are optimal force
sensors, since the degree of m-orbital overlap can be adjusted by the distance between the carbon atoms
adjacent to the methylene group and hence by mechanical forces (Scheme 1B). In this paper, a derivative
of the homotropylium ion that shows strong absorbance in the UV/VIS spectrum is used as a molecular
force sensor. 16!

While mechanical switching of aromaticity has been achieved in Diels-Alder reactions, '8 to the best

of my knowledge the approaches of using Dewar benzene as a molecular optical force sensor and mechan-

ically adjusting the degree of m-orbital overlap and hence the spectroscopic properties in a homoaromatic
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Scheme 1: A: Force-induced switching of Dewar benzene to benzene. B: Stretching the indicated carbon

atoms in the homotropylium ion apart leads to a flattening of the molecule and to a decrease in the
m-orbital overlap.

A

compound are unprecedented. A full account of the quantum chemical methods used in this paper can be
found in the Supporting Information. It is important to note that, although the concepts of aromaticity '°
and especially homoaromaticity !° are hard to define and widely debated, the possibilities of adjusting the
m-orbital overlap in these systems by using mechanical forces proves to be very useful.

Using the quantum chemical External Force is Explicitly Included (EFEI)2°-?2 method to apply forces
to molecules, it is shown that the transannular carbon—carbon bond in Dewar benzene is mechanically
labile. At the B3LYP?>2*/cc-pVDZ?® level of theory, this bond length is 1.60 A in the dihydroxy-dinitro-
derivative shown in Figure 1A. The B3LYP model was chosen because it was proven to be robust in
reproducing the correct rupture forces and bond lengths in various mechanochemical pulling scenar-
ios 2”2 as well as in a benchmark of spectroscopic properties relevant for this study (see Supporting In-
formation). Applying an external force to the oxygen atoms of the hydroxyl groups, which model linkers
between the molecule and a polymer backbone, leads to an increase in the transannular bond length, until
rupture occurs at a force of 1.85 nN. This generates a dihydroxy-dinitro-derivative of benzene, which

2930 i problematic in the case

is itself stretched at higher forces. Although Density Functional Theory
of bond rupture, it was shown that mechanochemical reactions usually remain single-reference problems

until the point of bond rupture.?” Hence, the use of DFT prior to bond rupture (and in the description

of the mechanical product) is justified. It should be pointed out that the rupture force of 1.85 nN has
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Figure 1: A: Distance between the transannular carbon atoms in a derivative of Dewar benzene (red
curve) and Nucleus Independent Chemical Shift (NICS) values (blue curve) as a function of stretching
force. B: UV/VIS absorption spectrum of the Dewar benzene derivative as a function of force, with
each color representing a different force. The UV/VIS spectrum of the mechanical product, a dihydroxy-
dinitro-derivative of benzene, is shown in black.

been determined via static quantum chemical calculations and experimental rupture forces are typically
lower by a factor of 2 or 3 due to thermal oscillations.? Hence, experimental rupture forces of derivatives
of Dewar benzene in the piconewton regime are realistic, which can at least partly be attributed to the
optimal alignment of the scissile bond and the external force.

To probe the aromatic character of the molecule during this mechanochemical transformation, Nu-

cleus Independent Chemical Shift (NICS)3! values of the Dewar benzene derivative were calculated
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(Figure 1A). In each point of the stretching coordinate, the magnetic shielding constant at the arith-
metic mean of the Cartesian coordinates of the carbon atoms constituting the ring were calculated, which
yields the negative of the NICS values. Strongly negative NICS values are an accepted criterion for aro-
maticity, ! whereas positive values are associated with antiaromaticity. In the equilibrium geometry, the
molecule is strongly bent, leading to a NICS value of -8.1 ppm at the arithmetic center of the ring due
to the influence of the localized double bonds on opposite sides of the ring. Stretching Dewar benzene
leads to a flattening of the molecule and to an increase in the NICS value to 5.1 ppm, thus signifying a
certain antiaromatic character. Bond rupture immediately leads to NICS values around -11 ppm, which
is a typical value for aromatic molecules.

From this data it can be concluded that the molecule abruptly gains aromatic character once the
transannular carbon—carbon bond is ruptured. This effect has a tremendous influence on the UV/VIS
spectrum (Figure 1B). In the Dewar benzene derivative, there are no low-lying electronically excited
states with significant oscillator strength prior to bond rupture. Once the transannular carbon—carbon
bond is broken mechanically and the molecule becomes aromatic, by contrast, intense signals in the
UV/VIS spectrum can be observed. In particular, the first electronically excited singlet state (S;) yields
a strong signal at 2.79 eV (444 nm), which lies in the blue part of the electromagnetic spectrum and is
a result of the unique substitution pattern. Hence, when incorporated into the backbone of polymers,
appropriate derivatives of Dewar benzene can act as “binary” force sensors that yield a well-defined
signal in the visible part of the UV/VIS spectrum once the transannular carbon—carbon bond is ruptured
mechanically.

In contrast to Dewar benzene, the homotropylium ion does not have a bond that is predetermined for
mechanical rupture. However, the methylene bridge that interrupts the CH scaffold is bent out of the
molecular plane to maximize the m-orbital overlap.!* The distance between the carbon atoms adjacent

to the methylene bridge can be increased by stretching them apart mechanically (Figure 2A), which is
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accompanied by a planarization of the molecule and a decrease in m-orbital overlap. This leads to a
decrease in aromatic character, as evidenced by the NICS values calculated throughout the stretching
coordinate (Figure 2A): While the initial NICS value of -7.7 ppm is an evidence of the aromatic char-
acter in the homotropylium derivative, this value increases continuously until it passes through O ppm at
approx. 1.8 nN. After this, the m-orbital overlap decreases more and more and the molecule becomes
increasingly planar, so that the NICS values approach an asymptote at around 10 ppm, signifying antiaro-
maticity. Such a gain in antiaromatic character has been attributed to the methylene group providing two

“pseudo” m-electrons hyperconjugatively, 333

resulting in 87-electron hyperconjugative antiaromaticity.

The flattening of the molecule has a considerable influence on its UV/VIS spectrum (Figure 2B). The
intense signal from the S; state of the molecule is located at 3.84 eV (323 nm) in the force-free state and
moves rapidly to lower energies upon application of force in the pN regime. The peak moves out of the
ultraviolet part of the electromagnetic spectrum and stabilizes at around 2.4 eV (517 nm), which lies in
the cyan/green part of the spectrum, at a force of approx. 3 nN. Further stretching does not cause any
tremendous changes in the spectrum, since the molecule is already fairly planar. This data demonstrates
that homotropylium incorporated into the backbone of polymers can act as a continuous force sensor
and as a “force ruler”, since, in contrast to Dewar benzene, it does not rely on a single bond rupture
event to cause detectable changes in the UV/VIS spectrum, but instead the spectroscopic response is
regulated continuously by the stretching force. It is noted in passing that qualitatively equivalent results
are obtained for homobenzene, which is uncharged and one CH unit smaller than homotropylium (see
Supporting Information).

To simulate the influence of thermal oscillations on the mechanochemical properties of Dewar ben-
zene and homotropylium, Born-Oppenheimer Molecular Dynamics (BOMD) simulations under external

forces were carried out. Derivatives of Dewar benzene and homotropylium were fitted with propyl groups

that model the polymer backbone (Figure 3A). The stretching force was applied to the carbon atoms of
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Figure 2: A: Distance between the carbon atoms adjacent to the methylene bridge in a derivative of
homotropylium (red curve) and NICS values (blue curve) as a function of force stretching the carbon
atoms of the methyl groups apart. B: UV/VIS absorption spectrum of the same homotropylium derivative
at different stretching forces.

the terminal methyl groups and was increased by 250 pN each 96.8 fs until a total force of 5 nN was
reached (see Supporting Information for further details). A total of 20 trajectories was simulated in each
case.

In the case of Dewar benzene, rupture of the transannular carbon—carbon bond was observed between
1 and 1.5 ps in all trajectories. Although the applied force-loading rate is significantly higher than in an
ultrasound bath, which prevents a precise determination of the rupture force observed in experiments, it

can be concluded that exclusively the transannular carbon—carbon bond breaks and not one of the bonds
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Figure 3: A: Molecular structures of the derivatives of Dewar benzene and homotropylium subjected to
mechanical forces in Born-Oppenheimer Molecular Dynamics (BOMD) simulations. The progression
of the distances indicated in the molecular structures are shown as a function of simulation time. Gray
vertical lines in the diagrams represent those points in time when the force was increased by 250 pN.
Each colored line represents a BOMD trajectory. B: Temporal evolution of the UV/VIS spectra of a
representative BOMD trajectory of the homotropylium derivative.

connecting Dewar benzene to the polymer. This is an important finding, since the specific rupture of the
transannular bond is a prerequisite for using the molecule as a molecular force sensor in polymers.

In contrast to Dewar benzene, the homotropylium derivative considered here shows a relatively con-
tinuous increase in bond length upon stretching in the BOMD simulation. This behavior is mirrored in
the UV/VIS absorption spectra calculated along the coordinate. A representative time-dependent spec-

trum (Figure 3B) reveals that the peak of the S; state moves to lower energies with increasing simulation

8
This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201801013

time (and force), as expected from the UV/VIS spectra calculated with static quantum chemical methods.
Since the S; peak moves out of the ultraviolet into the visible region of the electromagnetic spectrum
even at low forces, homotropylium holds great promise as a molecular force sensor in polymers.

Using both static and dynamic quantum chemical methods, it was demonstrated that the force-induced
switching of aromaticity and homoaromaticity can lead to marked changes in the UV/VIS absorption
spectra of the molecules, thus making aromatic and homoaromatic molecules ideally suited for use
as molecular force sensors in polymers. Stretching Dewar benzene apart leads to an intense signal in
the visible part of the UV/VIS spectrum once its transannular carbon—carbon bond is ruptured and the
molecule becomes aromatic, whereas stretching the carbon atoms adjacent to the methylene bridge in
homotropylium apart leads to a decrease in 7-orbital overlap and to pronounced and continuous changes
in the UV/VIS spectrum of the molecule even at low forces in the piconewton regime. As a result, both
molecules emit visible warning signs that material failure is imminent. A future aim is to carry out calcu-
lations in the bulk in order to model the propagation of mechanical strain to the force sensors as well as
their activation more realistically. It is hoped that this study triggers interest in the synthesis of polymers

that incorporate aromatic and homoaromatic force sensors in their backbone.
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