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ABSTRACT: Near-infrared (NIR) luminescent lanthanide complexes
hold great promise for practical applications, as their optical properties
have several complementary advantages over organic fluorophores and
semiconductor nanoparticles. The fundamental challenge for lanthanide
luminescence is their sensitization through suitable chromophores. The
use of the metallacrown (MC) motif is an innovative strategy to arrange
several organic sensitizers at a well-controlled distance from a
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lanthanide cation. Herein we report a series of lanthanide “encapsulated

sandwich” MC complexes of the form Ln**[12-MCy, ) quintia-412[24-

MCZH(H),qumHA—8:| (Ln3+[Zn(II)MCquinHA:|) in which the MC framework is formed by the self-assembly of Zn** ions and
tetradentate chromophoric ligands based on quinaldichydroxamic acid (quinHA). A first-generation of luminescent MCs was
presented previously but was limited due to excitation wavelengths in the UV. We report here that through the design of the
chromophore of the MC assembly, we have significantly shifted the absorption wavelength toward lower energy (450 nm). In
addition to this near-visible inter- and/or intraligand charge transfer absorption, Ln**[Zn(II)MC i) exhibits remarkably high
quantum yields, long luminescence lifetimes (CD;0D; Yb**, Q, = 2.88(2)%, Tops = 150.7(2) ps; Nd**, QF, = 1.35(1)%, 7oy, =
4.11(3) pus; Er**, QF, = 3.60(6)-1072%, 74, = 11.40(3) us), and excellent photostability. Quantum yields of Nd** and Er** MCs
in the solid state and in deuterated solvents, upon excitation at low energy, are the highest values among NIR-emitting lanthanide
complexes containing C—H bonds. The versatility of the MC strategy allows modifications in the excitation wavelength and
absorptivity through the appropriate design of the ligand sensitizer, providing a highly efficient platform with tunable properties.

B INTRODUCTION

The specificity of f-f emission signals and long luminescence
lifetimes (ys-ms range)' have made lanthanide ions (Ln**) the
key elements for a large number of novel advanced applications
and technologies.2_6 In particular, the ability of some
lanthanide ions to exhibit characteristic sharp bands in the
near-infrared (NIR) spectral region has stirred an additional
interest for their exciting use in bioanalytical applications and
biological imaging,7_13 in telecommunications,'*"® lasers,
OLED/LED clevices,16 and energy conversion.'”'® The Er’*
ion, with its emission band centered at 1530—1540 nm, is the
best candidate for telecommunications. Biological optical
imaging suffers from several negative effects caused by the
interaction of light with biological media, thereby limiting the
sensitivity of detection, penetration depth, and resolution.
Among these limitations are autofluorescence, high absorption
of hemoglobin in tissue in the visible range, and light scattering.
As a consequence, NIR imaging and bioanalytical applications
are gaining attention, and different luminescent probes have

-4 ACS Publications  © 2014 American Chemical Society

1526

been developed."” With respect to the design of lanthanide-
based luminescent materials, one must take into account the
fact that most of the Ln’* ion’s ff transitions are forbidden.
Consequently, these transitions have low absorption coef-
ficients, and direct population of excited states is only possible
with the help of high-power laser excitation sources. However,
one practical approach is a “sensitization” process also known
as the “antenna effect” which involves embedding lanthanide
ions into an environment (either an inorganic matrix or organic
surroundings) with good light-harvesting properties. Captured
excitation energy is then transferred to the lanthanide ion
which, in turn, lights up with characteristic emission bands.?°
Different NIR luminescent lanthanide molecules and materials
have been created based on mononuclear complexes with
macrocyclic and acyclic ligandsm_23 and, more recently,
nanoparticles,m_26 dendrimers,” ™" mesoporous solids,*>~*
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MOFs,*73* and 3d-4f heterometallic clusters.**”** Quantita-
tive sensitization efficiencies can be achieved;** however,
despite numerous efforts, the highest reported overall quantum
yields for NIR-emitting lanthanide complexes containing C—H
bonds are inferior: 3.8% for Yb*', 0.42% for Nd**, and 0.033%
for E*'>"** Such a large difference compared to visible-
emitting lanthanide complexes, with quantum yields greater
than 80% for Eu** and Tb*,***” can be explained as follows:
small energy gaps between the emitting and first levels of the
ground multiplet for NIR-emitting lanthanides are easily
coupled to the overtone of high-energy oscillations, such as
O—H, N-H, and C—H bonds. Such vibrations are often
present in organic antennae.** An enhancement of lumines-
cence efficiency can be achieved by deuteration**° or
halogenation® ™ of organic ligands but requires significant
synthetic effort.

One promising 3d-4f heterometallic platform that provides
combined sensitization and protection of Ln** ions from
vibrations is a class of supramolecular structures called
metallacrowns (MCs). MCs have a repeating [M—N—-O],
subunit and are named on the basis of their similarities to
classical organic crown ethers, which contain a repeating [C—
C-0], subunit (Chart 1). A [IZ'MCZn(II))quinHA'4:| structure,

Chart 1
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for example, contains a total of twelve atoms in the ring, four
repeating units, Zn>* as the ring metal, and quinaldichydroxa-
mic acid (quinHA) as the organic ligand. In a similar manner to
the classical crown ethers, a central metal atom can be bound to
the inward facing oxygen atoms of the MC ring. Several MCs
have been prepared with different sizes (e.g, 9-MC-3 to 60-
MC-20) and bound metal ions.>* Of particular interest with
respect to luminescence properties are MCs that bind central
lanthanide ions, of which there are several recent exam-
ples.>>™%* More specifically, Ln**[Zn(I[)MC]s have been
shown to exhibit NIR luminescence upon UV excitation
through the chromophore located on the ligand.** In these
structures, a single Ln®" ion is sandwiched between two [12-
MCy, ) picia-4] structures (picHA = picolinehydroxamic acid).
This “sandwich” is further encapsulated by a [24'Mczn(n),picHA'
8] structure. The resulting encapsulated motif, with the formula
Ln3+[12‘MCZn(H),picHA‘4]2[24‘MCZn(11),picHA‘8] (Ln**[Zn(11)-
MCPicHA]), protects the Ln*" ion from interactions with high
energy X-H oscillators (X = N, O, C) nearby, preventing strong
nonradiative deactivation, thereby enhancing the luminescence
signal. However, UV absorption of this family of MCs limits the
scope of practical applications, especially in the field of
biological imaging. In order to shift excitation wavelength
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toward lower energy and to improve the sensitization efficiency,
we report here the design, synthesis, and structural character-
ization of a series of second generation of MCs with the
formula Ln3+[1Z'MCZn(II),quinHA'4]2[24'MCZn(II),quinHA'8]
(Ln3+[Zn(II)MCquinHA], quinHA = quinaldichydroxamic acid,
Ln** = Y, Nd, Eu, Gd, Tb, Dy, Er, Yb) (Figure 1).

Figure 1. X-ray crystal structures of Dy3+[Zn(II)MCq“inHA] viewed
along the (left) a-axis and (right) c-axis.

Photophysical properties of NIR-emitting Nd**, Yb*', and
Er’* complexes have been investigated in detail. Additionally, in
order to gather information about energy transfer processes,
ligand-centered luminescence of Gd3+[Zn(II)MCqmnHA] and
quinHA are exploited.

B EXPERIMENTAL SECTION

Quinaldichydroxamic Acid. Fresh hydroxylamine was prepared
by combining hydroxylamine hydrochloride (12.0 g, 173 mmol) and
potassium hydroxide (11.4 g, 173 mmol) in methanol (200 mL) at 0
°C. The solution was stirred for 20 min, filtered to remove potassium
chloride, and set aside. Meanwhile, quinaldic acid (20.0 g, 116 mmol)
and N-methylmorpholine (14.0 mL, 127 mmol) were combined with
stirring in dichloromethane (300 mL). The solution was cooled to 0
°C at which time ethylchloroformate (12.1 mL, 127 mmol) was added.
The reaction was stirred for 20 min and filtered, and the
hydroxylamine solution was added to the filtrate at 0 °C. The reaction
mixture was allowed to warm to room temperature and stirred for 1.5
h. The volume was reduced to ~200 mL in vacuo, and water (1 L) was
added to induce the precipitation of a white solid. The solid was
collected by filtration and triturated with hot dichloromethane (800
mL) to yield quinaldichydroxamic acid (12.7 g, 58.2%) as a white
powder. Mp 146—148 °C. ESI-MS, calc. for [M + H*], C;;HyN,0,,
189.1; found 189.1; calc. for [M + Na*], C;;HgN,NaO,, 211.0; found
211.1. "H NMR (400 MHz, DMSO-d,) 5 11.51 (s, 1 H), 9.18 (s, 1 H),
8.53 (d, ] = 8.5 Hz, 1 H), 8.09—8.04 (m, 3H),7.84 (m, 1 H), 7.69 (m,
1H). '*C NMR (100 MHz, DMSO-d,) § 161.7, 150.3, 146.0, 137.6,
130.4, 129.2, 128.6, 128.0, 127.9, 118.7. Elem. Anal,, calc. (found) for
(C1oHsN,0,)(H,0), C: 5825 (58.25), H: 4.89 (4.94), N: 13.59
(13.65). UV—vis (MeOH), 4., nm (log €) 207 (4.4), 238 (4.5),
300(br) (3.5).

Synthesis of Dy3+[Zn(II)MCquinHA]. Quinaldichydroxamic acid
(200 mg, 1.06 mmol), zinc triflate (385 mg, 1.06 mmol), and
dysprosium triflate (81 mg, 0.13 mmol) were dissolved in 15 mL of
dimethylformamide, and triethylamine (296 wL, 2.12 mmol) was
added. The solution immediately turned yellow and was stirred at
room temperature overnight at which time it was set aside for slow
evaporation, producing yellow plate crystals within two weeks. Crystals
were collected by filtration and air-dried to yield Dy**[Zn(II)-
MC sl as a triflate salt (29 mg, 8.4%). ESI-MS, calc. for [M]*,
Ci60HosDyN3,05,Zn 6, 1395.8; found 1395.7. Elem. Anal, calc.
(found) for (C,6HosDyFoN3,0418:Zn,6)(H,0)5(CH,NO);, C:
41.79 (41.81), H: 2.59 (2.81), N: 9.92 (10.23).

Y [Zn(OMCpuinpal. (96 mg, 28%). ESI-MS, calc. for [M]*,
CieoHogN305,YZn, 1371.1; found 1371.2. 'H NMR (400 MHz,
CD;0D) 6 8.36 (d, ] = 4.7 Hz, 8 H), 8.34 (d, ] = 4.7 Hz, 8 H), 8.22
(d,J=85Hz, 8 H), 809 (d,]=8.5Hz 8 H),7.73 (d,J=7.6 Hz, 8
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H), 7.52 (d, ] = 8.5 Hz, 8 H), 7.49 (d, ] = 8.0 Hz, 8 H), 7.25 (m, 16
H), 7.19 (d, J = 8.5 Hz, 8 H), 7.09 (m, 8 H), 6.95 (m, 8 H). Elem.
Anal., calc. (found) for (Ci43He¢FoN;,0,,S;YZn,¢)-
(H,0)s(C;H,NO);, C: 4242 (42.48), H: 2.63 (2.90), N: 10.07
(10.40).

YO [Zn(IDMCyyinpal. (96 mg, 28%). ESI-MS, calc. for [M]*,
Ci60HogN 3,05, YbZn 4, 1399.3; found 1399.4. Elem. Anal, calc.
(found) for (C,s3He6FoN3,0418;YbZn ) (H,0)5(C3H,NO);, C
41.70 (41.73), H: 2.58 (2.74), N: 9.89 (9.98).

Nd3+[Zn(ll)/Vquu,~,,HA]. (58 mg, 34%). ESI-MS, calc. for [M]*,
Ci60Ho¢N3,NdO3,Zn 5, 1389.7; found 1389.2. Elem. Anal, calc.
(found) for (Ci6HoeFoN3,NdO,;S3Zn,6)(H,0)5(C3H,NO);, C
41.94 (41.76), H: 2.60 (2.76), N: 9.95 (10.08).

Gd3+[Zn(lI)Mqu-nHA]. (67 mg, 39%). ESI-MS, calc. for [M]*,
Ci60HosGdN3,05,Zn 4, 1394.0; found 1393.2. Elem. Anal, calc.
(found) for (Ci6HosFsGdN3,04183Zn,6)(H,0),(C3H,NO),, C
42.09 (41.84), H: 2.66 (3.03), N: 10.10 (10.26).

Tb3+[Zn(II)MCqu,-nHA]. (39 mg, 23%) ESI-MS, calc. for [M]*,
Ci60HogN3,05,TbZn ¢, 1394.5; found 1394.1. Elem. Anal, calc.
(found) for (C,eHoeFoN3,04,8:TbZn;6)(H,0)5(C;HNO);, C
41.82 (41.50), H: 2.59 (2.71), N: 9.92 (9.90).

EP* [Zn(IDMCqyinpal. (69 mg, 40%). ESI-MS, cale. for [M]*,
Ci60HosEuN3;,03,Zn 6, 1392.2; found 1391.8. Elem. Anal, calc.
(found) for (C,eHoeEuFoN3,04:83Zn,6)(H,0)o(CH,NO);, C
41.27 (41.00), H: 2.72 (2.90), N: 9.79 (9.80).

EP*Zn(IIMCpyinpal- (35 mg, 20%). ESIMS, cale. for [M]*,
Ci60Ho6ErN;,05,Zn,6, 1397.3; found 1397.1. Elem. Anal, calc.
(found) for (C,eHoeErFoN3,04,83Zn,4)(H,0)5(C;H,NO);, C
41.15 (41.49), H: 2.71 (2.86), N: 9.76 (10.16).

Crystal Structure Determination of Dy3*[Zn(Il)MCqu,,,HA]
([DyZns(quinHA) 15(py)sl(CF3505);02EtOAc). Yellow block crystals
of Dy*'[Zn(I)MC ;4] suitable for X-ray analysis were grown by
slow diffusion of ethyl acetate into a DMF:pyridine (2:1, v:v) solution
of the triflate salt. A crystal of dimensions 0.22 X 0.22 X 0.28 mm was
selected for data collection and mounted in the 90 K nitrogen cold
stream provided by a Cryosystems low temperature apparatus on the
goniometer head of a Bruker D8 diffractometer equipped with an
ApexII CCD detector. Data were collected with the use of Mo Ka
radiation (4 = 0.71073 A). The structure was solved by a dual space
method (SHELXT) and refined by full-matrix least-squares on F?
(SHELXL-2012). The molecule crystallized in the tetragonal crystal
system, space group P4 (No. 75). It was refined as a two-component
inversion twin. The occupancy of disordered triflate anions was
restrained to meet charge balance. Further details of the crystal
structure refinement are available in the Supporting Information.

Crystal data: [CyooH;36DyN4903,Zn;6][CF;80;]302(C,H;0,), fw
= 5443.32, tetragonal, P4 (No. 75), a = 30.4975(19) A, ¢ = 13.3192(9)
A, v=123882(18) A% Z = 2, R1 [33073 reflections with I > 26(I)] =
0.0415, wR2 (all 37814 data) = 0.1402, 1506 parameters, 2 restraints.

Photophysical Measurements. Luminescence data were col-
lected on samples placed into 2.4 mm i.d. quartz capillaries or quartz
Suprasil cells. Emission and excitation spectra were measured on a
Horiba-Jobin-YvonFluorolog 3 spectrofluorimeter equipped with
either a visible photomultiplier tube (PMT) (220—800 nm, R928P;
Hamamatsu), a NIR solid-state InGaAs detector cooled to 77 K (800—
1600 nm, DSS-IGA020L; Jobin-Yvon), or NIR PMTs (950—1450 nm,
H10330-45; 950—1650 nm, H10330-75; Hamamatsu). All spectra
were corrected for instrumental functions. Luminescence lifetimes
were determined under excitation at 355 nm provided by a Nd:YAG
laser (YG 980; Quantel), while the signal was detected in the NIR by
the aforementioned PMT (H10330-75). The output signal from the
detectors was then fed to a 500 MHz bandpass digital oscilloscope
(TDS 754C; Tektronix) and then transferred to a PC for treatment
with Origin 8. Luminescence lifetimes are averages of at least three
independent measurements. Quantum yields in the NIR were
determined with a Fluorolog 3 spectrofluorimeter according to an
absolute method using an integration sphere (GMP SA). Each sample
was measured several times under slightly different experimental
conditions. Estimated experimental error for quantum yields
determination is 10%.
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B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Ln3*[Zn-
(IDMCyuintal- The organic framework for these MC structures
is based on quinaldichydroxamic acid (quinHA), which was
prepared in one step from commercially avallable starting
materials through an anhydride intermediate.** This synthesis
proceeded in moderate yield (58%) but proved less tedious
than direct esterification®® or solid-phase methods.”” The
complete deprotonation of quinHA resulted in the formation of
a tetradentate dianionic ligand whose charge complements Zn*
in MC assembly. The reaction of quinHA with zinc(Il) triflate,
a lanthanide(III) triflate, and triethylamine (TEA)
dimethylformamide (DMF) produced a MC of the form
Ln3+[12 MCzq(11),quinHA" 4],[24- MCZn(II),qumHA 8]-
(OTf);(DMF)g, x(HZO » where the lanthanide ion is sand-
wiched between two [12-MCy, ) quinna-4] and further
encapsulated by a [24- MCZn(II) qumHA-S]q (Scheme 1). A highly

Scheme 1. Ln*'[Zn(II)MCus] Synthesis®

o

o
N ) N OH
X OH L A N
i) H
7 F

%) N-methylmorpholine, ethylchloroformate, 0 °C, 20 min; ii)
NH,OH, 0 °C, 1.5 h; iii) 1 eq Zn(OTf),, 0.13 eq Ln(OTf);, 2 eq
TEA, DMF, 19 °C, 24 h (OTf = triflate; Ln** = Dy**, Er**, Eu**, Gd*,
Nd3+, Tb3+, Y3+, Yb3+).

iii)
=,

Lo*[Zn(@DMCqyinnal

pure product was crystallized by slow evaporation of the solvent
and isolated as thin yellow plates. These crystals were, however,
of insufficient quality for X-ray diffraction; an alternative
crystallization method was developed for crystal structure
determination, as discussed below. A relatively modest
paramagnetic shift was observed in 'H NMR spectra (Y** vs
Eu®") (Figures SI and S2), indicating that the protons of the
ligand are sufficiently sequestered from interaction with the
Ln®" ion. This result is qualitative evidence that the Ln*" ion is
far enough from neighboring high energy C—H oscillators that
would quench lanthanide luminescence. It was expected that
the MC structure would contain eight solvent molecules
coordinated to Zn>' atoms of the [24- -MCy, ), quinHa -8]. 'H
NMR data (Ln = Y**, Yb**, Eu*") confirmed the presence of
approximately three DMF per MC and an excess of water
molecules; therefore, we assumed that five water molecules are
coordinated to the Zn®>" metal ions. The addition of this
number of solvent molecules to the calculated chemical
composition produced an excellent match to experimental
CHN elemental analyses.

Yellow block crystals of Df*[Zn(II)MCquinHA] suitable for
X-ray analysis were grown by slow diffusion of ethyl acetate
into a DMF:pyridine (2:1, v:v) solution of the triflate salt. The
obtained asymmetric unit contains two independent one-
quarter cations of [Dy[12-MCy, ), quinHA™ -4], [24-MCZH(H),qumHA-

8](py)s]®", with the crystallographic 4-fold axis passing through
the Dy’* ions. The cation has overall 4-fold (Sg) symmetry
(Figure 1) and can be considered to consist of three layers: a
large radius [24-MCy, 1) quintia-8] (py)s ring (Figure 2a)
sandwiched between two smaller concave [12-MCy, ), quinHA™
4] rings (Figure 2b). Figure 2a indicates the alternating
bridging that connects the central metallacrown to the two
outer ones. The interior Dy** ion is bonded to four
hydroximate oxygens of each of the outer two metallacrowns,
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Figure 2. The three layers of Dy** [Zn(II)MCquinHA] are shown with
50% thermal displacement parameters and a partial numbering
scheme. (a) Depiction of the central large crown, [24-
MCZn(H)‘quinHA—S] (py)sy and the position of the nonbonded central
Dy’*. The dashed lines indicate how the central crown bridges to the
smaller, capping, concave crowns. (b) One of the capping crowns of
[12-MCZH(H)’qumHA—4] as well as the coordination to Dy**. Coordina-
tion geometry of Zn*" in the (c) [24-MCpy() quintia-8] and (d) [12-
MCy,m),quina-4] structures indicates that the two distinct MC rings
are linked through the [12-MCpyq)qunna-4] carboxylate oxygen
(blue) and the [24-MCy,n)quinna-8] hydroximate oxygen (red)
atoms. The Ln* ion is bound to the [12'MCZn(II),quinHA'4]
hydroximate oxygen atoms (purple).

giving it an overall square antiprismatic coordination geometry.
The coordination geometry of the Zn*" ions varies between the
[12-MCy ), quintia-4] and [24-MCy, ) quintia-8], demonstrating
a structural flexibility of Zn>* that we intended to take
advantage of. The Zn** ions in the [IZ'MCZn(H),quinHA'4]
moieties have a distorted square pyramidal geometry, and the
hydroximate oxygen atoms are coordinated to the Dy** ion
(Figure 2d). The Zn** ions in the [24-MCy, 1) quina-8] moiety,
however, are octahedral with alternating A/A absolute
stereochemistry and one coordinated pyridine solvent molecule
(Figure 2c). The two types of MC structures are linked
together by the carbonyl and hydroximate oxygen atoms of [12-
MCypym),quinta-4] and  [24-MCy, ) quintia-8], respectively, as
indicated by the color scheme depicted in Figure 2c-d.
Comparison of this structure to the previously reported
[Tb[12'MCZn(H),picHA'4:|2[24'MCZn(II),picHA'8](Py)8]3+ and [Dy-
[IZ'MCZn(II),picHA'4]2[24'MCZn(H),picHA—8](PY)8:|3+ reveals no
significant deviation in coordination geometry around the
Ln®* ion. This evidence proves our assertion that a change in
ligand has no effect on the Ln** ion’s first coordination sphere,
thereby presenting a platform with tunable absorptivity through
the choice of organic chromophore.

High energy X—H oscillators (X = C, N, O) are a major
source of vibrational deactivation of lanthanide luminescence.
Therefore, an important parameter to be gleaned from the
crystal structure data is the shortest Dy—CH distance, which
was found to be 7.0 A. This value represents an improvement
over our previously reported complexes by 0.3 A (ca. 4%). An
apparent z-stacking interaction between the organic moieties of
the [12-MCpy),quintia-4] and [24-MCyy 1) quinna-8] was
observed. Adjacent quinoline rings are located ca. 4 A apart
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with an alignment that deviates slightly from ideal parallelism
(ca. 14°). This short distance opens the possibility for
intramolecular through-space Inter- or Intra Ligand Charge
Transfer (ILCT) transitions discussed below.

Photophysical Properties. The ligand quinHA exhibits
several absorption bands in the UV region with apparent
maxima centered at 238 and ~300 nm resulting from 7%z
transitions located on the quinoline moiety; the long
wavelength absorption trails to 340 nm (Figure 3). Upon

E/10°em™
28 2 20 16
50 .
A ——Gd”"Zn()MC) .
) rH x16 Nd”Zn(iMC] quinHA
N { ——Yb " Zn(IMC)
s ¥ { EFRnIMC] 3
S 30-{ i —— quinHA s
= U 2
° 1 £ 34}
T 204 § $ Gd**[Zn{1)MC]
104 "\V B
0

400 500

A/nm

300 400 500 600

/.l nm

700 800
Figure 3. (Left) Absorption spectra of Ln**[Zn(II)MC sl
complexes (2.04 X 10~° M, Ln* = Gd, Nd, Yb, Er) and quinHA
(242 x 107" M) in methanol at 298 K. For the sake of comparison
absorption spectrum of quinHA is multiplied by 16 times. (Right)
Luminescence spectra of Gd3+[Zn(II)MCq“inHA] (Aex = 340 nm) and
quinHA (4., = 290 nm) at 298 K (black), at 77 K without delay (red)
and with 100 ps delay after the excitation flash (blue).

deprotonation and formation of the Ln**[Zn(I[)MC nps]
framework, a blue shift of %15 nm is observed. In addition, a
new broad absorption band appears in the near-visible region
with an apparent maximum at 380 nm (¢ & 5.5 X 10* M™!
cm™') and extends to 470 nm. This band accounts for the
yellow color of Ln**[Zn(I)MCguua] in both solid state and
in solution. To ensure that this near-visible absorption band
was not due to the electronic structure of the deprotonated
ligand alone, quinHA was exposed to several equivalents of
TEA and the absorption spectra remained unchanged (Figure
S4). Therefore, one can reasonably assume, given that discrete
Zn**complexes typically do not participate in either metal-to-
ligand charge transfer (MLCT) or ligand-to-metal charge
transfer (LMCT) transitions and absorption spectra are
independent of the choice of the Ln" ion, that the near-visible
band can be attributed to the presence of an ILCT state located
at lower energy and caused by ligand charge redistribution
which is unique to the quinHA ligand. A near-visible Zn**
LMCT (4s<x) transition has been observed for bulk
semiconductor ZnO and ZnO colloidal crystals at ca. 365
m;68’69 however, we would expect this transition to occur at
much higher energy for the complexes being discussed here.”
In the case of Yb**[Zn(IT)MCgyianal, 2 broad and very weak (e
~5=7 M cm™') band in the range 910—1000 nm assigned to
an f-f absorption (*Fs/,«’F,,) was detected (Figure SS).
The energy gap between ground and excited states for Gd**
is very high in energy, and, therefore, it is impossible for the
Gd*" ion in the corresponding MCs to be sensitized through
energy transfer from the ligand triplet/ILCT states. This
characteristic can be used to our advantage to determine the
energy levels of the MC complexes in the absence of energy
transfer to the Ln>* ion (but with the electronic state of the
sensitizer being exposed to the electron deficient lanthanide
cations). Gd3+[Zn(II)MCqm“HA:| was exposed to UV excitation
through the ILCT band at 340 nm at room temperature
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(Figure 3). We observed a weak broad-band emission with an
apparent maximum located at 580—590 nm. The position of
this band is insensitive to the excitation wavelength which was
varied from 290 to 380 nm indicating that the energy is
following the same path independently of the excitation
wavelength. Lowering the temperature to 77 K led to a slight
sharpening of the band and a shift of the maximum to an
apparent maximum localized between 545 and 555 nm. A
further blue shift toward 510 nm was observed upon
application of a time delay of 100 ps after the excitation
flash. This observation is rather unusual because, in general, one
would expect a significant red shift of the phosphorescence
band compared to the fluorescence band. Thus, we can
hypothesize that the broad-band green emission of the
Gd*[Zn(I)MC g;,a] might be arising from a charge-transfer
state, while emission from the singlet state (fluorescence) is
quenched by self-absorption. In order to monitor the position
of the triplet state in the absence of an ILCT state, we
investigated emission properties of the ligand quinHA alone.
Upon UV excitation at 290 nm at room temperature, quinHA
does not display any detectable emission. At 77 K, a strong
green luminescence band centered at 510 nm and a weaker
intensity band in the 325—460 nm range can be observed. The
latter band disappears upon enforcing a delay of 100 us after
the flash so it can be assigned to short-lived fluorescence, while
the green emission is phosphorescence originating from the
triplet state. The electronic envelope and vibrational splitting of
the phosphorescence spectra of the Gd*[Zn(II)MCgynu4] and
the quinHA are nearly identical. Therefore, the energy of the
triplet state of the ligand, determined from the 0—0 transition,
is estimated to be located between 20 920 and 21 000 cm™
(476—478 nm). The position of the lowest excited singlet and
the ILCT states were determined from the intersection of the
absorption and emission (fluorescence) spectra of quinHA and
Gd**[Zn(I1)MC ginal, respectively, and found to be located
at 29 850 cm™' (335 nm) and 21 560 cm™' (464 nm). A
proposed schematic diagram of the ligand’s energy levels with
respect to those of Yb**, Nd*, and Er’* ions and possible
energy migration paths are sketched in Figure 4. An appearance
of the ILCT state allows shifting excitation toward longer
wavelengths; moreover, ILCT states are known to participate in
sensitization of lanthanide luminescence.”! However, it should

E/10° cm™
Singlet
30 \
e
20 7 k
151 _ —
. _JF}; —9/2
10 _T_1F51 T —1112
—sz 12
57 —1312
—11/2
92 15/2
0
%y 4l “
Yb Nd Er

Figure 4. Schematic energy diagram showing the ligand and the
lanthanides energy levels.
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be noted that the energies of the ILCT and the triplet states are
very similar in the investigated compounds, which can create
additional ways for dissipation of the excitation energy through
energy resonance.

Luminescence spectra were recorded for Ln**[Zn(II)-
MCynualcomplexes (Ln** = Yb*, Nd**, Er'") in the solid
state and in solution (CH;OH/CD;0OD) using 370—420 nm
photons as excitation. Complexes of the visible emitting Ln**
ions (Ln*" = Dy**, Eu**, Tb**) did not display any detectable
lanthanide-based luminescence, which might be attributed to an
insufficient sensitization due to closed positions of the ligand
and Ln* energy levels in case of Dy** (*F,,, 21 100 cm™") and
Tb** (°D,, 20 500 cm™) or a presence of an additional
nonradiative deactivation pathway through ligand-to-metal
charge transfer states for Eu**. The NIR emitting MCs exhibit
intense lanthanide characteristic emission arising from the
21:5/2_>2F7/2z 41:3/2 _’411 (J=9/2,11/2,13/2), and 4I13/2 _>4115/2
transitions for the Yb**, Nd**, and Er** compounds,
respectively (Figure S). Excitation spectra of all studied MCs
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Figure S. (Left) Corrected and normalized excitation and (right)
emission spectra of Ln** MC complexes in solid state (1, = 420 nm,
solid traces) and methanol solution (1 mg/mL, A, = 370 nm, dashed
traces). (Top) Yb*[Zn(IDMC s, 4o = 980 nm; (Middle)
N&*[Zn(IDMC s, Aem = 1064 nm; (Bottom) Er**[Zn(II)-
MCuinnal) Aem = 1525 nm.

are dominated by ligand-centered broad-bands pointing toward
efficient sensitization of lanthanide cations operating through
the electronic structure of the chromophoric ligands. Excitation
spectra of Nd3+|:Zn(II)MCq“inHA] and Er3+[Zn(II)MCquinHA]
in the solid state exhibit characteristic sharp intraconfigurational
f-f transitions with a lower relative intensity compared to the
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Table 1. Photophysical Parameters of Ln**[Zn(I)MC ua] and Ln** [Zn(II)MCy; 4] Complexes (Ln**

State and Methanol Solutions (1 mg/mL)“

state/solvent

solid
CH,0H
CD,0D
solid
CH;0H
CD,0D
solid
CH,0H
CD,0D
solid
CH,OH
CD,0D
solid
CH,OH
CD,0D

compound

Yb3+[Zn(II)MCquinHA]

Yb** [Zn(IDMCicxis]

N&**[Zn(IDMC gyip1a]

Nd&** [Zn(IDMCyicz]

Er3+[Zn(II)MCquinHA]

Yb, Nd, Er) in Solid

Tops/, ,usb q° Aey/nM. Qk./%
47.8(4) 370 2.44(4)
14.88(1) 0 0.25(1)
150.7(2) 2.88(2)
34.5(1) 320 0.40(2)
12.1(1) 0 0.13(1)
133(1) 1.60(3)
1.79(2) 370 1.13(4)
1.16(1) 0 0.38(1)
4.11(3) 1.35(1)
1.18(2) 320 0.40(1)
0.90(1) 0 0.22(2)
3.53(2) 0.98(1)
5.73(2) 370 4.2(1)-1072
1.25(1) 9.9(3)-107*
11.40(3) 3.6(1)-1072

“Data for 298 K. Standard deviation (26) between parentheses; estimated relative errors: 7., +2%; QF,, +10%. bUnder excitation at 355 nm. “The
inner sphere hydration numbers were calculated according to the following equations: gy, = 2 X (kcyzon — kepsop — 0-1) (in ps) and gug = 290 X

(kcrson — kepsop) — 04 (in ns).”*7

broad-band ligand centered transitions. Excitation spectra of the
MCs in diluted methanol solutions (0.1 mg/mL) match well
the corresponding absorption spectra (Figure S vs Figures S7
and S8), while an expansion of the bands toward longer
wavelengths is observed with increasing concentration (1 mg/
mL) and for solid state samples. This observation may be a
result of saturation effects and/or enhanced intermolecular
interactions.”>”

Quantitative photophysical parameters are summarized in
Tables 1 and S1. Experimental luminescence decays for all
studied MCs are best fitted as monoexponential functions,
reflecting the presence of only one emissive lanthanide-
containing species. When going from solid state samples to
methanol solutions, the observed luminescence lifetimes
decrease by 1.5—5-fold, despite the fact that emission spectra
are very similar by their bandwidths and crystal-field splitting,
indicating that complexes remain intact/undissociated in
solution. Nevertheless, 7., are comparable to the highest
values reported to date for lanthanide complexes in protic
solvents.'*** In deuterated methanol, luminescence lifetimes of
150.7(2), 4.11(3), and 11.40(3) us were observed for Yb*,
Nd** and Er** MCs, respectively. This represents a significant
increase, by 3.5—10-fold, compared to samples in protonated
solvent and a 2—3-fold increase relative to solid state samples.
Calculations using phenomenological equations (which must
be applied carefully, Table 1, footnote)’*”* for Yb**[Zn(II)-
MCyinal and Nd3+|:Zn(II)MCquinHA] complexes are in line
with the structural analysis and confirm that there are no
solvent molecules bound to the lanthanide ion in the first
coordination sphere. Therefore, such variations in luminescence
lifetimes are the result of enhanced nonradiative deactivation
through outer-sphere interactions with solvent molecules.

Under excitation into the charge-transfer band at 370 nm,
luminescence quantum yields vary only slightly between solid
state samples and solutions in deuterated methanol for
Yb** [Zn(IDMCqyinual (2.44 vs 2.88%), Nd**[Zn(II)-
MCguinmal (113 vs 1.35%), and Er’*[Zn(II)MCgunmal
([3.6—4.2]0107%%). The highest reported quantum yields for
Yb*, Nd*, and Er’*complexes containing C—H bonds are
<3.8%, <0.42%, and <0.033%, 1‘espectively.12’l4’48 Values for
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Qr, measured here are the largest values reported to date for
N&**[Zn(I))MCyinpa] and Er**[Zn(II)MCgyinpa]. The values
of Q, decrease by 4—36-fold when measured in protonated
solvent (CH;OH) with the largest impact observed for
Er**[Zn(I[)MC gius]. This difference can be explained by
the influence of outer-sphere O—H vibrations; the Er’* ion has
the highest intrinsic probability among studied ions to be
quenched nonradiatively by high-energy vibrations. Compared
with the family of the previously published NIR-emitting MCs,
Ln3+[Zn(II)MCPiCHA] quantitative characteristics (lumines-
cence lifetimes and quantum yields) in the solid state and
methanol solutions of Ln**[Zn(I)MC ua] for both Nd**
and Yb*" derivatives are significantly improved (Table 1).
Moreover, a replacement of picoline- with quinoline-
hydroxamic acid allows extension of the absorption up to 450
nm.

In order to get additional quantitative information about
energy transfer processes in lanthanide complexes, it is crucial
to obtain the radiative lifetime (7,4), which equates to the
lifetime in the absence of any nonradiative transitions,
described by eq 1 where QYf is the intrinsic quantum yield,
and 7., is the sensitization efficiency of the ligand.

Tobs

L _ Yb _
QYb - ’/IsensQYb - rlsens

(1)

rad

Radiative lifetime is usually ignored by researchers; however,
it is clear from eq 1 that finding ways to modulate this
parameter can improve the intrinsic quantum yield, as 7,4 is
inversely proportional to Q{.”® In the case of Yb**[Zn(II)-
MC sl and Er**[Zn(ID)MCyppa], luminescence transi-
tions terminate onto the ground level, so the absorption
spectrum corresponding to the emission spectrum might be
measured and used to calculate radiative lifetimes with the help
of the modified Einstein’s equation (eqs 2a-2b) where c is the
speed of light in centimeters per second, n is refractive index
(ncson = 1.329), N, is Avogadro’s number, J and J' are the
quantum numbers for the ground and excited states,
respectively, f e(#)dv is the integrated spectrum of the ff
transition, and 7, is the barycenter of the transition.
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2~ 2
30y x M T+ 1) e(0)dv
Trad NA(ZJI + 1) (Za)
- [re(0)do
g, =
/8(17)(117 (2b)

It is known that f-f transitions have very low molar
absorption coefficients, and we only could succeed in
measuring the absorption spectrum of the ’Fg,<’F,,
transition in Yb3+[Zn(II)MCqm-nHA:| (Figure SS). A value of
T4 = 0.68(7)ms was found for Yb3+[Zn(II)MCqIﬁnHA], which
is shorter than the radiative lifetimes reported for
Yb**(diethylenetriaminepentaacetate)? and
Yb**(dipicolinate)* complexes (1.2—1.3 ms)”””® or for Yb**
with terphenyl-based ligands, ~2 ms,”” but close to the values
found for Yb** complexes with benzoxazole-substituted 8-
hydroxyquinolines (0.7—0.75 ms) which exhibit high quantum
yields. ™ Using eq 1 and taking into account 7., and Qf, of
Yb**[Zn(I))MCgyinual in methanol (Table 1), we have been
able to obtain quite modest values of the intrinsic quantum
yield, 2.2(3)%, and of the sensitization efficiency of the ligand,
12(3)%. The latter might be the result of the relatively long
distance between the lanthanide cation and the quinHA
chromophore. Nevertheless, in protic solvents the main path
of energy loss remains the nonradiative deactivation through
O—H vibrations.

One major advantage of Ln** based luminescent reporters, as
mentioned above, is their excellent photostability. In order to
compare the photostability of our system to the behavior of an
organic fluorophore, Yb**[Zn(I)MCgyuual, Nd**[Zn(II)-
MCuinual, and an organic cyanine dye (3,3'-diethylthiadicar-
bocyanine iodide) were irradiated at 400 or 610 nm,
respectively, and luminescence intensity of the lanthanide
signal (980 or 1064 nm) or corresponding organic emission
(670 nm) bands were recorded over an extended period of time
(t > 120 min). Over the course of this experiment, Yb** and
Nd* luminescence intensity remained unchanged for the
corresponding  Yb**[Zn(I)MC yinma] and Nd**[Zn(II)-
MCyinua) complexes, whereas the NIR cyanine dye suffered
from more than a 5-fold reduction in luminescence intensity
over the same period of time (Figure S9). This result highlights
the favorability of this and other luminescent Ln*" based
systems over de facto organic chromophores.

B CONCLUSIONS

The goal of this work was to improve the photophysical
properties of near-infrared emitting lanthanide-based metal-
lacrowns in order to broaden the applicability of this class of
compounds. In particular, we would like to demonstrate that
the versatility of MC strategy allows shifting the excitation
wavelength toward lower energy through appropriate design of
the chromophore and enhancing the quantitative luminescence
parameters without affecting the global MC structure.

We have reported here a series of second generation
lanthanide “encapsulated sandwich” MC complexes with the
general formula Ln3+[12-MCZn(H),qumHA—4]2[24—MCZn(H),quinHA—
8] (Ln*[Zn(IN)MCqynual, Ln*" =Y, Nd, Eu, Gd, Tb, Dy, Er,
Yb) in which the MC framework is formed by the self-
assembled organization of Zn®' ions and a tetradentate
chromophoric ligand based on quinaldichydroxamic acid
(quinHA). In comparison to the previously published
lanthanide-based MCs, the change of picoline hydroxamic
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acid (picHA) to quinHA did not lead to significant changes in
the coordination of the zinc and lanthanide metal ions and to
the general arrangement of the chromophoric moieties,
allowing the system to fully benefit from the unique MC
structure. Indeed, nonradiative deactivation originating from
overtones vibrations often play a key role in the quenching of
NIR-emitting lanthanide cations in complexes formed with
organic chromophoric ligands that transfer energy to the
luminescent ion. This type of quenching limits the photonic
output of the complexes and their use in practical applications.
The unique encapsulated sandwich metallacrown structure
allows one to set lanthanide ions at a predetermined and
relatively shielded position so that the closest C—H group is
located at a fixed and constant ~7 A distance. Photophysical
properties of Ln3+|:Zn(II)MCq“inHA] (Ln* = Yb**, Nd*, Er**)
in the solid state confirmed the efficiency of this approach that
imply long luminescence lifetimes and the highest quantum
yield values reported to date for Nd** and Er**complexes with
C—H bonds. In addition, unique to these particular MC
complexes is the important absorption over a broad range of
UV-—visible wavelengths due to ligand-based transitions,
including inter- and/or intraligand CT states. The latter may
act as an efficient way of sensitization of NIR lanthanide-
centered luminescence with high overall efficiency (& X Qr,) at
380 nm: 137/1584 for Yb**, 209/742 for Nd*, and 0.54/19.8
for Er’* MCs in CH3;0H/CD;OD solutions. However, a
comparison of photophysical properties of Ln**[Zn(II)-
MCquinHA] in the solid state and in solution indicates that the
present MC structure still does not fully protect lanthanide ions
from outer-sphere interactions with solvent molecules. Never-
theless, compared to the previously published Ln**[Zn(II)-
MC,;nal quantitative characteristics (luminescence lifetimes
and quantum vyields) in solid state and methanol solutions of
Ln3+[Zn(II)MCquinHA:| for both Nd* and Yb*" derivatives are
significantly improved (Table 1). Moreover, a replacement of
picoline- with quinoline-hydroxamic acid allows one to extend
absorption up to 450 nm. Thus, the versatility of the MC
strategy opens multiple possibilities to improve the current
performance further and make the reported lanthanide MC
complexes promising candidates for a number of luminescence
applications.
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