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Thermochromic and solvatochromic properties of Lindqvist 

polyoxometalates 
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b
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b
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a

The thermochromic and solvatochromic properties of Lindqvist 

metal oxide clusters [VxM6-xO19]
n-

 (x = 0, 1, 2, M = Mo, W) are 

reported. The cluster anions show pronounced changes of their 

electronic structure depending on their chemical environment 

(e.g. solvent polarity, temperature). These are rationalized using 

experimental and theoretical methods. A combined density 

functional theory and 
51

V-NMR study suggests that temperature-

dependent changes in the structural dynamics of the metal oxide 

framework are the underlying cause for the observed 

thermochromism. The results might open new avenues for the 

design of molecular optical sensors. 

Molecular metal oxides, so-called polyoxometalates (POMs) 

are functional materials where the chemical and physical 

properties can be optimized on the atomic level.
1
 This is 

achieved by changing the cluster architecture or by chemical 

modification of the cluster shell.
1a, 2

 Using these approaches, 

versatile molecular materials for catalysis,
3
 energy conversion 

and storage,
4
 molecular magnetism

5
 and molecular 

electronics
6
 have been developed. Of particular current 

interest is the design of molecular materials which show 

responsiveness to external stimuli, e.g. changes in their 

physical or chemical environment.
7
 This gives access to 

functional compounds for the design of adaptive sensor 

systems,
8
 thermo- and photochromic devices

9
 or molecular 

switches.
10

 However, to tune the properties of POMs towards 

specific applications, a better understanding of the underlying 

electronic properties as well as their response to stimuli is 

required.
11

  

One particularly intriguing example in the field of 

thermochromic, stimuli-responsive materials has been 

reported by Cronin et al. The authors showed that sulfite-

functionalized Dawson anions β-[Mo18O54(SO3)2]
4-

 feature 

significant and reversible colour changes, gradually 

transforming upon heating from pale yellow (77 K) to deep red 

(500 K).
9a, 9d

 Interestingly, these thermochromic features could 

also be triggered by an external stimulus: when the clusters 

were deposited on conducting substrates (e.g. gold), 

significant changes of the electronic cluster structure were 

observed.
9b

 These changes were assigned to an internal redox-

reaction, leading to oxidation of the sulfur centres and 

reduction of two molybdate centres from Mo
VI

 to Mo
V
.
12

  

 
Figure 1: Illustration of the Lindqvist anion [M6O19]

n-
 (left) and the tetra-

alkylphosphonium cation (
6,6,6,14

P
+
) used in this study (right). Colour scheme: M (i.e. V, 

Mo, W): black, O: red. 

Recently, we have begun to investigate how electronic cluster 

properties can be tuned by incorporation of heterometals
13

 

into the cluster shell.
14

 To this end, a series of isostructural 

Lindqvist anions [M6O19]
2-

 (M = Mo
VI

, W
VI

)
15

 were synthesized
14

 

and we could show that the visible-light photoactivity of the 

clusters can be optimized by incorporation of vanadium(V) 

ions, giving the cluster anions [VxM6-xO19]
(2+x)-

 (x = 0, 1, 2; M = 

Mo
VI

, W
VI

).
14b, 14e, 14f

 As the fundamental absorption properties 

of the clusters are vital for the understanding of their 

photoreactivity, we investigated the temperature-dependent 

and solvent-dependent changes in absorption for the Lindqvist 

cluster family. 

Here we report the observation of pronounced 

thermochromism and solvatochromism of Lindqvist anions 

[VxM6-xO19]
(2+x)-

 (x = 0, 1, 2; M = Mo
VI

, W
VI

).
14b, 14e

 A mechanistic 

understanding of their behaviour is provided based on 
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experimental and computational data and a synthetic strategy 

is illustrated which makes the clusters accessible in virtually 

any organic solvent.
16

 

The principal absorption features of the Lindqvist anions are 

ligand to metal charge-transfer (LMCT) transitions where 

electrons are promoted from oxo-centred orbitals to empty 

metal-centred orbitals.
17

 These transitions are strongly 

affected by the electronic environment, e.g. the polarity of the 

solvent.
18

 However, in polyoxometalates, pronounced 

solvatochromism is rarely observed as traditional POM salts 

are only soluble in polar solvents such as H2O, CH3CN, DMSO, 

etc. Protocols to transfer POMs into various other solvents 

have been developed and are typically based cation exchange 

by phase transfer.
19

 We have recently shown that POM ionic 

liquids (POM-ILs) are also well suited to deliver POMs into non-

polar solvents.
16a

  

In the current report, we have used this strategy to exchange 

the original NMe4
+ 

counter cation of the Lindqvist anion for the 

bulky cation trihexyl(tetradecyl)phosphonium (= 
6,6,6,14

P
+
) as 

reported previously.
20

 Cation metathesis was performed on 

several Lindqvist anions [VxM6-xO19]
(2+x)- 

(x = 0, 1, 2, M = Mo
VI

, 

W
VI

, see ESI). However, as similar properties were observed in 

all cases, this report is focused on the cis-isomer of the 

prototype (
6,6,6,14

P)4[V2W4O19] (1). Product purity and cluster 

stability were confirmed by elemental analysis, FT-IR, UV-Vis 

and NMR spectroscopy.  

  

 

Figure 2 Top: UV-Vis spectra of 1 at room temperature in polar and non-polar solvents. 

Bottom: Plot of the observed molar extinction coefficients of 1 as a function of solvent 

relative permittivity. 

The solvatochromic properties of 1 were studied using UV-Vis 

spectroscopy based on solutions of 1 in organic solvents with 

varying polarity, see Fig. 2. The spectra feature a characteristic 

LMCT absorption band in the region of 350 nm to 500 nm 

which is strongly solvent dependent: for polar protic solvents 

(e.g. methanol), only one peak was observed (λmax,1 ~ 375 nm). 

In contrast, non-protic solvents (both polar and non-polar) give 

two peaks with peak maxima at approximately λmax,1 ~ 370 nm 

and λmax,2 ~ 415 nm. Calculations indicate that this behaviour 

could be attributed to hydrogen-bonding interactions between 

the cluster anion and the protic solvents (see ESI). 

When investigating the effect of solvent polarity on the molar 

extinction coefficient of 1 (Fig. 2b), it was found that maximum 

extinction coefficients are observed for solvents with relative 

permittivity εr in the range of εr = 20-35, e.g. ε (ethanol, 378 

nm) ca. 5750 M
-1

 cm
-1

). Solvents with εr < 20 and εr > 35 result 

in generally lower extinction coefficients (e.g. ε(toluene, 371 

nm) ca. 3100 M
-1

 cm
-1

; ε(MeCN, 369 nm) ca. 3160 M
-1

 cm
-1

), 

see ESI. When comparing the influence of the solvent 

Gutmann acceptor number on the extinction coefficient, it was 

observed that high acceptor numbers are generally associated 

with high molar extinction coefficients, see ESI. The observed 

trends could be useful when developing POM-based 

photocatalysts where optimized light-absorbance is 

essential.
17

 

In preliminary studies, a striking thermochromic behaviour of 

[V2W4O19]
4-

 was visually observed, see Fig. 3. Upon cooling 1 to 

77 K in liquid nitrogen, a colour change from intense orange 

(300 K) to bright yellow (77 K) was found. The colour change is 

reversible and is observed both in solution (e.g. diethyl ether) 

and in the solid state. Further, the colour change is 

independent of the cluster counter-ion: similar 

thermochromism was observed for the 
6,6,6,14

P
+
 , nBu4N

+
 and K

+
 

salts. Subsequent studies showed that this behaviour is 

observed for other Mo- and W-based Lindqvist clusters also, 

for details see ESI.  

 
Figure 3 (a) Photographs of crystals of (nBu4N)4[V2W4O19] taken at ~ 100 K (left) and at 

~ 300 K (right); (b) Solid-state UV-Vis spectrum of 1 between 100 and 300 K, showing 

the bathochromic shift of the absorption onset with increasing temperature.  
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To gain further insight into the electronic structure of the 

Lindqvist anions and their temperature-dependent changes, 

density-functional theory (DFT) based molecular dynamics 

simulations were performed (see SI). These calculations 

allowed a temperature dependent analysis of the HOMO-

LUMO orbital energies, which showed that with increasing 

temperature the HOMO-LUMO gap decreases, see Fig. 4a. Due 

to the increased structural dynamics of the metal-oxide 

framework, the distribution of orbital eigenvalues is also 

broadened. Semi-empirical configuration interaction 

calculations on the related [V2Mo4O19]
4-

 cluster show that the 

temperature induced decrease in HOMO-LUMO gap is 

accompanied by decreased excitation energies, confirming the 

observed bathochromic absorption shift upon heating (see SI). 

The structural changes upon heating are fully expected as the 

thermal energy introduced allows the system to occupy 

energetically higher-lying vibrational states resulting in the 

observed structural distortions of the metal oxide framework 

which in turn cause the changes in the HOMO-LUMO gap 

described. 

 

 
Figure 4 (a) Temperature-dependent histograms of HOMO and LUMO eigenvalues of 

[V2W4O19]
4-

 collected from 2 ps molecular dynamic (MD) computations at 100 - 300 K. 

(b) Temperature-dependent change of the chemical shift δ of the V centres in 1 

observed by 
51

V-NMR spectroscopy (solvent: acetone-D6). 

The change in physical and electronic structure in 1 was 

probed experimentally by temperature-dependent 
51

V-NMR-

spectroscopy. In previous studies, it was shown that the 
51

V-

NMR shift of vanadium centres in Lindqvist anions can be used 

to probe protonation state,
21

 isomerism
21

 and solid-state 

counterion effects.
22

 In the examined temperature range (220-

313 K, in acetone–D6) significant changes of the chemical shift 

δ of the V-related signal were observed, suggesting a change of 

the chemical environment due to changes in the structural 

dynamics of the metal oxide framework, see Fig. 4b. These 

experimental findings were further supported by DFT 

calculations, which showed similar trends for the temperature-

dependent change in chemical shift δ for the 
51

V-NMR signals, 

see ESI. 

In summary, we report, for the first time, the solvatochromic 

and thermochromic properties of a family of homo- and 

heterometallic Lindqvist anions. Pronounced effects of the 

electronic environment of the cluster anion and the structural 

dynamics of the cluster on their ligand-to-metal charge-

transfer properties are observed, suggesting that they can be 

used as molecular probes to gain insight into different 

chemical environments. Future research will target the 

development of chemical sensors with a particular focus on 

harsh chemical environments where the high cluster stability 

could be advantageous.  
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