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Stretching a polymer film induces a conformational change (from
the twisted to planar state) in the embedded porphyrin dimer, as
evidenced by steady-state and time-resolved emission spectra.

A number of physicochemical properties, including reactivity
and optical characteristics, of small molecules depend on their
conformational preference. The external modulation of chemical
and physical processes may offer extensive applications in a wide
range of fields" and could be an effective approach to induce
particular conformations and thus properties in organic materials.
Among conventional stimuli, such as heat, light, or electrical
potential, the use of mechanical force constitutes a potentially
useful, yet currently unexplored approach to control the con-
formational preference of organic molecules.” On the other
hand, mechanochemistry, i.e., the physical and chemical trans-
formations of materials induced by mechanical forces such as
stretching, grinding, or pressure, has become a burgeoning
field in recent years.?

Typically, mechanofluorochromic behavior is achieved by
modifying the physical state or chemical structure of a molecule
under mechanical stress, where mechanophores are covalently
bonded to a polymer matrix, and thus experience the impact
of mechanical force due to changes imposed in the matrix.*
A complementary approach stems from structural changes
in the physical supramolecular arrangement of molecules.’
To date, various compounds have been reported to show
mechanical force-induced emission changes in the solid state
using the abovementioned approaches.® In addition, fluorophores
in which a multicolor switch could be induced by mechanical
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force via the synergistic effect of intramolecular conformational
twisting and intermolecular molecular packing modes were
recently reported.” Notably, the photophysical properties of
9,10-bis(phenylethynyl)anthracene and several poly(phenylene-
ethynylene)s were investigated in regard to the aggregation-
induced coplanarization of the twisted species in solution and
thin films.® However, the conformational changes between
twisted and planar forms were not attributed to the stretching
of the films. Thus, the use of mechanical force to induce and
stabilize a particular conformation, and thereby modulate the
photophysical properties of a single small molecule (i.e., not
the supramolecular assemblies of small molecules, polymers,
oligomers), has yet to be established.

A conjugated porphyrin dimer (PD, Fig. 1) has garnered
considerable attention as a viscometer and sensitizer in photo-
dynamic therapy.® Rotation around the diyne moiety results in
a collection of conformations, owing to the relative orientation
of the porphyrin units, with the twisted (6 = 90°) and planar
(0 = 0°) conformations as the extremes. Notably, due to the
triethylene glycol moieties on the porphyrin core, and the pre-
ferred non-planar orientation of the phenylene groups, the self-
assembly/aggregation of PD is unlikely, and therefore the spectral
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Fig. 1 Structure and emission spectra of conformational extremes (planar
and twisted) of PD.
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properties are related to the particular state/conformation of an
individual molecule, rather than to those of the aggregates.’

The twisted and planar conformations of PD exhibit distinct
emission spectra, with emission maxima appearing at around
710 and 780 nm, respectively. The distinct photophysical proper-
ties of the two conformers allow for the facile assessment of PD’s
conformation in a variety of different media including organic
solvents, ionic liquids, micellar, and cellular environments.””*°
In all aforementioned examples, the conformation of PD was not
locked, and dynamic equilibrium was established between the
planar and twisted conformations depending on the nature of
the media. Fluorescence spectroscopy was found to be particu-
larly useful in accessing the conformer ratio as a function of the
media’s viscosity. Upon excitation, the excited twisted confor-
mation emits and/or converts into a lower energy excited planar
conformer in low viscosity media, whereas in high viscosity
media, this process is not allowed, thus leading to the ground
state of the twisted conformer (Fig. 24)."

However, if PD were to be locked in a solid-state matrix
(e.g., a polymer), the interconversion between planar and twisted
conformations would not be possible. On the other hand,
reorganization of the matrix due to external stimuli might have
an effect on the conformational bias of PD. Accordingly, we set
out to evaluate whether the conformation of PD could be
controlled upon subjecting it to mechanical force, i.e., stretching
of a polymer film (Fig. S1 and S2, ESI¥), such as polyvinyl alcohol
(PVA) film, which presents a viable, readily available, and widely
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Fig. 2 (A) Energy diagram depicting PD excitation, emission, and con-
formational change in the excited state in media of various viscosities.
(B) Normalized time-resolved fluorescent decay traces of PD in EtOH
(green), glycerol (red), PVA (blue), and reference (black); dex = 475 nm,
Jobs = 720 nm (left), Aops = 780 nm (right). See Fig. S3 and Table S1 (ESI¥) for
additional details.
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used matrix to fix the orientation of various species, including
small organic molecules."?

In order to experimentally prove that the ratio between the
planar and twisted conformations could be unambiguously
established using emission spectra in the solid state, we measured
the lifetime of PD in PVA film (where internal rotation is not
possible) and compared it to ethanol and glycerol, solvents of low
and high viscosity, respectively (Fig. 2B and Fig. S3, Table S1,
ESIT). The presence of a negative component in ethanol (Fig. 2B
and Table S1, ESIt) demonstrated that the planar conformation
received additional “pumping” upon excitation of the twisted
conformer," thus proving that the rotation in the excited state
from the twisted to planar conformation took place. Notably,
in glycerol and PVA (Fig. 2B), where the rotation in the excited
state is restricted, no negative component was observed.

Next, the steady-state emission of PD was evaluated in the non-
stretched (i.e., isotropic) and stretched films (Fig. S2, ESIT). Based
on the emission spectra, in the non-stretched film, PD exhibited
predominantly the twisted conformation, as judged by the domi-
nant emission peak at ca. 710 nm (Fig. 3 and Fig. S3, ESIt). This
observation was not surprising because PD was shown to adopt the
twisted conformation in highly viscous media.’”'*? Importantly,
progressive stretching of the PVA film (from 5 to 20 mm; Fig. 3A,
B and Fig. S5, ESIt) at 70 °C# resulted in a significant shift from
the twisted to planar conformation, as judged by the increase of
the 780/710 nm ratio (Fig. 3). Specifically, the amount of the planar
conformation increased from below ca. 40% to 80% (Fig. 3B).

We also investigated the effect of temperature on the con-
formation of PD in the non-stretched PVA film (Fig. S6, ESIf).
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Fig. 3 (A) Emission spectra of PD in non-stretched (blue, 5 mm), and
stretched to 20 mm, i.e., 400% (red) PVA film. Aex = 475 nm (see Fig. S4-S9
(ESIY) for additional details). (B) % of planar conformation of PD as a
function of stretching; 5 mm corresponds to the non-stretched film. Line
is presented to guide the eye. (C) Stretching-induced conformational
transition from twisted (g ~ 710 nm) to planar (ign* ~ 780 nm) PD;
Aex = 475 nm. The dots on the PVA films indicate the extent of stretching
(see text and ESI for additional details).
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Fig. 4 Conformational change of PD upon thermal heating of the stretched
(20 mm, i.e., 400% elongation) film in glycerol. Inset: Planar conformation of
PD as a function of temperature (light blue symbols correspond to heating of
the film from 20 to 40, 60, and 80 °C; light red symbol corresponds to the
film being cooled from 80 to 20 °C/orange trace).

Notably, no significant conformational changes were observed
after the isotropic PD/PVA film was heated to 80 °C, as evidenced
by the emissions spectra, which indicated that stretching played
a crucial part in the conformational change.

The fluorescence spectra were measured under various
polarization settings (i.e., both horizontal and vertical polariza-
tion planes) in order to rule out any orientation effects induced
by stretching of the film, which could have led to a preferential
excitation of one conformation by rotating the polarizers (these
were placed between the sample and the excitation light as well
as between the sample and detector)."**'* Similar trends were
noted under all polarization settings and under a range of excita-
tion wavelengths, i.e., 405, 430, 475, and 510 nm (Fig. S6-S9, ESI).
Importantly, the increase in the planar conformation came at the
expense of the twisted conformation regardless of excitation
wavelength, ie., at 405, 430, and 475 nm where the twisted
conformation of PD could be excited (Fig. S10, ESIt).

In addition, we examined the possibility that the conforma-
tional switch of PD could be due to a change in the degree of
crystallinity of the PVA film, since several studies indicated that
heating and stretching of PVA films might enhance the crystal-
linity of the film,"® and it is plausible that the crystalline matrix
provides an environment that favors the planar conformation
of PD. Fourier-transformed infrared (FTIR) spectroscopy is one
of the most convenient spectroscopic tools to estimate the
crystallinity of PVA films."® Analysis of the FTIR spectra of all
stretched and non-stretched films revealed that the crystallinity
change upon stretching (both under heating and at room-
temperature) was less than 5% (Fig. S11, ESIT). Considering that
substantial changes in the fluorescence spectra were observed
(Fig. 3), it appears that, the morphological changes of the PVA
films were not the major contributor to the observed conforma-
tional changes of PD. Although the underlying mechanisms for
the observed conformational change remain to be clarified, it is
evident that mechanothermal stimulation of PD embedded in a
polymer matrix could be used to induce and, importantly, pre-
serve a particular conformation of PD. It should be pointed out,
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that PVA film is not an ideal polymer for reversible stretching;
hence the observed results are significant as they strongly indicate
that control of the conformation of PD is possible.

Finally, in order to probe whether the conformational
change of PD is reversible, we subjected the fully stretched film
to heating (Fig. 4).§ As the temperature increased, a shrinkage
of the film was noted. Concurrently, an increase in the twisted
conformation at the expense of the planar conformation was
observed. Notably, when the film heated to 80 °C and was
rapidly cooled to 20 °C, the amount of the twisted conformation
significantly increased as compared to the initial state (Fig. 4,
blue vs. orange traces), while the length of the film decreased.

Overall, these results revealed that mechanical force could be
used to modulate the conformation and optical properties of a
porphyrin, which could be a viable strategy for inducing desir-
able functionalities, with potential applications in materials,
sensing, and catalysis. This work was supported in part by NSF
(CBET 1403226 to M. B. and S. V. D.) and NIH (R21EB017985 and
RO1EB12003 to Z. G.). The authors would like to thank Professor
Yulia Sevryugina and Mr Arshad Mehmood (TCU-Chemistry &
Biochemistry) for access to ATR-FTIR instrument.
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PVA films were not suitable for spectroscopic measurements.

§ Heating of the PD-containing PVA film was done in glycerol (solvent
in which PVA films are only sparingly soluble) to assure homogeneous
heating of the film.
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