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Joint research of the groups of Valentina Utochnikova from the
Lomonosov Moscow State University (Russia) and Stefan Brase
from the Karlsruhe Institute of Technology (Germany) is devoted
to the design of novel luminescent materials for bioimaging.

In the present paper, a novel highly NIR emissive ytterbium
complex was obtained, the existence of which was predicted
and corroborated using NMR spectroscopy determining its
structure in solution. The obtained complex combined non-
toxicity, high solubility, and stability in solution additionally to
intense luminescence, which resulted in its successful use in NIR
bioimaging.
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Luminescent imaging, in comparison to other imaging
technologies such as magnetic resonance imaging (MRI), com-
puted tomography (CT), photoacoustic (PA), positron emission
tomography (PET) and single-photon emission computed tom-
ography (SPECT), has attracted extensive attention in bio-
medical studies due to its quick feedback, high sensitivity,
non-hazardous radiation and low cost.'" This technique
enables the final images to be obtained within milliseconds and
with a resolution of up to hundreds of nanometers using regular
epifluorescence or confocal microscope, and can be lowered
down to tens of nanometers for super-resolution techniques.'"*
Attenuation of luminescence signals in biological samples can be
correlated with the absorption and scattering of light by biologi-
cal molecules like hemoglobin'> and tissues like skin'* and fat"*
which show strong absorptions in the visible (vis) and ultraviolet
(UV) spectral regions. For these biomolecules and tissues, the
scattering degree is inversely proportional to the absorbed wave-
length, meaning that scattering decreases for longer
wavelengths.">'>™'® A combination of these two factors gives the
range of 700-1700 nm in the near-infrared (NIR) spectral range,
where luminescence signals have the lowest attenuation in bio-
logical samples.?>*! These optical ranges are also named as NIR
windows or biological transparency windows.*

Narrow emission bands of lanthanides significantly facili-
tate their signal detection, which makes them preferable over
organic dyes.”**” Yb®" with its emission peak at 980 nm,
which belongs to the NIR biological window, is preferable for
NIR bioimaging due to its rather high quantum yield compar-
ing to Nd** or Er** complexes. This explains the undying inter-
est in the investigating Yb*"-activated NIR-emitting nano-
structures for bioimaging.?®! Despite several effective Yb**
compounds were obtained, 7.e.*>° the problem of the obtain-
ing of the efficient lanthanide-based NIR emitter is still far
from being solved, which results from both low sensitization
efficiency of NIR luminescence and ease of its quenching.



Recently we demonstrated a rather high efficiency of the
NIR luminescence of ytterbium complexes with 2-(tosylamino)-
benzylidene-N-(aryloyl)-hydrazones,’*™** among which the
quantum yields of Yb(L)(HL) and Yb(HL),Cl (aryloyl = benzoyl,
N-[[2-(p-tolylsulfonylamino)-phenyl]-methyleneamino]-benz-
amide, Fig. 1) in powders reached 1.2% and 1.4%, correspond-
ingly.*" These values are high enough. For broadband NIR
luminescence of organic dyes or d-metal complexes rather

high quantum yields up to 11% were recorded.** *°

However,
for narrow emission of ytterbium such quantum yields are
high in comparison with typical values of below 1%.*”~*° This
has already allowed construction of an efficient Yb-emitting
OLED,** and together with their crystal structure (complexes
and two ligand anions)

and independence of the quantum yield on the complex com-

consist of monomers containing Ln**

position, i.e. ligand deprotonation degree, allows suggesting to
further investigate the behaviour of these complexes for bio-
logical applications - and thus their properties must be
studied in solutions.

To become promising candidates for bioimaging, these
complexes must be stable against dissociation in solution.
This became a reason why almost only Yb complexes with
macrocyclic ligands, including porphyrine-based, are con-
sidered for bioimaging applications.’®>® It was not therefore
naturally expected that Yb(HL),Cl or Yb(L)(HL) complexes, con-
taining rather small ligands, would not dissociate. To study
complex solution behaviour, DMSO-d, solutions of complexes
Lu(HL),Cl and Lu(L)(HL) of diamagnetic lutetium were investi-
gated. A set of NMR spectra was recorded, including corre-
lation spectroscopy (COSY), nuclear Overhauser effect spec-
troscopy (NOESY), heteronuclear single-quantum correlation
spectroscopy (HSQC), heteronuclear multiple-bond correlation
spectroscopy (HMBC) and diffusion ordered spectroscopy
(DOSY) (see ESIf for details). Based on these data, all the 'H
and C signals were assigned to corresponding nuclei (Fig. 1
and Table S17). In the NMR spectra of Lu(HL),Cl in DMSO-dg,
there are two sets of signals with an equal integral intensity
which correspond to the neutral ligand H,L and (L)*~ anion. It
can be illustrated on the example of 'H signals of -CH; (1),
-CH N- (12) and amine NH protons (Fig. 1), which are sing-
lets and do not overlap with other signals. No signals of
expected (HL)™ anion were detected. According to DOSY spec-
troscopy data, {H,L} and {(L)*"} ligand forms have significantly
different diffusion coefficient, which, keeping in mind that
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Fig. 1
anion.

Structural formula, atom numbering, and coordination of (L)2

H,L and (L)>~ have almost the same molecular weight, allows
the assumption that in solution the (L)*>~ anion is bound by a
lanthanide ion into a complex [Lu(L)]". This means that
Lu(HL),Cl dissociates in DMSO with disproportionation of
(HL)™ into H,L and (L)*~, which is coordinated by the Ln**
cation. This dissociation can be described using the following
reaction (1):

Lu(HL

),Cl = HyL + [Lu(L)]" + CI™ (1)

In the NMR spectra of Lu(L)(HL) the signals of both H,L
and [Lu(L)]" are observed, as well as a group of signals of the
other form of the double-charged anion (L)*”. Based on DOSY
spectroscopy data, this form of (L)>” also demonstrates a
higher diffusion coefficient than of {H,L} and similar to that
of {[Lu(L)]'}. This allows assuming that within this second
form (L)*~ is also coordinated by the lanthanide ion. Based on
the stoichiometry of the reaction (2) of Lu(L)(HL) dissociation
in DMSO-dg, we can conclude the formation of a {[Lu(L),]}
anionic complex:

2Lu(L)(HL) = H,L + [Lu(L)]* +

[Lu(L),] (2)

The NMR spectroscopy data suggests the possibility of the
formation of anionic complexes [Ln(L),]” and witnesses its
stability in DMSO. This also indicates that the doubly charged
(L)*>” anion is more strongly coordinated by the lanthanide ion
than the single-charged (HL)™ anion.

To test this hypothesis, 1 eq. of KOH was added to the solu-
tion of Lu(L)(HL), and the resulting solution was subject to
'NMR spectroscopy. Indeed, the NMR spectrum of the result-
ing solution lacked the ligand signals and only contained the
signals of [Lu(L),]” (Fig. 2).

The determination of the [Lu(L),]” structure in solution is
hampered by the presence of two non-equivalent ligands with
overlapping proton signals. However, in the case of the cation
[Lu(L)]" there is no other ligand, thus making it possible to
determine the solution structure of the corresponding cation

[Yb(L)]".
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Fig. 2 Fragments of *H NMR spectra of the Lu(HL),Cl, Lu(L)(HL), and
K(H20)3[Lu(L);] in DMSO dg representing (1), (2) and N H protons
signals. The full spectra are given in ESI.{



Due to the presence of unpaired electrons in lanthanide
ions, the signals in the NMR spectra of complexes with para-
magnetic ions can shift and broaden compared to the com-
plexes with diamagnetic ions. The total observed shift (Sops) of
the signal in the spectrum of the complex with a paramagnetic
ion can be represented as the sum of the diamagnetic associ-
ated shift Spe, Fermi-contact shift 6z, and pseudo contact
shift Spc:

Sobs = 6p + k¢ + Spc (3)

The Fermi-contact shift dpc>** is generally negligible for

paramagnetic lanthanide ions compared to pseudo-contact
shifts, so it is neglected for paramagnetic NMR shifts
analysis.>” >’

The pseudo contact shifts (5pc) arise from the dipole-dipole
interaction of the magnetic moment of the resonating nucleus
with the magnetic moment associated with the incompletely
filled 4f-electron shell of the lanthanide cation.

The pseudo contact shift can be expressed in the spherical
coordinate system (r, 0, ¢) in terms of the axial Ay, and
rhombic Ay, anisotropies of the magnetic susceptibility
tensor y if the coordinate system is associated with the eigen-
vectors of the tensor.

1 3
Spc = ——[Ay..(3cos®> @ 1) +=Ay.3sin® 6cos® 2 4
e = (A )+ 8 a @

The magnetic susceptibility tensor depends on the elec-
tronic configuration of the lanthanide ion.”® Therefore, if the
difference (6,ps—0p) between the shifts in the spectra of com-
plexes with paramagnetic (i.e. Yb**) and diamagnetic ions (i.e.
Lu’") is known, it is possible to determine the coordinates of
the atoms (r, 6, ¢) that correspond to these signals, and, thus,
to estimate the structure of the complex in solution. The deter-
mination of the structure of the ytterbium complex in a solu-
tion is additional proof of the ligand presence in solution in
the coordinated form.

The values of pseudo contact shifts in the "H NMR spec-
trum were calculated for the [Yb(L)]" based on the fragment of
the crystal structure of Yb(L)(HL), containing Yb ion and (L)*>~
ligand (Fig. 3a). The orientation of the magnetic susceptibility
tensor, as well as its anisotropy values (Ay.x and Ay,,), were
varied to obtain the best convergence of the theoretical and
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Fig. 3 (a) Structure of the [Yb(L)]* fragment in a DMSO solution (from

cif file). (b) Experimental (Seyp) vs. calculated (Scac) shifts in the NMR
spectrum of the [YbL]"™ cation (black dots) and a straight line with a
slope of 45° (red line).

experimental values of chemical shifts (Scaic and Jeyp). The
final values of .qc were plotted against de,, showing perfect
convergence (Fig. 3b). This means that the [Yb(L)]" fragment
has the same structure in the DMSO solution as in the crystal.

This also indicates that the bonding of the lanthanide ion
with the doubly charged anion (L)*” is stronger than with
DMSO, and [Ln(L)]" is stable and does not dissociate even in a
solution of such a strongly donor solvent is dimethylsulfoxide.
Also, it gives every reason to assume that the anionic frag-
ments [Ln(L),]” are also stable in solution.

Complexes containing [Ln(L),]” anions, predicted by NMR
spectroscopy, were obtained preparatively by the interaction of
Ln(L)(HL) (Ln = Yb, Lu) with KOH in ethanol:

Ln(L)(HL) + KOH + 2H,0 — K(H,0),[Ln(L),] (5)

Its composition and structure were ascribed based of the
TGA with mass-spectroscopy data, confirmed by elemental
analysis data, and supported by IR spectroscopy (see ESI{ for
more details). Due to its ionic structure, complex K(H,0);[Ln
(L),] demonstrates better solubility in polar solvents than both
Ln(HL)Cl and Ln(L)(HL).

Single crystal of K(C,H;OH);[Yb(L),] was obtained from
ethanol, and its crystal structure was determined (Fig. 4).
Despite the single crystal contains ethanol molecules co-
ordinated to K', powders of K(H,0);[Ln(L),] contain water
according to both thermal and elemental analyses. According
to single-crystal XRD data, complex K(C,HsOH)3[Ln(L),] pos-
sesses monomeric structure, three ethanol molecules are co-
ordinated by the K" ion, while ytterbium coordinates two L>~
ligands. The coordination environment of Yb®" consists of
four nitrogen atoms and four oxygen atoms, resulting in a CN
of 8 (40 + 4N). Two nitrogen atoms and two oxygen atoms of
the same ligand anion, coordinated to Yb*", forming a dis-

Fig. 4 Structure of K(C,HsOH)s[Yb(L),] (P1, R = 4.3%; atoms are rep
resented by thermal displacement ellipsoids, hydrogen atoms are
omitted for clarity).



torted trapezium; two distorted trapezia formed by the donor
atoms of two anions of ligands in one mononuclear fragment
are orthogonal to each other. As a result, in one mononuclear
fragment, the benzylidene-N-benzoylhydrazone fragments are
located almost orthogonally to each other. The same coordi-
nation environment of Ln*" was earlier observed in Yb(HL)(L)
(EtOH),(H,0), Yb(HL)(L)(H,0),Lu(HL),Cl, and Er(L)(HL),* as
well as in Yb(L")(HL")(EtOH) (H,L" = 2-tosylaminobenzylidene-
pyridyloylhydrazone).*

Powders of K(H,0);[Ln(L),] (Ln = Yb, Lu) were studied by
powder XRD. The obtained powder patterns were indexed and
refined, proving the formation of individual compounds
(Fig. 5). Though the obtained powder patterns could not be
described by the single crystal, which is obvious due to the
different solvent composition, the unit cell of single-crystal
and powder have similarities, i.e. the same space group and
comparable cell parameters (Table 1). It could be noted that
cell volume of powder is less than that of a single crystal due
to the substitution of ethanol molecules with water.

A rather high solubility of K(H,O)s;[Yb(L),], as well as
expected stability of [Ln(L),]” against dissociation, makes
K(H,0);3[Yb(L),] interesting for luminescence bioimaging
applications. Therefore, luminescent properties and cyto-
toxicity of K(H,O)s;[Yb(L),] were investigated. It exhibited
intense NIR luminescence of Yb*" ion with a quantum yield
determined to be 1.3%, able to be excited by visible light with
A <430 nm (Fig. S6 and S107). The analysis of the luminescent
data (section “Luminescence spectroscopy” in ESIf) demon-

. . T

strates that the internal quantum yield QY2 = - — 1.4%,
Trad

meaning that the sensitization efficiency equals 90%.

Important is that usually positively charged molecules demon-
strate better cell permeability,>® however, small negatively
charged molecules demonstrate better cell entry due to
different pathway of cell entry.®°

The molar extinction coefficient of K(H,0);[Yb(L),] in
DMSO reached 44 400 M~' ecm™". This together with the high
quantum yield resulted in the intense photoluminescence of
K(H,0)3[Yb(L),]. Important is that the quantum yield of
K(H,0)5[Yb(L),] coincided within the experimental error
(+0.2%) with those previously published for Yb(HL),Cl and
Yb(L)(HL),** which probably results from the same ligand and
Yb coordination environment.

Determination of the cytotoxicity of K(H,O);[Yb(L),] in
DMSO (Fig. S71) showed LD50 value of 0.05 + 0.01 g 17!, and

Table 1 Cell parameters obtained from single crystal and powder
X ray diffraction

Single crystal of K(EtOH);[Yb(L),]  Powder of K(H,0)3[Yb(L),]

a, A 9.2427(13) 9.5889(10)
b,A  11.0807(15) 10.2406(9)
oA 24.563(3) 22.663(2)
a,°  86.803(2)° 82.311(6)
B,°  88.788(2)° 89.542(7)
% 74.750(2)° 70.884(6)
V,A*  2423.2(6) 2082.3(4)
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B

Fig. 5 The experimental (blue curve) and calculated (red curve) powder
patterns and their difference (grey curve). Blue ticks indicated calculated
positions of refined cell: (a) K(H,0)s[Yb(L),], (b) K(H,0)s[Lu(L),].

Fig. 6 Confocal images of non toxic K(H,O)s[Yb(L),] solution (DMSO,
5 mg g | Y): luminescent channel (left), optical channel (mid), overlap
(right).

the safe concentration (cell survival >80%) of 0.02 g 17*, which
is sufficient for the use in living systems.

The cell permeability and in cellulo luminescence of the
complex were estimated in the visible range in the absence of
the detector in the micron-range attached to the confocal
microscope. The visible emission band in the spectrum of
K(H,0);[Yb(L),] is negligible (Fig. S87); thus the appearance of
the luminescence signal corresponding to this band inevitably
signifies that NIR emission will also be bright.

The confocal microscopy data (Fig. 6) show that the
complex penetrates the cells with no specific localization and
avoids cell nuclei, being another example of cell-penetrating
negatively-charged species. This recommending
K(H,0);[Yb(L),] as a material for bioimaging.

Thus, based on 1D and 2D NMR data, the dissociation of
lanthanide complexes Lu(HL),Cl and Lu(L)(HL) in DMSO was
described according to the reactions (1) and (2), and the struc-
ture of the cationic complex [Yb(L)]" in DMSO solution was
determined. 1D and 2D NMR data further allowed a prediction
of novel complexes K(H,0)s[Ln(L),] (Ln = Yb, Lu), which were
successfully obtained, with anions [Ln(L),]” stable in DMSO
against dissociation. The single-crystal structure of
K(C,H5s0H);3[Yb(L),] was determined. High quantum yield (1.3
+ 0.2%) and high absorption (44400 M~ em™") of K(H,O);
[Yb(L),] together with [Yb(L),]™ stability in DMSO allowed to
recommend it as a promising candidate for luminescence
bioimaging. Preliminary in cellulo experiments revealed low
toxicity and cell permeability of K(H,0)3[Yb(L),].
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