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ABSTRACT: Motion-induced change in emission (MICE) is a
phenomenon that can be employed to develop various types of probes,
including temperature and viscosity sensors. Although MICE, arising
from the conformational motion in particular compounds, has been
studied extensively, this phenomenon has not been investigated in depth
in mechanically interlocked molecules (MIMs) undergoing coconforma-
tional changes. Herein, we report the investigation of a thermores-
ponsive dynamic homo[2]catenane incorporating pyrene units and
displaying relative circumrotational motions of its cyclophanes as
evidenced by variable-temperature '"H NMR spectroscopy and supported i i i
by its visualization through molecular dynamics simulations and 50g e 700
quantum mechanics calculations. The relative coconformational motions

induce a significant change in the fluorescence emission of the homo[2]catenane upon changes in temperature compared with its
component cyclophanes. This variation in the exciplex emission of the homo[2]catenane is reversible as demonstrated by four
complete cooling and heating cycles. This research opens up possibilities of using the coconformational changes in MIMs-based
chromophores for probing fluctuations in temperature which could lead to applications in biomedicine or materials science.
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B INTRODUCTION

anthracene-based homo[2]catenane was employed'” in live cell
imaging, while the pyrene-based homo[2]catenane analogs were

Temperature is a physical effect brought about by the thermal
agitation of particles. For centuries, its measurement’ has been
of major importance in numerous contexts, particularly in
biomedicine,” meteorology,” and industry.* The development of
luminescent molecular probes” capable of sensing temperature
in nano- and microenvironments has increased” considerably
during the past 20 years. Some of these sensors rely on a motion-
induced change in emission” (MICE) in which conformational
changes in molecules can be modulated,” resulting in the
modification of their luminescence. Thus, when the relative
movements of these fluorophores are constrained, their
emission is favored, and when they are allowed, nonradiative
relaxations dominate, causing a decrease in fluorescence.
Catenanes’ are a class of mechanically interlocked mole-
cules'” (MIMs) composed of two or more interlocked rings
linked by one or more mechanical bonds. Over the years,
fluorescent catenanes have been developed'' and found diverse
applications, rangmg from sensing'” to bioimaging.'* Recently,
we have designed'” a series of emissive tetracationic cyclo-
phanes'® and dlscovered that some of these cyclophanes
incorporating anthracene,* pyrene,'® and diazaperopyrenium'’
units can participate in the formation of homo[2]catenanes.
Remarkably, the nanoconfinement of these fluorophores, on
account of mechanical bonding in homo[2]catenanes, in-
duces'*'® a permanent exciplex emission. Consequently, the
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used'® as photocatalysts.

Furthermore, catenanes have shown'® relevant temperature-
controlled behavior on account of the relative coconformational
motions undergone by their mechanically interlocked rings.
Although the dynamics of thermoresponsive catenanes have
been explored'® mainly by variable-temperature (VT) 'H NMR
spectroscopy, their changes in fluorescence, on account of the
temperature-induced coconformational dependent motion,
remain underexplored.'”*" In this context, the investigation of
the relationship between temperature-controlled movement and
the fluorescence of emissive homo[2]catenanes is of funda-
mental importance.

Herein, we describe the effect of temperature on the relative
coconformational changes and the exc:lplex emission (Figure 1)
of the pyrene-based homo[2]catenane,'® e.g,, 2" ">’PyHC®". A
combination of VT "H NMR, UV—vis absorption, and emission

spectroscopies, as well as molecular dynamics (MD) and
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Figure 1. Structural formulas of > "*’PyHC®, >»’PyDB*, and
27-27pyBox*". The homo[2]catenane exhibits strong MICE. At high
temperature, the relative coconformational motion of the two identical
rings in the homo[2]catenane is fast, leading to a decrease in the
exciplex-emission intensity, while, at low temperature, this motion is
slower, resulting in a higher fluorescence intensity. Conversely, in the
case of the monomeric-emissive *’PyDB** and »"">"PyBox*', the
absence of the mechanical bonds and coconformational motions of the
rings produce a weak MICE arising from their conformational changes.

quantum mechanics (QM) calculations, have been employed to
understand and explain the effect of these relative coconforma-
tional changes on the exciplex emission of the catenane.

B EXPERIMENTAL SECTION

Molecular Dynamics. Molecular dynamics (MD) simulations
were run within the GROMACS 2018.3 package.”' *"~>"PyHC*" and
water (TIP3P) molecules were described using the generalized
AMBER force field”” (GAFF). As GAFF is not directly implemented
in GROMACS, acpypi su:nript23 was used to convert the files from

AMBER to GROMACS formalism. For the > ">"PyHC*" molecule,
atomic charges were derived following the parametrization procedure
in GAFF based on HF-6-31G(d) RESP charges. In order to render the
system neutral during the simulation, 8 chloride anions were added
within the solvent molecules. The simulation box is a 60 X 60 X 60 A*
filled with one >”~>’PyHC?, 8 chloride anions, and approximatively
7500 H,O molecules. In order to observe and characterize coconforma-
tional motion, constraints were applied on one of the two rings of
27-37PyHC® during the simulation.

Periodic boundary conditions were imposed to describe the
electrostatic interactions, along with a cutoff of 10 A and the use of
the Particle Mesh Ewald method.”* After a minimization step using the
steepest descents method, two consecutive equilibration steps were
performed. A simulation in the canonical ensemble (NVT) during 1000
ps was first of all carried out. The temperature—either 293 or 343 K—
was set using the Berendsen weak coupling method.”® Nonsolvent
(*"PyHC* and anions) and solvent molecules were coupled to
separate temperature coupling baths. Then, a simulation under
constant pressure (NPT) was undertaken for again 1000 ps. The
isobaric character of the simulation (P = 1 bar) is ensured using the
previously mentioned weak-coupling Berendsen method. The
production phase was then carried out in the same NPT ensemble
with a time step of 2 fs. The temperature and pressure were maintained
using a Nosé—Hoover thermostat™® (7 = 1 ps) and Parinello—Rahman
barostat’” (7 = 1 ps), respectively. The simulation time was set to 50 ns.

Quantum Mechanics. Single-point energy calculations were
performed using a Gaussian09 package™ within the density functional
theory (DFT) framework. The wB97X-D range separated hybrid
exchange correlation functional (XCF) was used in combination with
the 6-311+G(d,p) atomic basis set.” This XCF has already proven its
efficiency when dealing with supramolecular interactions.”® The solvent
(H,0) was represented implicitly with a polarizable continuum
model’" (PCM). The densities that have been calculated at this QM
level have been used for noncovalent interactions (NCI) analysis.

For the computation of the energetic barriers (Figure 2d), 20
coconformations have been considered within a rigid scan. Ten of them
allow the description of the translational movement, and the other 10
are accounted for by partial circumrotation. The translational
movement corresponds (Figure $2a) to a variation in the distance
between the bridging p-xylylene units in the two cyclophanes. The
partial-circumrotation is characterized by the passage of one cyclo-
phane with respect to the other one (Figure S2b) over the bridging p-
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Figure 2. (a) Tubular-and-stick representation along the 50-ns MD simulation of the coconformations of > ~*"PyHC*" at 293 K, displaying the
circumrotational movements between the two mechanically interlocked cyclophanes. (b) Stick representation of the three average structures (a, ff, and
y) illustrating the circumrotation of one of the rings with respect to the other. In each of the three average structures, one pyridinium unit has been
highlighted in blue. (¢) The evolution of the distance is recorded, in A, between the center of mass of the highlighted pyridinium units displayed in
Figure 2b. (d) The energy profile, in k] /mol, for the two components undergoing relative circumrotational motions. See Figure S6 for the step numbers

representing 20 coconformations.
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xylylene unit. The energy was comuted for each coconformation
represented. The most stable coconformation has been assigned zero-
point energy, and all the other energies are expressed relative to this
reference point.

Noncovalent Interaction Analysis. Noncovalent interactions
(NCI) have been visualized with NCIPLOT.*> The NCI analysis is
based on the calculated electronic density and its reduced gradient (s)
and can be represented as a two-dimensional plot. When atoms or
molecules are interacting, the reduced density gradient goes toward
zero and the NCIs can be identified. The reduced-density gradient
information on its own, however, does not allow the differentiation of
attractive and repulsive interactions. It is necessary to examine the
second density Hessian eigenvalue (4,) to determine whether the NCls
are attractive or repulsive. To summarize, NCls are identified at low
values of the density-reduced gradient. Those NCIs can be attractive
(4, < 0) or repulsive (1, > 0). The strengths of the NCIs are obtained by
multiplying the sign of A, with the density (p). NClIs are defined from
strongly attractive to strongly repulsive through van der Waals weak
interactions.

UV/vis Absorption and Fluorescence Emission Spectro-
scopic Analyses. UV/vis absorption and fluorescence emission
spectra were recorded on a UV-3600 Shimadzu spectrophotometer and
a Horiba scientific Fluoromax-4 spectrofluorometer, respectively.
Absorption spectra of > *"PyHC*" were recorded in HPLC grade
solvents at 25 °C at a concentration ca. 1 X 107° M. Variable
temperature (VT) absorption spectra of *7"*’PyHC*" and
+7-2"pyBox*" were recorded in HPLC grade MeCN at a concentration
ca. 1 x 107% M. The emission spectra of >">7PyHC*, *’~>"pyBox*,
and *"PyDB*" were recorded at ca. 5 X 107" M in HPLC grade solvents.
For fluorescence measurements, a fixed slit-width of 3 nm and 0.1 s of
integration time were selected. The reversibility of the changes in
fluorescence, dependent on the temperature, was carried out employing
a solution of *"*7PyHC® at ca. 5 X 107" M in HPLC grade MeCN.
After each change of temperature, the solution was allowed to
equilibrate for 10 min before measuring the fluorescence. In order to
measure the cryogenic emission, a solution of *’PyHC-8PF( in
butyronitrile ("PrCN) with an OD of about 0.2 at 350 nm in a 2-mm
cuvette was loaded into a dry quartz tube (Wilmad 707-SQ-250M) with
a diameter of 4 mm. The sample was then subjected to four freeze—
pump—thaw cycles on a vacuum line (107 Torr) and sealed with a
hydrogen torch. Steady-state emission spectra were collected on a
Horiba Nanolog fluorimeter with 4., = 350 nm and a perpendicular
arrangement of the excitation source and detector. Spectra were
collected at room temperature and at 77 K by submersing the sealed
tube into a liquid nitrogen bath.

Variable-Temperature Transient Absorption Spectroscopic
Analyses. Variable-temperature visible nanosecond transient absorp-
tion (nsTA) spectroscopy was performed using a previously described
apparatus.” The 355 nm, ~100 fs pump pulses were generated at 1 4]
per pulse using a commercial collinear optical parametric amplifier
(TOPAS-Prime, Light-Conversion, Ltd.). The pump polarization was
randomized using a commercial depolarizer (DPU-25-A, Thorlabs,
Inc.) to eliminate any orientational dynamics resulting from the
experiment. Spectra were collected on a commercial spectrometer
(customized EOS, Ultrafast Systems). All samples were stirred to avoid
localized heating or degradation effects. The optical density was
maintained at 0.6 for all samples. Time-resolved fluorescence
spectroscopy was performed on an instrument described previously™
with 350-nm excitation pulses attenuated to <10 nJ/pulse and sample
ODs < 0.1. Sample temperature during experiments was maintained
using a thermoelectric cuvette holder (Flash 100) with a temperature
controller (Quantum Northwest). Single-wavelength kinetic analysis
was performed using a nonlinear least-squares fit to a sum of
exponentials convoluted with a Gaussian instrument response function.

Bl RESULTS AND DISCUSSION

The dynamic behavior of the thermostable >’~>"PyHC®" has
been investigated previously'® by 'H NMR spectroscopy in
three different solvents—namely, CD;CN, MeOD, and D,0. In

the present investigation the relative coconformational motions
of the cyclophanes in this [2]catenane were investigated in
DMF-d, by VT '"H NMR spectroscopy. The spectra (Figure S1)
show the following responses—(i) Two sets of resonances
corresponding to the external and internal (primed) protons are
observed at a relatively low temperature; (ii) coalescence which
is detected at relatively high temperature where the resonances
become broad. The reason for this coalescence is the relative
circumrotational motions undergone by the two mechanically
interlocked rings, rendering the internal (primed) and external
protons indistinguishable on the "H NMR time scale. Unlike the
homo[2]catenane, the cyclophane *’>"PyBox**, which does
not experience coconformational changes, exhibits (Figure $4)
'H NMR spectra independent of temperature, i.e., no changes of
chemical shift are observed upon altering the temperature.

Table 1. Summary of the Rate (k) for the Circumrotation of
»727TpyHC® in CD;CN, MeOD and DMF-d, Showing the

Increase in Rate Constant k as the Temperature Increases

k/s—lﬂ

T/K CD,CN MeOD DMF-d,
293 59 15 1.3
298 8.5 21 2.3
303 12 28 4.1
313 24 49 12
323 46 84 33
333 85 137 84
343 150 220° 204

“The rate was calculated employing the Eyring equation (Figure S3
and ref 16). *This value is extrapolated because it is above the boiling
point of the solvent.

Furthermore, the circumrotation rates (k) (Table 1) of
»7-2TpyHC*, which have been estimated by '"H NMR line-
shape analysis®* (Figures S2 and $3), reveal that, in CD;CN,
MeOD, and DMEF-d;, the relative motion of the cyclophanes at
293 K is slow, but increases significantly at higher temperature.
Remarkably, the acceleration of the rates of circumrotation
between 293 and 343 K is much higher in DMF-d; wherein k
increases 157 times, while it increases only 25.4 and 14.7 times,
respectively, in CD;CN and MeOD.

In order to gain a better understanding of the origin of the
dynamic behavior occurring in the homo[2]catenane, the
relative coconformational motions of the two cyclophanes in
27-27pyHC®" have been explored employing a combination of
classical MD simulations and QM calculations. NCI analyses
have also been used in order to provide a visualization of the
interactions within >”~>7PyHC®*. For more details about these
different computational approaches, see the Experimental
Section. MD simulations highlight (Figure 2a, Video S1)
rocking and partial but not full circumrotation. The
coconformations oscillate (Figure 2b) between two distinct
positions, @ and , involving two pyridinium units on the
cyclophane separated by a bridging p-xylylene unit. In addition, a
less probable intermediate (position § in Figure 2b,c), centered
on the bridging p-xylylene unit is observed. Noteworthy is the
fact that increasing the temperature from 293 to 343 K is
followed by an increase in the number of partial circumrotational
movements, an observation which is in complete agreement
(Figure S5) with the experimental results.

https://doi.org/10.1021/jacs.2¢10591
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Figure 3. [sosurfaces [s(r) = 0.4] for (a) a favorable coconformation (relative energy <10 kJ/mol, Figure 2d) and (b) a less favorable coconformation
(relative energy ~70 kJ/mol Figure 2d). Attractive interactions [C—H--x] and [7--x] are depicted in blue, repulsive ones (steric hindrance) in red,
and van der Waals interactions in green. Isosurfaces were generated using NCIPLOT.*"
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Figure 4. VT emission spectra (4., = 376 nm) of (a) *"PyDB-2PF, (b) *" >"PyBox-4PF,, and (c) »""*’PyHC-8PF, in MeCN. (d) Graphs showing
the performance of the temperature-induced changes in emission for *"PyDB-2PF,, *’~*"PyBox-4PF,, and *""*’PyHC-8PF, in MeCN. These
spectra reveal that the changes in emission are much more significant in the homo[2]catenane as a result of the changes in its coconformation with
temperature. Furthermore, *”~>7PyHC 8PF; displays, upon heating, a hypsochromic shift of A4 = 13 nm.

In order to assess the possibility of full circumrotation of one
cyclophane with respect to the other, two components of this
motion have been identified: (i) a translational movement along
the pyrene unit of one cyclophane by the other one, and (ii)
partial circumrotation over the bridging p-xylylene unit (Figure
$6). The energy barriers corresponding to both these relative
motions have been calculated (Figure 2d) at a QM level. The
translational movement is governed by a relatively high energy
barrier (ca. 120 kJ/mol) compared to that (70 kJ/mol)

23554

associated with the partial circumrotational movement. This
difference in energy can be attributed (Figure S7) to the strong
steric hindrance in the case of the translational movement,
rendering it less favorable, despite the effective interactions
between the pyrene moieties of the two cyclophanes since they
are not necessarily aligned.

For the most favored motion—namely partial circum-
rotation—insight into the effective interactions has been

analyzed and characterized. NCI analyses provide”'a visual

https://doi.org/10.1021/jacs.2¢10591
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information for the location and the nature of different NClIs
being either repulsive or attractive. Two superstructures along
the energy profile during partial circumrotation (Figure 2d)
have been highlighted in Figure 3a and b. In the case of the more
stable superstructure (Figure 3a), only attractive NCIs—such as
[C—H:--x] or [7---w]—are observed. In the case of the less stable
superstructure (Figure 3b), both attractive and repulsive
interactions have been identified, corresponding, respectively,
to [C—H- 7] and steric interactions. It is also worth noting that,
in both cases, van der Waals interactions are present.

In order to examine the effect of relative coconformational
motions on the photophysical properties, the three pyrene-
containing compounds, »’PyDB-2PF,, *’~>"PyBox-4PF,, and
27-27pyHC-8PF,, were investigated upon changing the temper-
ature. The photoluminescence properties of these compounds
have been reported previously'® in MeCN solutions at room
temperature. The >’ *"PyHC-8PF shows a broad exciplex
emission band, centered on 593 nm, originating from the
stacking of the pyrene-based chromophores, while the *"PyDB-
2PF, and the *7~*’PyBox-4PF, display monomeric emissions
centered, respectively, on 551 and 554 nm. Variable temperature
steady-state fluorescence spectroscopy was carried out in
MeCN. On increasing the temperature from 15 to 70 °C,
minimal decreases in emission for >*’PyDB-2PF, (Figure 4a)
and "~ *"PyBox-4PF (Figure 4b) were observed. In contrast,
in the case of the homo[2]catenane, >”~>7PyHC-8PF, the
changes (Figure 4c) in emission are dramatic and are manifested
in a significant decrease (Figure 4d) in the fluorescence intensity
along with a hypsochromic shift of Ad,,, = 13 nm as the
temperature is increased. The fluorescence quantum yield (@)
of »"">"PyHC-8PF is 10.7 + 0.5% at 20 °C and decreases
drastically at 70 °C as @; only reaches 4.9 + 0.5% (Table S1).
This phenomenon is also visible with the naked eye which
detects a fading of the luminescence. The emission spectrum of
27-L7PyHC-8PF; increases dramatically in intensity upon
freezing in an optical glass of "PrCN compared to room
temperature (Figure S18) under identical exposure and
collection conditions, further confirming the role of molecular
motion in modulating the emission at higher temperatures.
Moreover, these changes have been observed (Figures S8—S11)
only in the emission and not in the absorption spectra. Based on
the MICE, the difference in the photoluminescence behavior
between these compounds is attributed to the relative
circumrotational motion of one cyclophane with respect to
other in the homo[2]catenane. At low temperatures, the
circumrotational rate is slow, leading to a strong exciplex
emission, while, when the temperature is increased, the rate
becomes faster and the emission decreases as a consequence of
nonradiative relaxations.

Variable-temperature transient absorption spectroscopy was
performed in MeCN (Figures 5 and $20—S521). The exciplex
lifetime shortens from 15.7 + 0.6 ns at 20 °C to 10.4 + 0.6 ns at
70 °C, an observation which is consistent with the concomitant
drop in emission yield. The corresponding radiative decay rate
decreases by 30% over this range, while the nonradiative decay
rate increases by 61% (Table S1), leading to a shortening of the
exciplex lifetime. The changes in both of these rates are
consistent with the disruption of [#--7] stacking at higher
temperatures. Variable-temperature time-resolved fluorescence
spectroscopy (Figures $22—S27) also shows an emissive
intermediate with a 160-ps lifetime preceding exciplex emission
that is independent of temperature and similar to the structural
relaxation observed in >”~>’PyBox*". This observation suggests

pubs.acs.org/JACS
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Figure 5. Normalized transient absorption decay at 418 nm for
»7-27PyHC-8PF4in MeCN at 20 °C (blue) and 70 °C (red) following
355 nm excitation.

that the conformational relaxation present over this temperature
range does not involve disruption of the [7---7] stacking.

The changes in emission of *’"*’PyHC®" were also
investigated in DMF, MeOH, and H,O solutions.*®
27-2TpyHC® exhibits (Figure 6a) solvatochromic behavior,
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Figure 6. (a) Emission spectra (4., = 376 nm) of *’"*"PyHC®" in
different solvents, i.e., MeCN (blue), DMF (red), H,O (green), and
MeOH (purple), supporting the presence of solvatochromic behavior.
(b) Effect of solvents on the fluorescence of "~ *"PyHC?®* as a function
of the temperature. These graphs reveal differences in MICE depending
on the nature of the solvent.

observed previously'” for the anthracene-based homo[2]-
catenane analogs. At 15 °C, the »’">"PyHC®" displays exciplex
emission, centered on 593, 565, 573, and 567 nm in MeCN,
DMF, MeOH, and H,O, respectively. Upon the progressive
heating of the solutions, a decrease of the fluorescence is
observed (Figures 6b, S13, S15, and S17) in all four solvents with
a clear difference in magnitude. Both MeCN and DMF afford
similar rates of decrease, while the changes in H,O are
significantly less evident and in MeOH are almost imperceptible.

https://doi.org/10.1021/jacs.2¢10591
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Journal of the American Chemical Society

pubs.acs.org/JACS

The MICE occurring in 7~ *’PyHC?®" is, therefore, substantially
more important in aprotic solvents—such as MeCN and
DMF—employing PF4~ counterions, than it is in protic
solvents, such as H,O and MeOH, using Cl~ counterions. We
anticipate that the origin of the MICE disparity results from the
existence of [OH:-z| interactions between the homo[2]-
catenane components (cyclophanes) and the OH groups
present in the protic solvents. These interactions affect’® the
solvation energy and the acceleration of the circumrotation rate
(k) between the two mechanically interlocked cyclophanes. We
note that the increase (Table 1) in k between 293 and 343 K is
ca. 10 times lower in MeOH solution to that in DMF. In
addition, the counterions, the viscosity of the solvent, and the
solubility of the homo[2]catenane in the four solvents might
also affect the magnitude of the decrease in fluorescence.
Finally, the reversibility of the temperature-induced changes
during emission has been investigated. Upon heating and
cooling the homo[2]catenane in MeCN solution, four complete
cycles were recorded (Figures 7 and $19). The homo[2]-
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Figure 7. Reversibility of MICE in "~ *"PyHC-8PF, in MeCN, (4, =
376 nm) at 585 nm upon cooling (25 °C cycles 0, 1, 2, 3, 4) and heating
(70 °C cycles 0.5, 1.5, 2.5, 3.5). The reversibility of the system is shown
for four complete cycles without observing any significant alteration in
the fluorescence.

catenane showed high photothermal stability throughout the
cycles since no substantial alteration of the photoluminescence
performance was observed. The reversibility of this system is
excellent and shows the potential of the mechanical bond and
coconformational motion to construct fluorogenic probes and
smart photonic devices.

B CONCLUSIONS

An insight into the effect of the coconformational movements of
the two mechanically interlocked cyclophanes upon the
fluorescence properties of a thermoresponsive homo[2]-
catenane—namely >7~>’PyHC® —has been investigated. Anal-
ysis of the dynamic behavior by variable-temperature "H NMR
spectroscopy revealed a circuamrotational movement involving
the cyclophanes of the homo[2]catenane, while a combination
of molecular dynamics simulations and quantum mechanics
calculations allowed us to gain a better understanding of the
importance of translational as well as partial circumrotational
movements.

Variable-temperature fluorescence studies highlight a sig-
nificant temperature-dependent MICE associated with the
homo[2]catenane photoluminescence. The MICE character-
istics of the catenane are manifested in a remarkable decrease in
intensity and a hypsochromic shift of the emission, compared

23556

with those exhibited by the cyclophane. The enhanced MICE
can be attributed to the additional coconformational motion
between the two mechanically interlocked cyclophanes in the
homo[2]catenane. In addition, the temperature-induced
changes in photoluminescence are reversible for at least four
complete cycles. These findings demonstrate the potential of
mechanically interlocked molecules to act as efficient temper-
ature probes, thus opening up numerous opportunities in
materials sciences and biomedicine.
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