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Electronic energy transfer plays a crucial role in many natural
processes, ranging from self-protection[1] to repair mecha-
nisms[2] and energy transduction.[3] One of the primary
reasons for employing such indirect excitation is that ideal
reagents for inducing chemical change, such as electron
transfer or conformational exchange, rarely possess optimal
light-absorbing properties.[4] This simple strategy of equipping
an elaborate photochemical device with an ancillary photon
collector, programmed to absorb over a broad spectral range
and to emit at a discrete wavelength, is also relevant to
artificial photosynthetic systems. Indeed, such strategies may
have relevance to the design of dye-sensitized solar cells[5] and
certain organic light-emitting diodes.[6] Similar processes also
appear relevant to conducting polymers[7] and solar concen-
trators.[8] A further, and possibly important, role for light-
harvesting units is to promote the harmless dissipation of
ultraviolet (UV) photons, arising from increased UVB
radiation at the Earth�s surface because of stratospheric
ozone depletion that would otherwise initiate photo-degra-
dation. The latter realization has led to the recent investiga-
tion of cases where an upper-lying excited state (e.g., S2) of a
strongly fluorescent dye functions as the energy acceptor for
high-energy photons while the lowest-energy excited state
acts as sensitiser for the photonic device.[9] Complementary
reports have shown that the S2 states of certain dyes, notably
carotenes[10] and metallo-porphyrins,[11] can be used as energy
donors.

In terms of protective mechanisms and device efficacy, it is
essential that the S2 state formed through energy transfer
undergoes rapid electronic relaxation (i.e., internal conver-
sion) to the corresponding S1 state, without opening new
routes for deleterious or antagonistic chemical steps.
Although the S2 states of most organic molecules tend to be
very short-lived, there are notable exceptions[12] and few rules
other than the generic Englman–Jortner energy-gap law[13] by
which to predict their lifetimes. Even less is understood about

how the internal conversion dynamics depend on the
molecular structure and the local environment. We now
report on internal conversion in two boron dipyrromethene
dyes for which the meso-phenyl ring is either constrained
(Bodipy) or free to rotate (Robod), the latter class of dye
being popular rheology probes.[14] Our particular interest lies
with understanding the effect of nuclear motion on the
ultrafast dynamics of upper-lying excited states. Earlier work
has concluded that deactivation of the higher-lying (i.e., S3

and/or S2) excited states and the simultaneous population of
the S1 states of such dyes occur on timescales of a few
hundreds of femtoseconds while vibrational cooling of the S1

state occurs over approximately 20 ps.[15]

The two dyes, Robod and Bodipy (Scheme 1), differ by
virtue of the substitution pattern at the pyrrole units. This
structural change has an important effect on the photo-

physical properties of the S1 state in that rotation of the
phenylene ring distorts the dipyrrin backbone and thereby
promotes nonradiative decay of the excited state; this being
the origin of the rotor effect.[14] The absorption (nMAX) and
fluorescence (nFLU) maxima recorded in toluene solution are
given in Table 1, together with the measured fluorescence
quantum yields (FF) and excited-singlet-state lifetimes (tS).
Also given are the molar absorption coefficients measured at
the peak maximum. The red-shifted absorption and emission
spectra in Bodipy are because of the alkyl substituents. The

Scheme 1. Molecular structures of the two studied fluorescent dyes.
The 4,7-dimethyl groups on the dipyrrin unit hinder rotation of the
meso-phenyl ring.

Table 1: Photophysical properties recorded for the two target dyes in
toluene at ambient temperature.

Compound nMAX [cm�1] eMAX [m�1 cm�1] nFLU [cm�1] FF tS [ns]

Robod 20080 74 500 19305 0.048 0.36
Bodipy 19160 79 000 18585 0.69 4.8
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much lower fluorescence quantum yield and natural lifetime
of Robod indicates a greatly enhanced rate of internal
conversion (S1!S0) because of rapid gyration of the meso-
phenyl ring in the unhindered dye. While the absorption (and
emission) spectral profiles for the S1 states are sharp and
readily resolved into Gaussian components of fairly narrow
half-width (i.e., 400 cm�1), the near-UV region shows several
overlapping transitions that are considerably weaker and
broader than their visible counterparts (see the Supporting
Information).

Femtosecond fluorescence up-conversion spectroscopy[16]

was used to monitor the rate of internal conversion from the
S2 to S1 electronic states, with fluorescence from both states
being recorded. This approach gives an opportunity to
measure the decay time of the S2 state and the rise-time of
S1 emission, both values embodying the S2!S1 process. To
achieve sufficient absorption in the S2 region and also to
suppress Raman signals from the solvent, concentrated (in the
range 1–6 mgmL�1) toluene solutions were employed but no
obvious effects on the dynamics were observed over this
concentration range. In fact, these dyes are known to be
resistant to dimerization in solution.[17] Beginning with
400 nm excitation of Bodipy, emission kinetics accompanying
the decay from the S2 state to S1 state are shown in Figure 1.
Self-absorption by the S0!S1 transition leads to a smaller
recorded signal for direct S2 emission (the inset shows the
kinetics recorded at 450 nm), and hence fitting of these
kinetics does not lead to a high degree of precision in the

extracted parameters. However, S1 emission is very strong and
thus gives excellent signal to noise, thereby enabling precise
fitting of its rise. Emission was detected across the S1 region
and was found to be identical in the 560–600 nm range—with
kinetics at 600 nm shown. A rise-time for the signal is very
clearly observed; an instantaneous formation (shown as a dot-
dash line in Figure 1) plotted for comparison clearly fails to fit
the recorded data (this is also shown in the Supporting
Information). Instead, the best fit (solid line) gives rise-time
constants of 90 fs (97% of the rise amplitude) and 3 ps (3% of
the rise amplitude). Both the instantaneous and 90 fs rise-
time lines are plotted with respect to the instrument response
function (IRF, dotted line), and the correct time zero. Good
agreement is found when the same 90 fs and 3 ps parameters
are used in the fit of the directly detected S2 emission at
450 nm (inset, solid line).

Turning attention now to Robod, both emissions from the
S2 and S1 states were detected, and the recorded kinetics are
shown in Figure 2. Direct detection of internal conversion

(i.e., S2 emission, embodying the S2!S1 movement) was more
difficult than in Bodipy owing to the blue shift in features,
leaving less S2 absorption at the excitation wavelength of
400 nm and more self-absorption from the S0!S1 transition in
the S2 emission region. Exciting at 380 nm and observing at
425 nm produced detectable emission, but the emission was
quite noisy (inset Figure 2), so as with Bodipy, the rise of the
S1 emission was used as a measure of the internal conversion

Figure 1. Ultrafast fluorescence kinetics for Bodipy. The main data
shows the fluorescence intensity (IPL) as a function of time from the S1

state detected at 600 nm (ldet) with an excitation wavelength (lex) of
400 nm and the instrument response function shown as a dotted line
(280 fs FWHM). The dot-dashed line represents the kinetic profile that
would exist for an instantaneous formation of the signal. The solid line
is the best fit to the data, with a 90 fs rise-time constant constituting
97% of the full amplitude and a 3 ps rise-time constant constituting
the remaining 3%. The inset shows emission from the S2 state
detected at 450 nm also with lex =400 nm, the dotted line indicates
the instrument response function (280 fs FWHM) and the solid line is
a simulated decay, with time constants of 90 fs (97% of amplitude)
and 3 ps (3 %) mirroring those found in the rise-time dynamics
recorded at 600 nm.

Figure 2. Ultrafast fluorescence kinetics for Robod. The main data (full
circles) shows the fluorescence intensity (IPL) as a function of time
detected from the S1 state at 550 nm with lex = 400 nm and the
instrument response function displayed as a dotted line (280 fs
FWHM). The solid line is the best fit to the data, with a 50 fs rise-time
constant constituting 100% of the formation amplitude. The dot-
dashed line represents the kinetic profile that would exist for an
instantaneous formation of the signal, and the empty triangles show
the emission kinetics of the S1 state of Bodipy from Figure 1,
indicating that the emission kinetics of the S1 state of Robod are
clearly different. The inset shows emission from the S2 state detected
at 425 nm with 380 nm excitation, with the dotted line indicating the
instrument response function (310 fs FWHM) and the solid line
indicating a simulated decay, with a time constant of 50 fs (100%
amplitude of the decay), mirroring those found in the rise-time
dynamics recorded at 600 nm.

6635Angew. Chem. Int. Ed. 2011, 50, 6634 –6637 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


process. The S1 emission (full circles, Figure 2), obtained by
exciting at 400 nm and detecting at 550 nm, gives a best-fit
(solid line) rise-time constant of 50 fs (100% of the rise
amplitude). An instantaneous (dot-dashed line) rise time is
shown for comparison, indicating that is does not fit as well as
a 50 fs rise.

Temporally shifted comparisons of rise-time values for
Robod are shown in the Supporting Information to indicate
that the rise-time of 50 fs fits best. Also plotted in Figure 2 for
comparison is the Bodipy S1 emission data (empty triangles)
indicating that there is a clear difference in the formation
kinetics between Bodipy and Robod. The best-fit parameters
for both dyes thus give different values for the rate of the
dominant component of the S2!S1 internal conversion;
namely, 90 fs in Bodipy and 50 fs in Robod. Having estab-
lished that the two dyes exhibit disparate, but exceedingly
fast, rates of internal conversion, attention now turns to the
underlying reasons why this is so. The first factor to consider is
the S2!S1 energy gap since this is known to affect the rate of
nonradiative deactivation by way of the energy-gap law.[13]

The S1!S0 energy gaps differ by around 800 cm�1 (Table 1),
according to a Gaussian-band-shape analysis, but, although
the spectral profiles differ somewhat in the near-UV region
(see Figure S1 in the Supporting Information), the S2!S1

energy gaps remain constant at around 6100 cm�1 for the two
dyes. As such, changes in the rate of internal conversion
cannot be ascribed to differences in the energy gap between
the two states. A further factor to consider, imposed by the
structural changes around the dipyrrin framework, relates to
the shapes of the potential-energy surfaces (PES) inherent to
the excited-state manifolds. Indeed, previous work by Holten
and co-workers.[18] on a related dye has explored the effects of
the dihedral angle of the phenyl ring with respect to the
dipyrrin core, finding that the PES in the dihedral co-ordinate
of the S0 and S1 states are strongly affected by the presence of
methyl groups at the 4,7-positions. These latter groups tend to
restrict rotation of the phenyl ring in the case of Bodipy.

Quantum chemical calculations carried out at the PM3/
CIDS level for Bodipy indicate that the dihedral angle is
around 578 for both S0 and S1 states, with the PES being
somewhat flattened for the upper-lying state (Figure 3).

Further PES flattening is to be expected for the S2 state,
because of the increased energy content, although the
computations become less precise as we move up the
electronic ladder. Such generic behavior is fully consistent
with the fact that the photophysical properties of Bodipy are
independent of temperature and solvent viscosity. This is not
the case for Robod, where full rotation of the phenyl ring is
hindered but possible while the S1 PES shows a shallow
barrier to rotation (Figure 3). The initially prepared excited-
state population diffuses along the PES by a random walk,
searching for regions where the surface is more strongly
coupled to the S0 PES. The upward curvature of the PES
presents a barrier for such one-dimensional diffusion. To
account for the rotor effect observed with Robod, but not
Bodipy, it has been proposed[14] that the S1 PES for Robod
contains areas which are close in energy to the S0 PES,
denoted as local pinhole sinks, that are strongly coupled to the
S0 surface,[19] enabling fast nonradiative relaxation. These
pinholes, which funnel the excited-state population down to
the ground state, are situated on the PES in such a way that
frictional forces with surrounding solvent molecules affect the
frequency with which they are accessed. For both dyes,
radiative decay of the S1 state occurs from the relaxed
geometry.

This description can be applied to the S2 states so as to
account for the rapid rate of internal conversion (Figure 3).
For Bodipy, the S2 PES is considered to be relatively shallow,
but not flat, and containing nonlocal pinhole sinks that
facilitate rapid internal conversion. This situation would give
rise to fast, dual-exponential kinetics; the decay rate being set
by the time needed to diffuse along the PES to one of the
holes.[20] The bulky methyl groups impose some curvature on
the PES, which appears in the form of a barrier to reaching
any surface holes that might funnel the wave-packet down to
the S1 state. For Robod, the S2 PES is considered to be almost
flat such that there is no real barrier to reaching the pinhole
sinks. In this case, decay of the S2 state will be mono-
exponential and very fast. The rate at which the wave-packet
passes through the funnel will be exponentially dependent on
the energy gap between the S2 and S1 PESs at that particular
nuclear geometry. It is interesting to note that while the rate
of S2!S1 internal conversion is different for Robod and
Bodipy, the relative change in the rate is much smaller than
the S1!S0 relaxation, though the latter can be related to the
energy gap between the states.

To summarize, we have noted that the molecular structure
influences the rate of internal conversion between the S2 and
S1 excited states in two fluorescent dyes of great topical
interest. The key structural facet relates to gyration of the
meso-phenyl ring as controlled by the secondary substituents.
These results represent the first direct illustration of how the
dynamics of internal conversion between S2 and S1 excited
states can be modulated by minor variations of the molecular
backbone. The importance of low-frequency vibronic modes
in promoting fast internal conversion should be stressed. It
has already been established that these S2 states operate as
highly effective acceptors for UV photons and that the dyes
are highly attractive solar concentrators.[8] In this way, such
dyes could have important applications to help intricate

Figure 3. Potential-energy surfaces calculated for the S0, S1, and S2

states of Robod (left-hand side) and Bodipy (right-hand side) with
pinhole sinks (black dots) superimposed on the upper surfaces
enabling nonradiative internal conversion. Fluorescence from S1 (solid
arrow) and S2 (dashed arrow) is also shown.

Communications

6636 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 6634 –6637

http://www.angewandte.org


photonic devices overcome the negative impact of exposure
to increased levels of UV radiation.

Experimental Section
Samples of the Bodipy dyes were synthesized and purified by
conventional methods. Quantum chemical calculations were per-
formed with AMPAC. Ultrafast luminescence measurements were
performed with upconversion spectroscopy[16] using the FOG100 by
CDP systems as reported previously.[21] The instrument response
function was measured by recording the Raman signal generated by a
sample cell containing water, and was found to be 280 fs (full width at
half maximum, FWHM) at 400 nm excitation and 310 fs at 380 nm.
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