
FULL PAPER

DOI: 10.1002/ejoc.200901135
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In order to examine how changes in the size of the rotary
group affect the efficacy of molecular probes for monitoring
changes in local viscosity, a boron dipyrromethene dye
bearing a meso-phenanthrene unit has been synthesized and
fully characterized. 19F NMR spectroscopy, together with mo-
lecular modelling, indicates that the bulky phenanthryl unit
cannot rotate completely around the connecting C–C linkage
but can oscillate over a reasonably large dihedral angle. This
situation is to be contrasted with the corresponding dye hav-
ing a meso-phenylene ring. The latter dye functions as a mo-

Introduction

Numerous fluorescent rotors have been reported that can
be used to monitor changes in local viscosity and/or flow
rate.[1] A common feature of all such compounds relates to
the coupling of some type of mechanical motion of a par-
ticular subunit with nonradiative deactivation of the excited
singlet state. It is in this manner that the fluorescence yield
and lifetime increase with increasing frictional forces be-
tween the rotor and the surrounding solvent molecules.[2]

The actual mechanism by which mechanical operation of
the rotor leads to enhanced nonradiative decay of the fluo-
rescent state is not always easily understood but often in-
volves charge-transfer interactions. Because of this latter
behaviour, the rotor might respond to changes in local po-
larity as well as perturbations of the surrounding rheol-
ogy.[3] Furthermore, different types of rotors show disparate
sensitivity towards changes in local viscosity and are sus-
ceptible to specific solvent effects.[4] Calibration of the sys-
tem can be hazardous in such cases. Nonetheless, the use
of fluorescent rotors to probe environmental effects in
microporous media,[5] intact biological cells,[6] highly toxic
conditions,[7] unusual liquids[8] or within lipid membranes[9]

is a rapidly expanding topic with significant industrial ap-
plications.

Although numerous types of fluorophores have been pro-
posed, boron dipyrromethene (Bodipy) dyes have several
important advantages in the field of molecular rotors, and

[a] Molecular Photonics Laboratory, School of Chemistry, Bedson
Building, Newcastle University,
Newcastle upon Tyne NE1 7RU, United Kingdom
Fax: +44-191-222-8660
E-mail: anthony.harriman@ncl.ac.uk

Eur. J. Org. Chem. 2010, 523–530 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 523

lecular probe for changes in viscosity of the surrounding sol-
vent but remains essentially insensitive to changes in the po-
larity of the solvent. The opposite situation is found for the
phenanthryl derivative, where a charge-transfer state lies at
higher energy than the emissive π,π* excited state but can
be accessed thermally. The results are considered in terms of
energy-level diagrams taking into account rotational free-
dom. Photophysical properties are reported for both dyes in
a range of solvents, and temperature-dependent studies are
described.

some key prototypes have been advanced.[10] The most
promising Bodipy-based systems are designed with the ro-
tor being attached at the meso position of the dipyrrin
backbone but with the latter lacking the usual alkyl substit-
uents from the pyrrole ring.[11] This simple strategy allows
restricted rotation of the rotor in the ground state, which
otherwise is blocked by steric hindrance with the alkyl
groups. Mechanistic studies have shown that gyration of the
rotor involves concerted distortion of the dipyrrin back-
bone,[11,12] and it is this nuclear twisting that leads to en-
hanced nonradiative decay. To-date, studies have been re-
stricted to Bodipy-based dyes equipped only with a meso-
phenylene ring (PHBOD) as the rotor, although this is usu-
ally substituted with a long alkyl chain to facilitate incorpo-
ration into biological media. We hereby introduce a new
Bodipy-based molecular rotor where the phenylene ring is
replaced with a 9-phenanthrene unit (PHENBOD) and
compare the properties of the two compounds. It will be
shown that this simple replacement causes major changes
in the sensory activities of the probe.

Results and Discussion

Synthesis and 19F NMR Spectroscopy

Outlined in Scheme 1 are the synthetic procedures used
to prepare the dyad PHENBOD. Reaction of phen-
anthrene-9-carbaldehyde with excess pyrrole produced, af-
ter careful chromatography, the intermediate 1 in 54%
yield. Oxidation of 1 with DDQ followed by chelation to
the BF2 unit formed the desired rotor PHENBOD as a red
solid. The authenticity and purity of the product was
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proven by standard analytical techniques, including mass
spectrometry, 1H, 13C, 19F and 11B NMR spectroscopy,
melting point and elemental analysis. The putative rotor is
soluble in most organic solvents, but is quite insoluble in
water.

Scheme 1. Reagents and conditions: (i) CF3CO2H, room tempera-
ture, 90 h; (ii) DDQ; (iii) N,N-diisopropylethylamine, BF3·Et2O.
The atomic numbering scheme is also shown.

Owing to the low symmetry of PHENBOD, the two flu-
orine atoms are inequivalent in NMR terms for all non-
planar rotamers. One break from this rule is the all-planar
conformer, but this is highly unfavourable because of severe
steric clashes between the 1,7-dipyrrin hydrogen atoms and
protons at the 8,10-positions of the phenanthrene nucleus
(Figure 1). Semiempirical molecular modelling of the rotor
is in full agreement with this notion; the torsion angle be-
tween the phenanthrene and dipyrrin residues being 60°.
Evidently, if the phenanthrene were free to rotate, the lack
of equivalency of the two fluorine atoms would be relaxed
since the sites would readily interchange. It turns out that
19F NMR spectroscopy is an especially adept tool by which
to distinguish disparate fluorine chemical environments,
and provides direct evidence of fluxional processes. Gen-
erally, for symmetrical Bodipy compounds the 19F NMR
spectrum consists of a single quartet, due to the two equiva-
lent fluorine atoms coupling to the single 11B (I = 3/2) nu-
cleus. That the 19F NMR spectrum recorded for PHEN-
BOD in CDCl3 consists of 16 lines, with minor satellite
peaks, is clear indication that the fluorine atoms reside in
different environments, and moreover stipulates that the
phenanthrene gyration rate is slow on the NMR timescale.
It is possible to simulate the spectrum as two chemically
inequivalent fluorine atoms coupling to the major 11B
(80.4%) and minor 10B (19.6 %) nuclei.

Variable-temperature 19F NMR spectra recorded for
PHENBOD in [D6]DMSO (DMSO = dimethyl sulfoxide)
afforded more insight into the phenanthrene rotation dy-
namics. Thus, the room-temperature spectrum (Figure 1) is
dominated by two well-separated resonances (∆δ =
0.9 ppm) that are modelled adequately as two inequivalent
fluorine atoms. The significant ∆δ value implies that Fa and
Fb reside in different chemical environments, and are shield-
ed (or deshielded) by the proximal phenanthrene unit.
Except for recognized solvent-induced chemical shifts,[13]

the 19F NMR spectrum recorded at 323 K is identical to
that shown in Figure 1. Even at 393 K (i.e., the maximum
temperature attained), there is no evidence of the peaks co-
alescing. On the basis of these findings, we conclude that
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Figure 1. Room-temperature 19F NMR spectrum recorded for
PHENBOD in [D6]DMSO. The formula shows the partial proton-
numbering scheme. Note: the minor resonances arise from coupling
of the fluorine atoms to the 10B nucleus.

the rate of gyration of the phenanthrene unit at room tem-
perature must be significantly less than 1 Hz. The more
likely scenario, therefore, is that the phenanthrene residue
acts as a “flipper” and alternates between the two extreme
torsion angles. This oscillatory motion is likely to be fast
on the NMR timescale, and could lead to transient distor-
tion of the Bodipy group as the phenanthrene and dipyrrin
units attempt to become co-planar.

Electrochemistry

The electrochemical properties of the two dyes were
studied by cyclic voltammetry in CH2Cl2 containing a
background electrolyte. For PHBOD, a quasi-reversible re-
duction peak is seen on cathodic scans that correspond to
a half-wave potential (E1/2) of –0.68 V vs. SCE, with a peak
separation of 90 mV. This process is assigned to the one-
electron reduction of the Bodipy nucleus on the basis of
earlier studies made with related compounds.[14] For
PHENBOD under identical conditions, E1/2 has a value of
–0.70 V vs. SCE, again with a peak separation of 90 mV.
Thus, increasing the size of the meso substituent has no
obvious effect of reduction of the Bodipy unit to the corre-
sponding π-radical anion. No reduction wave is seen that
could be attributed to reduction of the phenanthrene resi-
due.

On anodic scans, PHBOD shows a single, irreversible
peak centred at 1.75 V vs. SCE that can be assigned to the
one-electron oxidation of the Bodipy core. The irreversible
character of this wave is a known characteristic of removing
the alkyl substituents from the dipyrrin framework.[15] No
additional peaks are seen in the cyclic voltammograms re-
corded for PHBOD, regardless of scan rate or solvent.
However, PHENBOD exhibits two irreversible oxidation
peaks in CH2Cl2 solution. The first peak is centred at
1.69 V vs. SCE and is assigned to the one-electron oxidation
of the Bodipy nucleus.[14] The second peak occurs at 1.87 V
vs. SCE and can be attributed to a one-electron oxidation
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of the meso-phenanthrene unit. Although electrochemically
irreversible, these electrochemical data can be used in con-
junction with the optical spectroscopic data (see below) to
conclude that there are no accessible intramolecular light-
induced, electron-transfer reactions open to PHBOD. For
PHENBOD, there is likely to be an intramolecular charge-
transfer state (CTS) situated at somewhat higher energy
than the first excited singlet (S1) state localized on the Bo-
dipy core. It is difficult to predict the actual energy of this
CTS, because of the irreversible nature of the oxidative elec-
trochemistry, but it will be less than 200 meV above that of
the S1 state in CH2Cl2 solution. Furthermore, its energy is
likely to be affected by changes in the solvent polarity.

Photophysical Properties of PHBOD

Photophysical data for PHBOD in both toluene solution
and a plastic film have been reported previously,[11,12] and
only new information is presented here. For comparative
purposes, the absorption maximum (λMAX = 501 nm) and
fluorescence peak (λFLU = 517 nm) measured in toluene at
room temperature are as reported before, whereas the fluo-
rescence quantum yield (ΦF = 0.052) and emission lifetime
(τS = 0.44 ns) remain comparable to the literature values.[12]

Time-resolved fluorescence decay curves are strictly mono-
exponential, whereas there is excellent agreement between
absorption spectra and corrected excitation spectra across
the visible region. The radiative rate constant (kRAD = ΦF/
τS) is in good agreement with that calculated from the
Strickler–Berg expression[16] but both ΦF and τS are much
lower than found for analogous Bodipy dyes bearing alkyl
groups on the dipyrrin framework.[17] This situation points
towards an enhanced rate constant [kNR = (1 – ΦF)/τS] for
nonradiative decay of the S1 state due to the so-called rotor
effect.

Additional studies were made to examine the effect of
solvent viscosity (η) on kNR for PHBOD at 20 °C, and the
results are given in Table 1. The solvents used were a series
of linear n-alkanols together with selected solvents needed
to distinguish between viscosity and polarity effects, the lat-
ter being expressed in terms of the static dielectric constant
(εS). Throughout this set of solvents, both λMAX and λFLU

show a small dependence on the polarizability of the me-
dium,[18] as is normal behaviour for Bodipy dyes.[19] More
significantly, kNR decreases progressively with increasing
viscosity but shows much less correlation with the polarity
of the solvent. Indeed, there is a reasonably good fit to
Equation (1) (Figure 2), where υ is a limiting pressure, α is
a coefficient that effectively converts bulk viscosity to a type
of micro-viscosity,[20] and EA is the activation energy for the
rotor effect.[11] The derived value for α (α = 0.31) is a key
parameter for expressing the sensitivity of the fluorescent
rotor towards changes in viscosity; the value found here in-
dicates that PHBOD is a valuable, but rather less than per-
fect, probe for viscosity changes. An extremely important
finding here is that earlier work with a closely related deriv-
ative of PHBOD having a long paraffinic chain at the 4-
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position of the meso-phenylene ring found α = 0.44.[11] The
significance of this finding is that the sensitivity towards
changes in viscosity can be tuned by modifying the nature
of peripheral substituents, this being a simple synthetic op-
eration.

(1)

Table 1. Photophysical properties recorded for PHBOD in selected
solvents at 20 °C.

Solvent η [cP] εS ΦF τS [ns] kNR [109 s–1]

CH3OH 0.54 32.6 0.035 0.29 3.33
C2H5OH 0.69 24.6 0.040 0.33 2.91
C3H7OH 1.95 20.1 0.046 0.39 2.45
C4H9OH 2.54 17.8 0.061 0.53 1.77
C5H11OH 3.62 15.1 0.068 0.57 1.64
C6H13OH 4.58 13.3 0.074 0.61 1.52
C7H15OH 5.81 11.9 0.078 0.63 1.46
C8H17OH 7.29 10.3 0.090 0.76 1.20
C9H19OH 9.15 – 0.098 0.81 1.11
C10H21OH 10.9 7.9 0.105 0.84 1.07

CHX[a] 0.63 2.0 0.039 0.33 2.91
DCE[b] 0.78 10.4 0.041 0.40 2.40
THF[c] 0.46 7.5 0.030 0.27 3.59

CH3CN 0.37 36.6 0.018 0.25 3.93
DMF[d] 0.79 38.2 0.044 0.40 2.40

DMSO[e] 1.99 47.2 0.046 0.52 1.83
PC[f] 3.4 64.9 0.067 0.59 1.58

Triacetin 16.2 6.2 0.130 1.02 0.85
Formamide 2.4 109.5 0.042 0.51 1.88

[a] Cyclohexane. [b] 1,2-Dichloroethane. [c] Tetrahydrofuran. [d]
Dimethylformamide. [e] Dimethyl sulfoxide. [f] Propylene carbon-
ate.

Figure 2. Effect of bulk viscosity on the rate constant for nonradia-
tive decay of the S1 state of PHBOD in solution at 20 °C. The solid
line is a fit to Equation (1).

In ethanol solution, kNR was found to exhibit a shallow
dependence on temperature until approaching the freezing
point of the solvent (Figure 3). As the solvent freezes, there
is a dramatic fall in kNR until reaching a lower limit in the
resultant glassy matrix. At this point, ΦF is close to unity
and the rotary effect is switched off entirely. Temperature
has but a small effect on the fluorescence spectral profile,
with the band narrowing on freezing. In fluid solution,
Arrhenius-like behaviour is not observed even over a small
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temperature range. Correcting kNR for the change in vis-
cosity that accompanies cooling[21] improves the situation
at the higher temperature range but still does not lead to a
linear Arrhenius-type relationship over the whole region
where the solvent is fluid. This situation can be used to
argue that the rotational barrier is itself dependent on the
viscosity; this could happen, for example, if ring rotation is
a complex process having several transition states. In the
high-temperature region, the barrier height at the S1 level is
only ca. 500 Jmol–1, which is much smaller than that found
earlier for the long-chain analogue. The implication here is
that interaction between the chain and the medium contrib-
utes towards the activation energy.

Figure 3. Arrhenius-type plot for the effect of temperature on the
rate of nonradiative decay of the S1 state for PHBOD in ethanol.

In the case of PHBOD the rotor effect corresponds to
buckling of the dipyrrin backbone as the meso-phenylene
rings rotates around the connecting C–C bond.[11,12] This
introduces frictional forces with surrounding solvent mole-
cules, but the relatively small value derived for α suggests
that rotation occurs within a cavity that effectively screens
the rotor from close interaction with the solvent. The bar-
rier to ring rotation in the ground state, computed at the
AM1 level, is ca. 46 kJmol–1 and is in agreement with val-
ues calculated for related systems.[11,12] For the correspond-
ing S1 state the barrier is reduced considerably but, since
the fluorescence spectrum and Stokes’ shift are as expected
for a sterically blocked Bodipy dye, it can be argued that
emission occurs from a geometry similar to that of the
ground state. Enhanced nonradiative decay to the ground
state, therefore, can be explained within the confines of the
pinhole-sink model[22] (Figure 4) where the potential energy
surface for the S1 state is somewhat porous. Leakage to the
ground state can occur at specific geometries where the lat-
ter is unstable and, as a direct consequence, the rate is con-
trolled by the energy-gap law.[23] As the energy gap de-
creases, there is a pronounced escalation in kNR. It follows
that the porosity of the upper surface, which sets the tem-
perature dependence and viscosity sensitivity, is determined
in part by the nature of any substituents attached to the
meso-phenylene ring.
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Figure 4. Potential energy diagram proposed to explain the behav-
ior of PHBOD in a fluid solvent. The key feature is a flattened
surface for the S1 state that contains drain holes for coupling to
the ground-state surface.

Photophysical Properties Recorded for PHENBOD

Turning attention now to PHENBOD, we note that the
absorption and fluorescence spectra (Figure 5) remain un-
changed from those recorded for PHBOD, with only a
small spectral shift in solvents of differing polarizability.[18]

In fluid solution at 20 °C, PHENBOD fluoresces with a
small Stokes’ shift (i.e., ca. 550 cm–1), indicating that no
substantial structural changes accompany excitation.
Again, there is excellent agreement between absorption and
excitation spectra across the visible and near-UV regions.
The observed emission spectrum shows good mirror sym-
metry with the lowest energy-absorption band, and there
are no additional features apparent in the emission spec-
trum compared to PHBOD. Pronounced differences are
seen, however, in the photophysical properties recorded in
different solvents at 20 °C (Table 2). Interestingly, any cor-
relation between kNR and bulk viscosity is far from obvious.
Thus, increasing the size of the rotor has dampened out the
ability to respond to changes in the viscosity of the sur-
roundings, and this finding would appear to be in general
accord with the idea that the meso-phenanthrene unit does
not rotate fully around its connection. In particular, it is
notable that, except in nonpolar solvents, ΦF and τS re-
corded for PHENBOD greatly exceed those measured for
PHBOD under identical conditions. For example, at room
temperature in toluene ΦF = 0.62 and τS = 4.9 ns; which
represents a ten-fold increase in fluorescence yield and life-
time with respect to PHBOD.

As shown in Figure 6, for PHENBOD there is a reason-
ably clear correlation between kNR and the static dielectric
constant (εS) of the medium. This situation follows from
the modest fall in both ΦF and τS with increasing polarity
of the solvent. For example, PHENBOD is highly fluores-
cent in butan-1-ol (ΦF = 0.56; τS = 4.00), with the proper-
ties being similar to those of sterically hindered Bodipy
dyes. In contrast, PHENBOD is weakly fluorescent in pro-
pylene carbonate solution (ΦF = 0.30; τS = 2.10), despite
the fact that the viscosities of these two solvents are similar
and the realization that the values found for PHBOD re-
main the same in these solvents. The radiative rate constant
is essentially insensitive to changes in the nature of the sol-
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Figure 5. Absorption (black curve) and fluorescence (grey curve)
spectra recorded for PHENBOD in methanol at room temperature.

Table 2. Photophysical properties recorded for PHENBOD in se-
lected solvents at 20 °C.

Solvent ΦF τS [ns] kRAD [108 s–1] kNR [108 s–1]

CH3OH 0.40 2.75 1.45 1.89
C2H5OH 0.46 3.35 1.37 1.41
C3H7OH 0.54 3.88 1.39 1.19
C4H9OH 0.56 4.00 1.40 1.10
C5H11OH 0.57 4.08 1.40 1.05
C6H13OH 0.58 4.18 1.39 1.00
C7H15OH 0.60 4.27 1.41 0.94
C8H17OH 0.61 4.30 1.42 0.91
C9H19OH 0.62 4.38 1.42 0.87
C10H21OH 0.65 4.85 1.34 0.72

CHX[a] 0.68 4.95 1.37 0.65
DCE[b] 0.62 4.45 1.39 0.85
THF[c] 0.64 4.72 1.36 0.76

CH3CN 0.57 4.05 1.41 1.85
DMF[d] 0.48 3.95 1.22 2.09

DMSO[e] 0.40 2.88 1.39 2.08
PC[f] 0.30 2.10 1.43 2.33

Triacetin 0.64 4.64 1.38 0.77
Formamide 0.19 1.28 1.48 2.66

[a] Cyclohexane. [b] 1,2-Dichloroethane. [c] Tetrahydrofuran. [d]
Dimethylformamide. [e] Dimethyl sulfoxide. [f] Propylene carbon-
ate.

vent; it is expected[24] to scale according to n2 where n is the
refractive index. Taking due account of the electrochemical
data, it appears likely that there is a CTS accessible to
PHENBOD that is unavailable to PHBOD and that the en-
ergy gap between S1 and CTS is controlled by the solvent
polarity. This hypothesis was explored by way of tempera-
ture-dependent fluorescence spectral studies.

The fluorescence yield and lifetime measured for PHEN-
BOD in ethanol increase with decreasing temperature until
reaching the glassy matrix, where the properties become in-
dependent of the temperature (Figure 7). Decreasing the
temperature has no effect on the band shape or emission
maximum until reaching the glassy region where the spectra
sharpen but do not shift. The temperature effect on the cor-
responding kNR values can be expressed in the form of
Equation (2) where k0 is the activationless rate constant for
decay of the S1 state. This latter term has a value of
3.7 �107 s–1. The activated rate constant, kA, is calculated
to be 8.3 �1010 s–1, whereas the activation barrier, EA, is
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Figure 6. Effect of the solvent static dielectric constant on the rate
constant for nonradiative decay of the S1 state of PHENBOD, re-
corded at 20 °C.

found to be 16.5 kJmol–1. This barrier is associated with
reaching the CTS from the S1 state and is most likely con-
trolled, at least in part, by the solvent polarity. Given that
the CTS will possess a different geometry to that of the
ground state, we might also expect that the barrier will con-

(2)

Figure 7. Arrhenius-type plot for the nonradiative decay of PHEN-
BOD in ethanol. The solid line is a fit to Equation (2).

Figure 8. Proposed potential energy diagram accounting for the ac-
tivated decay of the S1 state for PHENBOD in a polar solvent.
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tain a contribution from frictional forces with the surround-
ing solvent, and hence a modest dependence on the solvent
viscosity. It is notable that there is no observable tempera-
ture dependence for the decay of the S1 state in methylcyclo-
hexane solution. The overall behaviour found for PHEN-
BOD can now be expressed by way of Figure 8.

Conclusions

Replacing the meso-phenylene ring in PHBOD with a
phenanthrene residue introduces a severe barrier to internal
rotation to such a degree that the substituent cannot com-
plete a full turn in the ground state. This is not too surpris-
ing, because even for PHBOD the dipyrrin backbone has to
distort[11,12] in order to permit the phenyl ring to complete a
full rotation. It is this structural distortion that leads to the
so-called rotor effect. Simple oscillation of the substituent
is insufficient to have much effect on kNR. For the com-
pound to function as an effective molecular rotor it then
requires the excited-state potential surface to be adequately
porous to couple the S1 state to the ground state at sites
other than the potential minima. This situation is described
in Figure 4 and ensures that PHBOD acts as a fluorescent
probe for changes in viscosity. The limiting factor con-
trolling the performance of the probe can now be consid-
ered in terms of frictional forces between the rotor and sur-
rounding solvent molecules. The rotational barrier is small,
but finite, such that nonradiative decay occurs on the times-
cale of some hundreds of ps. This is very much slower than
internal rotational times found for Rhodamine[25] and tri-
phenylmethane[26] dyes and indicates the need for the dipyr-
rin framework to undergo a concerted distortion for rota-
tion to occur. Improving the sensitivity of PHBOD as a
viscosity probe requires an increase in the magnitude of
these frictional forces but without curtailing rotation. This
is best achieved by incorporating substituents at the top of
the phenylene ring that will embed the rotor into the solvent
structure. Indeed, it has already been concluded that such
groups play a major role in setting the sensitivity of the
rotor towards changes in viscosity and are also important in
controlling the barrier height for ring rotation. Thus, next-
generation rotors will be engineered with intelligent substit-
uents built into the meso group.

The meso substituent present in PHENBOD cannot
complete a full rotation in the ground state, but it can freely
oscillate around the axis. This oscillation has little effect on
the photophysical properties such that PHENBOD be-
comes a very poor probe for changes in viscosity. Even at
the S1 level, there is no inclination for full rotation, and
there is no sign that the S1 potential surface is porous. The
implication of this finding is important for the rational de-
sign of advanced molecular rotors. In terms of Figure 4, the
pinhole that allows coupling of the two surfaces appears to
be sited near a co-planar geometry such that it is accessible
to PHBOD but not to PHENBOD. This sink must take the
form of an intramolecular vibration associated with twist-
ing of the dipyrrin backbone.
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However, a further consequence of using a fused polycy-
cle as the rotary group is that the oxidation potential is
significantly lower than that of a simple phenylene ring. For
PHENBOD, an intramolecular CTS becomes thermally ac-
cessible to the S1 state, especially in polar solvents where
the energy of the CTS is lowered. The net result is a probe
that shows a shallow response to solvent polarity but little
sensitivity towards changes in viscosity. This effect can be
further enhanced by replacing phenanthrene with 9-anthra-
cene, which causes the energy of the CTS to become closely
comparable with that of the S1 state in polar solvents. At
this point, normal fluorescence from the Bodipy dye is ex-
tinguished although the off-level is now set by weak charge-
recombination emission. For PHENBOD in a polar solvent
such as CH3CN decay of the S1 state results in partial for-
mation of the corresponding triplet excited state. Indeed,
the yield of the triplet state is significantly higher than that
found in methylcyclohexane or for PHBOD in CH3CN. It
is possible, therefore, that triplet formation is a consequence
of charge recombination within the CTS, as has been re-
ported for other orthogonally positioned CTSs formed
from molecular dyads.[27]

Experimental Section

General: Bulk chemicals were purchased at the highest purity avail-
able from Aldrich Chemical Co. and were used as received unless
stated otherwise. Tetra-n-butylammonium tetrafluoroborate
(TBATFB) from Fluka was recrystallized several times from meth-
anol and dried thoroughly under vacuum before being stored in a
desiccator. Standard solvents were dried by literature methods[28]

before being distilled and stored under nitrogen over molecular si-
eves (4 Å). Spectroscopic grade solvents were used for all photo-
physical measurements. 1H and 13C NMR spectra were recorded
with either Bruker Avance 300 MHz, JEOL 400 MHz, or JEOL
Lambda 500 MHz spectrometers. 11B and 19F NMR spectra were
recorded with the 400 MHz spectrometer. Variable-temperature 19F
NMR spectra were recorded with the 500 MHz spectrometer.
Chemical shifts for 1H and 13C NMR spectra are referenced relative
to the residual protiated solvent. The 11B NMR chemical shift is
referenced relative to BF3·Et2O (δ = 0 ppm), and the 19F NMR
chemical shift is given relative to CFCl3 (δ = 0 ppm). Routine mass
spectra and elemental analyses were obtained either by using in-
house facilities or at Medac Ltd. Absorption spectra were recorded
with a Hitachi U3310 spectrophotometer, and corrected fluores-
cence spectra were recorded with a Hitachi F-4500 spectrometer.
Uncorrected melting points were measured with a Stuart SMP11
apparatus. Cyclic voltammetry experiments were performed with a
fully automated HCH Instruments Electrochemical Analyzer and
a three-electrode setup consisting of a platinum working electrode,
a platinum wire counter electrode, and a silver wire reference elec-
trode. Ferrocene was used an internal standard. All studies were
performed in deoxygenated CH2Cl2 containing TBATFB (0.2 ) as
background electrolyte. Solute concentrations were typically
0.1 m. Redox potentials were reproducible to within �15 mV. All
luminescence measurements were made by using optically dilute
solutions and were corrected for spectral imperfections of the in-
strument by reference to a standard lamp. Luminescence quantum
yields were measured relative to a standard dye by using optically
matched solutions.
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Preparation of 1: A three-neck flask was charged with 9-phenan-
threnecarboxaldehyde (2.06 g, 10 mmol) and evacuated and back-
filled with nitrogen three times. Freshly distilled pyrrole (49.5 mL,
0.7 mol) was added and the solution purged with nitrogen in the
dark for 1 h. Trifluoroacetic acid (0.077 mL, 1.0 mmol) was added
dropwise to the reaction mixture, and the resultant blue/black solu-
tion was stirred at room temperature in the dark for 90 h. After
confirmation by thin layer chromatography (aluminium oxide
plate; petroleum ether/dichloromethane, 2:1) that the carboxal-
dehyde had been fully consumed, excess pyrrole was removed by
vacuum distillation. The resultant blue/black residue was purified
by flash column chromatography (basic activated aluminium oxide;
petroleum ether/ethyl acetate, 4:1). After evaporation of the sol-
vent, the yellow oily residue was dissolved in diethyl ether
(5�20 mL) with the solvent being removed under reduced pressure
after each addition. The solid was then washed with petroleum
ether (2�5 mL) and dried under vacuum to give the desired prod-
uct as a cream crystalline solid (1.76 g, 54%). 1H NMR (CDCl3,
300 MHz): δ = 8.74 (dd, 3J = 7.5, 4J = 0.9 Hz, 1 H, H5�), 8.68 (d,
3J = 8.1 Hz, 1 H, H8�), 8.11 (dd, 3J = 8.1, 4J = 0.9 Hz, 1 H, H4�),
7.97 (br. s, 2 H, NH), 7.76 (dd, 3J = 7.8, 4J = 1.2 Hz, 1 H, H1�),
7.65 (ddd, 3J = 7.5 and 6.9, 4J = 1.5 Hz, 2 H, H6� and H7�), 7.59–
7.53 (m, 2 H, H2� and H3�), 7.40 (s, 1 H, H10�), 6.71 (dd, 3J = 4.5,
4J = 2.7 Hz, 2 H, H3 and H5), 6.28 (s, 1 H, Ha), 6.20 (dd, 3J = 5.7,
3J = 3.0 Hz, 2 H, H2 and H6) and 6.02 (dd, 3J = 3.0, 4J = 2.7 Hz,
2 H, H1 and H7) ppm. 13C NMR (CDCl3, 100 MHz): δ = 136.57
(1 C), 132.00 (1 C), 131.58 (1 C), 130.95 (1 C), 130.85 (1 C), 130.17
(1 C), 128.91 (1 C), 127.05 (1 C), 127.07 (1 C), 126.87 (1 C), 126.59
(2 C), 124.58 (1 C), 123.26 (1 C), 122.57 (1 C), 117.33 (1 C), 108.73
(1 C), 107.80 (1 C), 40.65 (1 C) ppm. TLC (aluminium oxide): Rf

= 0.30 in petroleum ether/ethyl acetate, 4:1. M.p. 98–102 °C.

Preparation of PHENBOD: A three-neck flask was charged with 1
(1.62 g, 5.02 mmol) in freshly distilled CH2Cl2 (250 mL), and the
solution was purged with nitrogen in the dark for 1 h. Dichloro-
dicyanobenzoquinone (3.42 g, 15.06 mmol) was added and the
solution stirred at room temperature in the dark for 1.5 h. After
confirmation by thin layer chromatography (silica gel plate,
CH2Cl2) that all the dipyrromethane had been consumed, N,N-di-
isopropylethylamine (4.91 mL, 28.61 mmol) and boron trifluoride–
diethyl ether (5.12 mL, 40.16 mmol) were added dropwise under
nitrogen. The resultant dark brown solution was stirred in the dark
for 20 h, until full consumption of the intermediate was confirmed
by thin layer chromatography. The reaction mixture was sub-
sequently diluted with additional CH2Cl2 (250 mL) and washed
with brine (4�200 mL). The separated organic layer was dried
with magnesium sulfate, filtered and the drying agent was washed
thoroughly with CH2Cl2 (100 mL). The combined organic layers
were concentrated under reduced pressure, and the resultant red/
black solid purified by flash column chromatography (silica gel;
petroleum ether/ethyl acetate, 4:1). After evaporation of the sol-
vent, the residue was dissolved in diethyl ether (3 �20 mL) with
the solvent being removed under reduced pressure after each ad-
dition. The solid was washed with petroleum ether (2�5 mL) and
dried under vacuum to give the desired product as a red/purple
solid (1.01 g, 55%). 1H NMR (CDCl3, 300 MHz): δ = 8.78 (d, 3J
= 8.1 Hz, 2 H, H5� and H8�), 7.98 (br. s, 2 H, H3 and H5), 7.94 (dd,
3J = 8.1, 4J = 1.2 Hz, 1 H, H1�), 7.90 (dd, 3J = 8.4, 4J = 1.2 Hz, 1
H, H4�), 7.86 (s, 1 H, H10�), 7.79 (ddd, 3J = 8.4 and 6.9, 4J = 1.5 Hz,
1 H, H7�), 7.74–7.66 (m, 2 H, H3� and H6�), 7.53 (ddd, 3J = 8.1 and
7.8, 4J = 1.2 Hz, 1 H, H2�), 6.74 (d, 3J = 4.2 Hz, 2 H, H1 and H7)
and 6.46, (dd, 3J = 3.9 and 0.9 Hz, 2 H, H2 and H6) ppm. 13C
NMR (CDCl3, 100 MHz): δ = 146.05 (1 C), 144.74 (1 C), 136.34
(1 C), 131.43 (1 C), 131.40 (1 C), 131.01 (1 C), 130.45 (1 C), 130.35
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(1 C), 129.86 (1 C), 129.50 (1 C), 129.36 (1 C), 128.27 (1 C), 127.54
(1 C), 127.47 (1 C), 127.29 (2 C), 122.91 (1 C), 122.87 (1 C), 118.77
(1 C) ppm. 11B NMR (CDCl3, 128 MHz): δ = –0.537 (t, JB-F =
27.08 Hz) ppm. 19F NMR ([D6]DMSO, 370 MHz): δ = –141.613
(dq, JF-F = 99.04, JF-B = 30.91 and 31.58 Hz) ppm. MS (EI): m/z
= 368 [M]. HRMS (EI): calcd. for [C23H15BF2N2] 368.12963; found
368.13005 [M]. C23H15BF2N2 (368.2): calcd. C 75.03, H 4.11, N
7.60; found C 75.02, H 4.41, N 7.29. TLC (silica): Rf = 0.51 in
petroleum ether/ethyl acetate, 4:1. M.p. 246–249 °C.
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