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Abstract: Although the unigque structure of helicenes resembles molecular springs, the effects of pressure on their extension—
contraction cycles have rarely been explored. Herein, we investigated the fluorescence of two 1r-extended [n]helicenes with different
helical lengths n, here named [7] and [9], under high pressure in a diamond anvil cell. Based on experimental results and theoretical
calculations, the mechanical and fluorescent properties of the molecular springs were found to be influenced not only by the
intermolecular packing, but also by the intramolecular -1 interactions between their overlapping helixes. As a more rigid molecular
spring, [9] exhibited a more sensitive response of its fluorescence to hydrostatic pressure than [7]. Our results provide new insights
into structure-property relationships under high-pressure conditions and verify the potential of helicenes as molecular springs for future
applications in molecular machines.

[n]Helicenes are non-planar polycyclic aromatic hydrocarbons (PAHs) with n arylene rings fused in their ortho positionstl. The
helically twisted structures lead to a series of exciting mechanical, electronic, and optical properties®. More intriguing, such
unique helical structures have prompted scientists to envision applications as molecular springs in molecular machines.
Investigating the elastic extension—contraction motion under external stimuli is of great importance for the development of
helical smart materials toward sensing, chemical separation, and nano-mechanical actuatorsi®l. Experimental and theoretical
studies have, however, remained rare. By step-wise chemical reduction with alkali metals, double helicenes could be
successively compressed, exhibiting profound bond length alterations and conformational changes®. Recently, Hirose and
Matsuda synthesized a flexible T-expanded helicene and described it as a soft molecular spring based on density functional
theory (DFT) calculations®. According to their simulations, the potential energies of different helicenes increase upon
elongation, while the force constants of these molecular springs strongly depend on their helical diameters. There is, thus, a
striking similarity to the mechanical properties of macroscopic spring materials in daily life. However, experimental verification
of such a theory is very challenging due to the difficulties of directly measuring the molecular deformation and potential energy
under applied forces. Alternative approaches are urgently needed.

With the development of high-pressure technology!®, many experiments have been conducted to study the structure-property
relationships of luminescent materials under pressure, including polycyclic aromatic molecules!, luminogens with rotationally
and/or vibrationally mobile groups!®, donor-acceptor type fluorophores®, and carbon dots!*°l. Various mechanisms have been
proposed to explain the emission behavior of different compounds upon compression such as increased - stacking
interactionsi*Y], formation of excimers or exciplexes[*, enhanced intermolecular hydrogen bonds*¥, planarization of twisted
molecular conformationsi*¥, or promotion of intramolecular charge transfer effects®. However, high-pressure studies for
helically twisted PAHs, which could reflect both inter- and intramolecular -1 interactions, remain unexplored until now.
Measuring the fluorescence of helicenes under high pressure is expected to shed light on structural changes and thus
experimentally explore their potential as molecular springs.
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Figure 1. lllustration of applying high pressure on molecular springs [7] and [9] using a diamond anvil cell.
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Recently, we synthesized a pair of Tr-extended [n]helicenes (n = 7 and 9) with the same m-extension motif, but different helical
lengths n*%1. In this work, these Tr-extended helicenes (denoted as [7] and [9], respectively) were selected as models of helical
molecular springs and their fluorescence signals were utilized to investigate the structural changes under high pressure in a
diamond anvil cell (DAC) (Figure 1). Based on our experimental results, we found that [9], as a longer and more rigid molecular
spring, showed a larger shift in its fluorescence wavelength than [7] in the crystalline state and dilute solution. Furthermore,
the unique intramolecular -1 interaction between overlapping was demonstrated to affect both their mechanical and
fluorescent properties. The different structure-property relations of [7] and [9] under pressure were further elucidated by
theoretical calculations using density functional theory (DFT) and hybrid quantum mechanics/molecular mechanics (QM/MM)
methods.

Adopting the calculation approach of Hirose and Matsuda®, the spring-like mechanical characteristics of [7] and [9] upon
compression were investigated by simulations of their potential energy in vacuum. The distance (r) between the two centroids
of the overlapping benzene rings at the helixes was optimized to be 3.90 and 3.54 A for [7] and [9], respectively (Figure S1)
in the pristine statel*®l, The potential energy (E) was calculated to change in an approximately linear correlation to the square
of distance change (4r)?, which matched with the function of spring energy on the macroscopic level (Figure S2):

E—lkA 2
=3 (4r)

Therefore, the force constants (k) of the molecular springs were determined as 29.0 and 88.3 N m™ for [7] and [9], respectively,
suggesting that [9] is a much more rigid molecular spring with a larger force constant.

After growing the crystals of [7] and [9] by solvent diffusion!*®], the crystalline samples were loaded in the chamber of the DAC
apparatus. Since [7] and [9] are emissive in the crystalline state with peaks centred at 545 nm and 576 nm, respectively, their
fluorescence spectra could be employed to monitor the compression-decompression behavior. A blue laser (405 nm) was
used to excite the helicene molecules, and the actual hydrostatic pressure was calibrated by the fluorescence spectra of a
small ruby!*®l. As demonstrated in Figures 2a and 2d, the emission maxima of both molecules were gradually red-shifted when
increasing the pressure up to ~6 GPa, accompanied by a significant decrease in the fluorescence intensity. The fluorescence
spectra resumed their original state by releasing the hydrostatic pressure to ambient conditions (Figures 2b and 2e). High
reversibility of the fluorescence response upon compression and decompression was observed in both [7] and [9] (Figure
S3), indicating that the spectroscopic changes were caused by physical distortions of the molecular conformation and crystal
packing rather than by chemical transformation or degradation. The pressure-dependent piezochromic process could also be
visually observed with the fluorescence photographs captured by a digital camera. As shown in Figures 2c¢ and 2f, the crystals
exhibited a gradual red-shift in color and a significant darkening of brightness upon compression. This was fully recovered by
releasing the pressure, consistent with the spectroscopic observations.
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Figure 2. Fluorescence spectra change of [7] upon compression (a) and decompression (b), and the corresponding fluorescence images (c).
Fluorescence spectra change of [9] upon compression (d) and decompression (e), and the corresponding fluorescence images (f). The ruby signal is
marked with a star in the spectra.

More information about the pressure-induced changes of the [7] and [9] crystals was obtained by plotting the wavelength shift
and emission intensity against the hydrostatic pressure in Figure 3. Interestingly, the shift of the wavelength exhibited an
approximately linear relationship with the applied pressure for both molecules. The pressure-dependent wavelength shift in
[9] was ~16.4 nm GPa™?, which was larger than that of [7] with ~ 10.5 nm GPa™1. On the other hand, the fluorescence intensities
decayed exponentially upon compression. The decrease in intensity could be attributed to stronger intermolecular interactions



at a compressed distance under higher pressure, leading to suppression of the emission process*”! or additional nonradiative
decay pathways!®18l. Notably, [9] possessed a larger change in, both, wavelength shift and intensity decrease than [7]. In
combination with the force constants discussed above (Figure S2), the fluorescence of the more rigid molecular spring [9] is
more sensitive to external pressure. Compared with other organic piezochromic luminescent molecules in the literature*®l,
these 1r-extended helicenes exhibit large pressure-dependent wavelength shifts (Figure S4), which could be ascribed to the

combination of inter- and intramolecular -1 interactions (see below).
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Figure 3. The fluorescence shift (a) and intensity change (b) of the [7] and [9] crystals under external pressure. The error bars are determined in 3—-4
experiments. The intensities of the peaks are normalized by the initial data from starting pressure in the DAC.

It is widely accepted that the intermolecular packing in the crystal lattices becomes closer with increasing pressurel”.
Considering that the -extended helicenes act as molecular springs, the extra intramolecular effect upon compression is also
expected. However, it is challenging to quantitatively disentangle the inter- and intramolecular effects on the photophysical
properties. To address the effect of intermolecular interactions on optical properties, the fluorescence spectra of their dilute
solutions (105 M) and amorphous powders were investigated under ambient pressure (Figure S5). The amorphous powders
were obtained by a freeze-drying process of the corresponding solutions, thus maintaining the molecular conformations as in
dilute solutions. Compared to the crystalline state, the emission peaks of [7] and [9] in the amorphous state were
hypsochromically shifted for both samples and were blue-shifted even further to 495 and 532 nm in solutions, respectively.
The wavelength change is likely caused by the increased intermolecular distance and thus weakened 1r-17 interactions due to
disaggregation!®®13l, Therefore, on the opposite, tighter crystal stacking and stronger intermolecular 117 interactions upon
compression are considered to contribute to the red-shift of the emission in Figure 3a.

On the other hand, high-pressure experiments on dilute petroleum ether solutions of [7] and [9] were performed, where the
photophysical properties of highly solvated molecules were measured to exclude the intermolecular effect. Similar to the
crystals, the fluorescence maxima were gradually red-shifted and the intensity dramatically deceased upon compression
(Figure S6 and S7). [9] again exhibited a larger band displacement than [7], although the changes occurred no longer in a
linear way (Figure S8). Therefore, the decrease of intramolecular distance between the end of the helixes is believed to be
another reason for the fluorescence red-shift under higher pressures. Notably, unlike the reversibility in the crystals (Figure
2), the fluorescence spectra in solutions did not return to their original state when releasing the pressure, probably because
of stronger photobleaching® in dilute solutions where molecules were fully exposed to laser irradiation. Unfortunately, the
limited sample amount (< 1 ug) in our current DAC apparatus hindered further ex-situ analysis after high-pressure experiments.
Nevertheless, the spectroscopic results in solution upon compression corroborate the general trend in crystals, suggesting
contributions of intramolecular effects on the spectra red-shift in Figure 3a.

To better understand the behavior of -extended helicenes upon compression, theoretical calculations were performed by
DFT and QM/MM methods to simulate the cell parameters, electronic structures, and optical properties under pressure?l. The
cell parameters and atom positions of [7] and [9] crystals at ambient pressure (0 GPa) were obtained from their single-crystal
datal*®l, while those under different pressures were optimized by monotonically decreasing the cell volume with the extra
pressure up to 8.0 GPa based on Vienna ab initio simulation package®?. Notably, the crystal lattices were calculated to
continuously reduce with increasing pressure (Figure S11), which suggested that the crystal structures of [7] and [9] could be
stably maintained. The possible phase transitions under compression, therefore, could be excluded according to the
literaturel®®l. The absence of phase transition was also experimentally supported by the linear fluorescence shifts in Figure 3a.
As demonstrated in Figures 4a and 4b, at ambient pressure in the crystalline state, the distance of helixes r, determined from
the centroid—centroid distance of the overlapping benzene rings, is 3.95 A in [7], which is larger than that of [9] (3.54 A). Under
8.0 GPa, the r of [7] and [9] was simulated to decrease by 0.49 A and 0.39 A, respectively. This result indicates that [9] is a
more rigid molecular spring under high pressure due to its larger -1 overlap and stronger repulsion at the helix position,
which is consistent with the initial force constants calculations in Figure S2.



Multiscale crystal models were constructed to computationally investigate the optoelectronic properties of [7] and [9] in the
excited states using the QM/MM method in the Gaussian packagel?'®?4l (Figure 4c). Based on the ground-state crystal
structure and excited-state simulation, the experimental pressure-dependant emission of the [7] and [9] crystals could be
reproduced. By applying the pressure up to 8 GPa, the calculated emission wavelength of [9] increased nearly linearly from
604 nm to 667 nm with a pressure-dependent wavelength shift of ~8 nm GPa™?, being consistent with the trend observed
experimentally (Figure 4e). Similarly, the simulated wavelength shift of [7] under different pressures in Figure 4d also agreed
well with the experimental results with a smaller pressure-dependent wavelength shift (~3 nm GPa™).

The changes of the fluorescence intensity can be modelled by the theoretical calculations of the radiative rate constant k.
using the Strickler—Berg equationf?!:

2f 2
i
where f is the oscillator strength and #2 is the de-excitation energy from S; to So. The calculated k; values of [7] and [9] under
different pressures are summarized in Tables S1 and S2, suggesting that the radiative rate k; of [9] is higher than that of [7],
which explains the decreasing fluorescence intensity in Figure 3b[*52%2:281, More computational details are summarized in the
supporting information (Figure S9-S13).

In summary, we reported the changes in the structure and luminescence of a pair of -extended [n]helicenes, [7] and [9], as
molecular springs under high pressure. Based on the experimental results and theoretical calculations, [9] could be regarded
as a more rigid molecular spring than [7] due to its larger -1 overlap at the helical ends. In the high-pressure fluorescence
measurements, both molecules exhibited a significant red-shift in emission wavelength and an exponential decay in
fluorescence intensity, both in the crystalline and solution state. Although it is not possible to fully disentangle the inter- and
intramolecular interactions, their influence on the emission was explored by investigating the spectra in dilute solutions and
freeze-dried amorphous powders, proving a unique intramolecular -1 effect in these spring-like molecules. The piezochromic
behavior qualifies [9] for applications in more sensitive pressure sensing devices due to the large emission shift (> 100 nm).
Our results provide new insights into the structural effects of helicene molecules on their optical properties under high
pressures and open up new opportunities to utilize them as molecular springs.
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Figure 4. Molecular structure of (a) [7] and (b) [9] under ambient pressure and high pressure based on theoretical simulation. (c) lllustration of QM/MM
model. The theoretical and experimental emission wavelength changes of (d) [7] and (e) [9] as a function of pressure. Excited-state structures were
optimized at TD-CAM-B3LYP/6-31G(d):UFF level of theory, while the fluorescence emission was modelled with TD-PBE0/6-311G(d) level of theory.
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A pair of r-extended helicenes (n = 7 and 9) was selected as a model system for molecular springs to study the relationship
between optical properties and molecular structures under high pressure in a diamond anvil cell. Based on experimental and
simulation results, we found that the mechanical and fluorescent properties of these molecular springs are strongly influenced
by the intramolecular 11-17 interactions between their overlapping helixes.



