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Carborane photochromism: A fatigue resistant carborane switch
Chong Li,*a Matthew P. Aldred,a Rachel A. Harder,b Chen Ying,a Dmitry S. Yufit,b Ming-Qiang Zhua 
and Mark A. Fox*b 

A dithienylethene molecule involving carborane clusters shows 
remarkable fatigue resistance and high contrast visual colour 
changes when irradiated with alternating ultraviolet and visible 
light. The fluorescence of this assembly can be switched on and off 
when irradiated in the solid state but not in the solution state.

Photochromism is the reversible transformation of a chemical 
species between two forms by the absorption of 
electromagnetic radiation, where the two forms have different 
absorption spectra.1-5 Single molecule switches due to 
photochromism are highly desirable as components of 
molecular electronics especially in recording media 
applications.6-11 Such switches must have non-destructive 
readout capability for applications and the dithienylethene 
(DTE) derivatives (Figure 1) are among the most promising 
switches with outstanding fatigue-resistant photochromic 
performances.12-14 DTE photochromism is P-type, in which the 
open form of DTE converts to the closed form under UV 
radiation and under visible light the closed form returns to the 
open form. 14-18
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Figure 1. Photochromism of dithienylethene (DTE) derivatives.

Carboranes are clusters of boron, carbon and hydrogen atoms 
with ortho-carborane derivatives as the most researched 
carboranes for two main reasons, firstly being easily 
synthesised from various alkynes with commercially available 
decaborane and secondly these carboranes have been 
intensively investigated recently for their diverse and unusual 
photophysics.19-32  Here we describe carborane photochromism 
for the first time by synthesising the carborane DTE photoswitch 
2 in one step from the corresponding alkynyl DTE photoswitch 
1 with decaborane (Figure 2). Unlike the alkynyl analogue 1, the 
carborane DTE photoswitch 2 exhibits fatigue-resistant 
photochromic properties.

Figure 2. DTE derivatives 1 and 2 discussed in this work. Each unlabelled 
vertex in the clusters is BH.

The alkynyl photoswitch 1 was isolated as a light blue solid as 
the open form with the coloured closed DTE form present in 
minor amount. The carborane DTE switch 2 was synthesised as 
a white solid from 1 and decaborane in 56% yield with the lack 
of colour indicating an open DTE form with a negligible amount 
of closed form. The open forms of 1 and 2 were confirmed by X-
ray crystallography as anti-parallel conformers (Figure 3).

Figure 3. Molecular structures for 1 (left) and 2 (right) determined by X-
ray crystallography.
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Figure 4. Powder form of carborane photoswitch 2 taken under white 
light (right) and UV light (left). The length of time taken in seconds after 
UV irradiation (0.96 mW/cm2, 302 nm) are given.

The colours of the carborane DTE switch 2 are beneficial as 
applying UV radiation to the white solid resulted in a high 
contrast colour change from white to purple (Figure 4). The 
colour of 2 reverses from purple to white under white light thus 
2 is an excellent photoswitch. The colour of the alkynyl DTE 
photoswitch 1 also changed from light blue to purple but was 
found to decompose during UV irradiation based on the NMR 
data of the closed form (Figure S4). 

A dithienylethene (DTE) core generally does not exhibit any 
luminescence behaviour. Adding a fluorophore (or π-
conjugated systems) around the DTE core is frequently 
employed to facilitate fluorescence photoswitching. 
Conventional fluorophores such as perylenes,33-35 
naphthalimides,36 BODIPY,37 tetraphenylethene38,39 and 
rhodamine,40 have been attached to the DTE core for high-
performance fluorescent photoswitches.41 It is noted that the 
outstanding performances of these switches are demonstrated 
in the solvent states rather than in the solid states where such 
performances are expected to be lower. However, fluorescent 
photoswitch performances in the solid states are more suitable 
for practical applications.42 Here, fluorescence was found to be 
absent for 1 but present for 2 in the solid and solution states. In 
particular, compound 2 shows a superior fluorescence 
switching ability in the solid state which is an advantage over 
many reported DTE photoswitches.

When UV light is applied to the powdered form of 2, the cyan 
fluorescence with a lifetime of 1 ns and a photoluminescence 
quantum yield (PLQY) of 0.5% is initially observed (Figure 4). 
This fluorescence is switched off when UV radiation has 
converted the vast majority of the open forms to the closed 
forms so 2 can be considered as a fluorescent ON/OFF switch in 
the solid state. Similar photophysical data are shown when 2 is 
in alternative solid states in the form of a PMMA film or as solid 
aggregates in water (Figures S22-S24). The photoswitching 
property of the carborane DTE switch 2 showed excellent 
fatigue resistance in PMMA film (Figure 5). The lowest energy 
band at 560 nm after UV irradiation of 2 is due to characteristic 
transitions involving the closed DTE unit leading to the intense 
purple colour corresponding to the closed form of 2. The solid 
state fluorescence data for the open form of 2 with emission 
maxima of 474-497 nm (Figures S19 and S27) resemble that of 
1-phenyl-2-(1’-pyridyl)-ortho-carborane with cyan colour 
emission maxima of 476 nm.24 The open dithienylethene (DTE) 
unit thus plays a role akin to an heteroaryl group attached to a 
phenylcarborane cluster.

In the three distinct solid states, the fluorescence spectra for 
the open forms of 2 are broad and have significant overlaps 
with the corresponding absorption spectra of closed forms of 2. 
The fluorescence quenching in the closed form is mainly 
attributed to intramolecular energy transfer from the 
phenylcarborane moiety to the closed DTE core moiety and, in 
the case of the aggregate and powdered forms, intermolecular 
energy transfers from the open forms of compound 2 to the 
neighbouring closed forms also result in fluorescence 
quenching.39,43-45 Such intermolecular energy transfers have 
been demonstrated in cyan fluorescence photoswitches.38,46-49

Absorption data for 2 in solutions mirror the absorption spectra 
of the solid states for 2 before and after UV irradiation. The 
cluster switch 2 also showed remarkable ON/OFF fatigue 
resistance from photoswitching experiments in toluene (Figure 
6). While the alkyne 1 shows a photocyclisation quantum yield 
(Φo → c) of 41%, the carborane 2 shows a photocyclisation 
quantum yield of 100% (Table 1). Compound 2 appears to 
contain antiparallel conformations only (Figures S38 and S39) in 
the solution state, meaning that the absorbed light is 
quantitatively utilised for the ring closing reaction.50,51  A high 
photocyclisation quantum yield near 100% is rarely reported as 
most DTE derivatives such as 1 are limited to 50% as the parallel 
and anti-parallel conformations are generally present in a 1:1 
ratio in these DTE systems and only the anti-parallel 
conformations result in photocyclisations.49 The observed Φo→c 
values of 1 and 2 suggest that the sterics of the carborane 
clusters lead to exclusively antiparallel conformers in the open 
forms of 2 and thus provide a clear advantage in the 
photoswitching performance of 2 over 1 and other DTE 
derivatives.

Figure 5. (a) UV-Vis absorption spectra and (b) emission spectra of 2 in PMMA 
film upon 302 nm UV-light irradiation (0.96 mW/cm2), showing the open-form 
to closed-form transition, at different time intervals, excitation wavelength = 
320 nm. The photoswitching cycles of the (c) absorption and (d) fluorescence 
at maximum wavelength upon alternating UV-light (1.83 mW/cm2, 302 nm) 
and visible-light (21.5 mW/cm2, 621 nm) irradiations. Concentration = 5 wt% 
in PMMA.
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Table 1. Photoisomerisation kinetic parameters and 
photoisomerisation quantum yields in toluene solution (2 × 10-6 M) 
for 1 and 2. 

εirr Iλirr

[nm] κeq [M-1·cm-1]
αpss [mW·cm-2]

κex
Φo→c or
 Φc→o

Ring closing reaction
1 302 0.0928 52750 0.79 0.591 0.55814 0.407
2 302 0.1568 9480 0.76 1.832 0.100307 ~ 1
Ring opening reaction
1 621 0.01842 27278 0 7.684 1.966597 0.007
2 621 0.0329 6513 0 7.684 0.451724 0.055

λirr is the irradiation wavelength for photoisomerisation, the intensity of 
irradiation light is 0.591 or 1.832 mW/cm2 for 302 nm and 7.684 mW/cm2 

for 621 nm. 
εirr is the molar extinction coefficient at wavelength λirr. 
αpss is the fractional population of closed form in PSS irradiated under given 
wavelengths (obtained from the 1H-NMR data, Figure S28). 
κeq is the rate constant of equilibration, which was fit with a 
monoexponential curve from the kinetics of re-equilibration from an 
arbitrary initial photostationary state (αo) to a new photostationary state 
(αpss). 
κex is the excitation rate constant. 
Φ is the cyclisation (o→c) or cycloreversion (c→o) quantum yield.  

The fluorescence spectra for 2 in solution differ from the 
emission spectra in the solid states where higher energy bands 
with vibronic structure at 412-465 nm (blue emission) are 
present in solution (Figure 6). The fluorescence lifetime was 0.8 
ns and the PLQY was 0.2% for 2 in THF (Table S4). Such emission 
bands appear to be generated from local excitations at the aryl 
groups and remain unaffected by the light and UV irradiation 
switching of the DTE unit. This is in contrast to the observed 
ON/OFF fluorescence switching of 2 in the solid state and thus 
different fluorescence pathways take place in the solid and 
solution states for 2. 

Figure 6. (a) Absorption spectra of 2 in toluene solution (2×10-5 M) upon UV-
light irradiation (0.96 mW/cm2), (b) photo-switching cycles of the absorbance 
at λmax (562 nm) of 2 upon alternating 302 nm UV-light (0.96 mW/cm2) and 
621 nm visible-light (21.5 mW/cm2) irradiations, (c) emission spectra of 2 
upon UV-light irradiation (0.96 mW/cm2), concentration = 2.5×10-6 M.

The weak blue fluorescence emissions observed for 2 in 
solutions (Figure S27) are not affected by quenching as the 
overlaps of the emission bands with the corresponding 
absorption spectra are poor. This lack of overlap results in 
negligible energy transfer so the real blue emissions in the 
solution states for 2 are not quenched upon UV irradiation. 

Cyclic voltammetry (CV) measurements on the open form 
(Table S5) of 2 reveal reduction waves at E1/2 values of -1.64 and 
-1.72 V (vs the ferrocenium/ferrocene couple) typical of two-
electron reductions at the carborane cluster such as in 1-
phenyl-2-(1’-pyridyl)-ortho-carborane (-1.55 and -1.67 V)24 

suggesting that the LUMO is at the carborane moiety. By 
contrast, the reduction waves in the CV trace for the closed 
form of 2 are not characteristic carborane waves with the 
irreversible first cathodic wave potential at -1.16 V compared to 
that of the open form of 2 at -1.84 V (Table S6). Comparison 
with reported52 CV reduction waves for DTE derivatives shows 
that the initial reduction takes place at the conjugated DTE unit 
in the closed form of 2 thus the LUMO of the DTE unit is involved 
in the low energy absorption bands observed for the closed 
form. This statement is supported by natural orbital analyses 
from hybrid DFT computations.

In conclusion, this study demonstrates that reversible 
carborane photochromism exists for the first time here. The 
carborane DTE switch has excellent ON/OFF fatigue resistance 
in the solid and solution states in contrast to the alkynyl 
analogue. More importantly, the carborane switch can also be 
a fluorescent ON/OFF switch in the solid states – a desirable 
property in recording media applications. The emission colours 
may be varied by replacing the phenyl groups with bulky fused-
ring groups known to have novel emission properties therefore 
this study promises to start an exciting new field of unusual 
photochromic switches in material chemistry. 
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70th birthdays. They have made so many contributions to the boron 
cluster chemistry community in the last 40 years including hosting 
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