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Abstract: Bimodal molecular probes combining nuclear
magnetic resonance (NMR) and fluorescence have been
widely studied in basic science, as well as clinical research.
The investigation of spin phenomena holds promise to
broaden the scope of available probes allowing deeper
insights into physiological processes. Herein, a class of
molecules with a bimodal character with respect to
fluorescence and nuclear spin singlet states is introduced.
Singlet states are NMR silent but can be probed indirectly.
Symmetric, perdeuterated molecules, in which the singlet

states can be populated by vanishingly small electron-
mediated couplings (below 1 Hz) are reported. The lifetimes
of these states are an order of magnitude longer than the
longitudinal relaxation times and up to four minutes at 7 T.
Moreover, these molecules show either aggregation induced
emission (AIE) or aggregation caused quenching (ACQ) with
respect to their fluorescence. In the latter case, the existence
of excited dimers, which are proposed to use in a switchable
manner in combination with the quenching of nuclear spin
singlet states, is observed
_/

Multimodal molecular methods have been emerging as a
powerful imaging tools in the scientific community as well as in
the clinical practice.’"” Nuclear magnetic resonance (NMR) and
fluorescence represent a particularly attractive combination for
bimodal molecular probes because they can realize the
complementary abilities of each modality - high spatial
resolution with fluorescence and the detection of atomic-scale
changes even in deep tissue via magnetic resonance - and
therefore achieve greater effects.*”

Phenomena related to extended nuclear spin order lifetimes
by using long-lived nuclear singlet states (LLSS) are of interest
for an emerging field of research aiming to discover novel
molecular probes for magnetic resonance imaging.”"* Nuclear
spin singlet states consist of two spin-1/2 nuclei coupling to a
total spin 0 state.*™ This property endows the nuclear singlet
state immunity to direct dipole-dipole interactions, a main
contribution to longitudinal magnetization relaxation (T;).
Although the nuclear singlet state is NMR invisible and cannot
be detected directly, Levitt and colleagues"*'® revealed in 2004
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that long-lived states can be probed. To date, several methods
have been developed to populate the singlet spin order and
evaluate the singlet equilibration time (T5) between the singlet
and triplet state.*'** The difference in chemical shift and J-
couplings have been explored to populate singlet states, which
was recently shown to be even possible via localized spectro-
scopy in vivo.."7?**I One prerequisite for a molecular system
to support long-lived singlet lifetime is to incorporate an
isolated spin-1/2 homonuclear pair in almost exact chemical
equivalence. Chemically equivalent systems have the potential
of supporting long-lived singlet lifetime because its symmetrical
properties provide a protection against common relaxation
mechanisms and thus do not allow for singlet-triplet
leakage.?**¥ However, the chemically equivalent spin pair has
no chemical shift difference and J-coupling difference is the
only way allowing to populate singlet spin order since a
transition between the two states requires a break in
symmetry.”?! In such symmetric molecules, large (>5 Hz) J-
coupling have mainly been investigated indicating close
proximity of the additional spins to the singlet spin-pair. When
using deuterons instead of protons, not only the J-couplings
are significantly reduced but also dipolar effects in proximity to
the singlet spin pair are significantly reduced. This is the main
point here. Additionally to further remove dipolar effects, one
would like to move all spins that do not form the singlet as far
away as possible in the molecule. This will automatically lead to
a reduction in J-coupling. Being able to access singlet states
with very small J-couplings or perturbations of the symmetry
hence means that we can work towards optimized singlet
molecules with long-lifetime. In one example, a small J-coupling
difference (<1 Hz) has been used to read-out long-lived spin
order when the singlet spin order originated from para-
hydrogen.”®*¥ However the population of the singlet state in
these cases was obtained by a reaction of a precursor with
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para-hydrogen and subsequent transfer of the magnetization
by means of field cycling® The particular long proton singlet
states found in the latter studies underlines that an optimal
design may be possible with minimized J-couplings in symmet-
ric molecules. Therefore, it is of great interest to develop new
molecular systems with long-lived singlet order created by the
small J-coupling difference.

Herein, we introduce molecules that show fluorescent
properties and display long-lived nuclear spin states. The latter
are accessed via very small J-couplings (< 1 Hz) between "C or
N and 2H spins to populate singlet states. The deuterium spins
break the magnetic symmetry and significantly enhance the
singlet lifetime compared to protonated counterparts. We have
designed, synthesized and investigated perdeuterated "*C,-TPE
(tetraphenylethylene), DPP (diphenylphenanthrene) and DBC
(dibenzochrysene) two of its derivatives, namely (figure 1a) and
one fully deuterated "N-">N’-diazobenzene compound (Fig-
ure 1b), which is a photo-switchable molecule with long LLSS in
its protonated form.***? The synthesis of the molecules is
described in detail in the Supporting Information. The singlet
states were investigated using the SLIC (spin-lock induced
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Figure 1. a) Molecular structure of fully deuterated '>C,-TPE derivatives with
J coupling values. b) The J couplings of trans-"°N, °N’-azobenzene-d,. c)
Experimental decay curves of long-lived singlet state for '*C,-TPE-d,,, "*C,-
DPP-d,5 "*C,-DBC-d;¢ and trans-""N,">N-Azobenzene-d,,. All the samples were
degassed by three times freeze-pump-thaw cycling. Experimental data
points of fully deuterated '*C,-TPE derivatives and trans-""N, "*N’-azoben-
zene-d,, were observed at the magnetic fields of 7.05 T and 16.5 T,
respectively. The pulse sequence SLIC*® was employed and the data points
have been normalized to the value of the first point. Solid lines are fitted to
the exponential decays.
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crossing) sequence with optimized spin-lock durations and
nutation frequencies (Supporting Information).”® The singlet
decay curves for the TPE derivatives at By=7 T and for the
azobenzene at B,=16.5 T are depicted in figure 1c with all
relaxation and singlet equilibration times reported in table 1.
From the analysis of the signal build-up and 1D spectra, the
3C-13C J-coupling values of "*C,-TPE-d,, and its derivatives were
respectively determined as 'J..=71 Hz, *J;p=0.82 Hz and “J» <
0.1 Hz for “C,TPE-dy, 'J.=62Hz, *)Jp=155Hz and “J,
<0.1 Hz for *C,-DPP-d.g, and 'J..=57 Hz, *Jop=1.76 Hz and *J
< 0.1 Hz for "*C,-DBC-d,¢, whereby the *J coupling represents an
estimate as this coupling could not be resolved.”*?” These
observations demonstrate that singlet spin order can still be
populated by harnessing such small J-couplings.

Another chemically equivalent system with even smaller J-
couplings that can be used to investigate singlet states is
isotopically labeled "N,’N’-azobenzene-d,, The heteronuclear
J-couplings found in the in trans-form were determined as
Yw=16 Hz, *Jyp=0.26 Hz, |*Jyp| <0.1 Hz. Here, none of the
nitrogen-deuterium couplings could be resolved and the
couplings are estimated from the reported "°N-'H values, scaled
by the difference in gyromagnetic ratio between protons and
deuterium.”*! The T, value of *C,-TPE-d,, is about 22.7 s while
the T, of *C,-TPE-d,, dramatically increased to 243.5 s. The T, of
3C,-DPP-d,; and "C,-TPE-d,, are similar and its T, is slightly
increased to 281.1 s. Unlike *C,-TPE-d,, and *C,-DPP-d,g, the T,
and T, value of *C,-DBC-d are significantly shortened to 15.2's
and 26.8s. The determined T, of the respective compounds
illustrate, that, apart from chemical shift difference and J-
couplings, the molecular symmetry plays a non-negligible role
in the stability of the singlet state. Due to a steric hindrance
DBC cannot maintain a planar form but is twisted. This effect
contributes to the decrease in T, and T,. The singlet lifetime of
deuterated trans-"°N, ’N'-azobenzene-d,, is only 15.1 s, which is
unexpectedly shorter than the protonated counterpart as
reported by Ivanov et al®*' We however note that in the
deuterated molecule we observe a monoexponential decay
only whereas in the reported protonated from, a much longer
second exponential decay is observable. For comparison, we
also synthesized the corresponding protonated molecules of
the TPE derivatives and their T; and T, value were also evaluated
under the same conditions (Table 1). The T, value of *C,-TPE
and *C,-DPP are comparable with their corresponding counter-
parts that is 16.1s and 16.5s, respectively. However, the T,
value of "C,-TPE and "C,-DPP shorten to 47.8s and 40.6s,

Table 1. Experimental value of T, and T, of C,-TPE-d,,, "*C,-DPP-d,5 "*C,-
DBC-d, "N, "*N’-azobenzene-d,,, "*C,-TPE, "*C,-DPP and "C,-DBC.
Compounds T, (s) T, (s)
13C,-TPE-d,, 24354209 22.7+0.1
13C,-DDP-dg 281.14£17.0 226+0.1
13C,-DBC-dyg 268+18 152400
>N, °N-Azobenzene-d,, 152+43 3.6640.1
13C,-TPE 47.8+7.1 16.1£0.1
3C,-DDP 406+1.9 16.5+0.2
13C,-DBC 20.3+4.0 123403
All samples were degassed by three freeze-pump-thaw cycles.
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respectively. C,-DBC also has the similar tendency with its
counterpart *C,-DBC-d,4 that both of its T, and T, shorten to
12.3 s and 20.3 s, respectively. The above results clearly show
that the singlet state lifetime of *C,-TPE-d,, and *C,-DPP-d,q
were extended more than 4-folds due to the deuteration and
are still accessible via very small J-couplings adding another
dimension to be considered when designing molecular probes
with long lived singlet-states. These findings illustrate the
impact of the J-coupling on the stability of the singlet-states
and thus the significance of the deuteration of the compounds.

To get insight into the singlet lifetime changes between the
deuterated '>C molecules, their structure geometry were
computed by the density functional theory (DFT) method
B3LYP 6-31+G(d, p). The optimized molecular geometry is
shown in Figure 2, which are in accordance with the reported
literatures.*”***? From the results, *C,-TPE-d,, is a D, sym-
metrical molecule, while *C,-DPP-d,; is C, and "*C,-DBC-d¢ is
D,. Since the molecular geometry is significantly different, their
optimized geometry parameters (Table s1) accordingly
changed. The results showed that distances between the atoms,
such as d (C-"Q), d (*C, ?H), d (*H, °H) become shorter after the
phenyl rings were locked. Thereafter, the chemical shift
anisotropy CSA ("*C) also become larger after locking the rings.
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Figure 2. Structural models of '>C,-TPE-d,, (a), *C,-DPP-d,, (b) and "*C,-DBC-
d, (c) optimized at B3LYP 6-31+G(d, p) density functional theory (DFT)
level, using a polarizable continuum model for THF (for further information,
see Supporting Information). The point groups resulting are given in
parentheses.
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Figure 3. Fluorescence spectra of '>C,-TPE-d,, (solid line), *C,-DPP-d,; (short
dash line) and "*C,-DBC-d,¢ (short dot line) at the concentration of 10 uM in
THF-dg with the fraction of 0% (black) and 95 % water (red).
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Those results could draw a finding that the conformational
change significantly affects the singlet state lifetime.

Fluorescence performance of '*C,-TPE-d,, '*C,-DPP-d,; and
3C,-DBC-d,s were subsequently investigated. As shown from
fluorometry in Figure 3, "*C,-TPE-d,, displays the same Aggrega-
tion Induced Emission (AIE) effect observed in protonated "*C,-
TPE.®Y The molecule of *C,-TPE-d,, is weakly fluorescent in the
dissolved state in THF solution, while it switched to emit strong
fluorescence centered at 472 nm in the presence of 95% water,
where the aggregated state is formed.®™” In this aggregated
state, TPE exhibits a fluorescence quantum yield of ®;=0.13.""
The extinction coefficient has been determined to be &,,=
2550 L-mol~'em™' leading to a brightness of 331 L-mol 'ecm™,
which is in the same order of magnitude of other fluorescence
probes with AIE properties.***¥ In sharp contrast, dissolved ">C,-
DPP-d,; emit strong fluorescence at the peak of 374 nm along
with a shoulder at 358 nm, while the fluorescence intensity at
the given wavelengths is quenched upon addition of 95%
water. At a fluorescence quantum vyield of ®;=0.053 in DPP®"
this leads to a brightness of 151 L-mol~'em™" at an extinction
coefficient of &;,,=2550 L-mol’cm™". At the same time a red
shifted band appears at 480 nm which can be attributed to
excited dimers. Similarly, dissolved C,-DBC-d,, emit strong
fluorescence at the wavelength of 395 nm along with a
shoulder at 408 nm, the fluorescence is quenched upon
addition of 95% water and a new fluorescent peak emerges at
the wavelength of 482 nm. In this case, for the non-aggregated
compound, the extinction coefficient was determined to be
£303=33700 L-mol~'em™". C,-DPP-d,¢"" and '*C,-DBC-d,s*”
display an opposite phenomenon of AIE, which is termed
aggregation-caused quenching (ACQ). The significant change in
fluorescence behavior between C,-TPE-d,, and '>C,-DPP-d,q,
3C,-DBC-d,; is related to their structural modification. Since the
phenyl rings of *C,-DPP-d,s '°C,-DBC-d,, are covalently locked
to form a conjugated structure, their intramolecular motion is
restricted and therefore their fluorescence behavior is affected.
For both the AIE or ACQ effect, a bimodal switching process is
observed effecting the fluorescence and nuclear spins at the
same time: Upon the aggregation the nuclear spin cannot be
detected in the liquid anymore due to dipolar broadening of
the lines, however the fluorescence serves as an indicative read-
out. The change in fluorescence properties started at rather
specific THF/H,O ratios of 30:70 for '*C,-TPE-d,,, and 20:80 for
3C,-DPP and C,-DBC-d,4 respectively. In the same manner, the
singlet state cannot be detected anymore at specific THF/D,O
ratios of 50:50 for '*C,-TPE-d,, 80:20 for *C,-DPP, and 65:35
for '*C,-DBC-d,s.The spectra proving this behavior are displayed
in the Supporting Information (page 7). This process is
reversible once the solvent system is changed towards organic
solvents and the water removed.

In conclusion, we have introduced a concept of ‘on-off’
switchable singlet NMR/fluorescence bimodal probe, whereby
its singlet spin order can be accessed with small J-couplings (<
1Hz). We have analyzed the influence of conformational
changes on the singlet relaxation lifetime and we have
demonstrated that singlet lifetimes up to 4 min are achievable
at high fields. Moreover, addition of water significantly

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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quenches singlet lifetimes and effects their fluorescent proper-
ties. Although this has been mainly investigated here in an
organic solvent system and the addition of water, tuning the
molecules to for example sense ions in a biological context will
be challenges for the future. In addition, the combination with
techniques of magnetic resonance signal enhancement poses
opportunities to develop the here proposed approaches into
molecular probes for biomedicine.”**® Hence we envision the
application potential as contrast agents or to map the bio-
distribution of photo-pharmaceuticals.”
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