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Journal Name

DNA-interacting lanthanide complexes with a DOTA-
derived dipyrido[3,2-a;2’,3’-c]phenazine ligand for near-
infrared luminescence†

Marek Beliš,∗a Jakub Šrein,b Subhrajyoti Bhandary,a Simona Premcheska,c Mirijam Lederer,c,
Ian Pompermayer Machado,c Anna M. Kaczmarek,c and Kristof Van Hecke∗a

Dipyrido[3,2-a:2’,3’-c]phenazine (dppz) is well known for its ability to interact with DNA, and is ideally
suited for sensitizing near-infrared (NIR)-emitting lanthanide ions such as Nd3+, Er3+ and Yb3+. The
combination of these properties gives perspective for utilization of lanthanide complexes incorporating
a dppz moiety for biomedical applications. Here, we present the synthesis of novel lanthanide
complexes with an embedded dppz moiety [Ln(DO3A-dppz)] (Ln = all lanthanides except of Pm;
DO3A = 1,4,7,10-tetraazadodecane-1,4,7-triacetic acid), derived from clinically used [Ln(DOTA)]
complexes (DOTA = 1,4,7,10-tetraazadodecane-1,4,7,10-tetraacetic acid). Structural analyses of
all the complexes reveal interesting behavior, showing a share of isomers in the structures linked to
lanthanide contraction and ionic radii. Photoluminescence studies provide excitation and emission
spectra of the complexes with compatible central ions Nd3+, Er3+, Yb3+ and Eu3+, along with
decay times of the complexes with Yb3+ and Eu3+. All complexes are weakly soluble in water with
good stability in Tris-HCl buffer, and their affinity towards model calf-thymus DNA was tested by a
SYBR Green I displacement assay. Overall, the obtained results are promising for the development
of the [Ln(DO3A-dppz)] complexes towards future applications in biomedical imaging.

1 Introduction

Lanthanide chemistry is a dynamic field undergoing continuous
development. The distinctive structural, optical, and magnetic
attributes exhibited by lanthanide complexes make them versa-
tile tools in multiple applications, especially in the fields of bio-
logy and medicine.1,2 These complexes are currently in practi-
cal use or demonstrate substantial potential across diverse roles,
including serving as MRI contrast agents (notably Gd3+ com-
pounds),3,4 fluorescent probes,5,6 bioresponsive cellular imag-
ing agents,7 and artificial nucleases proficient in cleaving RNA
or DNA.8 Recent investigations focus on capabilities of other lan-
thanide compounds, such as oxide nanoparticles (e.g. CeO2),9

a XStruct, Department of Chemistry, Ghent University, Krijgslaan 289-S3, B-9000
Ghent, Belgium. E-mail: Marek.Belis@UGent.be, Kristof.VanHecke@UGent.be
b Department of Inorganic Chemistry, Charles University, Hlavova 2030, Prague,
182 00, Czech Republic
c NanoSensing, Department of Chemistry, Ghent University, Krijgslaan 289-S3, B-9000
Ghent, Belgium
† Electronic Supplementary Information (ESI) available: NMR, MS and HRMS spec-
tra, experimental details for the synthesis of Me-phen and Me-phendione, crystal-
lographic data, photoluminescence spectra and decay profiles. CCDC 2515749–
2515765 contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures. See DOI: 00.0000/00000000.

nanodrums,10 nanocrystals or radioisotopes (e.g. 177Lu),11 act-
ing as agents in biomedical imaging and cancer therapy. The
prevalent +3 oxidation state characterizing lanthanides is impor-
tant in these applications, ensuring redox stability crucial for cel-
lular applications, particularly in hypoxic cancer cells.1

Many of the applications are based on the unique luminescence
properties of the lanthanides, which are emitting from the UV-
visible (UV-Vis) to near-infrared (NIR) region with relatively long
luminescence lifetimes.12–14 In the context of biological applica-
tions, luminescent materials emitting in the NIR spectrum within
the biological windows (between 650 – 950 nm, 1000 – 1350
nm and 1500 – 1800 nm) present distinct advantages over their
visible-emitting counterparts.15 Within these biological windows,
NIR-emitting materials are less damaging to biological tissues and
provide better optical imaging resolution, as the scattering and
absorption of light by tissues, blood and water are minimal. This
makes imaging of deeper-seated tumor cells more feasible com-
pared to visible or UV light.16 Lanthanide ions demonstrating NIR
emission under suitable conditions are Pr3+, Nd3+, Sm3+, Dy3+,
Ho3+, Er3+, Tm3+ and Yb3+, with particular emphasis on the fre-
quent investigation of Nd3+, Er3+ and Yb3+. However, lanthanide
f-f transitions are partially forbidden by parity rule, leading to-
wards low absorption coefficients, what is a significant hindrance
in full utilization of their luminescence properties. As a result,
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Fig. 1 a) Dipyrido[3,2-a:2’,3’-c]phenazine (dppz) and the clinically
used MRI contrast agent, [Gd(DOTA)] complex (DOTA = 1,4,7,10-
tetraazadodecane-1,4,7,10-tetraacetic acid). b) Related macrocyclic
cyclen-based luminescent Ln(III) probes, with tetraazatriphenylene chro-
mophores. 22 c) Very recently reported luminescent macrocyclic Eu(III)
probes, for selective recognition of physiological phosphates, 23 d) This
work, reporting the novel nonadentate ligand DO3A-ddpz (L), along with
all its feasible lanthanide complexes [Ln.L] (Ln = whole lanthanide series
except Pm).

high-power sources (e.g. lasers) are necessary for excitation to
reach higher emission intensities. Mitigation of this drawback
can be achieved through the strategic design of lanthanide com-
plexes with organic ligands containing strongly absorbing chro-
mophores.12,13

Selection of an appropriate organic ligand is of significant im-
portance in the design of lanthanide complexes with desired func-
tions. Considerable efforts have been dedicated to the challenge
of obtaining highly emissive lanthanide complexes in the NIR re-
gion, which would combine multiple aspects for feasible appli-
cations.17–19 Our focus lies in the strategic design of lanthanide
complexes incorporating dipyrido[3,2-a:2’,3’-c]phenazine (dppz,
Fig. 1), as its triplet energy level is optimally suited for efficient
sensitization of Nd3+, Er3+ and Yb3+, but also Eu3+ ions.20,21

For instance, a previously reported [Er(Hbta)3(dppz)] com-
plex (Hbta = benzoyltrifluoroacetone) demonstrated increased
NIR emission compared to analogous complexes synthesized
with the Hbta ligand in combination with bipyridine, phenan-
throline, or dipyrido[3,2-d:2’,3’-f]quinoxaline (dpq).24 Multi-
ple investigations report complexes with potential in biologi-
cal applications containing dpq and dppz also with other co-
ligands, including chloride anions with water, nitrate anions,
or tolfenamic acid.25–28 Advancements include the synthesis of
an [Yb(L)3dppz] complex (L = 3,5-heptanedione), exhibiting
strong NIR luminescence. Such complexes were incorporated into
poly(methyl methacrylate) (PMMA) thin films, with potential ap-
plications explored in the biological field.29 Ytterbium(III) com-
plexes, such as [Yb(dppz)(DMF)2Cl3] and [Yb(dppz)(ttfa)3] (Ht-
tfa = 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione), were pur-
posefully designed as NIR bioimaging probes, showing coop-

erative upconversion luminescence for theranostic applications
within the biological phototherapeutic window.30

Polypyridyl ligands like dppz have the intrinsic capability to
interact with DNA tracts, providing advantage in applications
over other suitable chromophores.31–33 This characteristic makes
them ideal candidates for incorporation in NIR luminescent
probes for cellular imaging and diagnostics, particularly when
coupled with specific lanthanides. Many transition metal com-
plexes with dppz have been shown to intercalate into DNA se-
quences,34–39 but this type of interaction has been barely ex-
plored for lanthanides.21 In addition, the reported compounds
are usually not soluble in water or other biocompatible solvents,
which hampers their effective use in biomedical applications. As
a first step toward evaluating the intercalation potential of lan-
thanide complexes, we have developed water-soluble lanthanide
complexes containing a single dppz moiety, taking inspiration
from clinically used MRI contrast agents such as [Gd(DOTA)]
(Fig. 1), as well as related molecules reported by Poole et. al.22

Very recently, two water-soluble luminescent macrocyclic Eu(III)
probes, were reported, able to selectively recognize physiologi-
cal phosphates,23 while macrocyclic luminescent Tb(III) probes
containing amino-acid based antennae were reported to be able
to discriminate between adenine and guanine nucleotides.40 In
this work, we present the non-trivial multistep synthesis of a
novel nonadentate ligand DO3A-dppz (L), along with all feasi-
ble lanthanide complexes of this ligand [Ln.L] (Ln = whole lan-
thanide series except Pm). The formation of all complexes was
confirmed by HRMS, and their structures were characterized by
single-crystal X-ray diffraction analysis (SCXRD), revealing an in-
teresting coordination behavior consistent with lanthanide con-
traction. Furthermore, we report a detailed luminescence study
of the NIR-emitting complexes [Nd.L], [Er.L] and [Yb.L], as well
as the visible-emitting [Eu.L]. The stability of the complexes was
evaluated by UV-Vis spectroscopy, and the interaction potential
with DNA was tested by a fluorescence study using the [Yb.L]
complex and calf-thymus DNA (CT-DNA) as as model.

2 Results and discussion
Synthetic modifications to polypyridyl ligands are generally chal-
lenging, due to the limited solubility of various intermediates or
the final compounds. Another obstacle lies in controlling the site
of the intended modification, which – together with the separa-
tion of various byproducts – makes these synthetic steps particu-
larly demanding. Nevertheless, we have managed to adapt and
optimize procedures reported for similar molecules,21,22,41 en-
abling the full characterization of several new intermediates lead-
ing to the final complexes (Scheme 1). Key steps in this synthesis
route are the preparation of Me-phen, O=Me-dppz and Br-Me-
dppz.

The first step in our synthetic route involved the introduction
of a methyl group in the correct position on 1,10-phenanthroline,
achieved via a two-step reaction with methyllithium and subse-
quently MnO2

22,41. Cooling the reaction in the first step to -
78 °C using dry ice significantly increased the yield to more than
80%, compared to about 20% achieved at 0 °C. Moreover, with
a high share of the desired product in the reaction mixture, crys-
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Scheme 1 Synthesis of [Ln(DO3A-dppz)], [Ln.L] complexes (Ln = all lanthanides except of Pm, DO3A = 1,4,7,10-tetraazadodecane-1,4,7-triacetic
acid, dppz = dipyrido[3,2-a:2’,3’-c]phenazine.)

tallization directly from the final filtrate was observed. SCXRD
analysis of the resulting crystals revealed a previously unreported
solvate of Me-phen, incorporating water molecules in the struc-
ture. Presumably, residual solvent moisture or environment hu-
midity was sufficient to induce growth of the crystals with sta-
bilization by hydrogen bonds (Fig. 2a). In fact, this approach
provides a simple way of isolating pure Me-phen without the ne-
cessity for chromatography, easily separating minor amounts of
unreacted phenanthroline or the double-methylated derivative.
If the separation of byproducts has been done properly with Me-
phen, recrystallization of the crude Me-phendione solid yields a
clean product. Additionally, Me-dppz is better soluble than its
unmodified counterpart dppz, reducing the yield and efficiency
of collecting the product by recrystallization. Nevertheless, this
stage represents the last moment to reliably control the output
before the purity can be anchored again with the formation of
Br-Me-dppz.

Fig. 2 a) Display of potential O–H· · ·N hydrogen bonds between a water
molecule and Me-phen. Hydrogen atoms of Me-phen are omitted for clar-
ity. b) Molecular structure of Br-Me-dppz. The DCM solvate molecule
is omitted.

A stepwise redox approach was selected instead of direct halo-
genation of the methyl group, considering the risk of preferen-
tial halogenation of other positions.22,42 The synthesis of O=Me-
dppz requires careful attention due to the relative ease of overox-
idation by SeO2 to the corresponding carboxylic acid. Excess of
SeO2, or significant amounts of unfiltered Se salts and other pre-
cipitates from the reaction, can render future processing impossi-
ble, especially after the following reduction with NaBH4. In case
overoxidized product or other solid materials are present, the re-
duction reaction yields an insoluble amorphous purple material.
All these complications also hamper effective purification of these
intermediates, what makes usage of crude materials more reason-
able. However, when these steps are performed correctly, the ex-
change of a hydroxy group for a halogen is not posing a significant
problem. With increased solubility of Br-Me-dppz, the remaining
salts and byproducts from the previous reactions, including un-
reacted Me-dppz, can be effectively removed at this stage using
either silicagel or reverse-phase chromatography. Purity of the re-
sulting material also provides an opportunity for crystallization,
facilitating structural confirmation by SCXRD (Fig. 2b).

Following alkylation of tBu-DO3A and deprotection of the ac-
etates using trifluoroacetic acid (TFA) proceeded as expected,
consistent with the multiple usages of these reactions. The struc-
ture of tBu-DO3A-dppz could even be determined (Fig. S1†).
However, neither the final ligand nor the complexes [Ln.L] could
be purified using ionic exchangers, probably due to interaction
between the dppz moiety and the active groups of the exchanger.
As such, the ligand was used directly after deprotection, with-
out additional purification, for complexation. The final reverse-
phase chromatography was performed without addition of TFA,
avoiding the presence of salts in the freeze-dried material of the
complexes [Ln.L]. Formation of the complexes was confirmed by
HRMS, and crystal structures of all complexes were obtained by
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recrystallization from MeOH.

Fig. 3 Coordination environment of the [Nd.L], exhibiting nonadentate
coordination in a capped twisted-square-antiprismatic (TSA) isomer. Hy-
drogen atoms are omitted for clarity.

SCXRD analysis shows that the complexes crystallize in the
centrosymmetric monoclinic space groups P21/c or P21/n. The
length of the a axis varies in a narrow interval from 8.5586(2) Å
to 8.6137(2) Å, whereas the c axis shows a larger variation be-
tween 27.3149(3) Å and 29.2955(7) Å, with the general trend
of decreasing with smaller Ln ionic radii. In contrast, a clear
trend can be observed for the b axis, increasing in length from
16.3922(3) Å for La to 16.6043(3) Å for Lu.

As an example, the crystal structure of [Nd.L] will be discussed.
The structure of [Nd.L] (Fig. 3) shows a nonadentate coordina-
tion of the ligand in a typical capped twisted-square-antiprismatic
(TSA) environment. One of the dppz nitrogens, N(8), completes
the coordination plane formed by the acetate oxygens, while an-
other nitrogen, N(7), occupies the capping position. To allow
such coordination, the position of the central atom is slightly ec-
centric relative to the DOTA-like cage. Simultaneously, the rigid
aromatic structure of the dppz moiety adapts through bending
of the pyridyl rings out of the phenazine plane, with dihedral
angles of 7.5° for the pyridyl ring containing N(7), and 8.2° for
the pyridyl ring containing N(8). Bond distances between Nd(1)
and the cyclene nitrogens are 2.718(3), 2.729(3), 2.686(3) and
2.652(3) Å for Nd(1)–N(1–4), respectively. The bond distances to
atoms in the acetate plane (defined by coordinating oxygens and
N(8)) are 2.409(3), 2.388(2) and 2.400(2) Å for Nd(1)–O(1,3,5),
respectively, with a Nd(1)–N(8) bond of 2.609(2) Å. The final co-
ordination bond distance for Nd(1)–N(7) is 2.681(3) Å, complet-
ing the coordination environment.

These values vary across the lanthanide series, with dihe-

dral angles of the pyridyl planes in the [La.L] complex being
6.3° and 8.0°, and increasing to 8.8° and 9.9° in the case of
[Lu.L]. The bond distances follow the general trend accord-
ing to typical lanthanide contraction. For example, in [La.L],
the La(1)–N(1–4) distances are 2.767(3), 2.800(3), 2.736(4)
and 2.711(4) Å respectively. The La(1)–O(1,3,5) distances are
2.460(3), 2.435(3) and 2.460(3) Å respectively, with a La(1)–
N(8) bond of 2.661(4) Å and a La(1)–N(7) bond of 2.710(4) Å.
In case of [Lu.L], the Lu(1)–N(1–4) bond distances are 2.635(7),
2.726(7), 2.627(8) and 2.581(6) Å respectively, the Lu(1)–
O(1,3,5) distances are 2.289(3), 2.234(2) and 2.248(2) Å re-
spectively, with additional bonds of 2.463(3) Å for Lu(1)–N(8)
and 2.609(3) Å for Lu(1)–N(7) (Table S2†). All lanthanide com-
plexes adopt a nonadentate coordination, however, the prefered
coordination number of the late lanthanides is 8. To compen-
sate for this coordination number and the lanthanide contraction,
both square-antiprismatic (SA) and TSA isomers are observed in
the crystal structures of the [Ho.L] to [Lu.L] complexes (Fig. 4
and Fig. S3, S4†) in the form of both ring conformations,43

whereas only the TSA isomer is observed up to Dy. Moreover, the
share of the SA isomer is increasing with decreasing ionic radii,
reaching up to 45% in the Lu complex. Therefore, the trend in
Ln-N(1–4) bond distances is less clear, with almost similar val-
ues accross the [Ho.L] to [Lu.L] structures, for both TSA and
SA conformations. However, for the coordinating atoms in the
acetate plane, the decreasing trend for the Ln(1)–O(1,3,5) and
Ln(1)–N(8) bond distances is still clear, with a highest Ho(1)–
O(1) distance of 2.332(3) Å and a lowest Lu(1)–O(3) distance
of 2.234(2) Å, while the Ho(1)–N(8) distance of 2.514(3) Å de-
creases gradually towards a Lu(1)–N(8) distance of 2.463(3) Å
(Table S2†).

Interestingly, not all single crystals exhibited the same behavior
while manipulated for SCXRD data collection. Although all crys-
tals were looking similar in their crystallization conditions, those
of the complexes from La up to Tb remained stable when manip-
ulated in Paratone® N oil. On the contrary, only a small fraction
of crystals of the complexes from Dy to Lu retained their single
crystallinity in the oil, while the majority of these crystals lost
their integrity within several minutes. We hypothesize that the
relative share of the SA isomer in the crystals determines their
resilience towards migration of oil or residual methanol through
the solvent channels in the respective structures (Fig. S5, S6†),
hence increasing durability of the single-crystalline phase outside
of the crystallization conditions.

A photoluminescence study of the obtained solid complexes
provides excitation and emission spectra of [Nd.L], [Er.L], [Yb.L]
and [Eu.L] (Fig. 5 and Fig. 6, respectively), as these central ions
are compatible with efficient sensitization by dppz due to their
low-lying accepting levels. The photoluminescence of the com-
plexes in aqueous solution was also recorded (Fig. S7†). The
results are in accordance with previously reported Ln-dppz com-
plexes.21 In all cases, the excitation spectra display a broad band
extending from approximately 260 nm to 430 nm, with a maxi-
mum around 396 nm (399, 393 and 396 nm for [Nd.L], [Er.L] and
[Yb.L], respectively). Emission of the complexes was observed at
RT after excitation at 390 nm. In case of [Nd.L], three distinc-
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tive peaks are visible with maxima at 879 nm (4F3/2 → 4I9/2),
1056 nm (4F3/2 → 4I11/2) and 1330 nm (4F3/2 → 4I13/2). The
[Er.L] complex shows a characteristic NIR peak in the range of
1400 – 1650 nm, with a maximum at 1535 nm (4I13/2 → 4I15/2),
whereas the [Yb.L] spectrum shows an emission peak in the range
of 850 – 1060 nm, with a maximum at 979 nm (2F5/2 → 2F7/2).

The excitation and emission spectra of the [Eu.L] complex are
presented in Fig. 6. The Eu3+ ion is known as a powerful spec-
troscopic probe, providing additional insight into the complexes’
coordination environment. In the excitation spectrum, the broad
excitation band originating from the dppz ligand ranges from 300
to 450 nm, but it shows a remarkably high intensity in the 380–
430 nm range. This indicates a superior dppz → Ln3+ energy-
transfer efficiency when Ln = Eu compared to the other lan-
thanide complexes, likely due to a closer energetic match between
the dppz donating levels and the Eu3+ accepting levels. The
energy-transfer pathways in these complexes will be discussed
in more detail later. In the emission spectra, all Eu3+ emissions
arising from the lowest excited energy level 5D0 → 7F0−4 transi-
tions were assigned. The Eu3+ ion is inserted into a nonadentate
coordination site, similar to that of Nd3+ (Fig. 3), i.e. a capped
twisted-square-antiprismatic (TSA) site with C4v symmetry. In
this symmetry, the hypersensitive 5D0 → 7F2 transition is expected
to show a maximum of three Stark splitting bands, since the 5D0

level is non-degenerate.44 However, five peaks are clearly visible
(inset in Fig. 6). The first hypothesis raised was that Eu3+ was in-
serted in two (or more) sites with different symmetries. Nonethe-
less, this does not seem to be the case, as the 5D0 → 7F0 transition
appears as a very sharp, single peak with no distortions or shoul-
ders, indicating the presence of a single symmetry site. This is
expected since the TSA → SA isomer transition occurs only for
complexes of heavier lanthanide ions (from Dy to Lu). There-
fore, the most plausible explanation is that Eu3+ experiences mi-
crosymmetry distortions45 of the C4v site. The bond distances

observed for the Nd3+ complex vary significantly from 2.388 Å
[Nd(1)–O(3)] to 2.729 Å [Nd(1)–N(2)], corresponding to a vari-
ation of 12.5% in bond length due to the different donor atoms
(N and O) coordinated to Nd3+. The dihedral angles also vary
when decreasing the Ln3+ radius along the La–Lu series. There-
fore, the additional Stark splitting observed in the Eu3+ emission
is a consequence of the strongly distorted TSA site, which deviates
from perfect C4v symmetry. Interestingly, the comparable inten-
sities between the magnetic-dipole-allowed 5D0 → 7F1 transition
and the hypersensitive 5D0 → 7F2 transition indicate that the site
distortion does not significantly reduce the local symmetry (e.g.
C4v →C1). Otherwise, the 5D0 → 7F2 emission would be relatively
much more intense. Similar 5D0 → 7F0 / 5D0 → 7F2 intensity ra-
tios were found for analogous SSS-∆ and RRR-∆ EuPh3DPQ com-
plexes, which also possess nonadentate capped TSA sites,22 al-
though no direct band-splitting comparison can be made since
those are enantiomeric compounds.

Luminescence decay times were subsequently measured. While
the results for [Nd.L] and [Er.L] are not considered reliable due
to the expected short lifetimes and limitations of the used elec-
tronics, [Yb.L] provides an acceptable result (Fig. S8†). The de-
cay curve was well fitted with a monoexponential function, in-
dicating the presence of a single emissive entity in the sample,
and the decay time was determined to be 5.0 µs. This hypothe-
sis is corroborated by the non-convergence of the biexponential
fitting to the same data points. To further explore this hypothe-
sis, photoluminescence decay curves of the [Eu.L] complex were
measured in both solid-state (single crystal) and aqueous solu-
tion (Fig. S9†). After excluding the first data points (0–0.2 ms)
that correspond to the instrument response function (IRF) dom-
inated by the pulsed Xe lamp’s flash profile, a monoexponential
fit (R2 = 0.998) was obtained for the [Eu.L] single crystals. This
decay profile (τ = 601 µs) demonstrates that the Eu3+ ions are
occupying a single symmetry site in the DO3A-dppz complex,

Fig. 3 Coordination environment of the [Nd.L], exhibiting nonadentate
coordination in a capped twisted-square-antiprismatic (TSA) isomer. Hy-
drogen atoms are omitted for clarity.

angles of 7.5° for the pyridyl ring containing N(7), and 8.2° for
the pyridyl ring containing N(8). Bond distances between Nd(1)
and the cyclene nitrogens are 2.718(3), 2.729(3), 2.686(3) and
2.652(3) Å for Nd(1)–N(1–4), respectively. The bond distances to
atoms in the acetate plane (defined by coordinating oxygens and
N(8)) are 2.409(3), 2.388(2) and 2.400(2) Å for Nd(1)–O(1,3,5),
respectively, with a Nd(1)–N(8) bond of 2.609(2) Å. The final
coordination bond distance for Nd(1)–N(7) is 2.681(3) Å, com-
pleting the coordination environment. These values vary across
the lanthanide series, with dihedral angles of the pyridyl planes
in the [La.L] complex being 6.3° and 8.0°, and increasing to 8.8°
and 9.9° in the case of [Lu.L]. The bond distances follow the gen-

eral trend according to typical lanthanide contraction. For exam-
ple, in [La.L], the La(1)–N(1–4) distances are 2.767(3), 2.800(3),
2.736(4) and 2.711(4) Å respectively. The La(1)–O(1,3,5) dis-
tances are 2.460(3), 2.435(3) and 2.460(3) Å respectively, with
a La(1)–N(8) bond of 2.661(4) Å and a La(1)–N(7) bond of
2.710(4) Å. In case of [Lu.L], the Lu(1)–N(1–4) bond distances
are 2.635(7), 2.726(7), 2.627(8) and 2.581(6) Å respectively, the
Lu(1)–O(1,3,5) distances are 2.289(3), 2.234(2) and 2.248(2) Å
respectively, with additional bonds of 2.463(3) Å for Lu(1)–N(8)
and 2.609(3) Å for Lu(1)–N(7).

Interestingly, not all single crystals exhibited the same behavior
while manipulated for SCXRD data collection. Although all crys-
tals were looking similar in their crystallization conditions, those
of the complexes from La up to Tb remained stable when manip-
ulated in Paratone® N oil. On the contrary, only a small fraction
of crystals of the complexes from Dy to Lu retained their single
crystallinity in the oil, while the majority of these crystals lost
their integrity within several minutes. All lanthanide complexes
adopt a nonadentate coordination, however, the prefered coordi-
nation number of the late lanthanides is 8. To compensate for
this coordination number and the lanthanide contraction, both
square-antiprismatic (SA) and TSA isomers are observed in the
crystal structures of the Ho - Lu complexes (Fig. 4 and S2†) in the
form of both ring conformations,40 whereas only the TSA isomer
is observed up to Dy. Moreover, the share of the SA isomer is in-
creasing with decreasing ionic radii, reaching up to 45% in the Lu
complex. We hypothesize that the relative share of the SA isomer
in the crystals determines their resilience towards migration of oil
or residual methanol through the solvent channels in the respec-
tive structures (Fig. S3, S4†), hence increasing durability of the
single-crystalline phase outside of the crystallization conditions.

A photoluminescence study of the obtained solid complexes
provides excitation and emission spectra of [Nd.L], [Er.L], [Yb.L]
and [Eu.L] (Fig. 5 and S5†), as these central ions are compati-
ble with efficient sensitization by dppz due to their low-lying ac-
cepting levels. The results are in accordance with previously re-
ported Ln-dppz complexes.21 In all cases, the excitation spectra
display a broad band extending from approximately 260 nm to

Fig. 4 a) Molecular structure of [Nd.L], composed purely of TSA isomer. b) Schematic representation of isomer development throughout the Ln
series. Up to [Dy.L], only the TSA isomer is present, while from [Ho.L] to [Lu.L], the share of the SA isomer increases towards 45%. c) SA isomer of
the [Yb.L] complex, with the new conformation of the cyclene ring emphasized in orange and dark blue. In all cases, hydrogen atoms are omitted for
clarity.
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Fig. 5 Combined excitation and emission spectra of [Nd.L], [Er.L] and [Yb.L] complexes. Emission spectra were recorded after excitation at 390 nm.

Fig. 6 Combined excitation (blue) and emission (red) spectra of the
[Eu.L], recorded using the sample in powder form. The emission spectrum
was registered with a step size of 0.2 nm, and the Eu3+ 5D0 → 7F0−4
transitions were assigned, showing the wavelength corresponding to the
highest intensity for each transition. The inset shows a zoom on the
5D0 → 7F2 transition.

which corroborates the single, very sharp 5D0 → 7F0 peak ob-
served in its emission spectrum (Fig. 6). To expand the Eu[DO3A-
dppz] excited-state characterization, photoluminescence decay
curves were also recorded for the complex dissolved in water
(1 mg ml−1). A biexponential behavior was observed in this case.
A first explanation for this phenomenon would be the higher mo-
bility of the complex, showing higher degrees of freedom in solu-
tion compared to the single-crystal form. However, such an effect
would be identical to all [Eu.L] molecules, and thus the lumi-
nescence decay curve would still be monoexponential. A second
hypothesis would be the presence of two species of [Eu.L] in so-
lution, i.e., the pristine nonadentate form, and one with a higher
coordinating number around the Eu3+, to which H2O molecules
would be bound. The extra H2O molecules in the inner coordina-
tion sphere could account for the extra vibronic quenching of the
excited states, as observed from the curves in Figure S9. The same
behavior could be expected for the NIR-emitting complexes in so-
lution since the coordination chemistry among Ln3+ ions is very
similar, but it is worth considering that the nonadentate form is

still dominant over the higher-coordinated one, as no changes in
the Eu3+ 5D0 →7 F0 were observed when moving from the [Eu.L]
single crystal to its dissolved counterpart.

To better illustrate the energy transfer processes happening in
the [Eu(DO3A-dppz)] complex, the construction of a Jablonski di-
agram is necessary. For that, the energies of the singlet (S1) and
triplet (T1) excited states of the DO3A-dppz ligand had to be mea-
sured. Following a previously reported procedure from some of
us,46 the photoluminescence of the analogous [Gd(DO3A-dppz)]
complex, dissolved in an ethanol/methanol mixture (4:1), was
measured at room temperature and at 77 K (Fig. S10†). The rise
of the emission band centered at ∼ 550 nm at low temperature
can be assigned to the triplet excited state, while the broad emis-
sion band 448 to 530 nm is attributed to the singlet excited state.
The lowest wavelengths, i.e. the highest energy values from these
transitions, were then selected to construct the Jablonski diagram
for the [Eu.L] system (Fig. 7). The diagram illustrates that lu-
minescence from both the ligand and the Eu3+ ion is possible,
however, efficient ligand-to-metal energy transfer ensures high
intensity 5D0 →7 F0−4 emissions.

According to the relative positions of the energy levels, two
different energy transfer pathways can be expected in this sys-
tem. The first and more prominent is the T1 →S0 [DO3A-dppz]
→ 5F0 →5 D1 [Eu3+], i.e. exciting the 5D1 level of the Eu3+.47 The
second would be the T1 →S0 [DO3A-dppz] → 5F1 →5 D0 [Eu3+].
Direct 5F0 →5 D0 sensitization is forbidden by selection rules, but
at room temperature, there is a non-negligible electron popula-
tion on the 7F1 level, which allows a 5F1 →5 D0 sensitization.48

Moreover, a direct transition from the S1 state cannot be ruled
out, as the energy transfer rates for the S1 → S0 [DO3A-dppz]
→ 5F1 →5 G2 [Eu3+] pathway have been reported with just one
order of magnitude lower (∼107 s−1) compared to T1-based path-
ways (∼108 s−1).48 These results are corroborated by the absence
of Tb3+ emission in the [Tb(DO3A-dppz)] complex (not shown),
since the Tb3+5D4 state lies in much higher energy compared to
the Eu3+ 5D0 state.49

All complexes are moderately soluble in water, with a maxi-
mal solubility of 4 mg ml−1. To asses their potential for biomedi-
cal applications, the stability of the complexes was tested by UV-
Vis spectroscopy, incubating [Eu.L], as an example, in Tris-HCl
buffer at 37 °C. The obtained results show sufficient stability of
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Fig. 7 Jablonski diagram illustrating the energy absorption by the DO3A-dppz ligand (S0 → S1, upward purple arrow), the subsequent S1 → T1
intersystem crossing (ISC, dashed curved arrow), followed by energy transfer (ET, dashed green arrow) to the Eu3+ ion, finally leading to the
5D0 → 7F0−4 emissions (downward red arrows). The downward blue arrow represents the emission from the DO3A-dppz ligand, and the different
ligand-to-Eu3+ ET pathways are highlighted. The energies of the S1 and T1 levels were extracted from Fig. S10†.

the complex in the Tris-HCl buffer (Fig. 8), as no significant spec-
tral changes are observed over a period of 24 h. The major peak
at 277 nm can be assigned to a ligand-centered π → π∗ transition,
while additional peaks at 363 nm and 381 nm related to n → π∗

transitions.21,25

The NIR-emitting [Nd.L] complex was selected as a represen-
tative of the series to investigate its interaction with DNA, using
a SYBR Green I displacement assay in the presence of CT-DNA in

Fig. 8 UV-Vis absorption spectra of the [Eu.L] complex in 1M Tris-HCl
buffer, pH 7.4, measured at 0, 1, 6 and 24 h of incubation at 37 °C.

Tris-HCl buffer. SYBR Green dyes are widely used dyes in biolog-
ical experiments, posing significantly decreased potential health
risks in comparison with the formerly used ethidium bromide.
These dyes show enhanced emissions when intercalated into DNA
sequences, contrary to their non-interactive free state. Competi-
tion between the presented complexes and SYBR Green I was fol-
lowed by fluorescence spectroscopy. Unfortunately, concentration
of SYBR Green I is proprietary information, precluding detailed
calculations of binding constants.

Our results demonstrate significant interaction of the com-
plex with model CT-DNA (Fig. 9). A final dilution of the SYBR
Green I to a 2× concentrate (see Experimental) was identified
as optimum for effective interaction of the dye with the avail-
able amount of the CT-DNA, while maintaining sufficient fluores-
cent response and effective competition with the complex. Even
though the precise affinity is affected by concentration, a consid-
erable decrease in the emission of SYBR Green I is already ob-
served with initial increments of the complex. Upon addition of
5 µl of the 2.5 mg ml−1 [Nd.L] solution, the integrated SYBR
Green I emission decreased by 7.5%. After adding the total 40 µl
of [Nd.L], the emission dropped to merely 55% of its initial value.
Similar results were found when conducting an analogous exper-
iment with the visible-light-emitting Eu3+ complex (Fig. S11†),
i.e. 8.9% and 47% decrease in the SYBR Green I emission inten-
sity after the addition of 5 and 40 40 µl of the 2.5 mg ml−1 [Eu.L]
solution, respectively. While such decrease in emission cannot be
explained only by the dilution factor of the CT-DNA with incor-
porated dye, smaller steps in emission decrease can be explained

Journal Name, [year], [vol.],1–12 | 7
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by competition between the progressively released dye and the
complex. To verify whether the [Nd.L] can be potentially used as
an NIR DNA probe in solution, simultaneously, the Nd3+ complex
emission was recorded during the experiments. While the SYBR
Green I emission decreases in intensity with subsequent additions
of [Nd.L], the emission intensity of the Nd3+ complex increases in
a linear trend as a function of their concentration in the environ-
ment. These results further validate the CT-DNA – SYBR Green
I intercalation mechanism and the replacement of SYBR Green I
molecules by [Nd.L], confirming the potential use of the [Nd.L]
as NIR probe.

Concentration [Nd.L] 
(mg ml-1)

0
0.008
0.017
0.025
0.033
0.041
0.049
0.057
0.065

Concentration [Nd.L] 
(mg ml-1)

0
0.008
0.017
0.025
0.033
0.041
0.049
0.057
0.065

Fig. 9 (Top) Decrease in the emission of SYBR Green I with the addition
of the [Nd.L] complex, demonstrating the competition between the SYBR
Green I dye and the [Nd.L] complex. (Bottom) Increase in the [Nd.L]
emission intensity as a function of its concentration.

3 Experimental

3.1 Ligand and complex synthesis

A modified approach to the reported procedures was per-
formed in synthesis steps leading towards the obtained com-
plexes,21,22,41 tBu-DO3A·HBr was synthesized according to a
previously reported procedure.50 Details for the synthesis of
the reported molecules 2-methyl-1,10-phenanthroline and 2-
methyl-1,10-phenanthroline-5,6-dione are provided in the SI†.
1H and 13C NMR spectra were recorded at room temper-
ature using Bruker Avance I 300 MHz and Bruker Avance
II 400 MHz spectrometers. Chemical shifts are reported
in ppm and are referenced to the internal standard TMS
(δH = δC = 0.00 ppm) or residual solvent peaks of CDCl3
(δH = 7.26 ppm, δC = 77.16 ppm) and D2O (δH = 4.79 ppm).
Coupling constants J are written in Hz units with 1 decimal point
accuracy for 1H spectra. Mass spectra were obtained by direct
injection on an Agilent 1100 Series HPLC and on an Agilent
6220A time-of-flight HRMS using an ESI/APCI-multimode ioniza-
tion source. All 1H, 13C NMR and (HR)MS spectra can be found
in the SI†.

3-methyl-dipyrido[3,2-a:2’,3’-c]phenazine (Me-dppz). o-
phenylenediamine (670 mg, 6.20 mmol) was dissolved in
20 ml of absolute EtOH and added to a stirred solution of the
Me-phendione (1.40 g, 6.20 mmol) in 80 ml of absolute EtOH
at reflux. The reaction mixture was refluxed for 4 h. After
cooling down, the solution was concentrated by evaporation and
the product was recrystallized from absolute EtOH. Off-white
powder was collected, washed by diethyl ether and dried in
a vacuum oven (1.40 g, 76%). 1H NMR (400 MHz, CDCl3):
δ = 2.98 (s, 3H, CH3), 7.62 (d, 1H, J = 8.2 Hz, H2), 7.74 (dd,
1H, J = 8.1, 4.5 Hz, H7), 7.87 (m, 2H, H10 and H13), 8.27
(m, 2H, H11 and H12), 9.27 (dd, 1H, J = 4.5, 1.8 Hz, H6),
9.43 (d, 1H, J = 8.2 Hz, H1), 9.57 (dd, 1H, J = 8.1, 1.8 Hz,
H8). 13C{1H} NMR (100 MHz, CDCl3): δ = 25.9 (CH3), 123.9
(C7), 124.6 (C2), 125.3 (Cq2), 127.6 (Cq5), 129.5 (C12), 129.6
(C11), 130.4 (C10), 130.6 (C13), 133.9 (C1), 134.0 (C8), 140.9
(Cq4), 141.3 (Cq3), 142.3 (Cq7), 142.5 (Cq8), 147.9 (Cq1),
148.4 (Cq6), 152.7 (C6), 162.3 (C3). HRMS(+): 297.1142
([M+H]+ calc. 297.1135).

3-carboxyaldehyde-dipyrido[3,2-a:2’,3’-c]phenazine
(O=Me-dppz). Me-dppz (900 mg, 3.04 mmol) was dis-
solved in 250 ml 1,4-dioxane. Selenium(IV) dioxide (337 mg,
3.04 mmol, 1 eq.) was added and the reaction mixture was
stirred for 4 h at reflux. After cooling down to RT, the mixture
was filtered over celite, solvents evaporated and the obtained
crude solid was used for the next step without extra purification
(890 mg, 94%). 1H NMR (400 MHz, CDCl3): δ = 7.84 (dd,
1H, J = 8.1, 4.4 Hz, H7), 7.96 (m, 2H, H11 and H12), 8.35 (m,
2H, H10 and H13), 8.40 (d, 1H, J = 8.2 Hz, H1), 9.33 (dd, 1H,
J = 4.4, 1.8 Hz, H6), 9.64 (dd, 1H, J = 8.1, 1.8 Hz, H8), 9.79
(dd, 1H, J = 8.2, 0.9 Hz, H2), 10.61 (d, 1H, J = 0.9 Hz, CHO).
13C{1H} NMR (100 MHz, CDCl3): δ = 121.1 (C1), 124.8 (C7),
128.2 (Cq5), 129.7 (C13), 129.9 (C10), 130.8 (Cq2), 131.2
(C12), 131.6 (C11), 134.1 (C8), 135.4 (C2), 140.2 (Cq3), 141.5

8 | 1–12Journal Name, [year], [vol.],
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(Cq4), 142.7 (Cq8), 143.0 (Cq7), 147.7 (Cq6), 148.5 (Cq1),
153.0 (C6), 154.1 (C3), 193.9 (CHO). HRMS(+): 311.0931
([M+H]+ calc. 311.0927).

3-hydroxymethyl-dipyrido[3,2-a:2’,3’-c]phenazine
(OH-Me-dppz). Crude material from the previous step
(880 mg, 2.84 mmol) was dissolved in 240 ml CHCl3 and
absolute EtOH mixture (2:1, v/v). Sodium borohydride (215 mg,
5.68 mmol, 2 eq.) was added and the reaction mixture was
stirred for 3 h at reflux. After cooling down, the solvents were
evaporated, the residue was dissolved in 200 ml CHCl3 and
washed twice with 100 ml 10% Na2CO3. The organic part was
dried using anhydrous sodium sulfate, solids were separated, and
the filtrate evaporated to give a pale pink solid (816 mg, 92%),
which was used in the next step without further purification.
1H NMR (400 MHz, CDCl3): δ = 5.22 (s, 1H, CH2), 7.75 (dd,
1H, J = 8.1, 4.5 Hz, H7), 7.85 (d, 1H, J = 8.3 Hz, H2), 7.90 (m,
2H, H10 and H13), 8.28 (m, 2H, H11 and H12), 9.20 (dd, 1H,
J = 4.5, 1.8 Hz, H6), 9.51 (d, 1H, J = 8.3 Hz, H1), 9.56 (dd,
1H, J = 8.1, 1.8 Hz, H8). 13C{1H} NMR (100 MHz, CDCl3):
δ = 65.9 (CH2), 121.6 (C2), 124.2 (C7), 126.5 (Cq2), 127.8
(Cq5), 129.6 (C12), 129.6 (C11), 130.7 (C13), 130.8 (C10),
134.1 (C8), 134.5 (C1), 140.8 (Cq6), 141.0 (Cq1), 142.4 (Cq7),
142.6 (Cq8), 147.3 (Cq4), 148.0 (Cq3), 152.4 (C6), 163.6 (C3).
HRMS(+): 313.1081 ([M+H]+ calc. 313.1084).

3-bromomethyl-dipyrido[3,2-a:2’,3’-c]phenazine
(Br-Me-dppz). Material from the previous step (800 mg,
2.56 mmol) was dissolved in 240 ml of CHCl3. Phosphorus tri-
bromide (0.73 ml, 7.68 mmol, 3 eq.) was diluted in 5 ml CHCl3
and dropwise added to the reaction mixture at reflux, forming a
precipitate and turning the reaction mixture violet. The reaction
was left to stir for 4 h at reflux temperature, resulting in a dark
yellow solution without any visible precipitate. After cooling
down, 150 ml of 10% Na2CO3 was added, organic phase was sep-
arated, and the water phase was extracted by 2×100 ml CHCl3.
Organic phases were combined, dried by anhydrous sodium
sulfate, solids were separated and the filtrate was evaporated.
The crude residue was purified by column chromatography
on silica (1% MeOH:DCM isocratic solution; Rf = 0.3, 5%
MeOH:DCM), yielding a colorless solid of Br-Me-dppz (355 mg,
37%). 1H NMR (400 MHz, CDCl3): δ = 5.01 (s, 1H, CH2), 7.81
(dd, 1H, J = 8.1, 4.5 Hz, H7), 7.94 (m, 2H, H10 and H13), 8.04
(d, 1H, J = 8.3 Hz, H2), 8.37 (m, 2H, H11 and H12), 9.33 (dd,
1H, J = 4.5, 1.8 Hz, H6), 9.68 (dd, 1H, J = 8.1, 1.8 Hz, H8),
9.69 (d, 1H, J = 8.3 Hz, H1). 13C{1H} NMR (100 MHz, CDCl3):
δ = 34.3 (CH2), 124.4 (C7), 124.8 (C2), 127.0 (Cq2), 128.0
(Cq5), 129.7 (C12), 129.7 (C13), 131.0 (2C, C10 and C13),
134.4 (C8), 135.2 (C1), 140.7 (Cq4), 140.9 (Cq3), 142.6 (Cq8),
142.7 (Cq7), 147.7 (Cq1), 147.7 (Cq6), 152.5 (C6), 160.1 (C3).
HRMS(+): 375.0227 ([M+H]+ calc. 375.0240).

1-(3-Methyl-dipyrido[3,2-a:2’,3’-c]phenazine)-4,7,10-
tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecane
(tBu-DO3A-dppz). tBu-DO3A·HBr (476 mg, 0.80 mmol) was
dissolved in 60 ml MeCN, followed by addition of potassium
carbonate (663 mg, 4.80 mmol, 6 eq.) and a catalytic amount
of KI (0.5 mg). Br-Me-dppz (300 mg, 0.80 mmol, 1 eq.) was

dissolved in 60 ml DCM and added to the reaction mixture,
which was stirred at 60 °C overnight. Next day, after cooling to
RT, the mixture was filtered over celite, the solids were washed
by DCM and the solvents from the filtrate were evaporated.
The crude product was purified by reverse-phase flash column
chromatography (C18 column, A: H2O with 0.1% TFA, B: MeCN
with 0.1% TFA, gradient elution of A:B 100:0 to 0:100 over
25 min at 50 ml min−1, PDA detection), giving an off-white
solidifying oil (705 mg, 85%, calc. with tBu-DO3A-dppz · 2TFA).
1H NMR (400 MHz, CDCl3): δ = 1.11 (s, 18H, CH3), 1.48 (s,
9H, CH3), 2.48 (br m, 4H, CH2 ring), 2.70 (br m, 6H, CH2 ring),
2.86 and 2.90 (s & s, 4H, CH2), 3.11 (br m, 6H, CH2 ring), 3.49
and 3.53 (s & s, 2H, CH2), 4.12 (br s, 2H, dppz-CH2), 7.81 (d,
1H, J = 8.3 Hz, H2), 7.83 (dd, 1H, J = 8.1, 4.5 Hz, H7), 7.96
(m, 2H, H10 and H13), 8.36 (m, 2H, H11 and H12), 8.89 (dd,
1H, J = 4.5, 1.8 Hz, H6), 9.64 (d, 1H, J = 8.3 Hz, H1), 9.64 (dd,
1H, J = 8.1, 1.8 Hz, H8). 13C{1H} NMR (100 MHz, CDCl3):
δ = 27.9 (CH3), 28.2 (CH3), 29.8 (C tBu), 29.8 (C tBu), 56.2
(CH2 ring), 57.4 (CH2 ring), 60.4 (CH2 ring), 81.8 (CH2 ac),
82.8 (CH2 ac), 124.2 (C7), 124.4 (C2), 126.7 (Cq), 128.3 (Cq),
129.7 (C12), 129.7 (C13), 131.1 (C10) , 131.2 (C13), 134.6
(C8), 134.9 (C1), 140.7 (Cq), 140.9 (Cq), 142.7 (Cq), 142.8
(Cq), 147.3 (Cq), 147.8 (Cq), 152.1 (C6), 161.8 (C3), 172.8
(CH2 dppz). HRMS(+): 809.4699 ([M+H]+ calc. 809.4709).

1-(3-Methyl-dipyrido[3,2-a:2’,3’-c]phenazine)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane
(DO3A-dppz, L). tBu-DO3A-dppz material from the previ-
ous step (141 mg, 0.136 mmol) was dissolved in 40 ml DCM,
followed by addition 20 ml of trifluoroacetic acid. The mixture
was stirred overnight at RT. Next day, the solvents were evap-
orated and the residue was redissolved and evaporated 3×20
ml DCM to remove excess of solvents and byproducts. The
crude residue was used without further purification in the next
step (137 mg, DO3A-dppz · xTFA). 1H NMR (400 MHz, D2O):
δ = 2.74 – 3.90 (br m, 24H, CH2 alkyl), 7.81 (br s, 4H, ar), 8.06
(br s, 1H, ar), 8.28 (br s, 1H, ar), 8.86 (br s, 1H, ar), 9.15 (br
s, 1H, ar), 9.51 (br s, 1H, ar). MS(+): 641.2 ([M+H]+ calc.
641.3).

General procedure of the synthesis of 1-(3-methyl-
dipyrido[3,2-a:2’,3’-c]phenazine)-4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane lanthanide complex
([Ln(DO3A-dppz)], Ln.L). Material from the previous step was
dissolved in 80 ml of H2O:MeOH (1:1, v/v) mixture, and 20 ml of
the mixture with the DO3A-dppz ligand (0.034 mmol) was trans-
ferred to a flask with 1.5 eq of the corresponding LnCl3·6H2O
(approx. 20 mg). The pH of the solution was adjusted to 5.5
using 1M KOH, and the reaction was stirred overnight at 80 °C,
with readjustment of the pH to 5.5, if necessary. Next day, the
pH was increased to 10 and the reaction was left to stir for 1 h.
After cooling down, solids were filtered off by a syringe filter, the
volatiles from the filtrate were evaporated, and the residue was
purified by reverse-flash column chromatography (C18 column,
A: H2O, B: MeOH, gradient change of A to B over 5 min, at
50 ml min−1, PDA detection). The fractions containing the final
complex were combined, organic solvents were removed and the
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residue was freeze-dried to obtain a powder of the respective
[Ln(DO3A-dppz)] complex.

[La(DO3A-dppz)] Yellow powder (17.4 mg, 66%).
HRMS(+): 777.1695 ([M+H]+ calc. 777.1659).

[Ce(DO3A-dppz)] Yellow powder (19.1 mg, 72%).
HRMS(+): 778.1646 ([M+H]+ calc. 778.1650).

[Pr(DO3A-dppz)] Off-white powder (16.9 mg, 68%).
HRMS(+): 779.1676 ([M+H]+ calc. 779.1672).

[Nd(DO3A-dppz)] Off-white powder (16.3 mg, 61%).
HRMS(+): 780.1654 ([M+H]+ calc. 780.1673).

[Sm(DO3A-dppz)] Off-white powder (20.6 mg, 77%).
HRMS(+): 790.1776 ([M+H]+ calc. 790.1793).

[Eu(DO3A-dppz)] Yellow powder (18.8 mg, 71%).
HRMS(+): 791.1786 ([M+H]+ calc. 791.1808).

[Gd(DO3A-dppz)] Off-white powder (21.4 mg, 79%).
HRMS(+): 796.1799 ([M+H]+ calc. 796.1837).

[Tb(DO3A-dppz)] Off-white powder (18.7 mg, 69%).
HRMS(+): 797.1823 ([M+H]+ calc. 797.1849).

[Dy(DO3A-dppz)] Off-white powder (16.9 mg, 62%).
HRMS(+): 802.1883 ([M+H]+ calc. 802.1888).

[Ho(DO3A-dppz)] Off-white powder (15.5 mg, 57%).
HRMS(+): 803.1894 ([M+H]+ calc. 803.1899).

[Er(DO3A-dppz)] Off-white powder (20.8 mg, 76%).
HRMS(+): 804.1883 ([M+H]+ calc. 804.1899).

[Tm(DO3A-dppz)] Off-white powder (19.2 mg, 70%).
HRMS(+): 807.1917 ([M+H]+ calc. 807.1938).

[Yb(DO3A-dppz)] Off-white powder (18.9 mg, 69%).
HRMS(+): 812.1972 ([M+H]+ calc. 812.1984).

[Lu(DO3A-dppz)] Off-white powder (21.1 mg, 76%).
HRMS(+): 813.1996 ([M+H]+ calc. 813.2004).

3.2 Single-crystal X-ray diffraction

Single crystals of Me-phen were obtained directly from the fil-
trate, single crystals of organic intermediates Br-Me-dppz and
tBu-DO3A-dppz were obtained by a vapor diffusion technique us-
ing a CHCl3/hexane or DCM/pentane combination. Single crys-
tals of the [Ln(DO3A-dppz)] complexes were grown by dissolv-
ing the material at reflux in MeOH and subsequent slow crystal-
lization over the next 1–3 days. Single-crystal X-ray diffraction
data were collected using a Rigaku Oxford Diffraction SuperNova
Dual Source (Cu and Mo) diffractometer, equipped with an Atlas
CCD detector using ω scans and Cu Kα or Mo Kα radiation. Data
reductions were achieved with the Rigaku CrysAlisPro software
(Rigaku Oxford Diffraction).51 The crystal structures were solved
by Intrinsic Phasing using the ShelXT program,52 and the struc-
tures were refined by the full-matrix least-squares method using
the ShelXL program.53 Both ShelXT and ShelXL are implemented
within the Olex2 interface.54 All non-hydrogen atoms were re-
fined anisotropically and hydrogen atoms were fixed geometri-
cally and refined using a riding model. In case of tBu-DO3A-dppz,

one highly disordered trifluoroacetate counterion and 4 DCM sol-
vate molecules were masked, and in case of the final complexes,
4 to 5 highly disordered MeOH molecules were masked using a
Solvent Mask in the Olex2 interface.54 All crystallographic data
can be found in the SI (Table S1†).

3.3 Photoluminescence experiments

Photoluminescence excitation and emission spectra were
recorded on an Edinburgh Instruments FLSP1000 UV/Vis-NIR
spectrofluorometer, using a 450 W xenon lamp as the steady state
excitation source, a Hamamatsu R928P (200–900 nm) detector,
and a Hamamatsu R5509-72 (850–1700 nm) photomultiplier op-
erating at -80 °C. Photoluminescence decay curves of the NIR
emitting samples in the microsecond domain were obtained by
excitation with a pulsed wavelength-tunable (Carlsbad, CA, USA)
Opotek Opolette 355 LD optical parametric oscillator (OPO) with
a repetition rate of 20 Hz and temporal pulse width of around
6 ns. The time-dependent signal was processed in a multichannel
scaler (MCS). Decay curves of the Eu3+ samples were measured
using an FLSP920 system, equipped with a 150 W pulsed xenon
lamp as the excitation source and a Hamamatsu R928P detector.
The data for the Nd3+ and Er3+ samples were too short to detect
using this system. Photoluminescence excitation and emission
spectra of the Nd3+, Er3+, Yb3+ and Eu3+ complexes were ob-
tained both in the solid-state (powder) and in aqueous solution.

3.4 Stability study

UV-Vis spectra were recorded using an ImplenTM

NanoPhotometerTM NP80 Nano-Volume and Cuvette UV-VIS
Spectrophotometer. 0.5 mg of [Eu.L] was dissolved in 5 ml of
1M Tris-HCl buffer of pH 7.4, and incubated at 37 °C. Aliquot of
300 µl was taken from the stock solution at 0, 1, 6 and 24 h after
the start of incubation, diluted to 3 ml by the buffer solution in
a quartz cuvette with a path length of 10 mm, and the UV-Vis
spectra were recorded in the range of 200 – 900 nm.

3.5 Calf-thymus DNA interaction tests

Commercially available SYBRTM Green I solution in DMSO
(10000× concentrate) was diluted to 100× concentrate by
DMSO, with further dilution to final 2× concentrate using Tris-
HCl buffer (pH 7.4). Stock solution of calf-thymus DNA (Merck,
fibers) was prepared by slowly dissolving 1.33 mg of the CT-DNA
in 1 ml of the Tris-HCl buffer, with further dilution using the Tris-
HCl buffer to a final concentration of 1.33 µg ml−1. The [Nd.L]
and [Eu.L] solutions were prepared by dissolving 1.25 mg of the
compound in 0.5 ml of the Tris-HCl buffer, to a final concentration
of 2.50 mg ml−1. A HELLMA quartz cuvette with a path length of
10 mm was filled with 1.25 ml of the CT-DNA solution, 0.25 ml of
the SYBR Green I solution, and the corresponding amount of the
complex solution, in 5 µl increments. SYBR Green was excited
at 480 nm, and the emission profile was recorded in the range of
500 – 700 nm with an observed maximum at 520 nm. Simulta-
neously, the [Nd.L] (λex = 396 nm) and [Eu.L] (λex = 398 nm)
emission was recorded in the range of 850 – 1400 nm and 500 –
750 nm, respectively.
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4 Conclusions
We have obtained the new ligand DO3A-dppz and synthesized all
feasible lanthanide complexes [Ln(DO3A-dppz)]. All complexes
were successfully characterized by SCXRD, showing the develop-
ment of isomers from [Ho.L] onward. Photoluminescence stud-
ies correlate with the expected results in terms of excitation and
emission for [Nd.L], [Er.L], [Yb.L] and also [Eu.L], achieving the
decay time of 5.3 µs with [Yb.L]. All complexes are weakly soluble
in water, with good stability investigated by incubation in Tris-HCl
buffer. In the end, interaction with the model CT-DNA was proven
by a SYBRTM Green I displacement assay with [Yb.L] as a repre-
sentative of the series. In the future, we plan to co-crystallize se-
lected complexes with DNA oligonucleotides, to prove the poten-
tial of intercalation or other interactions with the DNA fragments.
Other opportunities are modifications to the ligand for further in-
crease in solubility, however, these modifications might bring a
downside in decreased capability of interaction with DNA. Alto-
gether, these complexes are providing opportunities for further
study and development towards utilization in biomedical appli-
cations.
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