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ABSTRACT: While the low absorption cross section of lanthanide-based upconversion systems, in 

which the trivalent lanthanides (Ln3+) are responsible for converting low to high energy photons, has 

restricted their application to intense incident light, the emergence of cascade-sensitization through 

organic dye antenna capable of broadly harvesting near-infrared light in upconversion nanoparticles 

(UCNPs) opened new horizons in the field. With the aim of pushing molecular upconversion within 

the range of practical applications, we show herein how incorporation of a near infrared (NIR) organic 

dye antenna into the ligand scaffold of a mononuclear erbium coordination complex boosts the 

upconversion brightness of the molecule to such an extent that low power (0.7 Wꞏcm-2) NIR laser 

excitation of [L6Er(hfa)3]+ at 801 nm results in measurable visible upconverted signal in dilute 

solution (510-4 M) at room temperature. Connecting the NIR dye antenna to the Er3+ activator in a 

single discrete molecule cures the inherent low-efficient metal-based excited state absorption (ESA) 

mechanism with a powerful indirect sensitization via energy transfer upconversion (ETU) which 

drastically improves the molecular-based upconverted Er3+-centered visible emission. 

_______________________________________________________________________________ 
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Introduction 

Since the discovery of linear conversion of low energy photons, mostly from the near infrared (NIR) 

region, into the visible domain, a phenomenon referred to as upconversion,1 the open-shell trivalent 

lanthanides (Ln3+), and trivalent erbium (Er3+) in particular, have been exploited as relays for the 

sequential pilling up of several photons.2 However, in order to efficiently promoting the Er3+-centered 

intermediate excited states into a higher-energy excited level, the non-radiative relaxation pathways 

have to be suppressed. In this context, the most promising metal-based upconversion systems operate 

in low-phonon inorganic hosts such as ionic solids or nanoparticles which are doped with Er3+ 

activator.3 Additionally, the efficiency of upconversion in these systems can be boosted up to two 

orders of magnitude with the help of optimized peripheral sensitizers, mostly Yb3+, for harvesting 

photons prior to transfer the accumulated energy onto Er3+ activators through energy transfer 

upconversion (ETU) mechanism.4 Despite the gain brought by the efficient resonant communication 

through Yb(2F5/2)Er(4I11/2) energy transfer process, the upconversion systems harnessing Yb3+ as 

sensitizers next to Er3+ activators inherently suffer from the low absorption cross section of f-f 

transitions.5 Recently, the latter limitation has been transcended by attachment of organic dye 

antennas possessing broad absorption bands, the cross sections of which are several orders of 

magnitude larger than those of f-f transitions, to the surface of upconversion nanoparticles (UCNPs).6 

Despite such improvements in their upconversion efficiency, UCNPs suffer from some drawbacks in 

terms of synthetic reproducibility and particle size, especially when considering their potential 

incorporation into molecular devices or biological organisms. In accordance with efforts for bringing 

down the size of metal-based upconversion systems, the dawn of light upconversion in a discrete 

molecule could be fairly traced back to the induction of visible upconverted signal in the trinuclear 

[CrErCr(L1)3]9+ complex (Figure 1a).7 In this molecule, the two peripheral [CrIIIN6] chromophores 

act as sensitizers for the indirect sensitization of the central [ErIIIN9] activator in order to convert NIR 

photons into visible (green) light through a molecular ETU mechanism.7 Interestingly, the d-block 
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Cr3+ sensitizer can be successfully replaced with f-block Er3+ in [(L2Er)F(ErL2)]+ (ETU mechanism, 

Figure 1b)8 or Yb3+ in heterometallic YbnEr assemblies.9 

 

Figure 1. Erbium-based coordination complexes exhibiting a-d) linear upconversion and e) 

downshifting. The X-ray crystal structures are shown for a) [CrErCr(L1)3](CF3SO3)9
 7 and d) 

[Er(L4)3](ClO4)3.10a Chemical structures deduced from spectroscopic data recorded in solution are 

depicted for b) [(L2Er)F(ErL2)]+,8 c) [IR-806][Er(L3)4] 14 and e) ErL5(NO3)3.18 

Whatever the choice of metal sensitizers or activators, the intrinsic weak oscillators strengths of the 

latter d-d or f-f transitions for harvesting the NIR excitation light beam limit the potential gain of 

ETU in these molecular systems to such an extent that the upconversion quantum yield and brightness 
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measured for the ETU mechanism operating in trinuclear [CrErCr(L1)3]9+ are only marginally larger 

than those observed for the single center ESA mechanism operating in [GaErGa(L1)3]9+ or in the 

mononuclear [Er(L4)3]3+ complex (Figure 1d).10b Hence, it is not surprising that the latter drawback 

urges for the use of high excitation power to sufficiently populate the Ln-centered excited states, 

which obviously limits the applications of Ln-based molecular upconversion in technologies 

exploiting solar light since the power density of the terrestrial solar irradiance is approximately 0.1 

Wꞏcm-2.11 Apart from increasing the number of sensitizers per activator unit in a discrete molecular 

object as craftily demonstrated recently in [Yb8Tb] cluster 12 or in {Er2Yb13} aggregate,13 one 

alternative remedy to boost the absorptivity of lanthanide coordination complexes may lie in 

collection of low energy photons through organic dyes located in close proximity of the metallic 

activator. In an attempt to explore the latter strategy, the erbium-centered visible upconversion was 

induced in a proposed [IR-806][Er(L3)4] ion pair where the intermediate excited levels of Er3+ in the 

anionic [Er(L3)4]- chelate were sensitized by the associated cationic [IR-806]+ NIR dye in anhydrous 

deuterated chloroform (Figure 1c, neither structural nor thermodynamic characterization is available 

in solution).14 Taking into account the dependence of S→A resonance energy transfer rate constants 

on S-A distances,15 the unambiguous incorporation of such organic dyes within the ligand structure 

may significantly improve the efficiency of light upconversion in coordination complexes. Moreover, 

the replacement of the electrostatic nature of the proposed S-A connection in the ternary [IR-

806][Er(L3)4] pair with some covalent attachment of the dye antenna to the Er3+ activator in a discrete 

molecule might activate the double-electron exchange (i.e. Dexter) mechanism which requires S-A 

orbital overlap.16 Such strategy has been previously employed to generate intense Er3+-centered 

downshifted emission (i.e., conversion of one photon of high energy into one photon of lower energy) 

through the ‘antenna’ effect17 in Er(L5)(NO3)3, where the connection of a BODIPY-type dye to a 

2,2’;6’,2”-terpyridine binding moiety enhances the molar absorption coefficient of the target discrete 

molecule in the visible region by several orders of magnitude (Figure 1d).18 Inspired by these works, 

we have prepared the cationic sensitizer ligand [L6]+, which is equipped with a cyanine antenna for 
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efficiently harvesting NIR photons. This dye is further covalently connected to a tridentate binding 

unit for complexing Er3+. Subsequent reaction with [Er(hfa)3]3+ containers quantitatively produces 

the discrete mononuclear [L6Er(hfa)3]+ adduct in solution which boosts NIR to Visible light-

upconversion by six orders of magnitudes (Figure 2). 

 

Figure 2. Molecular structures of [L6]+ ligand (with numbering scheme for NMR) and 

[L6Er(hfa)2(O2CCF3)]+ complex taken from the crystal structures of [L6](PF6) and 

[L6Er(hfa)2(O2CCF3)](PF6)ꞏ(CH3CH2)2O. Color code: C, gray; O, red; N, blue; F, green; S, yellow; 

Er, magenta. H atoms, counter-anions and solvent molecules are omitted for clarity. 

Results and Discussion 

Synthesis and molecular structures of [L6]+, [L6Er(hfa)3]+ and [L6Er(hfa)2(O2CCF3)]+. The 

detailed synthetic procedure as well as the extensive characterizations of the ligand [L6]+ are 

described in the supporting information (Scheme S1, Tables S1-S3, Figures S1 and S3). The crystal 

structure of [L6]+ reveals that the three connected heterocycles of the bis(benzimidazole)pyridine 

(bzimpy) binding unit adopt pseudo-twofold transoid-transoid arrangements of the nitrogen donor 
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atoms (Figures 2 and S1 and Tables S1-S3). The cyanine segment in [L6]+ is connected to the phenyl 

substituted bzimpy binding site through a sulfur atom, where the C-S-C angle amounts to 100.3(1)°, 

as expected for organic sulfides.19 Reaction of stoichiometric amounts of [L6](PF6) (1.0 eq.) and 

[Er(hfa)3dig] (hfa = hexafluoroacetylacetonate and dig = 1-methoxy-2-(2-methoxyethoxy)ethane; 1.0 

eq.) in dichloromethane/acetonitrile followed by dropwise addition of tert-butyl methyl ether yielded 

63% of microcrystalline powders for which the elemental analysis was compatible with the formation 

of the [L6Er(hfa)3](PF6)2.0CH3CN1.9C5H12O complex. Slow diffusion of diethyl ether into a 

concentrated dichloromethane solution of the latter complex under aerobic condition provided X-ray 

quality crystals of [L6Er(hfa)2(O2CCF3)](PF6)(CH3CH2)2O (Figure 2, Tables S4-S6 and Figure S2), 

in which the trifluoroacetate anion is produced by retro-Claisen condensation of one hfa- ligand in 

the presence of water traces during the long crystallization process.20 The crystal structure of 

[L6Er(hfa)2(O2CCF3)](PF6)(CH3CH2)2O confirms the nine-coordination around the erbium cation 

by the three nitrogen atoms of the meridionally bound bzimpy of the ligand [L6]+ and the six oxygen 

atoms of two didentate hexafluoroacetylacetonate co-ligands and of one didentate trifluoroacetate 

anions. The [ErN3O6] chromophore adopts a Cs-symmetrical distorted muffin shape (Shape’s scores 

are given in the experimental section, Supporting Information). Upon complexation, the C-S-C angle 

in coordinated [L6]+ ligand slightly increases and reaches 105.5(3)°, whereas the interplanar angle 

between the pyridine and the bridging phenyl rings decreases with respect to the values observed for 

the free ligand. 

Solution behavior and thermodynamic speciation of [L6Er(hfa)3]+. 1H NMR titration of 

millimolar concentrations of [L6](PF6) ligand with diamagnetic [Y(hfa)3dig] (the size of Y3+ is close 

to that of Er3+) in CD2Cl2 at room temperature revealed the formation of [L6Y(hfa)3]+ as the only 

complex; a host-guest exchange reaction which can be modeled with equilibrium 1 (Figures 3 and 

S4-S5). 

[L6]+ +  [Y(hfa)3dig]   [L6Y(hfa)3]+ + dig 3[ ] ,Y(hfa )
1,1,exch

L6  (1) 
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Although the NMR signals of the cyanine segment in [L6]+ are mainly unaffected upon complexation 

(Figures 3, S4 and S5), the upfield shift of H3 and the downfield shift of H4 in the diamagnetic 

complex [L6Y(hfa)3]+ are diagnostic for the binding of the bzimpy moiety to the metal (numbering 

scheme in Figure 2).21  

 

Figure 3. 1H NMR spectra recorded upon titration of [L6](PF6) with [Y(hfa)3dig] in CD2Cl2 + 0.14 

M diglyme at 293 K (310-3 ≤ [L6]+tot ≤ 510-3 M and 510-4 ≤ Ytot ≤ 110-2 M). The numbering is 

taken from Figure 2. Numbers with prime (’) symbol correspond to the signals arising upon formation 

of [L6Y(hfa)3]+ complex. The occupancy factors (Equation 3) are shown on the right. 

To have a reliable access to the stability constant 3[ ] ,Y(hfa )
1,1,exch

L6  introduced in eq. 1, the latter 1H NMR 

titration was repeated in the presence of a constant total concentration of diglyme (0.14 M) for fixing 

the activity coefficients,22 which transforms eq. 1 into the conditional association process summarized 

in eq. 2 (Figure 3). 

[L6]+ +  [Y(hfa)3]   [L6Y(hfa)3]+  3[ ] ,Y(hfa )
1,1,cond

L6  = 3[ ] ,Y(hfa )
1,1,exch

L6 /|dig|tot  (2) 
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Integrations of the signals of the same proton in the free ligand [L6]+ ( HIL6 ) and in the complex 

[L6Y(hfa)3]+ ( H
YIL6 ) provide the experimental occupancy factors Y

[ ]
 L6

 along the titration process 

together with the free concentration of metal Y
3 tot [ ] tot

Y(hfa) Y [ ]  
L6

L6 +  (left and central parts 

of eqn 3). The resulting plot of Y

[ ]
 L6

 versus 3Y(hfa)  (Figure S6) can be fitted to the standard 

Langmuir binding isotherms (right part of eqn 3) to give the thermodynamic constant 3[ ] ,Y(hfa )
1,1,cond

L6  = 

414(56) (equilibrium 2), which transforms into 3 3[ ] ,Y(hfa ) [ ] ,Y(hfa )
1,1,exch 1,1,cond tot

dig 
 

L6 L6  = 60(8) (equilibrium 

1). 

3

3

[ ] ,Y(hfa )

1,1,condbound tot

[ ] ,Y(hfa )

1,1,condtot tot

H
3 3 3Y Y

H H[ ]
Y 3

Y(hfa) Y Y(hfa) Y(hfa)

[ ] [ ] Y(hfa)

( )

1 ( )

I

I I











  

 

L6

L6

L6
L6

L6 L6L6 L6+ +
 (3) 

As expected for the binding of a positively charged ligand to a neutral lanthanide container, the latter 

value 3[ ] ,Y(hfa )
1,1,exch

L6  = 60(8) is approximately four times smaller than the constant 3,Y(hfa)
1,1,exch L4  = 271(57) 

measured for the formation of [L4Y(hfa)3] in dichloromethane, where L4 is the analogue of L6 but 

without the positively charged dye (Figure 1d).23 Taking (i) 3[ ] ,Y(hfa )
1,1,exch

L6  = 60(8) as a valuable 

estimation of the stability constant of the analogous erbium complex and (ii) |Er|tot = |[L6]+|tot = 5∙10-

4 M as the condition used for conducting the photophysical measurements, one can calculate that 

 3Er(hfa)


L6  = 4.43∙10-4 M and the desired [L6Er(hfa)3]+ complex stands for more than 88% of 

the ligand speciation in solution. The latter claim was confirmed by the absence of significant signal 

arising from free ligand in the 1H NMR spectrum recorded for [L6Y(hfa)3]+ in 5∙10-4 M solution 

(Figure S7a). Repeating the latter experiment in acetonitrile confirms that the latter speciation is 

maintained in this solvent (Figure S7b), which is used for recording the photophysical data. 

Photophysical characterizations of [L6]+ and [L6Er(hfa)3]+. The electronic absorption spectrum 

of the free ligand [L6]+ in acetonitrile solution (red trace in Figure 4a) displays two major bands 

located in the ultraviolet (UV) at 32154 cm-1 (311 nm,  = 56247 M-1cm-1) and in the NIR domain at 

12579 cm-1 (795 nm,  = 233323 M-1cm-1). In line with the absorption spectra taken separately for 
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L424 and for the [IR-806]+ cyanine dye,25 the absorption bands observed in [L6]+ can be assigned to 

(i) π2*π transitions located on the bzimpy binding site at high energy and (ii) π1*π located on the 

NIR cyanine part at low energy (Scheme 1a). 

 

Figure 4. a) Absorption and b) emission (exc = 310 nm, exc  = 32258 cm-1) spectra of the ligand 

[L6]+ and the [L6Ln(hfa)3]+ (Ln = Er and Y) complexes in acetonitrile solution ([L6]+ = 510-4 M 

and [L6Ln(hfa)3]+ = 410-4 M for absorption; [L6]+ = 310-5 M and [L6Ln(hfa)3]+ = 510-4 M for 

emission) at 293K. The energies of the peaks and their absorption coefficients are given in the main 

text. 

Excitation of the ligand [L6]+ into the π2*π transition at 310 nm in acetonitrile (293 K) yields a 

single broad emission band in the NIR domain, for which the maximum is located at 848 nm (11792 

cm-1, red trace in Figure 4b). The lack of any emission in the UV-Visible domain suggests the 

operation of efficient internal conversion process between the energy levels located on the two 
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chromophore segments in [L6]+. Moreover, the same NIR emission band (848 nm) can be recorded 

upon excitation of [L6]+ into the high-energy edge of π1*π absorption band (exc = 640 nm in 

acetonitrile at 293 K, Figure S8) in agreement with its assignment to the 1π1*1π transitions of the 

cyanine segment (787 cm-1 Stokes shift with respect to the maximum of its 1π1*1π absorption band, 

Scheme 1a). 

 

Scheme 1. Simplified Jablonski diagram established for a) [L6]+, b) [L6Gd(hfa)3]+ and c) 

[L6Er(hfa)3]+ illustrating the possible mechanisms for inducing light downshifting (ISC = intersystem 

crossing, straight upward arrows = excitation processes, dashed arrows = non-radiative sensitizer-to-

activator energy-transfer processes, undulating arrows = non-radiative multiphonon relaxation and 

straight downward arrows = radiative emission processes). The approximate energy of T1 as well as 

the energies of erbium-centered excited levels have been extracted from the literature.12,24 The hfa-

based electronic levels in the complexes are omitted for clarity. 

Upon complexation of the ligand to Ln3+ in [L6Ln(hfa)3]+ (Ln = Y, Gd, Er) at 510-4 M in acetonitrile 

(more than 88% of the ligand speciation corresponds to the target complex), the bzimpy-centered 

π2*π transition undergoes the well-known π2a*,π2b*π splitting accompanying the trans-

trans→cis-cis rearrangement of the aromatic tridentate binding unit (Scheme 1b), a spectral feature 
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diagnostic for the coordination of the bzimpy binding site to the central metallic center (blue and 

dashed yellow traces in Figure 4a).23 Additionally, the absorption spectrum of [L6Ln(hfa)3]+ shows 

bands centered at ~ 33400 cm-1 ( ~ 300 nm) which are characteristics for coordinated hfa- anion and 

assigned to the spin-allowed π*n,π transitions centered on these co-ligands.23 As expected, the low 

energy NIR band observed in the absorption spectrum of free [L6]+ ligand originating from the 

cyanine-centered π1*π transitions remain intact upon complexation in [L6Ln(hfa)3]+ (Figure 4a). 

Excitation of [L6Y(hfa)3]+ in solution at room temperature into the ligand-centered π2b*π transition 

at 310 nm (32260 cm-1) shows (i) a strong ligand-centered emission band in the NIR range at 832 nm 

(12019 cm-1) similar to that observed for the free ligand upon UV excitation but blue-shifted by 227 

cm-1 (dashed yellow traces in Figures 4b and S8) together with (ii) an additional broad emission band 

in the visible part at 440 nm (22730 cm-1) which can be assigned to the residual bzimpy-centered 

singlet 1π2b*1π emission (dashed yellow trace in Figure 4b). Excitation of [L6Gd(hfa)3]+ in the 310-

370 nm range provided emission spectra very similar to those previously discussed for [L6Y(hfa)3]+, 

but the combination of heavy-atom effect26 and of paramagnetic coupling27 with Ln = Gd(III) lead to 

some boosted additional long-lived ligand-centered triplet emissions 3π2*1π emission at 500 nm 

(20000 cm-1, 0-0 transition detected in frozen acetonitrile solution at 10 K, Figure S9) originating 

from the tridentate bzimpy unit. Due to instrumental limitations, we could not record the emission of 

cyanine-centered triplet state in [L6Gd(hfa)3]+, the energy of which is expected to be located around 

981 nm (10194 cm-1) as previously reported for the triplet state of closely related [IR-806]+ cyanine 

dye antenna attached to optically inert NaGdF4 nanoparticles (Scheme 1b).12  

The latter visible bzimpy-based emission bands are lacking in [L6Er(hfa)3]+ due to quenching by 

efficient intramolecular L6Er energy transfers (ET) involving the excited levels of the open-shell 

metal and of the organic chromophore, but the dye-based NIR emission at 832 nm is maintained (blue 

trace in Figure 4b and Scheme 1c). Finally, UV ligand-centered excitation of solid samples of 

[L6Er(hfa)3](PF6) at room temperature showed that the broad ligand-centered NIR emission (Figure 

S8) is accompanied by the characteristic, but very weak downshifted Er(4I13/24I15/2) luminescence 
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at 1550 nm (6450 cm-1); a strong support for the operation of L6Er energy transfers occurring in 

the [L6Er(hfa)3]+ chromophore (Figure S10 and Scheme 1c). For [L6Er(hfa)3]+ in acetonitrile, the 

low-energy Er(4I13/24I15/2) emission band is very weak and difficult to be exploited accurately 

(Figure S11). Altogether, the absorption spectra point to a rather negligible perturbation of the 

electronic levels of the cyanine dye and of the tridentate binding units in the phenyl-sulfur bridged 

version of these chromophores as they exist in the [L6]+ receptor. The emission spectra indicate that 

non-radiative internal relaxation pathways allow the energy to migrate from the tridentate aromatic 

part toward the cyanine dye, a process boosted in the open-shell [L6Er(hfa)3]+ complex.  

Ligand-sensitized upconversion operating in [L6Er(hfa)3]+. Continuous NIR diode laser 

excitation at 801 nm of [L6Er(hfa)3]+ (510-4 M in acetonitrile at room temperature) does not exhibit 

well-defined downshifted NIR Er(4I13/24I15/2) emission (Figure S11), but two upconverted emission 

bands can be detected in the visible region centered at 542 nm (18450 cm-1) and 522 nm (19157 cm-

1), which are unambiguously assigned to the erbium-centered Er(4S3/24I15/2) and Er(2H11/24I15/2) 

transitions, respectively (Figure 5a). The corresponding log(Iup)-log(P) plot (Iup = intensity of 

upconverted emission and P = incident pump intensity) reveals a linear dependence of the emission 

on the incident pump intensity with a slope of 1.51(4), which is compatible with the successive 

absorption of two NIR photons prior to reach the Er3+-centered emissive excited levels (Figure 5b 

and Scheme 2); one of the characteristics of linear light upconversion processes.10,28 The lack of 

upconverted emission following 801 nm NIR laser excitation in absence of dye but with erbium in 

the [Er(hfa)3dig] complex in acetonitrile solution at room temperature (Figure S12) together with the 

lack of any upconverted emissions following NIR laser excitation in absence of erbium and in 

presence of the dye in [L6Y(hfa)3]+, as well as in free [L6]+ ligand at 801 nm (acetonitrile, 293 K, 

Figures S12) discard the operation of competitive ligand-centered non-linear two-photon absorption 

processes.29 Moreover, considering the negligible molar extinction coefficient of the forbidden metal-

centered Er(4I9/24I15/2) transition ( Er
801  = 0.12 M-1cm-1)24 compared with that of the allowed ligand-

centered π*π transition in [L6Er(hfa)3]+ at 801 nm (
+[ ]

801 L6  = 2.4105 M-1cm-1), it can be reasonably 
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claimed that the erbium-centered intermediate excited levels are pumped dominantly through the 

ligand-centered excitation pathway (① in Scheme 2) rather than through the competitive erbium-

centered Er(4I9/24I15/2) excitation channel (② in Scheme 2). 

 

Figure 5. a) Upconverted visible Er(2H11/24I15/2) and Er(4S3/24I15/2) emissions observed for 

[L6Er(hfa)3]+ recorded in acetonitrile solution (510-4 M, 293 K) upon laser excitation at exc = 801 

nm ( exc  = 12284 cm-1) and using increasing incident pump intensities focused on a spot size of ≈ 

0.07 cm2 (the blank was recorded upon irradiation of the pure acetonitrile at P = 5.1 Wꞏcm-2) and b) 

corresponding log-log plot of upconverted intensities Iup as a function of incident pump intensities P 

(in Wcm-2). The energies of the peaks are given in the main text. 

Although the pertinent Jablonski diagram depicted in Scheme 2 highlights the spectral overlap of 

both singlet and triplet states of the ligand with the Er3+-centered intermediate Er(4I9/2) and Er(4I11/2) 

levels, it is of interest to estimate the extent to which the long-lived triplet state populates the metal-

centered levels (yellow dashed lines in Scheme 2) with respect to short-lived singlet state (blue dashed 

lines in Scheme 2). To qualitatively address this challenge, the intensity of upconverted emission has 

been monitored in the absence and in the presence of molecular dioxygen, which is known to act as 

an efficient quencher of the triplet state population (Figure S13).30 The lack of perceptible difference 

for the intensity of upconversion signals recorded for [L6Er(hfa)3]+ in solution with or without 

dioxygen suggests that ligand-centered singlet state is the dominant sensitizing level for feeding Er3+-

centered excited states via energy transfer processes.  
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Scheme 2. Jablonski diagram established for [L6Er(hfa)3]+ and illustrating the possible 

mechanisms for inducing light upconversion through ① ligand-sensitized energy transfer 

upconversion (ETU) and ② erbium-centered excited state absorption (ESA) upon 801 nm excitation 

(ISC = intersystem crossing, straight upward arrows = excitation processes, dashed arrows = non-

radiative sensitizer-to-activator energy-transfer processes, undulating arrows = non-radiative 

multiphonon relaxation and straight downward arrows = radiative emission processes). The 

approximate energy of T1 as well as the energies of erbium-centered excited levels have been 

extracted from the literature.12,24 

Since these cyanine dyes are known to suffer from photodegradation,31 a phenomenon previously 

detected when they are employed as NIR sensitizers for UCNPs,6c,14,32 the photostability of 

[L6Er(hfa)3]+ in solution have been investigated by recording the changes in the absorption as well 

as in the upconverted emission spectra upon continuous laser irradiation at a constant excitation 

power density (5.7 Wꞏcm-2, Figure S14). As expected, a stepwise decrease in intensity is observed in 

the dye-centered absorption spectrum (= NIR part) concomitant with a gradual solution color change 

from green to orange, while the high-energy absorption bands (= UV part) of the [L6Er(hfa)3]+ 

associated with electronic transitions located on the bound multidentate coordinating units, remains 
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fairly intact (Figure S14a). Conversely, the intensity of upconverted signal increases systematically 

by continuing the laser irradiation of the sample, which points the impairment of self-quenching 

processes upon ‘optical dilution’ of sample due to photocleavage of the cyanine dye moiety in 

[L6Er(hfa)3]+ (Figure S14b). Since such self-quenching processes reach their greatest extent in 

concentrated solution or in the solid state,33 the faint upconverted signal recorded in these conditions 

strongly supports this analysis (Figure S15).  

2
up up exc,upexc,refref ref

2
ref ref up up exc,up exc,ref

E hPA n

E A n P h

 
 

      (4) 

Finally, the upconversion process operating in [L6Er(hfa)3]+ has been quantified through the 

estimation of its quantum yield by using the relative method formulated in eqn 4 and with the help of 

indocyanine green as the reference34 (Φ is the quantum yield, E is the integrated emission spectrum, 

A is the absorbance at the excitation wavelength and hνexc is the energy of the incident photon at 

frequency νexc = (c/λexc) so that Iexc = Pexc/hνexc is the spectral radiant power measuring the incident 

excitation intensity; see details in the Supporting Information).10b,35 Although the ligand-sensitized 

upconversion quantum yield up = 1.9(2)∙10-10 (Pexc = 1.4 W∙cm-2) calculated for [L6Er(hfa)3]+ is 

comparable with up = 1.2(6)∙10-10 (Pexc = 1.4 Wꞏcm-2) reported for the ESA mechanism operating 

in [Er(L4)3]3+,10b the associated values of the upconversion brightness B = Φ(λ)×ε(λ), where ε(λ) is 

the molar absorption coefficient at the excitation wavelength λ,36 reveals an enhancement up to 6 

orders of magnitude in going from B([Er(L4)3]3+) = 1(1)∙10-11 to B([L6Er(hfa)3]+) = 5(1)∙10-5.  

Conclusions 

The connection of a NIR dye antenna to a tridentate bzimpy binding unit results in the ligand [L6]+ 

which can (very) efficiently capture NIR photons. The replacement of diglyme (dig) in [Er(hfa)3dig] 

with ligand [L6]+ leads to the formation of a stable [L6Er(hfa)3]+ complex which represents 

approximately 90% of ligand speciation in solution. Its X-ray structure confirms the binding of [L6]+ 

to Er3+ with the existence of a low-symmetry nine-coordinate [ErN3O6] chromophore. Low-power 

NIR laser excitation of the [L6Er(hfa)3]+ complex at 801 nm (NIR) in non-deuterated acetonitrile 
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solution at room temperature produces upconverted erbium-centered emission signals at 542 nm and 

522 nm (visible). The associated Jablonski diagrams built for the mononuclear [L6Er(hfa)3]+ complex 

supports the operation of ligand-sensitized energy transfer upconversion (ETU) mechanism for 

inducing NIR-to-visible light upconversion. The high NIR absorption cross section of the cyanine 

dye in [L6]+ boosts the upconversion brightness of discrete [L6Er(hfa)3]+ complex by six orders of 

magnitude compared with related [Er(L4)3]3+ molecular systems. Although widely used in UCNPs, 

the smart idea of exploiting NIR dye sensitization in the field of metal-based molecular upconversion 

also overcomes the inherent low quantum yields due to fast non-radiative processes thanks to efficient 

light-harvesting processes. In addition, the tunability of molecular objects offers plenty of room for 

further improving the upconversion efficiency in such systems to push molecular upconversion 

toward the range of practical applications. In this line, increasing the number of dye-sensitizers per a 

single metal activator as well as optimizing the efficiency of energy transfer through tailoring the 

ligand structure are currently under investigations.  
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Low-power NIR excitation (801 nm) of a mononuclear molecular erbium complex equipped with an 

organic ligand capable of efficiently harvesting NIR photons resulted in green erbium-centered 

upconverted emission at room temperature in diluted solution. 

 


