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Supramolecular Control of the Temperature
Responsiveness of Fluorescent Macrocyclic Molecular

Rotamers

Stuart N. Berry,”’ Meijun Zou,” Sarah L. Nguyen,” Aidan E. Sajowitz,"” Lei Qin,”

William Lewis,™® and Katrina A. Jolliffex® <9

To fully harness the potential of molecular machines, it is crucial
to develop methods by which to exert control over their speed
of motion through the application of external stimuli. A
conformationally strained macrocyclic fluorescent rotamer,
CarROT, displays a reproducible and linear fluorescence
decrease towards temperature over the physiological temper-
ature range. Through the external addition of anions, cations or
through deprotonation, the compound can access four discreet
rotational speeds via supramolecular interactions (very slow,
slow, fast and very fast) which in turn stop, reduce or enhance
the thermoluminescent properties due to increasing or decreas-
ing non-radiative decay processes, thereby providing a means

Introduction

The ability to control molecular motion through the application
of external stimuli is key to the development of nanoscale
machinery with sophisticated functions. While considerable
effort has been employed to develop molecular machinery for
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to externally control the temperature sensitivity of the system.
Through comparison with analogues with a higher degree of
conformational freedom, the high thermosensitivity of CarROT
over the physiological temperature range was determined to be
due to conformational strain, which causes a high energy
barrier to rotation over this range. Analogues with a higher
degree of conformational freedom display lower sensitivities
towards temperature over the same temperature range. This
study provides an example of an information rich small
molecule, in which programable rotational speed states can be
observed with facile read-out.

which the addition of an external analyte regulates the speed
and/or direction of molecular motion, rather than simply
providing an on/off response, one of the current limitations of
nanoscale machines is the limited ability to control their
speed."'® Exploiting the potential of these nanoscale systems
to provide macroscopic outputs or work (i.e. some kind of
function) presents a further challenge."”

Changes in the rate of molecular motion can be directly
used for sensing temperature®®” and/or viscosity®"*? with
numerous  potential  biological®?  and  industrial
applications.”>" If molecules are suitably designed, higher
temperature or lower viscosities can lead to increased molecular
motion resulting in increased non-radiative ‘dark’ decay from
the excited state and hence thermoresponsive changes in
fluorescence.”®* There are many examples of fluorescent
molecules that respond to temperature (i.e. molecular ther-
mometers); these can be ratiometric,?°** function over a range
of temperatures®®* use lifetime®® or intensity-based read-outs
and can be composed of small organic molecules,"®*’" metal-
complexes,®***?  quantum  dots™* and  polymeric
materials“**® among others. Recent focus has been on the
design of molecular thermometers with increased temperature
sensitivity®™ over different temperature ranges,”” or targeting
to specific cellular organelles.***® However, modulation of the
response of molecular thermometers to temperature through
application of an external stimulus has not yet been inves-
tigated.

Despite the many examples of small molecule fluorescent
molecular thermometers, the rules that govern the design of a
highly sensitive thermometer, particularly over the physiological
temperature range (20°C-40°C) are unclear. Furthermore,
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despite several studies on the molecular motion of macrocycles
in solution,®'*¥ very few macrocyclic fluorescent thermometers
have been developed.®** Since it is well established that the
conformations of macrocyclic systems can be controlled
through ion-binding,™*"7*¥ these seem ideal systems for the
development of controllable and thermoresponsive molecular
motion.

Here we investigate how the rotational speed of fluorescent
macrocycles containing both cation and anion binding sites can
be altered via binding of ions and by deprotonation, resulting
in changes in the thermosensitivity of these molecules. We
reveal that four different rotational speeds (very fast, fast, slow
and stopped) can be accessed via supramolecular control. In
addition, through the synthesis and evaluation of structurally
related analogues with inherently different energy barriers to
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Figure 1. Carbazole rotamers (CarROTs) used in this study.
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rotation, further insights into how to prepare a molecule with a
sensitive thermoresponse for the desired temperature range are
uncovered.

Results and Discussion

The CarROT macrocycles (Figure 1) were initially prepared as
analogues of recently reported fluorescent macrocyclic recep-
tors for dicarboxylate anions and comprise a 1,8-diaminocar-
bazole fluorophore bearing two thiourea groups, cyclised using
either a 1,3-xylyl (CarROT and CarROT-h) or a 1,4-xylyl spacer
(CarROT-p). CarLIN®™ is a linear analogue of the macrocycles
and consists of a bis-thiourea flanked by two benzyl groups. We
first prepared CarROT by reaction of carbazole 1,8-diisothiocya-
nate with 1,3-diaminoxylene and obtained the desired macro-
cycle in moderate yield (45 %). (See ESI for full synthesis details
and characterisation data).

Broadening of a number of signals in the 'H and the ™C
NMR spectra of CarROT suggested the presence of slowly
interconverting conformers. Further evidence for the presence
of conformers of CarROT was obtained by single crystal X-ray
crystallography of two sets of crystals of CarROT obtained from
either methanol or DMF solvents. The two crystal structures
(shown overlaid in Figure 2a; further information in ESI section
4.4) differ in the relative orientation of the xylyl-phenyl rings,
which are orientated either ‘up’ or ‘down’ with respect to the
carbazole, suggesting that while the macrocycle is conforma-
tionally strained due to the limited conformations the 1,3-xylyl-
bis thiourea can take, the macrocycle is also flexible enough for
the phenyl ring to oscillate through a number of different
conformations. In both crystal structures, the carbazole unit is
orientated on average at a 93.1° to the thiourea unit (N, gio-Nar
thio-Cearb @ngle; average of 6 measurements across all crystal
structures obtained) and both thioureas adopt approximately
anti-, syn- conformations, with the thiocarbonyls projecting
away from the carbazole units.
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Figure 2. (a) Overlay of two single X-Ray crystal structures obtained for CarROT showing multiple conformations of the phenyl ring. (b) Effect of temperature
on the methylene region of the "H NMR spectra of CarROT. Partial '"H NMR spectra of CarROT showing protons H, and Hg in DMF-d, at various temperatures.
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Given the isolation of different conformers of CarROT in the
solid state, we investigated the conformational flexibility of
CarROT in solution using variable temperature (VT) NMR studies
(Figure 2b and ESI Figure S46-S47) in dimethylformamide-d,.
DMF-d, was chosen for its wide temperature range and suitable
solubility of the receptor at concentrations required for NMR
experiments. The methylene protons (H, and Hg) on CarROT
provide an excellent moiety to study molecular motion on the
NMR timescale. In DMF-d, at 298 K, the signals corresponding
to the methylene protons appear very broadened (see ESI
Figure S46-547 for full spectra) suggesting the four protons
exist in two chemically inequivalent environments which
exchange intermediately on the NMR timescale. As the solution
is warmed, the proton signals coalesce at 328 K, which is
defined as T, (coalescence temperature). Furthermore, as the
solution is cooled to 268 K no chemical exchange is observed
and the proton signals are chemically inequivalent. Line shape
analysis®® was performed in order to estimate the rate constant
of exchange and therefore quantify the temperature depend-
ence on molecular motion of the compound (see ESI section 7.2
for details). At 298 K, the rate of exchange constant k was
estimated to be 151.02s' and at T, (328 K), k=901.04s".
Fitting the estimated rate constants to the Eyring equation
allows the thermodynamic parameters to exchange to be
determined: AH* =74.9 KJ mol™', AS* =48.2Jmol™' K' and A
Gaog . =60.6 Kimol ™.

The absence of any intramolecular H-bonding interactions
in the crystal structures of CarROT suggests that the restricted
rotation observed in solution is a result of steric factors in this
strained macrocycle rather than the result of stabilisation of a
particular conformation through intramolecular H-bonding, as
has been observed previously for small amide-containing
macrocycles.” Further evidence for this hypothesis was
obtained using a combination of 'H NMR experiments. Firstly, a
comparison of the chemical shifts of the NH protons of CarROT
in solvents of differing polarity showed that these varied greatly
(ESI Table S5), indicating that these protons are significantly
exposed to solvent. Similarly, only very small differences in the
rate of deuterium exchange were observed when D,0 was
titrated into a solution of CarROT in either acetone-d, or
acetone-dy (1% added H,O) (ESI Figure S55 and S56), again
suggesting that no intramolecular hydrogen bond interactions
are present. Finally, the chemical shifts of the NH protons
exhibited a large temperature dependence in DMF-d, [A3(NH)/
AT=-20.6, —49 and —1.9 ppb/K for the carbazole NH,
aromatic and aliphatic thiourea protons, respectively, all of
which lie in the expected range for a non-hydrogen bonded
proton.*”

Next, the fluorescence spectra of CarROT at different
temperatures within the physiological temperature range were
measured in CH;CN. Upon excitation at 295 nm at 20°C, the
fluorescence spectrum of CarROT exhibited two emission
maxima (Aen ma) at 360 nm and 377 nm. After warming the
solution to 40°C the emission spectrum of CarROT was
significantly quenched (approx 47% quenching) (Figure 3a).
Measuring the emission spectra in two degree increments
between 20°C and 40°C revealed that maximal intensity
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Figure 3. (a) Fluorescence spectra of CarROT (25 uM) in CH;CN at 20°C and
40°C, Ao, =295 nm. (b) Temperature dependence on normalized maximal
fluorescence (Ao max =360 nm) of CarROT (25 uM, CH;CN) upon heating
between 20°C and 40 °C. Error bars show + standard deviation from 4
independently repeated experiments. Dotted line represents linear fitting,
R,=10.9908. (c) Reproducibility of temperature dependence on fluorescence,
showing heating and cooling cycles between 20°C and 40°C.

decreased in linear manner with temperature (Figure 3b). The
temperature sensitivity was calculated by taking the gradient of
the linear fit at 360 nm between 20°C and 40°C (details in the
ESI section 5.2) and CarROT was determined to have a high
temperature sensitivity with fluorescence intensity decreasing
by 2.319%/°C. Furthermore, when the compound was subjected
to five heating and cooling cycles between 20°C and 40°C
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Figure 4. (a) Effect of external ion addition on the fluorescence temperature sensitivity of CarROT (25 pM, CH,CN). Normalised maximal fluorescence intensity
at 20°C versus intensity at the stated temperature, with and without 40 equivalents of stated ion (Aey max = 360 nm for no ion, ClI~ and Mg?*, Ao max=370 NmM
for Ag™, hem max=375 nm for H,PO,™ and A¢y, max =385 nm for OH™). Error bars are + standard deviation, each data point is an average of at least 2
independently repeated experiments. Dotted lines represent linear fittings. (b) Fluorescence spectra of CarROT (25 mM) in methanol/glycerol mixtures of

varying viscosity at 298 K. A., =295 nm in all cases.

(Figure 3c), maximal fluorescence intensity was found to be
remarkably reproducible, suggesting that the linear response to
temperature is predictable within this temperature range and
that minimal thermo- or photo-degradation is occurring over
the time course of the experiment.

The thermo-luminescent properties of CarROT arise from
increased molecular motion at elevated temperatures that
dissipates excited energy as non-radiative vibrational decay.
Due to the conformationally strained nature of the macrocycle,
we reasoned that motion occurs in a reasonably well-defined
manner and this aids in the reproducibility of the fluorescence
response. We hypothesised that the binding of an ion to
CarROT may freeze the conformation of the macrocycle and
therefore alter the thermo-luminescent properties. The bis-
thiourea macrocycle possesses both anion binding sites (hydro-
gen bond donating NH's) and cation binding sites (thiocarbon-
yls), additionally, the macrocycle may be deprotonated creating
a charged species which may form an intramolecular hydrogen
bond, further altering the macrocycle’s conformation and
resultingly the thermo-luminescent properties.

The fluorescence spectra at various temperatures between
20°C and 40°C were measured in 2 degree increments for
CarROT (25 puM) in CH;CN with and without the presence of 40
equivalents of various salts to saturate binding interactions
(tetrabutylammonium chloride, tetrabutylammonium dihydro-
gen phosphate, tetrabutylammonium hydroxide, silver nitrate
and magnesium nitrate, Figure 4a). While addition of CI~ and
Mg®" resulted in minimal changes to the fluorescence temper-
ature sensitivity, addition of H,PO,” decreased the thermo-
luminescence properties to 1.85%/°C and addition of Ag™*
caused a slight increase in fluorescence intensity as temper-
ature was warmed to 40°C but essentially turned off CarROT’s
sensitivity towards temperature changes. Conversely, deproto-
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nation with 40 equivalents of OH™ resulted in an increase in the
temperature sensitivity of CarROT to 3.12%/°C. A summary of
the fluorescence sensitivity properties of CarROT is shown in
Table 1 with additional fluorescence spectra in the ESI section
5.3.

To further test the hypothesis that ion binding alters
molecular motion, thereby affecting luminescent sensitivity,
binding strength was quantified with UV-Vis titrations, initially
performed in CH;CN, as summarised in Table 1. Addition of ClI~
and Mg*" resulted in minimal changes in UV-Vis spectra during
the titration, indicating no, or very weak binding (ESI Figur-
es $33-534). During the titration with H,PO,~ in CH;CN on the
other hand, a large spectral decrease accompanied by a

Table 1. Summary of ion binding properties and fluorescence temperature
sensitivity of CarROT.

lon® MeCN DMF T. Sensitivity
Kara (M7)™ Kara (M) (%/°C)"

No lon - - 2.31

cl- <10 n/d 2.38

H,PO,~ 24000 2400 1.85

Ag + n/d[e] n/d[e] _f

Mg?* <10 n/d 2.28

OH™ Deprot. Deprot. 3.12

[a] Salts added as: TBACI, TBAH,PO,, AgNO;, Mg(NO,), (6H,0) and TBAOH.
[b] Association constant obtained by UV-Vis titration in MeCN and
performing a global fit to a 1:1 binding model. [c] Association constant
obtained by UV-Vis titration in DMF and performing a global fit to a 1:1
binding model. [d] Fluorescence temperature sensitivity calculated using
equation 1 in CH,CN (details in ESI section 5.2). [e] Binding too strong to
fit accurately to a binding model. [fl No fluorescence temperature
sensitivity.
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bathochromic shift about the absorbance band at 297 nm was
observed, along with the presence of clear isosbestic points (ESI
Figure S35). Fitting the titration data to a 1:1 binding model
using the Bindfit web app®® gave a high binding affinity (K,=
24,000 M™"). During the titration with Ag®, again a large
decrease and bathochromic shift in the absorbance band at
297 nm was observed. Furthermore, the changes in absorbance
could not be fit accurately to a binding model but saturated
after one equivalent of Ag™ was added (ESI Figure S36),
suggestive of strong complex formation. The binding of H,PO,~
and Ag® towards CarROT was also measured in the more
competitive dimethylformamide (ESI Figures S38-S39). Here,
the binding strength of H,PO,” decreased by an order of
magnitude however, the binding with Ag™ remained too strong
to be measured accurately. Titration experiments were also
performed with TBA OH (added with a 1% CH;OH content) in
both solvents (ESI Figure S37 and S40). In this case the changes
in absorbance spectra were very different with absorbance
bands forming at 354 nm, indicative of deprotonation of the
carbazole NH proton.®

Upon deprotonation of CarROT with TBA OH, the thermo-
luminescence sensitivity increases to 3.12%/°C. Studies have
shown that the transition state to intramolecular rotation can
be stabilised by inducing formation of an intramolecular hydro-
gen bond by protonation which reduces steric repulsion,
causing more rapid rotations.'” It is likely that a similar process
is occurring here but with deprotonation. The most acidic
proton is the central carbazole NH (pK,=19.9 in DMSO)® which
could deprotonate and form an intramolecular hydrogen bond
between the negatively charged nitrogen and either of the
aromatic thiourea groups. A newly formed intramolecular
hydrogen bond may stabilise the rotation about the thiourea
groups and cause the increase in thermosensitive properties
observed. While we were unable to experimentally confirm the
presence of an intramolecular hydrogen bond in the deproto-
nated form of CarROT, DFT calculations at the B3LYP/6-31G*

theory level indicate the formation of such a hydrogen bonded
interaction is plausible (Figure 5f).

To confirm that the fluorescence intensity of CarROT is
affected by restriction of molecular motion, fluorescence
spectra were obtained in methanol/glycerol mixtures of varying
glycerol content at 298 K (Figure 4b). In 1:3 methanol:glycerol,
the fluorescence intensity of CarROT is approximately three
times the intensity than in methanol alone, with intensity
decreasing as glycerol content is decreased. The fluorescence
intensity dependence on solvent viscosity indicates that
hindering molecular motion is affecting the fluorescence
response, as predicted. This, coupled with the obtained binding
data from UV-Vis titrations suggests that H,PO,” and Ag™ bind
to CarROT in such a way that vibrational motion and
subsequent non-radiative decay from the excited state is
hindered, thereby reducing (H,PO,”) or stopping completely
(Ag™) the fluorescence response towards temperature of the
compound. CI~ and Mg?", which don't show measurable
binding interactions towards CarROT do not alter the temper-
ature sensitivity of the compound.

Information about the rotational movement of CarROT
upon the binding of ions was also examined with '"H NMR
titration experiments. During the titration with TBA H,PO, in
DMF-d, at 298 K, both the signals attributable to the thiourea
NH protons shift downfield, indicative of hydrogen bonding to
the receptor. Furthermore, the carbazole NH proton signal shifts
upfield, suggesting it may not be involved in binding to the
anion. Considering the NMR binding information, and the
conformation based on the crystal structures, an energy
minimised binding model to H,PO,” was calculated using DFT,
(Figure 5d) wherein the H,PO, is bound by the four thiourea
protons. Fitting the 'H NMR titration data to a 1:1 binding
model provided a moderate binding constant of 300 M™", which
is consistent with, although slightly lower than, that obtained
from the UV-Vis titrations (ESI Figure S52). Closer examination
of the two methylene proton signals revealed that at low ion
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Figure 5. Effect of ion binding on 'H NMR spectra of CarROT. Partial '"H NMR spectra of CarROT in showing the methylene protons (H, and Hg) in (1.5 mM)
DMF-d; (a) during the titration with TBA H,PO, at 298 K, (b) during the titration with AgNO; at 298 K and (c) during the titration with TBA OH at 298 K. Energy
minimised calculated structures (DFT, B3LYP/6-31G*, Spartan’14, Wavefunction®) showing likely binding conformations with (d) H,PO,~, (e) Ag™ and (f) after

deprotonation with OH™.
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concentrations the methylene proton signals begin to coalesce
(Figure 5a). This is indicative of a conformational change which
occurs upon binding, bringing the methylene protons into a
chemically equivalent environment on the NMR timescale. As
binding of the anion occurs reversibly, at low anion concen-
trations an equilibrium mixture of exchanging bound and
unbound receptors is present, which is why the protons
coalesce. However, the signals for these protons begin to split
when more than one equivalent of anion is added, suggesting
that as binding saturates (all receptors bound to an anion on
NMR timescale), the conformation of the receptor becomes
refrozen on the NMR timescale. This is consistent with the
reduced fluorescence temperature sensitivity observed when
H,PO," is added to CarROT, suggesting that upon saturation of
binding, the receptor is less likely to dissipate excited energy as
vibrational movement, as a result of conformational restrictions
that are enforced upon binding.

A similar titration experiment was conducted with CarROT
and AgNO; in DMF-d, (Figure 5b and ESI Figure S53). Here, the
initially broadened signals for the methylene protons became
progressively sharper as Ag™ was added. The signals continue
to sharpen up to the addition of two equivalents of Ag®,
followed by no further changes. Downfield shifts were observed
for the signals attributable to the aromatic protons as up to two
equivalents of Ag* were added, with no further changes upon
addition of further equivalents of Ag*. While these changes
could not be fit to a binding model, the data is indicative of
very strong binding to Ag”®, as suggested by the UV-Vis
titrations, wherein the conformation of CarROT becomes frozen
upon addition of sub-stoichiometric equivalents of Ag™. A
proposed energy minimised complex with Ag™ is shown in
Figure 5e wherein the Ag* cation is bound between both
thiocarbonyl units, consistent with previous reports that
demonstrate thioureas bind Ag™ ions through the thiocarbonyl
group.®™ Once again, this supports the fluorescence temper-
ature sensitivity study wherein the conformational freezing of
CarROT by Ag™ prevents the vibrational dissipation of excited
energy and therefore stops the thermo-luminescent sensitivity.

Titration experiments with TBA OH gave significantly differ-
ent "H NMR spectra. Upon addition of 0.2 equivalents of OH",
the signals for the separated methylene protons shift to a new
coalesced peak at 4.26 ppm (Figure 5¢), this is in stark contrast
to the VT experiment and titration experiment with H,PO,”
where coalescence occurs at 4.95 ppm, indicative of the
formation of a new chemical species. Upon addition of
increasing amounts of OH™ the coalesced peak at 4.26 ppm
becomes more intense, up to the addition of one equivalent
then upon further additions of OH™ the peak broadens then
shifts a second time to 4.65ppm, suggesting a second
deprotonation event may occur at high OH™ concentration.
Furthermore, the signal attributable to the most acidic proton,
the carbazole NH proton at 11.7 ppm broadens then disappears
upon OH™ addition (ESI Figure S54), suggesting this is the likely
site of deprotonation. A model of the possible deprotonated
CarROT along with intramolecular hydrogen bond formation is
shown in Figure 5f wherein an intramolecular hydrogen bond is
formed between the carbazole nitrogen and both aromatic

Chem. Eur. J. 2024, €202400504 (6 of 9)

thiourea NH protons. The shift from separated to coalesced
proton environments at low equivalents of OH™ suggests an
immediate conformational change wherein the two methylene
environments become chemically equivalent on the NMR time-
scale, this also serves as qualitative evidence showing that the
energy barrier to exchange has lowered and as such helps
explain the thermosensitivity experiments wherein CarROT is
more thermosensitive in presence of OH™.

With the discovery of the excellent thermo-luminescent
properties of macrocyclic carbazole based rotamer (CarROT)
(vide infra), we designed and synthesized two additional
CarROTs and a linear analogue (CarLIN) in order to thoroughly
study the properties that make a sensitive molecular thermom-
eter (Figure 1). Analogues CarROT-p, CarROT-h and CarLIN
were prepared in a similar fashion to CarROT though reaction
of carbazole 1,8-diisothiocyanate with the appropriate amine/
diamine.

In order to further understand the molecular properties that
influence the thermosensitive response of a CarROT, we
measured the thermoluminescence properties of CarROT-p,
CarROT-h and CarLIN between 20°C and 40°C in CH;CN in
analogous experiments to those performed with CarROT (Fig-
ure 6a and ESI Figure 524-S32), summarised in Table 3). Inter-
estingly, CarLIN does not exhibit a luminescent response
towards temperature, CarROT-p exhibits a reduced response
compared to CarROT and CarROT-h displays an almost identical
response to CarROT.

All three of these responses can be rationalised. CarROT
and CarROT-h have almost identical thermo-luminescent prop-
erties (2.31%/°C and 2.33%/°C respectively) which shows that
functionalisation at the phenyl ring does not affect the
fluorescence quenching at elevated temperatures. This suggests
that the increased molecular movement at elevated temper-
atures is not a ‘'ring flip’ where the phenyl ring could rotate
‘through’ the macrocycle. The octyl chains on CarROT-h would
prevent such a flip from occurring and, given the almost
identical thermoluminescent properties of the two macrocycles,
this suggests neither are able to flip through themselves.
Additionally, the two macrocycles are expected to have the
same conformation in solution due to them both being linked
by a 1,3-xylyl linker, which suggests that the increased motion
at high temperatures observed in both molecules is likely to be
the same. Taken together with the 'H NMR and crystallographic
evidence, we propose the motion occurring is an oscillation
wherein the phenyl ring alternates from pointing ‘up’ and
‘down’ at increased temperature. This can occur by rotations
about the thiourea and methylene linker groups.

CarROT-p showed reduced fluorescence temperature sensi-
tivity (1.41%/°C) in comparison to CarROT and CarROT-h.
Variable temperature 'H NMR studies with CarROT-p in
dimethylformamide-d, (ESI Figure S48-S49 and summarised in
Table 2) showed that at 298 K the signals attributable to the
four methylene protons are coalesced to a broad peak.
Decoalescence was observed at 254 K and even at 215K (the
lower temperature limit for the solvent) the two proton
resonances were not fully resolved, preventing a full line-shape
analysis from being conducted. Nonetheless, this indicates a

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202400504

1.2
(A)
1
Q:Qg pOREEL IIL TEPR SRR 8 s
N
va, &
@, ! L T
0.8 ‘3‘-.. 1 ? — _|_
ae_'-.. J. I 1 -[
.., 1
- ©-.. 1
<06 ©.... a
D
O CarROT-h
0.4 CarROT-p
O CarROT
O CarLIN
0.2
0
20 24 28 32 36 40

Temperature (°C)

1.2
(B)
1 [S]
0.8
< 06
[}
QCarROT-h
0.4 O CarROT-p $ @
OCarROT @
OCarLIN
0.2
0
75 50 25 0

% Glycerol

Figure 6. a) Temperature dependence on normalized maximal fluorescence intensity of CarROT-h, CarROT-p, CarROT and CarLIN between 20°C and 40°C, 25
uM in CH;CN. b) Normalised changes in maximal fluorescence intensity of CarROT-h, CarROT-p, CarROT and CarLIN in methanol mixtures with differing
glycerol content (25 pM). All data is an average of at least 2 independently repeated experiments with error bars + standard deviation about the mean.
Dotted lines are linear fittings. Ay =295 NM, Ao max = 360 Nm for all rotamers except CarLIN, X, =320 nM, Ao, max =375 NM.

Table 2. Summary of fluorescence thermo-luminescent and VT NMR
properties of CarROT analogues.

T. Sensitivity (%/°C)™ T (K™
CarROT 231 328
CarROT-h 233 n/d“
CarROT-p 141 254
CarLIN 0.0015 <2159

[a] Fluorescence temperature sensitivity calculated using equation 1
(details in ESI section 5.2) in CH;CN. [b] Coalescence temperature from VT
'H NMR studies in DMF-d,. [c] not determined due to poor solubility. [d] T,

is lower than the freezing point of the solvent.

significantly lower barrier to exchange (and therefore rotation)
than for CarROT where the signals attributable to the
methylene groups appear separated in this solvent at 298 K
(Figure 2b). This lower barrier to exchange arises from the
greater conformational freedom in CarROT-p as opposed to
CarROT due to the 1,4-xylyl linker instead of the 1,3-xylyl linker.
DFT modelling of CarROT-p suggests the compound exists in
an almost planar conformation and the central phenyl ring
(which is less sterically strained) sits perpendicular to the
carbazole unit and can freely rotate about the two methylene
units (ESI Figure S57). This conformation is further supported by
the significantly downfield shifted signal for the carbazole NH
proton (8=6.1 ppm) in comparison to that of CarROT and
CarLIN (6=10.3 and 10.2 ppm, respectively) in d,-DMSO, which
is consistent with the proposed structure in which the aromatic
ring current of the 1,4-substituted phenyl group would result in
shielding of this proton.

CarLIN shows almost no fluorescence temperature sensitiv-
ity (0.0015%/°C). VT NMR studies in dimethylformamide-d,
showed the signal for the four methylene protons exists as a

Chem. Eur. J. 2024, €202400504 (7 of 9)

well resolved doublet at 350 K, 298 K and 277 K (J=5.6 Hz) (ESI
Figure S50). At 215 K, the methylene proton signal is broadened
slightly, but still coalesced. This indicates, as expected, the
energy barrier to rotation about these groups is significantly
lower than that in CarROT and CarROT-p and over the
physiological temperature range, there is free rotation about
these groups in solution. Furthermore, no changes in the
thermosensitivity of CarLIN were observed upon addition of 40
equivalents of H,PO,” and Ag™, despite this receptor displaying
strong binding affinities towards these ions, which are similar to
those of CarROT (determined by UV-Vis titrations; see Table 3
and ESI Figure S41-545).

Surprisingly, when the fluorescence spectra of the four
receptors were measured in methanol/glycerol solutions of
various viscosity, the normalised response to changes in
viscosity for each compound was determined to be almost
identical (Figure 6b and ESI Figure S24-532). The fluorescence
spectra for all compounds were quenched to almost the same
relative degree in 100% methanol solution, with fluorescence
intensity increasing a similar amount as glycerol content was

Table 3. Summary of ion binding properties of CarLIN.

lon® Kq1a (M)
ar 900

H,PO,” 27000

Ag* 1,500,000
Mg** <10

[a] Salts added as: TBACI, TBAH,PO, AgNO,;, Mg(NO,), (6H,0). [b]
Association constant obtained by UV-Vis titration in MeCN and performing
a global fit to a 1:1 binding model. See ESI section 6.3 for fitted binding
isotherms.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202400504

increased. This result suggests that freezing or slowing down
molecular motion affects the fluorescence properties of all the
CarROTs in the same way. The differing responses to temper-
ature therefore are due to the differing rotational energy
barriers within the physiological temperature range studied. At
20°C, CarLIN is already rapidly rotating in solution, as
determined by 'H NMR studies. This means that small increases
in temperature do not have a large effect on the rate of rotation
and therefore little effect on the fluorescence emission from the
excited stated. CarROT-p on the other hand has an intermedi-
ate rotational energy barrier at 20°C and therefore is more
affected by changes in temperature within this range. CarROT
and CarROT-h have the highest rotational energy barriers at
20°C and therefore are most affected by changes in temper-
ature over this temperature range, which is reflected by the
highest fluorescence sensitivity towards temperature.

The differing rotational energy barriers arise due to the
conformational strain imposed by the xylyl linkers and there-
fore, the conformational strain imposed on CarROT is a key
factor in strong temperature sensitivity over the physiological
range. The conformational strain likely restricts motion at 298 K,
whereas the more flexible CarROT-p and much more flexible
CarLIN are too conformationally free at 298 K to exhibit strong
temperature dependence. We hypothesise that the temperature
sensitivity of CarROT-p would increase at lower temperatures
and that of CarLIN would increase at very low temperatures.

Conclusions

To summarise, we have developed a conformationally strained
macrocyclic fluorescent rotamer, CarROT which displays a
reproducible, linear response to temperature over the physio-
logical temperature range. Through the external addition of
anions, cations or through deprotonation, the compound can
access four discreet rotational speeds (very slow, slow, fast and
very fast) which in turn stop, reduce or enhance the thermo-
luminescent properties due to increase or decrease of non-
radiative decay processes. Furthermore, by synthesising related
analogues, the thermo-luminescent properties were determined
to be due to conformational strain which causes a high energy
barrier to rotation over the physiological temperature range,
compared to more conformationally free analogues which
display lower sensitivities towards temperature over the same
temperature range. This study provides an example of an
information rich small molecule, in which programable rota-
tional speed states can be observed with facile read-out
(fluorescence or '"H NMR spectroscopy) and should pave the
way for the development of more sensitive fluorescent
thermometers for a desired temperature range. Ideally, such
systems would provide a ratiometric response or display
changes in fluorescence lifetime upon binding rather than
relying on changes in emission intensity at a single wavelength.
Future work will focus on the development of molecules with
these properties.

Chem. Eur. J. 2024, €202400504 (8 of 9)
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The molecular motion of macrocyclic
carbazole macrocycles (CarROTs) is
controlled through the external
addition of anions, cations or through
deprotonation allowing four discreet
rotational speeds to be accessed,
which in turn stop, reduce or enhance
the thermoluminescent properties
due to increasing or decreasing non-
radiative decay processes, thereby
providing a means to externally
control the temperature sensitivity of
the system.
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