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Dy** white light emission can be finely controlled by tuning the first
coordination sphere of Ga**/Dy** metallacrown complexes

Svetlana V. Eliseeva,”* Elvin V. Salerno,* Beatriz A. Lopez Bermudez, Stéphane Petoud,” and Vin-

cent L. Pecoraro”®

ABSTRACT: Single lanthanide(III) ion white light emission is in high demand since it provides the advantage of requiring
only one chromophore for the control of the color. Herein, a series of Ga3*/Dy3* metallacrowns (MCs) is presented, demon-
strating outstanding white light colorimetric properties with CIE chromaticity coordinates of (0.309, 0.334) and correlated
color temperature (CCT) equal to 6670 K for the MC emitting the closest to the standard white color. Experimental data reveal
that the CIE coordinates within the studied series of MCs are controlled mainly by the Dy3*-centered emission rather than by
the ligand-centered bands, implying that Dy3* can be tuned as a single ionic white light emitter by a simple modification of

the coordination environment.

Controlled light is extremely important in the modern
technological age. Systems which last longer, are brighter,
and use less power are necessary to keep up with the in-
creasing energy demand and to reduce environmental
strain. White light emission (WLE) has a key role to play in
general lighting, displays, and communications (e.g. emerg-
ing “LiFi” technology).! For general lighting, pure white light
is desirable such that our color perception is true. Indeed,
the quality and constancy of white light is essential for a
broad range of applications, a typical example being surgi-
cal settings where it is critical that physicians can unambig-
uously perceive proper colors within their working envi-
ronment.2 Bright, constant and calibrated WLE is also of ma-
jor importance for screen backlighting in LCD or LED dis-
plays.3 These types of flat displays function by modulating
the component colors of the white light which pass through
their filters.* In CIE (Commission Internationale d’Eclair-
age) 1931 color coordinates, which are used to quantify a
standardized human perception of color, (x, y) coordinates
0f (0.33, 0.33) are considered as providing an optimal white
light emission.5

One way to categorize strategies of production of white
light is based on the number of emitting center types. Thus,
dichroic, trichroic and tetrachroic strategies can be distin-
guished that use a combination of blue/yellow,
red/green/blue (RGB) and RGB/cyano emitters, respec-
tively.® Oftentimes, different co-doped lanthanide(III) ions
(Ln3*) can produce these colored emissions. Ln3* emission
can also be combined with blue organic emissions.”8 Ln3*
are attractive for this application as they emit “pure colors”
as sharp emission bands, the wavelengths of which are not
highly affected by changes in the experimental conditions
(such as the temperature, for example). Alternatively, mul-
tiple materials with individual colorimetric characteristics
can be combined in an appropriate ratio.! Single-compound
emitters are highly desirable since they have the potential
to be the main component for a simpler production of
lighter and thinner materials.® This approach has been used,
for example, with the 1,8-naphthalimide/Eu3* complex, in

which green and blue emissions from the chromophoric lig-
and have been coupled with Eu®* red emission to form ob-
served white light;1° or in a binuclear Dy3* complex where
blue ligand emission has been combined with complemen-
tary Dy3* yellow emission.!!

The design of such complexes is often difficult since it is
unlikely that one chromic component can be altered with-
out affecting the others in an unpredictable manner. A dif-
ferent approach is based on the emission from a single ion
as the resulting global emission is more easily tunable along
one experimental coordinate. WLE derived from Dy3* has
been demonstrated in solid state glasses. For example,
Kaewkhao et.al. have found that WLE characteristics were
different for bismuth borate and zinc bismuth borate
glasses doped with similar concentrations of Dy3+.12 Other
studies involving Dy3*-doped barium silicate!? and lithium
zinc borosilicate!* glasses have demonstrated that CIE coor-
dinates could be tuned by the choice of Dy3* doping concen-
tration.

Herein, we present a series of single-molecular white
light emitting Ga3*/Dy3* metallacrowns (MCs) with optical
excitation at 340 nm. We simultaneously present evidence
that WLE characteristics of single Dy3* ions can be modu-
lated by altering the crystal field (CF) about them.

Each of the presented MCs shares a common 12-metalla-
crown-4 motif based on diamagnetic Ga3* ring metals and
salicylhydroxamic acid (Hsshi) ring ligands, [12-MCca"'N(shi)-
4];1516 however, the geometry about the Dy3+, as well as the
counter cations balancing charges in the structures are var-
ied. Four MCs that we have previously described are newly
analyzed for WLE: [DyGaa(shi)s(bz)4](pyH) (1),"7
[DyGas(shi)4(H2shi)2(NO3)] (2),'® [Dy2Gas(shi)s(ip)s](NH4)2
(3),2° [DyGas(shi)s(OH)4]Na (4)2° (bz = benzoate, pyH* =
pyridinium, ip?- = isophthalate). In addition, the novel MC,
[DyGaas(shi)s(bz)4]Na (5), has been synthesized and fully
characterized (Figure 1, Scheme S1). 5 is an identical MC to
1, with the difference of containing a sodium counter cation
rather than a pyridinium cation. This substitution was made
to evaluate if the reduction of the number of C-H and N-H



oscillators in the solid state could increase the Dy3*-cen-
tered quantum yield (Qlﬁy) of the Ga%*/Dy3* MC since X-H os-
cillators are known to non-radiatively deactivate the ex-
cited states of Ln3+21

Figure 1. Multiple views of the Ga3*/Dy3* MCs geometries. (A) [DyGaa(shi)4(bz)4] corresponding to 1 and 5. The crystal structure
was solved for [DyGas(shi)4(bz)s (pyH) (1),17 however mass spectrometry and elemental analysis reveal identical molecular compo-
sition (Supporting Information). (B) [Dy2Gas(shi)s(ip)4 (NH4)z (3).19 (C) [DyGas(shi)s(OH)4]Na (4).20 The structure was solved for
isostructural [NdGas(shi)s(OH)4]Na. (D) [DyGas(shi)s(Hzshi)2(NOs)] (2).18 The structure was solved for isostructural
[TbGaa(shi)4(Hzshi)2(NOs)], four coordinating pyridines are shown here. Solvents of crystallization, non-integral counter ions, and
hydrogen atoms are omitted. Central Ln3+ and coordinating oxygen atoms are bolded for highlight effect. Color code: Ga-orange; Na-

violet; Ln-teal; O-red; N-blue; C-grey.

Excitation spectra of Ga3*/Dy3* MCs upon monitoring the
4F9/2—©6Hz13/2 transition appearing at 575-577 nm are dominated
by the broad bands in the UV up to 400 nm with sharp features
oflower intensity that correspond to the Dy3* f-f transitions (Fig-
ure S2). Such behavior confirms an efficient sensitization of Dy3+
emission through the MC scaffold. Within the studied series of
Ga3*/Dy3* MCs, the energy positions of the ligand triplet states
(T41) are similar (Table S2). This observation can be explained by
the major role of the [12-MCca'"'n(shi)-4] moieties in the sensitiza-
tion of Dy3* emission in all MCs, rather than the other residues
found in the complexes, i.e. bz’, ip%, pyH*, and OH-. The nature of
the latter, however, are highly relevant to changes of the CF
about the Dy3+.

To analyze WLE properties, Ga3*/Dy3* MCs were optically ex-
cited at 340 nm and emission spectra were recorded in the range
0f 360-700 nm (Figure 2) and used for the calculation of the cor-
responding CIE coordinates and CCT (Correlated Color Temper-
ature) values (Figure 3, Tables 1 and S4). CCT defines the color
appearance of a white light. Warm light is around 2700 K, neu-
tral white is around 4000 K, and cool white is >5000 K. Emission
spectra of Ga3*/Dy3* MCs have a generally similar emission pro-
file: (i) a weak and broad band in the range of 360-445 nm cor-
responding to t-m* transitions within the organic ligands, and (ii)
three sharp bands in the range of 445-700 nm that are assigned
to Dy3*4Fo;2—°%H; (J=15/2,13/2,11/2) transitions. However, the
relative intensities of these emission bands (Table S3) as well
crystal-field splitting of the f-f transitions vary depending on the
composition of the MC. The latter also affects quantitative char-
acteristics of 1-5, namely ligand-centered (Q%) and Q]%y quantum

yields (Table 1) as well as Dy3* luminescence lifetimes (zobs, Ta-
ble S5). Is should be noted that despite the similarity of the T
energies of the ligands within the series of Ga3*/Dy3* MCs, QBy
and zobs vary significantly- from 0.222(6) to 8.3(3)% and 3.36(6)
to 50.9(6) ps, respectively. An important consideration is the
role of the counter-cation already mentioned by us for
[Yb2Gasg(shi)s(ip)s] dimers.22 Indeed, the zobs is 2.4 times longer
for 5 compared to 1 (50.9(6) vs. 21.2(2) us), while QBy is en-
hanced 6.3-times reaching 8.3(3)% for the former MC.
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Figure 2. Corrected and normalized emission spectra of Ga3+/Dy3+
MCs in the solid state under excitation at 340 nm, room temp.



Considering the resulting CIE diagram, three main groups
could be distinguished as corresponding to the three general
molecular geometries (Table S1, Figures 1 and S1). Compounds
1, 3, and 5 have all similar 8-coordinate pseudo-Cs+ symmetry.
Indeed, 1 and 5 are identical molecular units with disparate
counter cations, while 3 is the structural dimer of 1 and 5 where
the bz ligands bridging Dy3* to the [12-MCgal'N(shi)-4] core have
been replaced with ip? to link the two DyGas monomers. These
structures possess four oxygen atoms derived from the shi3- lig-
ands, and four oxygen atoms derived from the aromatic carbox-
ylates, either bz- (1, 5) or ip% (3). MC 2 is a less symmetrical 9-
coordinate complex with a symmetry more akin to a simple C1. It
has four oxygen atoms derived from the shi®, as well as two ox-
ygen atoms from the nitrate anion bound in a p2-NO3- pattern,
and finally, three oxygen atoms from the Hzshi- bridging ligands.
4 is the most symmetrical MC within the series exhibiting
pseudo-Ss symmetry with eight oxygen atoms from the shi?- co-
ordinating in an approximately square antiprismatic geometry.
Because all coordinating atoms in 4 are coming from the MC
core, the two [12-MCaa''n(shi)-4] planes are essentially equidis-
tant from Dy3* in this molecule. It should be noted that MCs 1, 3,
4 and 5 have essentially a planar [12-MCeca'"'n(shi)-4] core, while 2
possesses a highly distorted MC ring.
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Figure 3. CIE 1931 chromaticity coordinate diagram for 1-5.

Table 1. Quantum yields and CIE 1931 coordinates (x, y) for
Ga3*/Dy3* MCs in the solid state.

CCT L L Qr
MC  xb .yb (K)c QDy(%)d QL (%)e L
QTotal
1 0352 0393 4888 1.23(2) 0.0043(1) 0.0035
2 0398 0430 3917 0.222(6) 0.0091(1) 0.039
3 0.352 0.391 4882 0.85(1) 0.086(1) 0.092
4 0309 0334 6670 1.42(8) 0.34(1)  0.193

5 0352 0393 4888 83(3)  054(2)  0.060

aAt room temperature upon 330-350 nm excitation; 2o values be-
tween parentheses; experimental errors: Q, £10%. *Calculated for
the 380-700 nm range. ¢Estimated from CIE coordinates using eq.
(S1a,b). 9The quantum yield of the Dy3+*-centered emission. ¢The
quantum yield of the ligand-centered emission.

The nature of the ligands is not only important in controlling
the luminescence properties of the Dy3+-centered emission, the
ligand-centered emission may also contribute to the overall lu-
minescence profile (Figure 2) of the MC and, in turn, affect CIE
coordinates. Analysis of the corresponding quantum yields al-
lowed to estimate the magnitude of the ligands contribution to
the total emission (Table 1). This parameter varies from 0.35%
for 1 to 19.3% for 4. For the Cs-type MCs (1, 3 and 5), the similar
CIE coordinates and CCT values were found regardless the con-
tribution of the ligands emission and the quantum yield values.
The nature of the counter-cation (essential for QBy and 7obs) has
a minimal effect on the color characteristics (1 vs. 5). On the
other hand, 2 emits a much warmer light than 4 (Figure 3). Nev-
ertheless, the contribution of the ligand emission to CIE coordi-
nates of Ga3*/Dy3* MCs can be considered as being minimal com-
pared to the impact of the CF induced by the coordination envi-
ronment about Dy3+ (Table S4, Figure S3).

Taking the latter point into account, it appears that Dy3* WLE
can be tuned solely on the basis of the CF that is able to change
the Stark splitting and the intensity of each of the Dy3* electronic
transitions.?3-25 The Dy3* emission signals in the visible region
arise from the #F9,2 emitting state (Figure 2). Since human per-
ception of white light is dependent on the additive contributions
from multiple visible colors, the wavelength and relative inten-
sities of these transitions are highly important. The contributing
transitions in the visible region for Dy3* are “F9/2—6H1s,2 (480
nm, blue), *F9/2—°H13,2 (575 nm, golden-yellow), and minimally
4F9/2—0H11/2 (665 nm, red). The human colorimetric perception
of the corresponding wavelengths was assigned based on Helm-
holtz’s color assessment.2¢ By this scheme, the Dy3* ion is a tri-
chroic white light producer possessing particular relative inte-
grated intensities of each blue, golden-yellow, and red contribu-
tions (Table S3). As a consequence, CIE coordinates can be tuned
by the CF. Indeed, 1, 3 and 5 with pseudo-Cs symmetry exhibit
emission bands with similar Stark splitting and relative inte-
grated intensities for blue (39-44%), golden-yellow (48-52%)
and red (3.6-4.0%) contributions. The emission spectrum of the
less symmetrical 2 is dominated by the *F9/2—6H13,2 transition
(60%) while blue and red components contribute at levels of 28
and 8.2%, respectively, moving its CIE coordinates and CCT to
the warm white region. Finally, 4 displays the closest CIE coor-
dinates to standard white light and exhibits an emission spec-
trum with similar contributions from blue and golden-yellow
components (42 and 36%), in addition to the 2% red contribu-
tion.

In summary, a series of five Ga3*/Dy3+* MCs were analyzed for
their WLE properties, with the novel [DyGas(shi)s(bz)s]Na (5)
demonstrating the ability to drastically increase the Q[L,y by the
judicious selection of the molecular counter cation. Moreover,
CIE coordinates of [DyGas(shi)s(OH)4]Na (4) (0.309, 0.334) are
close to the ideal white light with CCT in the cold white region.
Importantly, the present study represents a promising approach
for the tuning of single Dy3* WLE based on CF considerations and
is likely to be transferrable across different Dy3* host com-
pounds.

ASSOCIATED CONTENT

Experimental details and additional information about analysis of
crystal structures and photophysical data. This material is available
free of charge via the Internet at http://pubs.acs.org.”
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