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The ability of an unconstrained boron dipyrromethene dye to report on changes in local viscosity is 

improved by appending a single aryl ring at the lower rim of the dipyrrin core. Recovering the symmetry 

by attaching an identical aryl ring on the opposite side of the lower rim greatly diminishes the sensory 

activity, as does blocking rotation of the meso-aryl group. On the basis of viscosity- and temperature-10 

dependence studies, together with quantum chemical calculations, it is proposed that a single aryl ring at 

the 3-position extends the molecular surface area that undergoes structural distortion during internal 

rotation. The substitution pattern at the lower rim also affects the harmonic frequencies at the bottom of 

the potential well and at the top of the barrier. These effects can be correlated with the separation of the 

H1,H7 hydrogen atoms. 15 

Introduction 

A substantial body of information has accumulated regarding 
small molecules whose fluorescence properties are controlled, at 
least to some degree, by the extent of frictional forces between 
the molecule (i.e., the rotor) and the surrounding environment. 20 

Such systems, which should be distinguished from cases where 
intramolecular charge transfer causes minor structural change, 
can be used to probe the local rheology and to operate as crude 
temperature or pressure indicators.1 Related systems form the 
basis of molecular machines,2 switches,3 sensors,4 etc. and there 25 

is a steadily growing interest in applying molecular rotors to 
monitor changes in viscosity within biological media5 or nano-
cavities.6,7 Of the known molecular systems that function as 
fluorescent rotors, the boron dipyrromethene (BODIPY) family 
of dyes8 has many important advantages and has been used as the 30 

starting point for the design of several different types of rheology 
probes.9-16  
 As reported first by Holten et al.17 these BODIPY-based rotors 
operate by partial restriction of the rotation of a meso-phenylene 
ring around a relatively unconstrained dipyrrin backbone. Such 35 

rotation by itself will not affect the emissive properties of the 
BODIPY nucleus but, in order for the phenylene ring to complete 
a full turn, it is necessary for the dipyrrin backbone to buckle 
slightly. It is this latter process that leads10,17 to enhanced 
nonradiative decay. The underlying structural change creates the 40 

possibility to correlate fluorescence intensity with key properties 
of the local environment. Attaching bulky substituents to either 
the phenylene ring11 or the 1,7-positions of the dipyrrin 
backbone10,17 affects the rotary action, in many cases curtailing 
the sensory capability. We now show that gross modulation of the 45 

rotor-like behaviour can be realized by attaching aryl groups at 

the lower rim of the BODIPY unit, well away from the buckling 
dipyrrin core. 
 
 50 

 
 
 
 
 55 

 
 
 

Figure 1. Molecular formulae of the compounds investigated herein.   

Results and Discussion 60 

Molecular structures for the target compounds are shown by way 
of Figure 1 and are based on the unconstrained17 BODIPY 
nucleus. The prototypic fluorescent rotor, ROBOD, has been 
studied previously10,13 and is used here as a reference compound. 
Likewise, the constrained analogue, BOD, bearing methyl groups 65 

at the 1,7-positions, has received extensive study in the 
literature.8 This highly fluorescent dye cannot be applied to 
monitor changes in the local environment. Simple derivatives of 
ROBOD are PHEN1 and PHEN2, which are equipped with one 
or two tolyl groups at positions where they will not block rotation 70 

of the meso-substituent by steric factors. The series is augment by 
a control compound, CORE, which has the ancillary tolyl groups 
at the 3,5-positions but lacks the meso-phenyl group. It might be 
noted that the alkyl groups present in certain derivatives affect the 
absorption and emission spectral properties by way of inductive 75 

effects.8 The synthesis of the new dyes was inspired by 
previously described18,19 protocols as outlined in the Supporting 
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Information. 

Table 1. Summary of the photophysical properties recorded for the target 
compounds in MTHF at 20 0C. 

(a) absorption maximum; (b) molar absorption coefficient; (c) emission 
maximum; (d) Stokes’ shift; (e) fluorescence quantum yield; (f) excited-5 

singlet state lifetime; (g) radiative rate constant; (h) non-radiative rate 
constant for decay of the S1 state. 

 
The photophysical properties of ROBOD were recorded in 2-

methyltetrahydrofuran (MTHF) at room temperature and the 10 

main findings are collected in Table 1; N.B. the same properties 
recorded in dichloromethane at room temperature are reported in 
Table S1 (see Electronic Supporting Information). The absorption 
maximum (λMAX) occurs at 502 nm, with a molar absorption 
coefficient (εMAX) of 71,000 M-1 cm-1. There is a modest Stokes’ 15 

shift (SS = 1,050   cm-1), with the fluorescence maximum (λFLU) 
lying at 530 nm. The emission profile shows reasonable mirror 
symmetry with the absorption spectrum and there is excellent 
correspondence between absorption and excitation spectra 
(Figure S1). Similar behaviour is found for the constrained 20 

analogue BOD, allowing for a 20-nm red shift induced by the 
alkyl substituents (Table 1). The two compounds exhibit rather 
disparate fluorescence quantum yields (ΦF) and excited-state 
lifetimes (τS) under these conditions, with ROBOD being weakly 
emissive. Radiative rate constants (kRAD), which remain in good 25 

agreement with those calculated from the Strickler-Berg 
expression,20 are comparable while the corresponding 
nonradiative rate constants (kNR) reflect the difference in emission 
yields (Table 1). We attribute the fast deactivation of the excited-
singlet state of ROBOD to the internal rotor effect, as has been 30 

done previously10,17 and which for BOD is inhibited by the 
presence of the 1,7-methyl groups. We return later to the exact 
meaning of this phenomenon: Firstly, we consider the effects of 
substitution at the lower rim of the BODIPY nucleus.  

Insertion of a tolyl group at the 3-position introduces a 30-nm 35 

red shift for both absorption and emission spectra relative to 
ROBOD (Figure S2), while there is a small (i.e., 10%) increase in 
the magnitude of the Stokes’ shift. Also, the absorption band is 
somewhat broader for PHEN1 compared to ROBOD, reflecting a 
certain degree of heterogeneity for the ground-state geometry that 40 

largely disappears on excitation. More importantly, there is a 

significant fall in both ΦF and τS without perturbing kRAD. The 
decreased fluorescence, therefore, is a consequence of an 
enhancement in kNR. Appending a second tolyl ring at the 5-
position, forming PHEN2, leads to a dramatic increase in both ΦF 45 

and τS. At the same time, such substitution increases the Stokes’ 
shift, further broadens the absorption spectral profile, amplifies 
the red shifts to >60 nm and partially assuages kNR. Moving to the 
control molecule lacking the meso-substituent, CORE, we find 
that ΦF and τS exceed those found for BOD, although there is an 50 

exacerbated red shift and broadening of the absorption profile. 
Throughout this series there is a progressive decrease in kRAD as 
the emission peak moves towards lower energy, as is to be 
expected from the Strickler-Berg expression.20 The red shifts are 
probably due to increased π-conjugation caused by partial orbital 55 

mixing between dipyrrin and tolyl substituent. Indeed, this 
assertion is supported by the results of DFT (B3LYP/6-
31+G(d)/PCM) calculations that indicate orbital mixing for the 
LUMO but not for the corresponding HOMO (see ESI). 
Comparison of the photophysical properties recorded for the 60 

unconstrained dyes with those found for the control compounds 
indicates that nonradiative decay is promoted by the presence of a 
meso-aryl ring. 

 
 65 
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 80 

Figure 2. Effect of solvent viscosity on the rate constant for nonradiative 
decay measured in a series of linear alcohols at 20 0C. 

 
(1) 

 85 

 
Increasing solvent viscosity (η), by using a homologous 

series of n-alcohols at 20 0C, leads to a progressive increase in τS 
for ROBOD, PHEN1 and PHEN2 but not for CORE, thereby 
confirming that each of these unconstrained molecules operates 90 

as a fluorescent rotor. Across this series of solvents, there is a 
reasonably linear relationship between kNR and shear viscosity, as 
considered in the form of log-log plots (Figure 2), but with 
differing gradients and intercepts. Indeed, the experimental data 
collected at 20 0C can be considered in terms of Equation 1,21 95 

where ν corresponds to a limiting pressure exerted by the rotor, α 
is a coefficient that effectively describes the sensitivity towards 
viscosity, and EA is a barrier for internal rotation (Table 2). For 
the prototypic rotor ROBOD, α has a value of 0.41, which is 

Property ROBOD BOD PHEN1 PHEN2 CORE 

λMAX / nm 502 525 531 559 547 

εMAX / M-1cm-1 71,000 74,000 59,100 62,235 62,100 

λFLU / nm 530 547 564 602 588 

SS / cm-1 1,050 765 1,105 1,280 1,280 

ΦF 0.023 0.78 0.013 0.28 0.92 

τS / ns 0.15 5.4 0.092 2.1 6.6 

kRAD / 108 s-1 1.50 1.45 1.42 1.30 1.40 

kNR / 108 s-1 65 0.40 110 3.5 0.12 
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similar to that determined earlier for a closely related dye,10 and 
this falls to 0.31 for PHEN2. In contrast, α determined for 
PHEN1 is 0.62, which is the highest such value found for any 
BODIPY-based rotor and is far superior to that measured for the 
industry standard22 under the same conditions. Thus, PHEN1 5 

performs remarkably well as a fluorescent rotor, in marked 
contrast to PHEN2. Of the two control compounds, CORE shows 
no viscosity dependence while BOD exhibits a shallow (α ≈ 
0.07), but definite, sensitivity towards shear viscosity (Figure 2).  

In separate experiments, ΦF was examined as a function of 10 

temperature in MTHF. After correction23 for solvent contraction 
on cooling, ΦF for CORE is barely affected by changes in 
temperature whereas that for BOD is constant at temperatures 
below 200K but decreases steadily, albeit marginally, as the 
temperature is raised further (Figure S3). Neither of these 15 

compounds functions as a viable molecular rotor. In marked 
contrast, ΦF for ROBOD increases progressively with decreasing 
temperature until approaching the freezing point (TF = 137 K) of 
the solvent. As the solvent solidifies, ΦF increases dramatically 
before remaining essentially constant in both amorphous (ΦF = 20 

0.93) and glassy (ΦF = 0.99) regions; note that the limiting ΦF 
measured in the glassy matrix is comparable to that of CORE 
under these conditions. This behaviour, which amounts to a 45-
fold variation in ΦF over the full temperature range, is considered 
typical for a fluorescent rotor. Both PHEN1 and PHEN2 show 25 

similar temperature-dependent ΦF to that observed for ROBOD 
(Figure S3), confirming that these compounds operate as 
fluorescent rotors. The total variation in ΦF found for PHEN2 is 
only ca. 3-fold, but that for PHEN1 varies by a factor of ca. 75-
fold and is far greater than that recorded for ROBOD. For each 30 

compound, ΦF approaches unity in the glassy matrix.  
Small spectral shifts accompany the freezing and vitrification 

processes, as is exemplified for PHEN2 in Figure S4, although 
the absorption and emission maxima do not correlate with 
changes in solvent polarisability. Here, the emission maximum 35 

moves towards lower energy as the temperature falls throughout 
the liquid phase, amounting to a red shift of ca. 200 cm-1 between 
290 and 150 K, before shifting slightly to higher energy as the 
solvent freezes. The initial red shift can be explained in terms of 
increased π-electron delocalization between dipyrrin and the 3,5-40 

tolyl rings; identical behaviour is found with both CORE and 
PHEN1 but not for either BOD or ROBOD. The core aryl ring(s) 
has a dihedral angle of ca. 500 (B3LYP/6-31+G(d)/PCM) for all 
three derivatives but rotation at the connecting C-C linkage is 
facile except at around 200 where some instability is caused by 45 

close proximity (i.e., 1.6 Å) between a fluorine atom and the 
ortho-hydrogen atom on the tolyl ring. This steric clash 
introduces a barrier (i.e., 50 kJ/mol) for complete rotation of the 
core-tolyl ring but there are wide ranges over which oscillation is 
essentially barrierless. Each of these compounds can attain the 50 

geometry having the core-tolyl ring aligned with the dipyrrin unit 
(Figure S5). This alignment will maximize π-conjugation, leading 
to the observed red-shifted absorption and emission spectra, as 
confirmed by molecular orbital calculations (Figure S6). A 
significant feature of these calculations is that planarization of the 55 

core tolyl rings causes the dipyrrin unit to display slight 
curvature. It is also apparent that excitation favours adoption of a 
conformation where the core aryl rings are more aligned with the 

dipyrrin unit and with the latter being somewhat more curved (see 
ESI).  60 

 

                                                       (2) 

For CORE, the nonradiative decay rate constant, kNR, is 
independent of temperature throughout the range where the 
solvent is fluid (T >140K). For each of the other compounds, the 65 

effect of temperature on kNR can be satisfactorily explained in 
terms of Equation 2 (Figure 3) where k0 refers to an activationless 
rate constant, kACT is the corresponding activated term and TG (= 
110K) is the glass transition temperature of MTHF (Table 2). The 
activation barrier, EA, contains contributions from both changes 70 

in viscosity and internal rotation. The activationless rates are 
relatively slow and fall into two distinct groups; those pertaining 
to the effective rotors (k0 >108 s-1) and those associated with poor 
rotors (k0 = 107 s-1). The activated terms are sensitive towards the 
substitution pattern and vary dramatically among the various 75 

compounds.  
 
 
 
 80 

 
 
 
 
 85 

 
 
 
 
 90 

Figure 3. Effect of temperature on the derived rate constants for 
nonradiative decay as recorded in MTHF: PHEN1 (grey points), ROBOD 

(red points), PHEN2 (plum points), BOD (blue points) and CORE 
(crimson points). Solid lines refer to nonlinear-least square fits to 

Equation 2. The insert shows an expansion of the low-temperature region. 95 

For convenience, the experimental data are given in the Supporting 
Information. 

There is a comparatively large barrier for BOD that can only 
be crossed at elevated temperature. For the remaining 
compounds, the magnitude of the barrier decreases with 100 

increasing effective mass of the dipyrrin unit. As mentioned 
above, the core tolyl groups cause slight curvature of this latter 
unit, which escalates as the two groups become co-planar. Double 
substitution, and also electronic excitation, increases this 
curvature and forces the meso-aryl ring out of the plane of 105 

symmetry, as is evident by the B-C8-CT angle24 (Table 2). Forced 
curvature of the dipyrrin backbone also introduces asymmetry for 
the two fluorine atoms and this is a convenient tool by which to 
represent geometric perturbation (Table 2). At the excited-state 
level, this structural distortion will rupture the S1 surface so as to 110 

create pinholes25 (or conical intersections26) through which the 
wave-packet can escape back to the ground state. Within this 
model, it is entirely intuitive that EA is controlled, in part, by the 
difference in initial geometry of the reactant and that at the 
pinhole. This pinhole is not the transition state for full rotation of 115 
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the meso-aryl ring and, as a consequence, is rather difficult to 
characterise.  

Table 2. Compilation of the various parameters associated with rotation 
of the meso-aryl ring. 

Property ROBOD BOD PHEN1 PHEN2 CORE 

k0 /107s-1 (a) 17 1.8 12 1.9 1.2 

kACT /109s-1 (b) 36.5 5.9 51.0 0.8 NA 

EA /kJ mol-1 (c) 2.6 7.7 2.3 1.4 NA 

α (d) 0.41 0.07 0.62 0.31 NA 

B-C8-CT / 0 (e) 179.8 180.0 178.8 177.9 NA 

B-C8-CT / 0  (f) 177.8 179.8 176.3 175.2 NA 

B-C8-CT / 0 (g) 163.5 146.6 163.4 162.1 NA 

AF,F / 0 (e) 0.12 0.04 4.4 6.9 5.1 

AF,F / 0 (f) 1.2 0.27  5.4 9.5  5.5 

AF,F / 0 (g) 28.5 30.0 30.4 32.0 NA 

H1H7 / Å (f) 5.670 5.279 5.717 5.518 5.700 

(a) Activationless rate constant according to Equation 2. (b) Activated 5 

rate constant according to Equation 2. (c) Activation energy according to 
Equation 2. (d) Viscosity sensitive parameter according to Equation 2.  (e) 
Refers to the ground state. For atom labeling see Figure 1. (f) Refers to 
the first-allowed excited state. (g) Refers to the transition state for full 
rotation of the meso-aryl ring. 10 

Several parameters combine to define the performance of the 
dye in terms of its ability to function as a fluorescent rotor, 
including α, kACT and k0. The relative values determined for α 
can be considered as a crude measure of the volume of solvent 
affected by the geometry change undertaken by the solute. For 15 

BOD, few solvent molecules are affected and the geometry 
change is considered to be either minor or highly localised. 
Symmetrical dyes, such as ROBOD and PHEN2, are susceptible 
to buckling of the dipyyrin core, but according to semi-empirical 
(PM6, RHF, COSMO) quantum chemical calculations this is 20 

mostly restricted to the upper rim. Asymmetrical dyes, such as 
PHEN1, undergo more substantive structural distortion during 
rotation and this will engage more solvent molecules. We now see 
a clear correlation between α and the asymmetry factor AF,F,27 the 
latter being a convenient monitor of the extent of structural 25 

change needed to effect full rotation. Since the computed 
rotational barriers are much less than those derived 
experimentally for the excited-singlet state, it should be 
considered that full rotation is not a pre-requisite for sensing 
activity. 30 

The derived k0 values are thought to describe the harmonic 
frequency at the bottom of the potential well28 where the friction 
coefficient might be large. The results indicate a substantial 
increase in this frequency for ROBOD and PHEN1 relative to the 
more constrained analogues. This constraint is imposed by the 35 

blocking methyl groups present in BOD and by the pincher effect 
of the core-phenylene rings for PHEN2 that force the H1,H7 
atoms into closer proximity. In fact, there is a crude correlation 
between k0 and the H1,H7 distance computed for the excited-
singlet state. Likewise, the derived kACT values can be considered 40 

to represent, at least in part, the harmonic frequency at the top of 
the barrier28 and, as such, are associated with the corresponding 
escape rates at the pinhole. It appears that k0 and kACT are 
correlated and, on this basis, we can infer that the same structural 
facets, most notably the extent of H1,H7 separation, control both 45 

frequencies. Clearly, retaining high symmetry does not facilitate 
development of improved molecular rotors. 

Conclusions 

The development of fluorescent probes for in situ monitoring of 
changes in rheology is an active research field with important 50 

applications in medicine, chemical engineering, environmental 
preservation and personal security. Advanced molecular sensors 
are required that display highly selective properties and this need 
creates the stimulus for the design of novel reagents that advance 
the state-of-the-art. Probes based on the BODIPY fluorophore are 55 

attractive reagents because of their robustness, high radiative rate 
constants and facile modification by synthetic procedures. The 
results outlined above indicate that improved performance might 
be achieved by incorporating substituents at remote sites on the 
BODIPY fluorophore. Aryl substituents attached at the lower rim 60 

of the dipyrrin unit serve to push the absorption and emission 
maxima towards the red region, via increased π-conjugation, and 
to squeeze the upper rim by what might be termed “a scissor-like 
effect”. The latter situation affects the space available for the 
meso-aryl rotor and modulates the rate of nonradiative decay of 65 

the fluorescent state. The disparity between symmetrical and 
asymmetrical derivatives is most unexpected and clearly opens 
the way to design new and improved sensors. 
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