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Tuning BODIPY molecular rotors into the red: 

sensitivity to viscosity vs temperature† 

Thanh Truc Vu,a Rachel Méallet-Renault,b Gilles Clavier,b Boris A. Trofimovc and 
Marina K. Kuimovaa*  

Viscosity variations in the microscopic world are of paramount importance for 
diffusion and reactions. In the last decade a new class of fluorescent probes for 
measuring viscosity has emerged termed ‘molecular rotors’, which allows 
quantitative mapping of viscosity in microscopically heterogeneous 
environments. Here we attempt to tune the absorption and emission of one such 
‘molecular rotor’ based on the BODIPY fluorescent core into the red region of 
the spectrum, to allow better compatibility with the ‘tissue optical window’ and 
imaging of cells and tissues.  We consequently find that our red-emitting 
BODIPY fluorophores are sensitive to environmental temperature rather than to 
viscosity, thus suggesting a new prototype for a ‘molecular thermometer’.  

 

Introduction 

Measuring viscosity on the microscopic scale is of paramount 

importance for understanding of mechanisms of many 

processes including diffusion and bimolecular reactions. 

Molecular rotors1,2 have proved their usefulness as small 

synthetic fluorophores in which fluorescence emission is  

sensitive to the viscosity of the surrounding environment. This 

sensitivity, linked to the viscosity dependence of the non -

radiative decay of the excited state, allows a precise 

calibration of fluorescence quantum yield or fluorescence 

lifetime with viscosity.1  

For molecular rotors it is now well established that in order to 

achieve quantitative measurements and, in particular, imaging 

of viscosity without any bias associated with the variable 

concentration of the probe, a ratiometric mode of signal 

detection is required.1 For this purpose either the ratio of two 

fluorescent peaks of the rotor or the fluorescence lifetime 

measurements (that are intrinsically ratiometric) can be used. 

Fluorescence lifetime detection of molecular rotors offers 

advantages due to ease of system calibration, ultrasensitive 

detection and the possibility to be coupled with imaging 

(Fluorescence Lifetime Imaging, FLIM), and in recent years it 

has proved extremely successful in detecting microvis cosity in 

many heterogeneous objects, and in particular in individual 

organelles of live biological cells .1, 3-8  

One of the most widely used lifetime-based molecular rotors is 

phenyl-BODIPY (Boron DIPYrromethene) 1,1,3,4 which possesses 

several convenient properties for a molecular rotor, namely (i) 

lifetime sensitivity in a wide viscosity range, 10 -5000 cP, (ii) 

good dynamic range of lifetimes corresponding to this viscosity 

range, and (iii) monoexponential decays of the excited state 

that allows straightforward data interpretation. Furthermore, 

any secondary detrimental photophysical or photochemical 

processes such as aggregation and quenching can be easily 

detected in 1, since they result in biexponential or even more 

complex excited state decay. Moreover, we have recently 

demonstrated that the parent phenyl -BODIPY rotor provides 

temperature-independent measurements of viscosity,9,10 i.e. 

population of the ‘bright’ vs ‘dark’ excited state levels is not 

altered by temperature. This temperature independence is an 

extremely useful property for measuring viscosity in a ‘living 

system’, where temperature gradients can occur along with 

viscosity gradients. Consequently, phenyl-BODIPY-based 

molecular rotors such as 1 have been successfully used to 

probe the local rigidity of live biological cells,3,4,11-13 lipid 

bilayers10,14 and monolayers,15 atmospheric aerosols,16 

polymers17 and ionic liquids,18 in some cases at variable 

temperature.  

However, one of the perceived disadvantages of the rotor 1 is 

its emission in the green region of the spectrum (excitation 

maximum 495 nm/emission maximum 520 nm),1, 3, 4 similar to 

that of fluorescein and GFP. On the one hand, the absorption 

and emission of 1 in the green precludes deep tissue imaging 

in biological settings, due to the poor overlap with the ‘tissue 

optical window’.19-20   
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Figure 1. Chemical structure of phenyl-BODIPY derivatives under study  

On the other hand, simultaneous imaging of 1 with other 

useful fluorophores (such as for example GFP/fluorescein) is 

not possible, due to complete spectral  overlap. Here we set 

out to design red-emitting molecular rotors based on the 

phenyl-BODIPY, by extending the conjugation in the BODIPY 

fluorophore. We tested the spectroscopic properties of the 

new probes in solutions of varying viscosity, temperature and 

polarity. We concluded that the extended conjugation in 

phenyl-BODIPYs confers sensitivity to temperature rather than 

to viscosity, thus allowing us to suggest a new prototype for a 

BODIPY-based ‘molecular thermometer’.  

Methods 

Materials 

All solvents were spectroscopic grade from Sigma -Aldrich and were 

used as received without further purification. BODIPY 4 was 

synthesised as previously described.21 BODIPYs 2 and 3 were 

synthesised by adaptation of the literature procedure .21 The details 

of their synthesis and the corresponding 1H and 13C NMR 

characterisation data are given in the SI. 1 mM solutions of 2 in 

dichloromethane and of 3, 4 in chloroform were used as stock 

solutions for all measurements, to achieve a final concentration of 

BODIPYs of 3 M. The viscosity calibration was performed in 

Baysilone Fluids M Silicone oils 100, 500 and 1000 by varying the 

temperature between 0 and 100C, covering a viscosity range 

between 30 and 1850 cP, according to the manufacturer’s 

specifications. In order to allow a more precise calibration, the 

viscosities of Silicone oils at precise temperatures used for 

spectroscopic data collection were measured using an SVM 3000 

viscometer (Anton Paar) with 1% accuracy. 

Absorption and fluorescence spectra, quantum yield 

measurements 

Quartz cuvettes with a 10 mm path length were used in all 

measurements. Absorption spectra were measured using an 

Agilent 8453 UV-Vis spectrophotometer. Fluorescence spectra 

and quantum yields were recorded using a Fluoromax -4 

spectrofluorometer (Jobin-Yvon; Horiba). Temperature in the 

cuvette was controlled by a Peltier thermostated cuvette 

holder (F3004, Jobin-Yvon; Horiba) to 0.5 C accuracy, and was 

additionally verified by inserting a thermocouple (2006T, 

Digitron) into the cuvette. The quantum yields of 2-4 were 

determined by comparative method relative to Rhodamine 

101 in ethanol (+0.01% HCl) as a standard (φ f = 1)22 and 

adjusted for variations in the refractive index of each solvent 

used. Estimated measurement errors were 1% (relative 

quantum yield) and 5% (absolute quantum yield).  
 

 
Figure 2. (a) Absorption, (b) fluorescence spectra and (c) time -resolved 

fluorescence decay traces recorded for 2-4 in acetonitrile solutions at 25 C. 
Excitation wavelength 560 nm.  
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Fluorescence decay measurements 

Fluorescence decays were measured using a DeltaFlex TCSPC 

device (Horiba) with 560 nm NanoLED as an excitation source 

(1.3 ns pulse duration, Horiba). The t ime window was 100 ns 

with 4096 time bins. The decays were accumulated until 10000 

counts were reached at the peak.  Temperature was controlled 

by a circulating thermostat (RE104, Lauda Technology Ltd.) to 

1C, and was additionally verified by inserting a thermocouple 

(2006T, Digitron) into the cuvette.  All decays could be fitted 

using a monoexponential decay function with 1.0 < 2 < 1.2. 

Based on the total number of counts recorded, estimated 

measurement errors in fluorescence lifetime determination 

were less than 1%. 

Results and Discussion 

It is now well established that introducing symmetric extended 

conjugation in the alpha position of BODIPY fluorophores, such 

as with a phenyl, alkenyl or alkynyl substituent, results in a 

significant red shift in BODIPY’s absorption and emission 

spectra.21, 23-24 Therefore we designed phenyl-BODIPYs 2 and 3, 

analogous to 1, which incorporate phenanthrene (2) and 

naphthalene (3) substituents, in order to shift their 

absorption/emission spectra to lower energies that better 

coincide with the tissue optical window, Figure 1. The 

derivative 4 was also synthesised as a control fluorophore that 

is not a molecular rotor, since in 4 the phenyl group rotation 

thought to be responsible for the molecular rotor function is 

restricted due to the presence of the methyl substituents on 

the phenyl group.3 

We measured absorption and fluorescence spectra of all the 

new BODIPYs in a non-viscous acetonitrile solution, Figure 2. 

As expected, both the absorption and the emission spect ra of 

all dyes shifted significantly to the red region of the spectra 

compared to the parent rotor 1. We also measured absorption 

and emission spectra of 2-4 in a series of solvents of different 

polarity, and confirmed that the absorption and emission 

maxima do not display any significant solvatochromism (Figure 

S1, and Tables S1-S2, Supplementary Information). The 

fluorescence quantum yields of 2-4 measured in acetonitrile 

were 0.33, 0.53 and 1.00 respectively. The fluorescence decay 

traces could be fitted using monoexponential function and 

yielded fluorescence lifetimes of 2.2, 3.6 and 5.5ns, for 2-4, 

respectively. The absorption and emission spectra in all 

solutions did not display any signs of aggregation; likewise, the 

monoexponential nature of the exci ted state decays gave 

evidence for the absence of aggregation in all solutions.  

The quantum yield and the lifetime data are consistent with 

our hypothesis that 4 is not a molecular rotor, and that the 

incorporation of a mesityl instead of a phenyl substituent on a 

BODIPY core has completely prevented the rotation of this 

group and hence blocked the non-radiative decay. Importantly, 

both 2 and 3 have shorter excited state lifetimes than 4, and 

quantum yields significantly less than unity, which suggests 

that the non-radiative deactivation of the excited state in 2 

and 3 is significant. 

 

 
Figure 3. Fluorescence spectra (a, c) and time resolved fluorescence decays (b, d) of compounds 2 (a, b) and 4 (c, d) in Silicone oil 1000 recorded upon a temperature 
change between 3.5 and 99 C. Quantum yields (e) and fluorescence lifetimes (f) recorded for compounds 2, 3 and 4 in Silicone oil 1000 upon a temperature change 

between 3.5 and 99 C. Excitation wavelength 560 nm, detection wavelength 589 nm (b) and 612 nm (d).  
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Figure 4. Radiative () and non-radiative () decay constants calculated for 2 
in Silicone oil 1000 upon a temperature change between 3.5 and 99 C.  

Next, we tested the behaviour of 2-4 in mixtures of different 

viscosity, Figure 3. Due to the low solubility of these dyes in 

polar solvents, we chose to perform calibration in a range of 

silicone oils, commonly used as standards for calibration of 

rheometers and viscometers. For example, Si licone oil 1000 

changes its viscosity between 300 and 1600 cP upon 

temperature change between 4 and 100 C, thus providing 

an excellent dynamic range for the calibration of the new 

BODIPYs.  

As expected for a molecular rotor, 2 shows a very strong 

dependence of the fluorescence quantum yield and lifetime 

on viscosity. We note that in this experiment the change in 

viscosity was brought about by temperature variations . Both 

photophysical parameters, the quantum yield and the 

lifetime, display a good dynamic range, between 0.3 – 0.9 

(f) and between 2.5– 5.5 ns (f), Figure 3 (e, f). Similarly, 

the quantum yield and lifetime of 3 changed significantly 

upon the temperature change (Figure 3 e, f ), although with 

a slightly narrower dynamic range than for the derivative 2, 

indicating that 2 is a more sensitive rotor. The fluorescence 

spectra and the time resolved decay traces recorded for the 

non-rotor 4 did not show any change upon varying 

temperature/viscosity of the Silicone oil (Figure 3).  

We calculated the radiative and the non-radiative decay 

constants for 2 following a temperature change between 3 

and 100C. Consequently we found, as expected for a 

molecular rotor, that the radiative decay stays constant 

upon the temperature change, while  the non-radiative 

decay increases dramatically at high temperatures , Figure 4. 

By analogy with 1,4 we assign the increase in the non-

radiative decay in 2 at higher temperature to the increased 

effectiveness of rotation of the phenyl ring in the meso-

position of BODIPY, which becomes significantly more likely 

in a low viscosity/high temperature environment. 

Having confirmed that the new derivatives 2 and 3 do 

indeed behave in a similar manner to the molecular rotor 1, 

we set out to extend the calibration range of these new 

dyes. For this purpose we investigated the photophysics of 2 

and 3 in an extended range of silicone oils, e.g. Silicone oil 

100 and Silicone oil 500. These are lower molecular weight 

oils with polarity identical to that of Silicone oil 1000, but 

with different viscosity ranges attained via temperature 

change between 0 and 100C. The ranges are 30 to 170 cP 

for Silicone oil 100 and 165 to 850 cP for Silicone oil 500, 

achieved between 0 and 100C. The fluorescence quantum 

yield and the lifetime data recorded for 2 in these solvents is 

shown in Figure 5. Unexpectedly, it appears that the data 

from all silicone oils overlap perfectly, independent of their 

viscosity; instead, they appear to depend on temperature 

alone.  

To investigate this further we performed temperature -

dependent measurements of fluorescence quantum yield 

and viscosity in methanol and in tolue ne, Figure 5. The 

premise here was that the viscosity of both solutions  (ca 0.6 

cP at room temperature) varies very little with temperature , 

and thus studying the photophysics in these solvents should 

allow us to decouple the effect of viscosity from that of 

temperature. Consequently, we found that the quantum 

yield values recorded for 2 in toluene solutions at varying 

temperature overlaps perfectly with the data for silicone oils 

100, 500 and 1000. While the fluorescence quantum yields 

and lifetimes recorded for 2 in methanol are somewhat 

lower than those in toluene, the trend observed upon 

changing the solution temperature is very similar to that 

observed in other solvents , i.e. both the f and thef values 

decrease dramatically at higher temperatures .  
 

 
Figure 5. Fluorescence quantum yields (a) and fluorescence lifetimes (b) 
recorded for compound 2 in various solvents upon a temperature change 

between 3.5 and 99 C.  
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Figure 6. Absorbance spectra (a) and fluorescence time resolved decay traces 

(b) recorded for compound 2 in methanol/glycerol mixtures at 25 C. The 
corresponding quantum yields were 0.57 (methanol), 0.61 (10% glycerol), 
0.63 (20% glycerol) and 0.71 (50% glycerol) 

Finally, we recorded fluorescence quantum yields and 

lifetimes for 2 in mixtures of methanol/glycerol (50-100% 

methanol) at room temperature, where viscosity changes 

between 0.6 and 15 cP, and found a good overlap between 

all spectra and time resolved traces recorded, Figure 6. We 

were unable to investigate higher glycerol content mixtures 

(with higher viscosity), due to poor solubility of 2 in this 

media. Still, based on the data presented above we can 

conclude that the solution viscosity plays a very minor (if 

any) role in the photophysics of the red-emitting BODIPYs 2 

and 3. Instead, the non-radiative decay of these new dyes 

appears to be governed by the environmental temperature.  

This observation is in stark contrast to our data for the 

complete lack of temperature dependence in green-emitting 

BODIPY rotors constructed as 1.9 We have previously 

demonstrated that, independent of a substituent R 

(cholesterol, C12 or C10 chain, doubly charged chain),10,13-14 

the photophysics of 1 is completely independent of 

temperature and responds to the viscosity alone. On the 

other hand, 2 and 3 respond only to temperature and their 

photophysics does not appear to respond to viscosity. At the 

same time, in both series of fluorophores  the mechanism of 

non-radiative decay activation appears to be through the 

rotation of the phenyl ring, since the substitution of the 

phenyl for the mesytyl substituent in 1,3,25 2 or 3 causes the 

rotor/temperature sensor properties to disappear. Likewise, 

the temperature/viscosity effects work by affecting the non-

radiative (rather than the radiative) decay constant, and an 

increased temperature causes the knr to increase in 2, 3 

(Figure 4), while a decreased viscosity causes the knr to 

increase in 13,4.  

In Figure 5 we have compared the data recorded for 2 in 

methanol and toluene, both non-viscous solvents with the 

same viscosity. Given the difference in the fluorescence 

quantum yields and lifetimes recorded in these two solvents 

at the same temperature, and having excluded aggregation 

as a cause of altered photophysical behaviour, we have 

hypothesised that solvent polarity might play a role in the 

photophysics of 2 and 3. For rotor 1 we have previously 

established that polarity affects the photophysics of 1, but 

only in solutions of low viscosity.14  

Thus, we have recorded the fluorescence quantum yields 

and lifetimes of 2 and 3 in a series of solvents of varying 

polarity. In Figure 6 data is plotted against values of the SdP 

parameter from Catalan methodology,26 where 0 

corresponds to non-polar solvents (e.g. cyclohexane) and 1 

to polar solvents (e.g. DMSO). The resulting trend is 

particularly clear for the compound 2, possibly due to the 

higher dynamic range of fluorescence quantum yield and 

lifetime covered by this dye. This trend indicates that 

between SdP 0 and 0.8 polarity does not play a strong role 

in the photophysics of the red BODIPY dyes  2 and 3. 

However, it should be noted that for very polar solvents of 

SdP > 0.8 both the quantum yield and the lifetime decrease 

significantly compared to the values in non-polar solvents. 

This fact reflects the appearance of an additional 

deactivation channel from the excited state of 2 and 3, 

governed by an increase in polarity.  It is important to note 

that even in solvents of increased polarity we observed no 

spectroscopic signs of aggregation in absorption and 

emission spectra as well as in the time resolved emission 

decays that remained monoexponential  in all cases.  
 

 
Figure 7. Fluorescence quantum yields (a, c) and fluorescence lifetimes (b, d)  
recorded for compound 2 (a, b) and 3 (c, d) in solvents of variable polarity at 

room temperature. The SdP parameters for all solvents used were taken from 
ref26 and are listed in the SI, Table S4 
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Conclusions 

In conclusion, we have synthesised two new red emitting 

phenyl-BODIPY fluorophores  2 and 3, whose photophysical 

behaviour strongly responds to the rotation of the phenyl 

group in the meso-position of the BODIPY. Unlike the green-

emitting parent phenyl-BODIPY 1, a so called ‘molecular 

rotor’,1,3,4 whose photophysical parameters are known to 

respond to the viscosity of its immediate environment, the 

red-emitting derivatives we have designed here respond to 

the temperature of their microscopic environment, and not 

to its micro-viscosity. We believe that the reason for the 

different temperature sensitivity in BODIPYs 1, compared to 

2 and 3, is the relative position of the ‘bright’ and ‘dark’ 

excited states, i.e. a different energy gap between these 

states. Experimental and theoretical studies to unravel the 

reason for this interesting behaviour are underway in our 

laboratory.  

Importantly, the temperature appears to be the only 

parameter strongly affecting the fluorescence quantum 

yield and the lifetime of BODIPYs 2 and 3, at least in the low-

to-medium polarity environment. This is a very useful 

characteristic of a temperature sensor, and, unlike many 

other probes currently used,9 this means that there is no 

need to decouple the effect of  viscosity from that of 

temperature when interpreting the data. Thus these new 

red-emitting BODIPY fluorophores represent a new 

prototype of a ‘molecular thermometer’, which should allow 

the measurement of temperature variations on a 

microscopic scale. 
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