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A dual-emitting Cu6-Cu2-Cu6 cluster as a self-
calibrated, wide-range luminescent molecular 
thermometer† 
Jun-Hao Wang, Mian Li, Ji Zheng, Xiao-Chun Huang* and Dan Li* 

A tetradecanuclear copper(I) cluster compound, namely 
[Cu6L3(Cu2I2)Cu6L3] (H2L = 3,5-bis((3,5-dimethyl-pyrazol-4-
yl)methyl)-2,6-dimethylpyridine), is synthesized. The high 
thermal stability, well-resolved blue/red dual emissions and 
two-way luminescent thermochromism warrant its self-
calibrated temperature sensing ability, covering a wide range 
(120−450 K). These promising results are supported by 
combined structural, spectral and computational studies. 

Materials that show luminochromism responding to temperature 
variation have attracted interdisciplinary interest because of their 
potential as luminescent molecular thermometers (LMTs) and 
merits of intrinsic visual read-out and non-contact 
measurement.1-3 In principle, the read-out signals, i.e. the 
responses of emission spectra, can be the vertical (intensity) or 
horizontal (wavelength) changes or the combination of both. 
Remarkably, dual-emitting systems can overcome the limitation 
of intensity-based temperature sensors by providing self-
calibrated (aka. ratiometric) signals, or by admitting visual 
emission colorimetric responses.2,3 However, most dual-emitting 
temperature sensors that are actively sought are those with 
nanostructures,3a which lack designability from the molecular 
level. Recently, a few ratiometric LMTs based on lanthanide 
compounds were reported.2 

In comparison, luminescent transition metal complexes4 
often possess long lifetimes, visible-range absorption, moderate 
brightness, and large Stokes shifts. These features are favorable 
for LMTs; however, surprisingly, only a few well investigated 
mononuclear, unitary (i.e. with only one emissive excited centre) 
metal complexes were utilized as intensity-based LMTs.1a,5 There 
are only two known cases of cluster-based LMTs,6 which usually 
have multiple emissive excited states suitable for the generation 
of dual emissions. A recently reported Cu5 cluster that functioned 
as a LMT did show luminescent thermochromism in the range of 
228−353 K, but the multiple excited states experienced thermal 

equilibration and thus no dual emission was observed, and 
therefore Cu5 is only an intensity- and lifetime-based LMT.6a The 
classical Cu4I4 phosphor was able to exhibit dual bands, making 
self-calibration possible. However, the additional band only 
occurred under cryogenic conditions, and hence the ratiometric 
Cu4I4 LMT was only applicable in the range of 8−120 K.6b 

 

Fig. 1 The emission colour profiles of four copper(I) cluster-based phosphors, 
Cu2I2, Cu4I4, [Cu3Pz3]2 and Cu6Pz6 (from left to right) in the visual spectrum, and 
the binary compound (upper) uniting the Cu2I2 and Cu6Pz6 clusters. C−H bonds 
are omitted here. 

Our group has been interested in cluster-based phosphors 
and their thermochromic properties,7 especially for copper(I)-
halide7a-c,8 and copper(I)-pyrazolate7d-f,9 clusters. Aiming at 
producing self-calibrated, wide-range cluster-based LMTs, one 
must tackle the following difficulties: i) that of maintaining the 
stability of materials at elevated temperature; ii) that of resolving 
dual emissions in one matrix and within a wide temperature 
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range; iii) that of avoiding quenched intensity and lifetime under 
higher temperature due to increasing nonradiative transition 
rate.10 Although the well known Cu4I47a-c,8 and Cu3Pz3

7d-f,9 (Pz = 
pyrazolate) clusters are capable of retaining their characteristic 
emissions in one matrix, their emission peaks (λem

max1 520−550 
nm for Cu4I4; λem

max2 630−660 nm for [Cu3Pz3]2) are too close (Fig. 
1), leading to an overlap of the dual bands.7b,c Such a complex 
photophysical scheme is unfavorable for self-calibrated LMTs. 

Here we demonstrate the fabrication of an advanced binary 
copper(I) cluster-based dual emitter, namely [Cu6L3(Cu2I2)Cu6L3] 
(denoted 2, H2L = 3,5-bis((3,5-dimethyl-pyrazol-4-yl)methyl)-2,6-
dimethylpyridine; Cu6L3 denoted 1, Cu2I2(2,6-lutidine)2 denoted 3) 
and its utilization as a self-calibrated, wide-range LMT. As shown 
in Fig. 1, the well-resolved dual emissions are assured by 
selecting two other copper(I) cluster phosphors whose emission 
peaks lie at either end of the visual spectrum. The prototype of 
the red phosphor, a Cu6Pz6 cage compound,7d benefits from its 
unusual stacking mode which is responsible for the huge Stokes 
shift (λem

max2 710 nm, compared with that of [Cu3Pz3]2). For the 
blue phosphor, we note that blue-emitting Cu4I4 cluster is not yet 
reported, but blue emission is available for the Cu2I2 type.11,12 
The organic linker in this study is thus modified to 2,6-lutidine-like: 
the pyridine-N site is left for further coordination with CuI, and the 
2,6-dimethyl provides steric hindrance to prevent the formation of 
the bulkier Cu4I4. 

The binary cluster 2 is synthesized through a stepwise 
procedure: by first reacting the new ligand H2L with Cu2O to 
afford the crystalline product 1; then the bulk sample of 1 is 
introduced to further react with CuI to give the final product 2 
(see Experimental Section in ESI†). The variation of reactant 
ratio (CuI:1) does not change the final product, and the direct 
reaction of CuI and H2L cannot yield 2. The isolated cluster 3 can 
be readily synthesized for the comparison of luminescence. The 
crystal structures of 1, 2 and 3 (shown in Fig. 1) are 
demonstrated by single-crystal X-ray diffraction (see Crystal Data 
Section in ESI†), and the purity of all samples for luminescence 
measurements are confirmed by elemental analysis and powder 
X-ray diffraction (Fig. S2 in ESI†). 

The intertrimeric CuI-CuI contacts within the cages, which 
are the origin of the red emission, have slightly longer distances 
for 1 (shortest 4.04 Å) and 2 (shortest 3.83 Å) relative to those of 
Cu6Pz6 cage (shortest 3.69 Å7d) at 298 K (Fig. S1 in ESI†). These 
distances are shortened (shortest 3.74 Å) at 100 K, revealed by 
the cryogenic structure of 2. Temperature-varied powder X-ray 
diffraction of 2 indicates no phase transition occurs under 
high temperature (298−573 K, Fig. S2c in ESI†), consistent 
with thermogravimetric analysis which reveals the thermal 
decomposition temperature is up to 660 K for 2 (Fig. S3 in ESI
†). Such a high thermal stability is the prerequisite for fabricating 
a wide-range LMT, with which the above difficulty i) is tackled. 

To ensure the spectral characteristics of Cu6Pz6 and Cu2I2 
are well preserved in the tetradecanuclear cluster 2 (i.e. tackling 
ii)), the absorption, excitation and emission spectra and decay 
lifetimes of 1, 2 and 3 are studied in detail (see Physical 
Measurement Section in ESI† ; selected spectral profiles are 
given in Table 1). The hypothesis of well-resolved, wide-

temperature-range dual emissions is convinced by the following 
spectral evidences: 
1) The dual bands of 2 with λem

max1 and λem
max2 well correspond 

with those of 3 and 1, respectively. 
2) The excitations λex

max of 2 monitored at λem
max1 and λem

max2 
also coincide exactly with those of 3 and 1, respectively. 

3) The phosphorescence lifetimes of the dual bands of 2 are 
close to those of separated 1 and 3, and the trends of 
shorter lifetimes under elevated temperature are similar. The 
microsecond-scale lifetimes, although shortened due to 
nonradiative transition, suggest the triplet excited states are 
not fully quenched under high temperature up to 450 K (thus 
tackling difficulty iii)). 

4) Most importantly, the characteristic gradual red shift of 1 (due 
to the shortened CuI-CuI contacts, see also Fig. S18 in 
ESI†) upon lowering temperature is also observed in the 
varying λem

max2 of 2 excited at 290 nm and ranging from 
450→100 K (also consistent with the above observation in 
the crystal structure of 2 at 100 K). 

Table 1. Luminescence profiles of 1-3 from 100→450 K. 

Compounds λex
max (nm) λex

max (nm) τ (μs) [e] 
1 290→300 [a] 740→685 [b] 9.58→5.48 [b] 

2 
293→310 [a] 1: 420 

2: 740→695 [b] 13.27→5.35 [b] 

310, 340 [c] 1: 420 [d] 
2: 740→690 17.21→5.10 [d] 

3 310, 340 [c] 420, 440 [d] 16.25→6.56 [d] 

[a] monitored at 740 nm emission; [b] excited at 290 nm; [c] monitored at 
420 nm emission; [d] excited at 337 nm; [e] decay lifetime of the major 
emission (see Table S3 in ESI†). Note “→” indicates the trends upon varying 
temperature. 

For visual temperature monitor, the bulk samples of 2 exhibit 
an interesting two-way luminescent thermochromism (Fig. 2a): 
under 254 nm UV lamp the emission colour varies from magenta 
to dark red responding to the high-temperature range, while 365 
nm UV light exposure gives the varying colours from blue to 
purple. Both cases are reversible when switching back to 298 K. 
The distinct responses are believed to originate from the different 
excitation energies of Cu6Pz6 and Cu2I2, and hence temperature-
varied emission spectra of LMT 2 excited at 290 (Fig. 2b), 310 
(Fig. 2c) and 340 nm (Fig. S8c in ESI†) are recorded. 

The colour changes correspond well with the variation of the 
relative emission intensity (I1:I2) of λem

max1:λem
max2 upon varying 

temperature. For example, at 290 nm excitation which is optimal 
for the red-emitting Cu6Pz6 cluster, the emission intensity at 
λem

max2 is comparable with that of λem
max1, showing colours from 

magenta (the mix of red and blue) to red corresponding to 
100−450 K (Fig. 2b). In contrast, at 310 and 340 nm excitations, 
the λem

max2 intensity is significantly lower, giving blue to purple 
colours, which are mainly attributed to the blue-emitting Cu2I2 
cluster. Interestingly, when excited at 310 nm, although the 
expected blue shift of λem

max2 upon increasing temperature is 
observed, the intensity first raises and then drops (Fig. 2c), 
contradicting to general photophysical observation.4 Such a 
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phenomenon is also observed for the isolated Cu6Pz6 cluster 1 
excited at 310 nm (Fig. S6 in ESI†), indicating there is a thermal 
activation process for the functioning of the Cu6Pz6 excimer when 
prompted under non-optimal excitations.7d-f,9 

 

Fig. 2 (a) Visual temperature monitor of 2 under UV lamp with different λex. 
Temperature-varied emission spectra excited at (b) 290 nm and (c) 310 nm, 
respectively. The arrows indicate the intensity changes at λem

max. (d) Working 
curves and equations (I1/I2 ∼ T) of the ratiometric LMT 2 implemented at 310 
(black) and 340 nm (blue, reciprocal coordinate) excitations. (e) Temperature 
dependence of the emission decay lifetimes of 1-3 and the best fit using the 
Mott-Seitz model (R2 > 0.989). 

To assess the self-calibrated performance of 2, we measure 
the emission spectra with a narrower temperature interval (20 K, 
Fig. S11 in ESI†), and correlate temperature (T) to the emission 
intensity ratio I1:I2 (Fig. S12-S14 in ESI†).1,2 Linear correlations 
can be found in two segments: 120−260 K for λex = 310 nm 
(sensitivity 0.208−0.285 % K-1) and 240−450 K for λex = 340 nm 
(sensitivity 0.283−0.088 % K-1, Fig. S19 in ESI†).1,2f The working 
curves and equations (I1/I2 ∼ T) of 2 are given in Fig. 2d. The 
working principle of this dual-emitting system involves a 
thermally activated nonradiative process, demonstrated by the 
fitted Arrhenius-like (Mott-Seitz model, see Fig. S15 in ESI†)2a,e,6a 
decay lifetimes (Fig. 2e). The thermal activation energies are 
calculated to be 4.96±0.35 (2, λex = 290 nm), 5.98±0.36 (1, λex = 
290 nm), 6.12±0.36 (2, λex = 337 nm) and 7.01±0.19 (3, λex = 337 
nm) kJ mol-1, respectively. 

To gain a better interpretation of the photophysical process 
of 2 from the quantum level, we perform preliminary DFT and 
TDDFT calculations (Fig. 3; see Computational Section in ESI†). 
The results and analysis are summarized as follows: 
1) The typical highest occupied molecular orbitals (HOMOs) and 

lowest unoccupied molecular orbitals (LUMOs) of 1 and 3 
are, as expected, well preserved in 2 (HOMO and LUMO of 

2 correspond to HOMO and LUMO of 3; HOMO-3/-4 and 
LUMO+2/+3 of 2 correspond to HOMO and LUMO of 1), 
demonstrated by the similarity of both the orbital contours 
and the quantitative descriptions of orbital compositions 
(Table S4 and S5 in ESI†). 

2) The energy levels and HOMO-LUMO gap of 1 are very close 
to the counterparts in 2, while both the energy levels of 
HOMO and LUMO of 3 raise a bit for the counterparts in 2 
and the HOMO-LUMO gap is larger for 2, indicating the 
union of the Cu2I2 and Cu6Pz6 clusters slightly alters the 
electronic structure in the binary system. But the origins of 
the two major excited states of 2 are largely unaltered, being 
metal/halide-to-ligand charge transfer (for λem

max1 band) and 
cluster-centered transition (for λem

max2 band). 
3) Interestingly, the major spin-allowed absorption transitions 

(Table S6-S8 in ESI†) of 1 (largest oscillator strength f = 
0.019) are much weaker than those of 3 (largest f = 0.11), 
but a notable inter-cluster transition (f = 0.16, green arrow in 
Fig. 3) can efficiently populates the Cu6Pz6-related excited 
states in 2. This inter-cluster transition may be responsible 
for the shoulders (ca. 350 nm) in the experimental excitation 
spectra of 2 (Fig. S7b in ESI†), which is unobserved in those 
of 1 (Fig. S5 in ESI † ). The existence of inter-cluster 
transition implies the possibility of electron/energy transfer 
cannot be ruled out, but there is no direct evidence for the 
process of thermally activated energy transfer, especially 
considering the lifetime profiles (Fig. 2e) in which 1-3 
undergo similar thermal deactivation process. 

4) The low oscillator strengths of 1, indicating nearly forbidden 
radiative decay,[6a] are consistent with the spectral 
observation of first-raising-then-dropping emission intensity 
at λem

max of 1 excited at non-optimal wavelengths (Fig. S6 in 
ESI†), which is also responsible for the unusual excitation-
energy-dependent two-way luminescent thermochromism of 
2. 

 
Fig. 3 Summary of calculated frontier molecular orbitals, energy levels and gaps, 
and major excitation transitions of 1-3. The contours of orbitals are selected 
from Fig. S16 in ESI†. The two-side arrows with dashed lines show the HOMO-
LUMO gaps of 1 and 3 and their counterparts in 2. The one-side arrows with solid 
lines show the major excitation transitions selected from Table S6-S8 in ESI†. The 
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red and blue arrows represent the intra-cluster transitions related to Cu6Pz6 and 
Cu2I2, respectively, while the green one is a considerable inter-cluster transition 
from HOMO to LUMO+3 of 2. 

In conclusion, a dual-emitting molecular photofunctional 
entity incorporating two types of copper(I) clusters, Cu2I2 and 
Cu6Pz6, is designed and synthesized. The well retained and 
resolved dual emissions of both cluster components provide the 
basis for the implementation of this binary system as a self-
calibrated LMT. This tetradecanuclear copper(I) cluster 
represents a novel LMT featuring the highest nuclearity and the 
widest sensing range for LMTs to date (120−450 K), which is 
fundamentally different from the well-developed, but more 
expensive lanthanide-based LMTs. Moreover, the combined 
structural, spectral and computational studies on this binary 
cluster (2) and its isolated counterparts (1 and 3) would shed 
light on a better understanding of the structure-property 
relationship of dual-emitting system in general photochemistry. 
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Graphical abstract 

 

The union of two red-emitting cage-like clusters, Cu6Pz6 (Pz = 
pyrazolate), joined by a blue-emitting Cu2I2 cluster, allows the 
internally referenced temperature sensing within a wide range 
(120−450 K). 
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