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ABSTRACT: Multifunctionality in spin-crossover (SCO) devices is limited to macroscopic or 

nanoscopic materials because of the need for long-range effects for inducing favorable cooperativity, 

efficient energy migration processes and detectable magnetization transfer. The difficult 

reproducibility, control and rational design of doped materials let some place to SCO processes 

modulating the optical properties of neighboring luminescent probes in single molecules. We report 

here on the combination of a [FeN6] chromophore, the SCO temperature and absorption spectra of 

which have been tuned to induce unprecedented room-temperature modulation of Eu(III)-based line-

like luminescence in the molecular triple-helical [EuFe(L2)3]5+ complex in solution. 

Introduction 

Bifunctional luminescent spin-crossover (SCO) materials have actively been studied since more than 

a decade1-3 because the detection of a luminescence signal is more efficient and/or easy to implement 

than other techniques usually used in the SCO field (magnetometry, optical absorption, Mössbauer 

spectroscopy).4-6 Luminescence, especially for the line-like and well-controlled emission of trivalent 

lanthanides,7-9 can provide superior contrast and sensitivity for non-contact (remote) signal detection 

of SCO processes with high spatial and temporal resolution, as demonstrated for thermometers,10,11 

gas sensors12,13 and photonic switches.14-17 The crucial point for the latter bifunctionality considers 
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the rational modulation of the energy transfer rate constant WD,A between the luminescent probe, 

working as the donor (D), and the SCO iron partner acting as the acceptor (A). The associated Fermi 

golden rule (eq A1-1, Appendix 1),18,19 which is pertinent to intermolecular energy transfers applied 

to doped macroscopic materials and nanoparticles,20,21 can be indeed easily adapted to intramolecular 

processes limited to a single D-A entity as depicted in eq (1).22,23 

* *
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H is the interaction Hamiltonian that mediates energy transfer from the excited donor D* to the 

ground-state acceptor A, and D,A is the spectral overlap integral (eq 2) where gD(E) and gA(E) are 

the normalized line shape functions for the homogeneous lines of the donor (emission spectrum) and 

acceptor (absorption spectrum), respectively.24,25  

   D,A A Dg E g E dE    (2) 

D,A ensures energy conservation and intimately depends on the location of the excited states of the 

two partners implied in the energy transfer, while the matrix element, summarized as 

2
* *DA D AH , relies on (i) the interaction mechanism (through-space electrostatic or double electron 

exchange) and (ii) the distance separating the donor (D) and the acceptor (A).26-28 Consequently, in a 

rigid single D-A unit, the low-spin to high-spin transition operating in the [FeN6] acceptor has limited 

effect on the latter matrix element, and modulation of the energy transfer rate constant intra
D,AW  mainly 

depends on the variation of the  spectral overlap integral D,A (eq 2).23 The kinetics of low-spin 

Fe(HS) to high-spin Fe(II) relaxation in spin-crossover compounds can be described as non-adiabatic 

multi-phonon process in the strong coupling limit.29 Interestingly, the thermal high-spin state shows 

the same increase of∼0.2˚A in metal–ligand bond length as the light-induced high-spin state, and 

photo-induced spin-state conversion has been thus extensively used to monitor the intersystem 

crossing dynamics of spin-crossover complexes in solution.30-35 For iron(II), it occurs on the 

microsecond timescale at around ambient temperature.29 Under steady-state irradiation, the 
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absorption spectrum of the low-spin configuration in [FeN6] chromophores is dominated by a broad 

and intense metal-to-ligand charge transfer band (MLCT) covering the visible part of the 

electromagnetic spectrum (purple trace in Figure 1). Much weaker, and usually masked spin-allowed 

d-d transitions (1T11A1 and 1T21A1 in Oh symmetry) are expected within the same spectral 

domain. For the high-spin counterpart, the MLCT band is usually much less intense and shifted 

toward higher energy (orange trace in Figure 1), while a single weak (10 ≤  ≤ 30 M-1cm-1) spin-

allowed transition (5E5T2 in Oh symmetry) occurs on the low-energy side (around 900 nm).1,23,36  

 

Figure 1. Room temperature electronic absorption spectra recorded for [Fe(II)N6] chromophores in 

low-spin [LaFe(L1)3]5+ (purple trace) and in high-spin [LaFe(L4)3]5+ (orange trace) in acetonitrile. 

Numerical data taken from reference 36.  

Taking the SCO-[FeN6] chromophore as the acceptor, we foresee that the major changes in D,A 

required for modulating the global luminescent signal rely on the choice of a donor with an emission 

spectrum operating at low energy, i.e. below 19000 cm-1 (Figure 1), and with narrow electronic 

transitions. In this context, the use of the sharp and intense green Tb(5D47F5) emission at 18350 

cm-1 appeared to be successful for monitoring Fe(II) spin transitions in a [FeN6]@SiO2 nanorod 

materials statistically grafted with Tb(III) coordination complexes.37 At the molecular level, a 

trinuclear [(PtL)2Fe]6+ adduct has been designed for modulating Pt-based emission in the 18000-

20000 cm-1 range, but the very similar photoluminescent properties recorded with, or without the 

Fe(II) center led to the conclusion that the Pt-based MLCT emission at 530 nm is practically not 

affected by the spin transition core ( intra
Pt FeW    0), and the failure of any luminescence modulation by 
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the appended SCO process (Figure 2a).38 The heterometallic triple-stranded helicate [EuFe(L1)3]5+ 

led to the reverse situation where the intramolecular EuFe energy transfers were so efficient, for 

both high-spin ( ET
Eu HS-Fe   = 97.9%) and low-spin Fe(II) ( ET

Eu LS-Fe    99.9%), that only some faint 

residual Eu-based emission could be detected in the solid state at high temperature when HS-

[EuFe(L1)3]5+ dominated the speciation (Figure 2b).23 

 

Figure 2. Attempts to modulate metal-based emission by an appended Fe(II) spin-crossover process 

in single molecular units as reported for a) [(PtL)2Fe]6+ 31 and b) [EuFe(L1)3]5+.23 

Overcoming the later limitation for the Eu-Fe pair found in [EuFe(L1)3]5+ with the ultimate goal of 

restoring significant and easily detectable Eu-based luminescence upon Fe(II) spin-state equilibrium 

around room temperature may consider separately, or altogether, the three following options. 1) The 

EuFe distance should be extended to reduce the energy transfer rate constants while tuning 

* *

2

DA D A
H   in eq (1) (a R-6 dependence is expected according to the through-space Förster 

mechanism).24,28 2) The emission spectrum of the donor should be shifted toward lower energy in 

order to decrease the spectral overlap integral D,A . The replacement of Eu(III) with Nd(III) or 

Yb(III) emitters could be considered to match this requirement. 3) The nature of the heterocyclic 
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nitrogen atoms bound to Fe(II) should be adapted to shift the spin crossover temperature T1/2, i.e. the 

temperature at which 50% of both high-spin and low spin forms coexist, toward lower values (eq 3).39 

This will maximize the mole fraction of less absorbing high-spin species at high temperature, while 

a concomitant drift of the Fe-MLCT bands toward higher energy could further reduce D,A . 

SCOII II
low-spin high-spinFe Fe

K   SCO SCO SCOlnRT K H T S      and 
SCO

1/2
SCO

H
T

S





 (3) 

The first option requires a tricky extension of the triple helix,40 the second option would limit 

detection in the NIR which is much less attractive for non-specialists. The third option is explored in 

this contribution despite the inherent difficulty produced by the partial enthalpy/entropy (H/S) 

compensation41-43 established for SCO processes44 which limits any major drift in the transition 

temperature since 12 SCO SCOT H S   (eq 3).45.  

 

Scheme 1. Chemical structures of the model didentate A-D binding units and their related 

introduction into the segmental didentate-tridentate ligands L1-L4. 
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For the didentate NN units bound to Fe(II) (L = A-D in Scheme 1), taken as models for the terminal 

binding site in the related triple helices [EuFe(Lk)3]5+, a linear correlation SCO SCOH S      

could be established for the mononuclear [Fe(L)3]2+ series with  = 601(103) K and  = -24936(9020) 

J∙mol-1.39 Since 0 (H/S compensation) and <0 (strong-cohesion regime),45 any planned shift of 

the transition temperature toward lower values in CD3CN,  1 2 SCO SCO SCOT H S S      , requires 

smaller SSCO values (and consequently HSCO) and finally weaker Fe-N bond affinities. The 

hydrolysis-sensitive 1-methyl-2-(pyrimidin-2-yl)-1H-benzo[d]imidazole binding unit (B) appeared 

to be the best candidate for weakening the Fe-N bond while maintaining SCO transitions at accessible 

temperature in solution.39 We show in this contribution that the latter didentate binding unit can be 

introduced into the segmental ligand L2 to ultimately produce the stable dinuclear self-assembled 

[EuFe(L2)3]5+ helicate, for which a rare modulation of Eu(III) luminescence by SCO Fe(II) operating 

in a single molecule is demonstrated in solution. 

Results and Discussion 

Synthesis and molecular structures of ligand L2 and of the self-assembled triple-stranded 

helicates [LnM(L2)3]5+ (Ln = La, Nd, Eu; M = Fe, Zn). Contrary to L146 and L4,36 for which the 

hydrolysis-resistant methylpyridine unit could be connected to the diphenylmethane spacer as the 

first step of the synthetic strategy, the introduction of pyrazine as found in L3,47 or of more reactive 

pyrimidines as found in precursors B or D must occur during the last synthetic steps in order to avoid 

decomposition. With this in mind, the non-symmetrical ortho-nitro amine 3 was prepared in six steps 

(Scheme A2-1)47 and used as the nucleophile for connecting the terminal pyrimidine unit 2 via an 

amide bond in 4 (Scheme 2). The subsequent reduction/cyclization step leading to the final ligand L2 

must avoid any traces of acids, which are incompatible with the maintenance of the pyrimidine unit, 

but especially useful for catalyzing the ultimate benzimidazole cyclization.48 The best strategy in our 

hands used a reduction of 4 with sodium dithionite in ethanol/water followed by cyclization using 

microwave heating under pressure to give a 46% yield of ligand L2. The ESI-MS spectrum (Figure 
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S1) and elemental analysis (Appendix 2) support the formation of the segmental ligand L2, in 

complete agreement with its 1H NMR spectrum, which points to fast rotations around the interannular 

C(benzimidazole)-C(pyrimidine) bond. An [A2X] spin system is observed for the protons of the 

pyrimidine (Figure S2) leading to an average Cs-symmetry for L2, which is further supported by the 

[A2] spin system displayed by the central methylene spacer (Figure S3). In its crystalline form (Tables 

S1-S2, Figure S4), L2 adopts a roughly planar conformation of the connected aromatic rings, in which 

both N-methyl substituents are oriented on the same side of the methylene spacer (Figure 3). 

 
Scheme 2. Synthetic strategy for the preparation of the segmental ligand L2. 

As previously detailed for L146 and L349, the stoichiometric mixing of Ln(CF3SO3)3 (1.0 eq, Ln = La, 

Nd, Eu), M(CF3SO3)2 (1.0 eq, M = Fe, Zn) and L2 (3.0 eq) in CD3CN at total millimolar 

concentrations results in the fast (< 1 minute) and selective assembly of a single [LnM(L2)3]5+ 
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complex with C3-symmetry (eq 4, Figure S5), which can be evidenced in solution by the combination 

of (i) ESI-MS spectra, which are dominated by the detection of gas-phase [LnM(L2)3(CF3SO3)n](5-n)+ 

adducts (n = 0-3, Figures S6-S11), and (ii) 1H NMR spectra (Figure S12).  

Ln3+ + M2+ + 3 L2   [LnM(L2)3]5+ 3Ln,M,
1,1,3 3

LnM( )

Ln M
 L2 L2

L2
 (4) 

The wrapping of the ligand around the three-fold axis is responsible for the [AB] spin system recorded 

for the diastereotopic methylene protons (loss of the symmetry plane) and for the 2.0 ppm upfield 

shift of the protons k and o in the final [LaZn(L2)3]5+ complex (Figure S12a), which is diagnostic for 

a twisted conformation of the diphenylmethane spacer (Figure 3). Furthermore, the coordination of 

Zn(II) at the didentate site introduces an inequivalence between the pyrimidine protons q and s, owing 

to the loss of the time-averaged symmetry plane bisecting the bound pyrimidine unit. Coordination 

of La(III) at the tridentate site is evidenced by a 0.35 ppm downfield shift of the pyridine-proton f 

signal (Figure S12). According that stability constants in the range 28 ≤  Ln,Zn,
1,1,3log  L1  ≤ 29 46 and 24 

≤  Ln,Fe,
1,1,3log  L1'  ≤ 25 50 were previously reported for equilibrium (4), no significant decomplexation 

is expected for concentrations larger than the micromolar domain for the analogous [LnM(L2)3]5+ 

helicates. This is fully confirmed in the submillimolar range by the observed invariance of both 1H 

NMR spectra for [LaZn(L2)3]5+ (Figure S12b), and electronic absorption spectra for [LaFe(L2)3]5+ 

(Figure S13) upon dilution. We can therefore safely conclude that the triple helicates [LnM(L2)3]5+ 

correspond to > 99% of the speciation in the millimolar acetonitrile solutions used for studying 

magnetic and photophysical properties (see next sections).  

Stoichiometric reactions of 3 eq of the ligand L2 with 1 eq of Zn(CF3SO3)2 or Fe(CF3SO3)2 and 1 eq 

La(CF3SO3)3 or Nd(CF3SO3)3 or Eu(CF3SO3)3 in acetonitrile yielded microcrystalline powders of the 

respective complexes upon diffusion of diethylether or tbutyl-methylether (Appendix 2 and Table A2-

1). The powders, when redissolved in acetonitrile and allowed to crystallize by (very) slow diffusion 

of either diethylether or tbutyl-methylether yielded single crystals suitable for characterization by X-

ray diffraction at 120 K for [EuZn(L2)3](CF3SO3)5ꞏ1.5CH3CNꞏ0.625C5H12O, 
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[NdZn(L2)3](CF3SO3)5ꞏ1.5CH3CN, [LaFe(L2)3](CF3SO3)5ꞏ2.5CH3CNꞏ0.5C5H12O, 

[EuFe(L2)3](CF3SO3)5ꞏ2.5CH3CNꞏ0.5C5H12O, and [NdFe(L2)3](CF3SO3)5ꞏ2CH3CNꞏ0.5C4H10O 

(Table 1 and Figure 3; Tables S3-S14, Figures S14-S18). In absence of satisfying single crystals, a 

microcrystalline powder of [LaZn(L2)3](CF3SO3)5 was analyzed by powder-XRD and gave a pattern 

that could be well indexed and refined with a similar cell to those of the other dinuclear helicates 

(Table 1; Figures S19-S20). 

 

Figure 3. Molecular structures of the ligand L2 and the cationic triple-stranded helicates 

[EuZn(L2)3]5+ and [EuFe(L2)3]5+ as observed in the crystal structures of L2, 

[EuZn(L2)3](CF3SO3)5ꞏ1.5CH3CNꞏ0.625C5H12O and [EuFe(L2)3](CF3SO3)5ꞏ2.5CH3CN 

ꞏ0.5C5H12O measured at 120K. 
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Table 1. Structural data for the complexes of L2 in the solid-state at 120 K. 

 [EuZn(L2)3](CF3SO3)5 [NdZn(L2)3](CF3SO3)5 [LaFe(L2)3](CF3SO3)5 [EuFe(L2)3](CF3SO3)5 [NdFe(L2)3](CF3SO3)5 

Crystal System Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

d (M-Nbz)a 2.096(27) 2.098(34) 1.978(5) 1.976(3) 1.976(3) 

d (M-Npy)a 2.21(4) 2.212(34) 1.981(5) 1.981(5) 1.982(11) 

α / ° a 8.66(3.85) 8.5(3.8) 9.26(3.88) 9.19(3.59) 8.61(4.47) 

β / ° a 85.96(1.79) 87.13(4.27) 86.56(3.26) 86.27(3.42) 86.54(3.09) 

γ / ° a 76.83(49) 76.58(78) 81.01(15) 81.37(40) 80.96(24) 

Octahedronb 1.411 1.475 0.668 0.676 0.680 

Trigonal prismb 14.151 13.921 15.421 15.244 15.320 

d (Ln-Nbz)c 2.570(13) 2.608(4) 2.668(9) 2.574(12) 2.611(12) 

d (Ln-Npy)c 2.578(13) 2.608(17) 2.684(13) 2.584(8) 2.616(17) 

d (Ln-O)c 2.406(18) 2.450(17) 2.488(17) 2.401(21) 2.439(23) 

Muffind 1.772 1.978 2.193 1.869 1.961 

Spherical capped 
square antiprismd 

1.802 1.968 2.261 1.901 1.980 

Bond valence sume 3.07 3.11 3.15 3.06 3.12 

d (Ln-M) 9.144(1) 9.158(1) 9.2703(6) 9.253(1) 9.254(1) 

a Didentate binding unit with d-block-metal with (α) Interannular intraligand angles, (β) Interchelate Angles (Fig. S23) and (γ) Chelate Bite Angles b 

SHAPE scores52,53 as compared to an ideal octahedron or trigonal prism at the didentate site. c Tridentate binding unit with f-block-metal. d  SHAPE 

scores52,53 as compared to muffin geometry or spherical square capped antiprism at the tridentate site (Fig. S22). Shape 2.1 can be downloaded free at 

https://www.ee.ub.edu/downloads/. e Bond valence sum for the lanthanide coordinated at the tridentate binding sites.51 
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A rapid look at the molecular structures show (very) similar triple-stranded dinuclear arrangements 

for all the isolated [LnM(L2)3]5+ cations (Figure 3 and Figure S21) with intermetallic separations 

around 9.2 Å (Table 1). Focusing on the Zn(II)Eu(III) distance leads to 9.144(1) Å in [EuZn(L2)3]5+, 

which is marginally longer than those previously reported for the isostructural [EuZn(L1)3]5+ (8.45 

Å)23 and [EuZn(L3)3]5+ (8.5 Å) complexes.49 A detailed structural analysis (Appendix 3)51 points to 

very similar low-symmetry nine-coordinate [LnN6O3] chromophores for Ln = La, Nd, Eu reminiscent 

of muffins or of spherical capped square antiprisms, as quantified by a SHAPE analysis (Table 1 

entries 11-12 and Figure S22).52,53 Focusing on the [MN6] unit reveals pseudo-octahedral geometries, 

which are more distorted around the spherical Zn2+ than around the low-spin Fe2+ at 120 K, a cation 

which is known to display large ligand-field stabilization energies in octahedral geometry (Table 1, 

entry 6).54 To summarize, the dinuclear [LnM(L2)3]5+ complexes are highly stable in acetonitrile 

solution and the helical mold produced by the three wrapped ligands is flexible enough to provide 

similar molecular structures whatever the cations used for the self-assembly process (Ln = La, Nd, 

Eu and M = Fe, Zn). 

Spin state equilibria of [LnFe(L2)3]5+ in solution (Ln = La, Nd, Eu). The evolution of the magnetic 

susceptibilities (
tot
M  in cm3mol-1) for the self-assembled complexes in solution were achieved 

through Evans’ method (eq A1-2, Appendix 1).55 The measurement of the diamagnetic complex 

[LaZn(L2)3]5+ provides  tot dia
M M[LaZn]  , from which the searched pure paramagnetic contribution 

 para
M Fe  assigned to the Fe(II) spin-state equilibrium in [LaFe(L2)3]5+ can be obtained with eq (5) 

after considering the solvent correction56 and the associated change in the density of the solvent (red 

disks in Figure 4).57,58 In eq (5),  is the chemical shift (in Hz) measured between the two signals of 

a reference indicator simultaneously placed in the studied solution containing the complex at a 

concentration c (in g.cm-3) and in an isolated coaxial tube in absence of complex, and M is the 

molecular mass of the complex (in g.mol-1). 
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In [NdFe(L2)3]5+ and [EuFe(L2)3]5+, the paramagnetic lanthanide partners display negligible 

intramolecular isotropic magnetic coupling constant with the remote high-spin Fe(II) (> 9Å),36 and 

their [LnN6O3] coordination spheres are almost identical to those observed in [NdZn(L2)3]5+ and 

[EuZn(L2)3]5+. With this in mind, the paramagnetic contribution  para
M Fe  assigned to the Fe(II) 

spin-state equilibrium in the latter dinuclear helicates can be simply deduced from the differences 

       para tot tot
M M MFe LnFe LnZn     and plotted in Figure 4 (green and blue disks, see Appendix 

4 for details). 

 

Figure 4. Plot of experimental molar Fe(II) paramagnetic susceptibility (  para
M Fe T  ) versus 

temperature (T) for a 10 mM solution of the [LnFe(L5)3]5+
 complexes in CD3CN (disks). The dashed 

curves represent  para
M Fe T  computed with eq (8) and using the fitted values of ΔHsco and ΔSsco for 

individual SCO processes (Table 2). 

Once experimental  para
M Fe T   at different temperatures are at hand for the complexes 

[LnFe(L2)3]5+, their strict assignment to the spin-state equilibrium (3) allows us to extract the 

associated thermodynamic parameters HSCO and SSCO (Table 2) by non-linear least-squares fits 

with eq (6) while using the Curie constants Chs and Cls for high-spin, respectively low-spin Fe(II) in 

solution and the temperature independent susceptibilities (TIP) previously found for the  mononuclear 
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analogue [Fe(B)3]2+ in solution (Chs = 4.10(3) cm3∙K∙mol-1, TIPhs = 369(3) x 10-6 cm3ꞏmol-1, Chs = 0.0 

cm3∙K∙mol-1, TIPhs = 342(3) x 10-6 cm3ꞏmol-1, see Appendix 5 for details).39 
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 (6) 

Slightly better fits could be obtained with eq (A1-3), which considers the possibility of some minor 

oxidation of Fe(II) into Fe(III) (mole fraction xFe(III) ≤ 0.03, see details in Appendix 5), but they do 

not significantly alter the global thermodynamic parameters. 

Table 2. Thermodynamic constants (ΔHsco, ΔSsco), transition temperatures (T1/2) for [LnFe(Lk)3]5+ in 

CD3CN (Lk = L1, L2, L3). 

Complex ΔHsco /kJmol-1 ΔSsco /Jmol-1K-1 T1/2 /K Reference 

[LaFe(L1)3]5+ 29.6(2) 86.2(5) 344(3) 46 

[LaFe(L4)3]5+ 37.9(5) 92(1) 412(8) 46 

[LaFe(L2)3]5+ 23.5(1) 74.2(1) 317(2) This work 

[NdFe(L2)3]5+ 23.1(1) 71.8(1) 322(2) This work 

[EuFe(L2)3]5+ 24.3(1) 76.7(1) 317(1) This work 

 

The transition temperatures 317 ≤ T1/2 ≤ 322 observed for [LnFe(L2)3]5+ (Table 2, column 4) are in 

good agreement with T1/2 = 309(6) K reported for the mononuclear model complex fac-[Fe(B)3]2+ in 

CD3CN solution.39 It is not surprising that T1/2 is slightly higher for the same C3-symmetrical 

[Fe(NN’)3]2+ chromophore in the dinuclear [LnFe(L2)3]5+ complexes since the expansion of the 

[Fe(II)N6] sphere concomitant with the spin transition process is slightly affected by the minor 

constraints exerted by the coordinated Ln(III) neighbor through the helicate scaffold.59 In line with 

our strategy,39 the transition temperature of the spin crossover process for isolated molecules in 

solution stepwise indeed decreases in going from 2-benzimidazole-pyrazine (T1/2([LaFe(L4)3]5+) = 

412 K) to 2-benzimidazole-pyridine (T1/2([LaFe(L1)3]5+) = 344 K) and, finally, 2-benzimidazole-
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pyrimidine (T1/2([LaFe(L2)3]5+) = 317 K) didentate binding units. This makes [EuFe(L2)3]5+ the most 

promising candidate for the experimental demonstration that the modulation of Eu(III) luminescence 

by Fe(II)-SCO can be implemented into isolated molecules in solution, a phenomenon previously 

reported for [EuFe(L1)3](CF3SO3)5 in the solid state23 and for doped materials.1,37  

In the solid state, intermolecular interactions prevent simple molecular-based rationalization and 

complicated multivariate are required to partially analyze the crucial influence of long-range effects 

resulting from crystal packing.60 Both [LaFe(L2)3](CF3SO3)5ꞏ1.45H2O (HSCO = 13.4(5) kJmol-1, 

SSCO = 33.0(1) Jmol-1K-1, T1/2 = 406(2) K, cooperativity index  = 3.76(1) kJmol-1) and 

[EuFe(L2)3](CF3SO3)5ꞏ1.85H2O (HSCO = 23.2(2) kJmol-1, SSCO = 54.4(4) Jmol-1K-1, T1/2 = 427(4) 

K, cooperativity index  = 2.99(1) kJmol-1) exhibit spin crossover transitions with transition 

temperatures T1/2 larger than those found in solution (Table A6-1 in Appendix 6). 

 

Figure 5. Deconvoluted absorption spectra of high-spin and low-spin [LaFe(L2)3]5+ (left part) and 

emission spectra (exc = 331 nm) of [EuZn(L2)3]5+ in acetonitrile. 

Having HSCO and SSCO in solution, the associated spin state equilibrium constant KSCO is deduced 

with eq (3), from which the mole fraction of high-spin Fe(II),  hs SCO SCO1x K K  , is accessible at 

any temperature. Consequently, the record of variable temperature absorption spectra for 

[LaFe(L2)3]5+ at 1.66 mM concentration in acetonitrile (Figure S24, negligible decomplexation 
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according to eq 4) is controlled by the spin-state equilibrium, from which the decadic temperature-

independent molar absorption coefficients of each contributing complex, i.e. high-spin HS-[LaFe 

(L2)3]5+ ( hs
 ) and low-spin LS-[LaFe(L2)3]5+ ( ls

 ), can be deduced by a multi-linear square fit using 

eq (A1-4).49 The deconvoluted visible absorption spectrum of LS-[LaFe(L2)3]5+ (purple trace in 

Figure 5) shows MLCT transitions rather similar to those recorded for LS-[LaFe(L1)3]5+ (Figure 1),49 

but slightly red-shifted with lower molar extinction coefficients (Figure S25). The MLCT transition 

in HS-[LaFe(L2)3]5+ is of much lower intensity and centered at λmax = 472 nm (orange trace in Figure 

5). The 30% reduction of the extinction coefficient of the MLCT transitions in going from 2-

benzimidazole-pyridine in LS-[LaFe(L1)3]5+ (Figure 1) to 2-benzimidazole-pyrimidine in LS-

[LaFe(L2)3]5+ (Figure 5) is especially fortuitous for restraining the intramolecular Eu(III)Fe(II)LS 

transfer in [EuFe(L2)3]5+ (decrease of the overlap integral in eq 2) and thus limiting the quenching of 

Eu-centered emission in solution.21 

Modulation of Eu-based luminescence upon Fe(II) spin crossover operating in the molecular 

[EuFe(L2)3]5+ complex in solution. The binding of the ligands L2 to M(II) (M = Fe, Zn) and Ln(III) 

(Ln = La, Eu) to form the triple helical complexes [LnM(L2)3]5+ in acetonitrile requires a transoïd to 

cisoïd rearrangement at both didentate and tridentate donor sites (Figure 3), which is accompanied by 

the expected61,62 1500 cm-1 red shift of the ligand-based spin-allowed 1*1 transitions in the 

absorption spectra (Figure 6). While the [LnZn(L2)3]5+ complexes are colorless, the Fe(II) analogues 

[LnFe(L2)3]5+ exhibit a purple-red color in their low-spin state and an orange-yellow color in the 

high-spin state produced by their specific MLCT absorptions, which cover the visible part of the 

electromagnetic spectrum (Figure 5). Upon UV ligand-based excitation, a related red shift is detected 

in the associated 1*1 fluorescence emission spectra in going from L2 (Figures S26-S27) to 

[LaM(L2)3]5+ (Figures S28-S29), while the weaker 3*1 phosphorescence, which covers the 500-

600 nm range for both ligand and complexes, can be detected only at low temperature (Figures S30-

S31). 
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Figure 6. Absorption spectra of a) L2 and [LnZn(L2)3]5+ complexes (Ln= La, Eu, Nd) and b) 

[LaM(L2)3]5+ (M = Fe, Zn) in ~1 mM acetonitrile solutions. 

 

Figure 7. Emission spectrum of [EuZn(L2)3]5+ (λexc = 331 nm) dominated by the Eu(5D0→7FJ) 

emission bands (~1mM solution in acetonitrile). 
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For [EuZn(L2)3]5+, ligand-centered excitation at 331 nm (30210 cm-1) reveals intense Eu(III)-based 

5D07FJ emission bands (J = 0-4), which result from indirect sensitization through efficient L2-to-

Eu(III) energy transfers (antenna effect),63,64 a mechanism almost quantitative as ascertained by the 

detection of only residual ligand-based 1*1 fluorescence (Figure 7). Variable temperature 

emission spectra recorded for a solution of [EuZn(L2)3]5+ (exc = 335 nm, Figure S32) show a 

decrease in intensity of the Eu(5D07FJ) transitions with increasing temperature, due to the 

concomitant increase of the relaxation rate constant relax relax
Eu Eu1k   affecting the Eu(5D0) excited state 

(red markers in Figure 8, Table S15 and Figure S33). The decay rate constants of the excited Eu(5D0) 

spectroscopic level can be partitioned between radiative and non-radiative contributions 

relax rad non-rad
Eu Eu Euk k k  . In the case of transitions that are electron-dipole forbidden, but are made 

partially allowed by coupling to the lattice that induce off-parity crystal field components, as it is the 

case for 4f4f transitions, the radiative rate constant rad
Euk  exhibits temperature dependence 

summarized in eq (7),65 where k0 is the radiative rate constant at T = 0 K obeying Einstein’s 

relationship for spontaneous emission,66 h represents the coupling phonon mode and kB is 

Boltzmann’s constant. 

 rad 0
Eu Bcoth 2k k h k T  (7) 

Since an average phonon bath of h  2000 cm-1 is representative for the available coupling phonon 

mode in lanthanide coordination complexes,67 eq (7) thus predicts a maximum drift of 3% for rad
Euk  in 

the 230-330 K range. This could be confirmed in the emissive [EuZn(L2)3]5+ complex, because the 

5D0→7F1 transition corresponds to an allowed magnetic dipole transition with no contribution from 

induced electric dipole components. Since magnetic dipole transitions in lanthanide ions are 

practically independent of the ion’s surroundings, the spontaneous emission probability for the 

magnetic dipole transition in Eu(III) can be well calculated by theory to give A0-1 = 14.65 s-1.68 

Application of eq (A1-5)69 to the variable temperature steady-state emission spectra recorded for 
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[EuZn(L2)3]5+ (Figure S32) indeed returned a roughly constant value of rad
Euk   190 s-1 within the 230-

330 K range accessible in acetonitrile (Figure S34). 

 

Figure 8. Plot of experimental total decay rate constants relax relax
Eu Eu1k   for Eu(5D0) in [EuZn(L2)3]5+ 

(red circles) vs temperature (T) in acetonitrile (λexc = 355 nm). The black trace represents the non-

linear least-squares fit using eq (9). 

On the other side, non-rad
Euk  is modeled with an Arrhenius-type temperature-dependent non-radiative 

phonon-assisted deactivation (eq 8), in which non-rad,0
Euk  stands for the non-radiative relaxation at T 

and non-rad
EuE  is the activation energy of the phonon-assisted relaxation pathway (in kJ/mol). The low-

temperature tunneling, being much smaller than the radiative decay, is neglected.23,24,67  

non-rad
non-rad non-rad,0 Eu
Eu Eu exp

E
k k

RT

 
   

 
 (8) 

Altogether, the combination of eq (8) for non-rad
Euk  with a temperature-independent radiative rate 

constant rad
Euk  gives eq (9), which was used for fitting the experimental data with the help of non-

linear least squares techniques (black trace in Figure 8). 

non-rad
relax rad non-rad rad non-rad,0 Eu
Eu Eu Eu Eu Eu exp

E
k k k k k

RT

 
      

 
 (9) 

The fitted radiative relaxation rate constant amounts to rad
Euk  = 285(1) s-1 (or rad rad

Eu Eu1 k   = 3.50(5) 

ms). It is in good agreement with τrad = 2.89(2) ms measured previously for the analogous 

[EuZn(L1)3]5+ triple-helicate,23 and lies in the range obtained from the integration of the emission 
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spectra with eq (A1-5) ( rad
Euk   190 s-1; Figure S33). The non-radiative relaxation is characterized by 

non-rad,0
Euk  = 3.16(1)ꞏ1010 s-1 and non-rad

EuE = 50.2(1) kJ.mol-1, which is larger than 39.4(6) kJ.mol-1 reported 

for [EuZn(L1)3]5+.23 

 

Scheme 3. Kinetic scheme for the luminescent monitoring of the Fe(II) spin-state using Eu(III) in the 

dinuclear [EuFe(L2)3]5+ complex. Dashed upward arrows = excitation, full downward arrows = 

relaxation and straight diagonal arrows = low-spin  high-spin transformations (Adapted from ref 

23). 

Upon replacement of Zn(II) with Fe(II) in [EuFe(L2)3]5+, the absorption spectrum of the [FeN6] 

acceptor covers the visible part of the electromagnetic spectrum and, depending on the Fe(II) spin 

state, variable spectral overlap integral D,A are expected with the emission spectrum of the [EuN6O3] 

chromophore (Figure 5). This opens two novel routes for quenching Eu(5D0)-centered luminescence 

via intramolecular EuFe energy transfer (eq 1) modeled with eqs (A1-6)-(A1-7) for low-spin ( q
LSk

), respectively high-spin ( q
HSk ) Fe(II) (Scheme 3).23 Altogether, the complete kinetic mechanism 

summarized in Scheme 3 combines the Fe(II) spin-crossover behavior modeled with kHL (eq A1-8) 

and kLH (eq A1-9), which are the first-order rate constants for low-spinhigh-spin and high-

spinlow-spin transitions, with its consequences on the searched population densities of the excited 

states 2N  and 3N  (labelled as Eu* in Scheme 3).  
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Beyond relax
Euk  (eq 9), taken for [EuZn(L2)3]5+, and 

q
LSk , 

q
HSk  discussed above, the steady-state 

population of Eu* (i.e. 2
S-SN + 3

S-SN ) is further affected by the continuous excitation process exc
Euk  given 

in eq (10) (dashed arrows in Scheme 3),70 where P is the pump wavelength, P is the incident pump 

intensity (Wcm-2), h is the Planck constant, c is the speed of light in vacuum and Eu is the absorption 

cross section ( 213.8 10i j i j     ).66 Please note that, in molecular [EuFe(L2)3]5+ cations, indirect 

sensitization is obtained via absorption through the ligand-centered excited states followed by energy 

transfer onto the Eu(III) center (antenna effect). This justifies the neglect of stimulated emission 

processes in the associated kinetic Scheme 3. 

pexc
Eu Euk P

hc


  (10) 

Under the weak continuous excitation P = 8.1 mWcm-2 of the Xenon lamp at λexc = 333 nm, the 

calculated (eq 10) pumping rate for [EuFe(L2)3]5+ amounts to only 𝑘ୣ୶ୡ୳ = 5.29 s-1 (ε = 102547 M-

1cm-1, σ = 3.89ꞏ10-16 cm2), which implies that the steady-state excited-state population densities 2
S-SN  

and 3
S-SN  are negligible compared with ground-state population densities. The following 

approximations hold 
1 1 0

S-S 0 SCOLH
SCO0 0

HLS-S 0

exp
N N Gk

K
k RTN N

 
     

 
 and 0 1

S-S S-S 0N N N  . The total 

emitted intensity IS-S under steady-state excitation is then given in eq (11) (see Appendix 7 for its 

derivation with relax q
A LH Eu LSk k k k    and relax q

B HL Eu HSk k k k   ).23 

     
   

2 3 LH A HL HL B LHrad exc rad
S-S Eu S-S S-S 0 Eu Eu

HL LH A B HL LH

k k k k k k
I k N N N k k

k k k k k k

   
       

 (11) 

Experimentally, one first notes that variable temperature excitation of [EuFe(L2)3]5+ in acetonitrile at 

333 nm (  = 30000 cm-1) displays measurable Eu(5D07FJ) emission signals within the 233-333 K 

range (Figure 9a), a behavior which drastically contrasts with the lack of detectable emission 

previously reported for [EuFe(L1)3]5+ in solution.23 The shift of the transition temperature T1/2 by 
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circa 30 degrees in going from [EuFe(L1)3]5+ to [EuFe(L2)3]5+ (Table 1), combined with the very 

limited overlap between the Eu-emission spectrum and the HS-Fe(II) absorption spectrum in the latter 

complex (Figure 5), limits intramolecular EuFe energy transfers to such an extent that radiative 

Eu-based emission ( rad
Euk ) becomes competitive with the non-radiative processes in solution ( relax

Euk , 

q
LSk  and 

q
HSk in Scheme 3). 

 

Figure 9. a) Variable temperature steady-state emission spectrum of [EuFe(L2)3]5+ (λexc = 333 nm, 

~1 mM solution in acetonitrile) highlighting the variation in the intensity of the Eu(5D0→7FJ) 

emission bands. b) Normalized total integrated intensity (I/Imax= IT/I233K) for the emission of Eu(III) 

(red circles) in [EuFe(L2)3]5+ (λexc = 333 nm) in acetonitrile. The black circles represent the non-

linear least squares fitted intensities computed with eq (11) and using the values collected in Table 3 

column 5 (AF = 0.00048). 

The temperature-dependent total emission intensity (red circles in Figure 9b) display an initial decline 

(230-270 K) due to the increase of the non-radiative vibrational relaxation processes via non-rad
Euk  (eq 
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8, Figure S33b), which is overcome within the 270-310 K range by the replacement of active 

quenching LS-Fe(II) centers with less efficient HS-Fe(II) acceptors according to the thermally-

induced spin state equilibrium. At temperatures higher than 310 K, non-rad
Euk  dominates again the 

temperature dependence, and the total emitted intensity decreases. The resulting wavy trend 

experimentally observed for Eu(5D07FJ) in an acetonitrile solution of [EuFe(L2)3]5+ is unique for 

isolated single molecules (Figure 9b). For the parent complex [EuFe(L1)3]5+, the latter wavy emitted 

intensities could be only theoretically predicted because of the too large values of q
LSk  and q

HSk .23 The 

larger temperature range (10-400 K) accessible for [EuFe(L1)3](CF3SO3)5 in the solid state made the 

predicted modulation of the Eu(III)-centered emission partially attainable,23 a trend which has been 

recently confirmed for a mononuclear spin crossover Fe(II) complex bearing peripheral naphthalene 

light emitters.71 

A delicate non-linear least-square fit of the normalized experimental Eu(III)-centered emission in 

[EuFe(L2)3]5+ (I/Imax shown as red circles in Figure 9b) with eq (11) finally provided a satisfying 

undulating dependence of the emitted intensity on the temperature (black circles in Figure 9b) rebuilt 

with the fitted rate constants collected in Table 3 (see Scheme 3 and Appendix 8 for details). In order 

to limit the number of fitted parameters: (i) the relaxation of Eu(III), relax
Euk , observed and modelled 

with eq (9) for [EuZn(L2)3]5+ in acetonitrile were taken as pertinent for [EuFe(L2)3]5+ and (ii) kLH 

and its Arrhenius dependence were deduced from kHL and KSCO (eq A1-9). The close-to-negligible 

values of q
HSk  (eq A1-7) within the 230-330 K (Table 3, entries 4-5) contributes for less than 1% of 

the total relaxation of Eu(5D0) (Figure S35), which confirms the lack of measurable spectral overlap 

between the Eu((III) emission spectrum (580-750 nm, red trace in Figure 5) and the weak HS-Fe(II) 

absorption spectrum (450-540 nm, orange trace in Figure 5). The situation changes for q
LSk  (eq A1-6) 

which is responsible for more than 80% of the relaxation of the Eu(5D0) excited state within the 240-

330 K range accessible in acetonitrile. relax
Euk  (eq 9) takes care of the missing 16-20% (Figure S35). 
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The opposite mirror bowl-shaped variations of both contributions ( q
LS%k  and relax

Eu%k , Figure S35) are 

responsible for the wavy modulation of the Eu(5D0)-centered light emission measured for 

[EuFe(L2)3]5+ in solution (Figure 9). 

Table 3. Rate constants and activation energy barriers computed for the relaxation processes and spin 

crossover process depicted in Scheme 3 for [EuZn(L2)3]5+, [EuFe(L2)3]5+, [EuZn(L1)3]5+ and HS-

[EuFe(L4)3]5+ in acetonitrile.  

 [EuZn(L1)3]5+ [EuFe(L4)3]5+ [EuZn(L2)3]5+ [EuFe(L2)3]5+ 

krad /s-1 339(2) 339(2) a 285(1) 285(1) b 

0
non-radk  /s-1 8(2)ꞏ108 8(2)ꞏ108 a 3.16(1)ꞏ1010 3.16(1)ꞏ1010 b 

non-rad
EuE  /kJmol-1 39.4(6) 39.4(6) a 50.2(1) 50.2(1) b 

q,0
HSk  /s-1 - 8(1)ꞏ106 - 8.85(1) s-1 

q
HSE  /kJmol-1 - 14.7(4) - 2.56(1) 

q,0
LSk  /s-1 - - - 8.95(1)ꞏ105 

q
LSE  /kJmol-1 - - - 12.67(2) 

0
HLk   /s-1 - - - 1.63(1)ꞏ103 

HLE  /kJmol-1 - - - 1.49(1) 

0
LHk  /s-1 - - - 1.53(1)ꞏ107 c 

LHE  /kJmol-1 - - - 25.6(2) c 

Reference 23 23 This work This work 

a Measured for [EuZn(L1)3]5+. b Measured for [EuZn(L2)3]5+. c Estimated from values of 𝑘ୌ
  and 

𝐸ୌ found from the fit for [EuFe(L2)3]5+ using eq (A1-9). 

Finally, the efficiency of the Eu(III)LS-Fe(II) energy transfers is different for each specific 

Eu(5D07FJ) transitions because their specific spectral overlap integral D,A  with the absorption 

spectrum of LS-Fe(II) varies. From Figure 5, one can immediately predicts that the spin-state 

equilibrium will weakly affects the intensity of the Eu(5D07F4) emission band, whereas 

Eu(5D07F2) will be the most sensitive one (Figure 10). 
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Figure 10. Normalized integrated intensities for the 5D0→7F1 (blue trace), the 
5D0→7F2 (green trace), 

and the 5D0→7F4 (red trace) emission bands, as a function of temperature for [EuFe(L2)3]5+ (λexc = 

333 nm) in acetonitrile. The orange trace represents the total integrated intensity of Eu(III) against 

temperature.  

Conclusion 

The risky replacement of terminal pyridine in L1 with hydrolysis-sensitive pyrimidine in L2 could 

be only justified by the weaker Fe-N interactions resulting from the complexation of the didentate 1-

methyl-2-(pyrimidin-2-yl)-1H-benzo[d]imidazole (B) binding unit with Fe(II), while maintaining (i) 

ligand-field strength compatible with SCO processes and (ii) thermodynamic stabilities compatible 

with the formation of close-to-quantitative pseudo-octahedral [Fe(NN)3] building blocks at 

millimolar concentrations.39 As a rational consequence of the enthalpy/entropy compensation (strong 

cohesion regime) characterizing spin-state equilibria with [FeN6] chromophores, the transition 

temperature T1/2 =317 K in [EuFe(L2)3]5+  becomes low enough to allow reasonable conversion of 

low-spin Fe(II) into high-spin Fe(II) within the temperature range accessible in acetonitrile. On the 

other hand, the unexpected, but favorable decrease of the intensity of both HS-Fe(II) and LS-Fe(II) 

MLCT absorption bands reduces significantly the quenching of the Eu(5D0)-centered light emission 

by the adjacent Fe(II) site in [EuFe(L2)3]5+, which leads to what we believe to be the first 

experimental demonstration of the lanthanide-based emission detection of Fe(II)-SCO process 

operating in a single molecule in solution. The theoretical analysis of the mechanism of luminescence 
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modulation depicted in Scheme 3 is currently supported only by the analysis of the variation of the 

steady-state emission as a function of the temperature (eq 11), which leaves some debatable points 

concerning the kinetic aspects of the Fe(II) spin-state equilibrium. An access to additional information 

via the time-dependent Eu(5D0) relaxation obtained under pulsed excitation in [EuFe(L2)3]5+  is 

complicated by the weak emission intensity IEu(t) and the very short lifetimes expected for the 

biexponential decays  (eqs A9-19 in Appendix 9). This delicate challenge is currently under 

investigation in our laboratory for further refining the origin of the intensity modulation reported in 

this work. 
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