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The excited-state dynamics of a series of electron deaoceptor bridged systems (DABS) consisting of a
boron-dipyrromethene chromophore covalently linked to a dinitro-substituted triptycene has been investigated
using femtosecond time-resolved spectroscopy. The chromophores differ by the number of bromine atom
substituents. The fluorescence lifetime of the DABS without any bromine atom is strongly reduced when
going from toluene to polar solvents, this shortening being already present in chloroform. This effect is about
10 times weaker with a single bromine atom and negligible with two bromine atoms on the chromophore.
The excited-state lifetime shortening is ascribed to a charge transfer from the excited chromophore to a
nitrobenzene moiety, the driving force of this process depending on the number of bromine substituents. The
occurrence of this process is further confirmed by the investigation of the excited-state dynamics of the
chromophore alone in pure nitrobenzene. Surprisingly, no correlation between the charge separation time
constant and the dielectric properties of the solvents could be observed. However, a good correlation between
the charge separation time constant and the diffusional reorientation time of the chromophore alone, measured
by fluorescence anisotropy, was found. Quantum chemistry calculations suggest that quasi-free rotation about
the single bond linking the chromophore to the triptycene moiety permits a sufficient coupling of the donor
and the acceptor to ensure efficient charge separation. The charge separation dynamics in these molecules is
thus controlled by the reorientational motion of the donor relative to the acceptor.

Introduction complicated by the fact that several solvent molecules can act
. . as quencher, and thus the extraction of ET rate constant from
The distance between donor, D, and acceptor, A, is known

. ' the quenching rate constant is not straightforw/ar§.
to be a crucial parameter for the rate of photoinduced electron- W t h . tigati lently linked
transfer (ET) reactions, and for this reason, its effect on the ET € present here our Investigation on covajently linke
dynamics has been very intensively investigatedCompara- elect.ron donoracceptor brldged §ystems (.DABS) that allow
tively, the influence of the relative orientation of the reactants Fhe |n.terplay between _reor_lentatlonal motion and ET to be
has been overlooked. In ET theories, both D and A are |nvest|gated.. As shown in Figure 1, these.DA.BS are cqmposed
considered as spheres, and thus the only explicit geometrical‘l’f3a5b(7)rt°'t1 dlpy{rr]ometttlente (§OD|PY.) ienvg:;/e, 4’4'(11&”?0'
factor is the distanc&® The effect of orientation is implicitly OVY I ;(edra_me;] y8- -borata- a-a(szma— as aceni( i b
taken into account in the matrix element for electronic coupling, ) linked in the -pqsnlon 10 a dinitro-triptycene. As will be
Voa, Which depends on the overlap of the electronic wave shown below, the excited BODIPY chromophore acts as electron
fun(;tions of D and A and thus on their relative geometry donor, whereas the nitrobenzene units act as electron acceptors.

Experimentally, the importance of the mutual orientation of D The D gnd A .m0|et!es are at a fixed center-to-cepter distance,
and A on the ET dynamics has been evidenced in several cases?Ut their relative orientation can vary upon rotation about the
particularly in covalently linked DA pair¥-22 Consequently, smgle bond at thg 8-position. Moreover, the eIectron-d.o'natlng
a similar influence can also be expected for intermolecular ET ability of the excited D can be decreased upon addition of
reactions. Although invoked in several cad&€’ the occurrence ~ Promine substituents.

of orientational effects in such intermolecular reactions could BODIPY chromophores are characterized by an intense
never be firmly established. The major reason for this is that fluorescence in the visible regi#t#® and have thus become
bimolecular ET is limited by the rate of translational diffusion, fluorescent probes used in many different areas such as, for
which is typically of the order of 20 M~ s™%in nonviscous ~ example, DNA sequencing; ion®233 and nitric oxide sens-
solvents. Orientational effects can only play a role once the ing* production of singlet oxygen by photosensitizatfmr
reactants are at contact or close to contact distance. Assingle molecule detectio®.BODIPY chromophores have also
reorientational motion is faster than translation, ET limited by been used in synthetic light-harvesting antefinghotonic
rotational diffusion cannot be readily observed. Translational Wires3 optoelectronic gate®,and other energy doneacceptor
diffusion can be suppressed when investigating ET quenching Systems'®—42

in reacting solvents. In this case, however, the situation is Photoinduced ET reactions with BODIPY dyes have already
been reported. Tonimura et al. have shown that the fluorescence
* Corresponding author. E-mail: eric.vauthey@chiphy.unige.ch. of BODIPY dyes can be efficiently quenched by nucleotide
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reach the detector, whose output was connected to the input of
a TCSPC computer board module (Becker and Hickl, SPC-300-
12). The full width at half-maximum (fwhm) of the instrument
response function (IRF) was around 200 ps. The accuracy on
the lifetimes is of ca. 0.1 ns.

Excited-state lifetime measurements in shorter time scales
were performed using fluorescence up-conversion (FU). The
experimental setup has been described in detail elsevhere.
Excitation was achieved at 400 nm with the frequency-doubled
output of a Kerr lens mode-locked Ti:Sapphire laser (Tsunami,
Spectra-Physics). The output pulses centered at 800 nm had a
duration of 100 fs and a repetition rate of 82 MHz. The
O2N 1 Ri=Ro=H polarization of the pump beam was at magic angle relative to

2j R1 =B?- R,=H TMBEDY thqt of the gate pulses at 800 nm except for flgorescence

3j R1 - H-’R2= Br anisotropy measurements. Experiments were carried out in a

4 R1 iy =28r 0.4 mm rotating cell. The fwhm of the IRF was ca. 210 fs.

T T2 Femtosecond-resolved fluorescence anisotropy measurements

Figure 1. Chemical structure of the do_neaccept_or bridged systems  \yere carried out with the EU setup by changing the polarization
(DABS) and of TMBDY. The stars define the dihedral andle, of the pump beam with respect to that of the gate beam with a
half-wave plate. The anisotropy decayt), was reconstructed
using the standard equatiart) = 1(t) — Ia(t)/(1,(t) + 21(1)),
wherel;(t) andI(t) are the fluorescence intensities recorded
with the polarization of the pump beam set parallel and
eperpendicular to that of the gate beam, respectively.

Transient Absorption (TA) Measurements. Excitation at
500 nm was performed with a two-stage noncollinear optical
parametric amplifier (NOPA, Clark-MXR), fed by the 800 nm

utput of a standard 1 kHz amplified Ti:Sapphire system
Spectra-Physics). After recompression with a pair of prisms,
the pulse duration was of the order of 50 fs. The energy per

base$® More recently, Hattori et al. have investigated a

BODIPY substituted with a trimethoxybenzene at the 8-posi-
tion.** The resulting molecule is nonfluorescent in acetonitrile
because of an ultrafast intramolecular ET from the trimethoxy-
benzene substituent, which acts as an electron donor, to th
excited BODIPY moiety. Similarly, Qin et al. have investigated

the influence of the nature of 8-substitution on the fluorescence
properties of BODIPY dyes and found that substitution by

electron-donating groups, such as amines, leads to a reduce
fluorescence quantum vyield due to the population of an

intramolecular charge-transfer state from the locally excited pulse at the sample was aroundl. Probing was achieved
. 5 . .
5'”9'?‘ state of BODIPY?> Moreover, in 'so[vents of moderate with a white light continuum obtained by focusing 800 nm
polarity a broad and structureless emission band, ascribed to | : / ; h be b lit bef
charge transfer emission was observed pulsesin a IzK.) DO mixture. T e probe beam was sp it before
The molecules investigated here differ-considerabl from the the sample into a pumped signal beam and an unpumped
9 y reference beam. The transmitted signal and reference beams

BODIPY derivatives discussed just above for at least two . :
reasons: (1) the BODIPY chromophore acts here as electron’ "¢ detectgd with two O.RIEL Multlspec 125 ;pectrqgraphs
h quipped with a 2048 pixels CCD line (Entwicklungsbu
donor, and (2) these are DABS, whereas the above-mentione . . . o )
tresing, Berlin). To improve sensitivity, the pump light was

molecules are directly linked DA pairs. Indeed, triptycene has chopped at half the amplifier frequency, and the transmitted

been shown to be equivalent to three weakly couplagtiene . ; .
648 . . . signal intensity was recorded shot by shot. It was corrected for
molecules®~48 Thus, the benzene ring of the triptycenyl moiety . . - . .
intensity fluctuations using the reference beam. The transient

d'FEC“V connected to t_he chromophort_a can be considered as aspectra were averaged until the desired signal-to-noise ratio was
bridge, whereas the nitrobenzene moieties can be regarded a:

/ gchieved.
two independent electron acceptors. Data Analysis.Time-resolved data were analyzed by iterative
Additionally to these DABS, the fluorescence quenching of ySIS. Y y

TMBDY alone in pure nitrobenzene as well as its reorientational reconvolution of the IRF with trial functions (sum of exponen-
L P . : tials) using a nonlinear least-squares fitting procedure (MAT-
dynamics in various solvents has been investigated.

LAB, The MathWorks, Inc.).

Samples. Compoundsl—4 and TMBDY were given by
Professor A. Gossauer (Chemistry Department of the University

Steady-State MeasurementsAbsorption spectra were re-  of Fribourg) and were used as received. The solvents, acetonitrile
corded on a Cary 50 spectrophotometer, while fluorescence and(ACN), chloroform, dichloromethane (DCM), 1,2-dichloroet-
excitation spectra were measured on a Cary Eclipse fluorometethane (DCE), and toluene (TOL) were of the highest com-
(5 nm slit) in a 1 cmquartz cell. mercially available purity and were used without further

Time-Resolved Fluorescence MeasurementSxcited-state  purification. Propionitrile (PrCN), butyronitrile (BUCN), vale-
lifetime measurements in the nanosecond time scale were carriedonitrile (VaCN), benzonitrile (BzCN), and nitrobenzene were
out with the time-correlated single-photon counting (TCSPC) purified as described in the litteratlf®For TCSPC measure-
technique. Excitation was performed at a repetition rate of 40 ments, the sample solutions were containecil cmquartz
MHz with <90 ps pulses generated by laser diodes either atcell and their absorbance at the excitation wavelength was
395 nm (Picoquant model LDH-P-C-400B) or at 469 nm around 0.1. For FU measurements, the sample solutions were
(Picoguant model LDH-P-C-470). Fluorescence was collected enclosed in a 0.4 mm rotating cell and their absorbance at 400
at 90 with a polarization at magic angle to that of the pump nm was about 0.1. For TA, the solutions wemeai 1 mmthick
pulses. The detected fluorescence wavelength was selected witlgjuartz cell, had an absorbance around 0.5 at 400 nm and were
interference filters. Additionally, a 420 nm or 560 nm cutoff continuously stirred by Noubbling. For the other experiments,
filter placed in front of the photomultiplier tube (Hamamatsu, aerated solutions were used. No significant sample degradation
H5783-P-01) ensured that no scattered excitation light could was observed after the measurements.

Experimental Section
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Figure 3. Time profiles of the fluorescence dfin ACN and VaCN

measured at 525 nm after excitation at 400 nm and best single-
exponential fits (solid lines).

wavelength (nm)

Figure 2. Absorption and fluorescence spectraloind TMBDY in
toluene (excitation at 480 nm).

TABLE 1: Photophysical Properties of the DABS and of

TMBDY in Toluene TABLE 2: Fluorescence Lifetime, z; (in ps), Measured with

1-3 in Various Polar Solvents and Time Constants of

Aa At E(S) T Krad Charge Separation,zcs (in ps), Determined from Eq 2

molecule (nmp (nmp (eV)e @€  (nsy (she

1 506 518 242 039 332 11710 sobvent  wll)~7dl) @ wedd ) redd

2 517 532 236 039 324 12010 ACN 18 136 142 156 168
3 519 534 235 024 225 10710 PrCN 27.5 387 439 467 590
4 534 550 229 019 1.70 1.141C BuCN 38

TMBDY 509 518 241 073 490 1.4910° \gé:?le fjg 122915 1??23; 1426950 3:5%263

a Absorption and fluor_escence maxin‘?Exqite_d-state ene_rg;?.FIu- CHCl; 26. 327 364

orescence quantum yieléiFluorescence lifetime® Radiative rate DCE 33 675 853 990 1770

constant.
aA 1.34 ns component with a relative amplitude of 0.3 is also
present® A 1.76 ns component with a relative amplitude of 0.12 is

Quantum Chemistry Calculations. The ground-state gas-  aiso present.

phase geometries df—4 were fully optimized at the density
functional level of theory (DFT) using the B3LYP functiobiet?
and a [3s2pld] basis s&tThe calculations were carried out

_ ) be very well reproduced by an exponential function with a time
using Turbomole version 5.8%:55

constantzs, of several nanoseconds (see Table 1). The radiative
rate constantskyg calculated from these lifetimes and the
fluorescence quantum yields are essentially the same for all
Steady-State MeasurementsThe steady-state absorption and DABS. Consequently, the smaller quantum yields measured with
emission spectra of and TMBDY in toluene are shown in 3 and4 are due to an enhanced nonradiative decay channel,
Figure 2. The absorption spectra of both compounds are quiteMost probably intersystem crossing (isc). The difference between
similar down to 350 nm, except for a small difference in the 2 and3is surprising, as both possess a single Br substituent.
location of the absorption maximum and in the relative intensity One possible reason is that the Br aton8is rather close to
of the shoulders, which have been ascribed to a vibronic @ nitro group, which is known to favor i$€-%° This proximity
transition? The small band centered around 315 nm, which is might increase spinorbit coupling and thus result in a faster
also present in the absorption spectra of the other DABS but isc. This effect, together with the presence of a second Br atom,
which is absent with TMBDY, is most probably due to the could also explain the shorter fluorescence lifetime measured
dinitro-triptycene group. The fluorescence spectra of TMBDY With 4.
and all DABS have a very similar shape. As indicated in Table ~ The smaller fluorescence quantum yield of the DABS relative
1, both absorption and fluorescence spectra exhibit a red shiftto that of TMBDY is partially due to a somewhat smaller
of about 500 cm! and 1000 cm?! upon addition of one and  radiative rate constant. This could be explained by the weak
two, respectively, Br atoms on the chromophoric part of the perturbation of the BODIPY chromophore upon substitution at
DABS. The similarity between the spectra of TMBDY and of the 8-position, which is also responsible for the differences
the DABS indicates a weak perturbation of the BODIPY observed in the absorption and fluorescence spectra.
chromophore upon substitution at the 8-position. Table 1 shows The fluorescence dynamics of both TMBDY afdvere also
that the fluorescence quantum vyield®s, in toluene are measured in ACN, BUCN, and CHCand were found to be
substantially smaller for the DABS than for TMBDY. Moreover, essentially the same as in toluene, in agreement with the similar
addition of Br atoms also leads to a reduction of the fluorescence steady-state fluorescence intensity. The decay times found for
quantum yield. TMBDY are in very good agreement with those reported in
A quantitative determination ab; in polar solvents was not  the literature?®
performed. However, the fluorescence intensities of TMBDY  The fluorescence lifetimes a3 in weakly to strongly polar
and of4 were found to be essentially the same in polar solvents, solvents are listed in Table 2. The time constants below 300 ps
whereas those of the other DABS, especidllyvere strongly have been determined from FU measurements, while the larger

Results

reduced.
Isotropic Time-Resolved Fluorescence Measurement§he

ones have been obtained from TCSPC experiments. Except for
2 and3 in DCE, all decays could be very well reproduced by

fluorescence decay of TMBDY and of all DABS in toluene can an exponential function as shown in Figure 3 foin ACN
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Figure 4. Time profile of the fluorescence of TMBDY in nitrobenzene
measured at 540 nm after excitation at 400 nm and best triexponential
fit.

-15 | | | |

and VaCN. No significant wavelength dependence of the 250 500 550 500

fluorescence dynamics that could be ascribed to vibrational

cooling or solvent-induced Stokes shift was observed, at least wavelength (nm)

between 515 and 550 nm. Wavelengths out of this range wereFigure 5. Transient absorption spectra measured with{4) BuCN

not investigated. and (B) TMBDY in nitrobenzene at different time delays after excitation
It appears from Table 2 that the fluorescence lifetimes are @t 500 nm.

the shortest withl, independent of the solvent. On the other

hand, the lifetimes o and3 are approximately 1620 times ~ emission. The TA spectra also exhibit a weak and positive
larger. Although the decay times 2fand3 are of similar order  feature below 460 nm that corresponds to an absorption. The
of magnitude, those @ are systematically larger. location of this band coincides rather well with that of the

In order to investigate whether the substantial reduction of nitrobenzene radical anion reported in literatth@he signal
fluorescence lifetime ofi—3 in polar solvents is compatible  intensity at 530 nm, which is dominated by stimulated emission,
with a nonradiative deactivation due to intramolecular ET to goes to zero with a time constant of about 35 ps, in very good
the nitrobenzene moieties, the fluorescence dynamics of TMB- agreement with the 38 ps value obtained by FU. The signal
DY was measured in pure nitrobenzene. Figure 4 shows theintensity at 500 nm, due essentially to ground-state bleaching,
time profile of the fluorescence intensity of TMBDY at 540 evolves with a time constant of 52 ps. These two different time
nm in nitrobenzene upon excitation at 400 nm. This decay is constants confirm the involvement of a third state, namely, a
dominated by two components with 7.2 and 26 ps time constantscharge-separated state (CS state), additionally to the locally
and with relative amplitudes of 0.34 and 0.64, respectively. A excited state (LE state) and to the ground state. In principle,
very weak nanosecond componert4(ns) that might be due  the population of these three states should be governed by a
to impurities was also found. These short decay times comparekinetics for two consecutive first-order reactions, namely, CS
rather well with that found withL in ACN, whose dielectric from the LE to the CS state and charge recombination (CR)
constant is similar to that of nitrobenzene. from the CS to the ground state. The well-known solutions of

The fluorescence lifetime af was also measured in nitroben- the corresponding differential equations are given in the
zene. By contrast to TMBDY4 exhibits a single-exponential ~ Supporting Information. Although the number of recorded TA
decay with a time constant of 1.6 ns. This indicates rather clearly spectra was small, a global analysis was tentatively performed
that both intra- and intermolecular charge separation (CS) using these solutions as trial functions and the CS time constant
between the dibromosubstituted BODIPY chromophore and obtained from the FU fluorescence as well as the steady-state
nitrobenzene are not operative. absorption spectrum dfin BuCN as fixed parameters (see the

Transient Absorption Measurements.Figure 5A shows TA Supporting Information for details). A CR time constant of 27
spectra recorded with in BUCN at different time delays after  ps, e.g., considerably smaller than that for CS, was obtained
excitation at 500 nm. The spectra are dominated by a band withfrom this analysis. Moreover, the resulting spectrum associated
negative intensity centered at 507 nm at early times and shifting with the CS state consists in a small band with a maximum
to about 502 nm at later times. This spectral feature is due toaround 514 nm (see Figure S1, Supporting Information).
both stimulated emission, responsible for the red side of the However, this spectrum has to be considered with great caution
band, and bleach of the ground-state absorption, accounting forfirst because the transient spectrum of the LE state is not known
the blue side of the band. The blue shift of the transient spectrumand thus that obtained from the global analysis cannot be
can be explained by a faster decay of the stimulated emissionconfirmed and second because the number transient spectra is
compared to the ground-state recovery (GSR). No transient bandnhot sufficient to really resolve the departure from exponential
that could be ascribed to the radical cation of the BODIPY kinetics that is expected for the population of the final state in
chromophore is visible in these spectra. The absorption spectruma reaction with two consecutive first-order processes. On the
of an electrochemically oxidized solution of a similar BODIPY other hand, the 27 ps CR time constant obtained from this
chromophore with a trimethoxybenzene at the 8-position exhibits analysis can be regarded with better confidence. Indeed,
a relatively weak absorption band centered at 513 nm that wassimulated GSR dynamics assuming a 38 ps CS time constant
assigned to the radical cation of the BODIPY moitty. and a 30 ps CR time constant could be well reproduced using
Therefore, the contribution of the BODIPY cation is most an exponential function with a 52 ps time constant, as found
probably totally hidden by the bleach and the stimulated experimentally (Figure S2, Supporting Information).
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Figure 6. Time evolution of the polarized fluorescence measured with
TMBDY in ACN at 525 nm after excitation at 400 nm. The inset shows
the decay of the polarization anisotropy.

TABLE 3: Fluorescence Anisotropy Decay Timesgz;, of
TMBDY in Solvents of Various Viscosities,n

solvent 7 (cPp 7 (pS)
ACN 0.35 16.0
PrCN 0.41 19.3
DCM 0.43 19.8
THF 0.55 21.8
CHCl; 0.56 28.3
BuCN 0.58 25.8
TOL 0.59 20.7
VaCN 0.74 30.9
DCE 0.84 35.7
BzCN 1.30 48.5

a From ref 61.

Thus in BUCN, both CS and CR ihtake place on a similar
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Figure 7. Viscosity dependence of the fluorescence anisotropy decay
time of TMBDY and best linear fit (solid gray line).

140 ps. Consequently, the time scale of CR in these two DABS
do not differ very much from that measured with

Anisotropic Time-Resolved Fluorescence Measurements.
As stated above, the relative orientation of the BODIPY
chromophore and the nitrobenzene moieties in the DABS can
vary upon rotation about the single bond in the 8-position. In
order to determine the time scale associated with this motion,
the reorientational dynamics of TMBDY has been determined
by measuring the decay of its fluorescence polarization anisot-
ropy in various solvents. Figure 6 shows the time evolution of
the polarized fluorescence of TMBDY in ACN measured by
FU. The inset shows that the anisotropygecays exponentially
from an initial value of 0.33 to O with a time constant,of 16
ps. This time constant corresponds to the reorientation of
TMBDY by rotational diffusion. Similar measurements
have been performed in other solvents of various viscosities,

time scale. Because of this, the population of the CS state and the resulting anisotropy decay times are listed in Table 3.

remains always relatively small and is therefore difficult to

Figure 7 indicates that, increases linearly with viscosity, in

detect, especially if its absorption spectrum overlaps with those agreement with the following modified StokeEBinstein-Debye

of other populations.

The TA spectrain ACN are essentially the same as in BUCN.
However, the GSR time constant is shorter and amounts to 25
ps. With the use of the CS time constant of 18 ps obtained from

equationt?63

fCVy

T 1)

T =T

the FU measurements, such a 25 ps GSR time can be reproduced

by assuming a CR time constant of about 17 ps.

Figure 5B shows that the TA spectra recorded with TMBDY
in pure nitrobenzene are very similar to those obtained With
in both BUCN and ACN. The small TA band around 450 nm

wherety is the zero-viscosity intercepkg is the Boltzmann
constant, T is the temperature, anflis a shape factor that
depends on the axis ratio of the ellipsoid. For TMBDY, which
can be considered as a prolate ellipsoid with an axis ratio of

that can be ascribed to nitrobenzene anion is also visible. 1.5 and with the transition dipole moment oriented along the

However, its intensity is too small to extract any kinetic

long axis,f can be estimated to be around 1.2. The volume of

information. The bleach recovery at 500 nm and the decay of the rotating body,V, calculated using the van der Waals
the stimulated emission at 530 nm can be reasonably well increments metho®f,%5is equal to 213 A Finally, the boundary
reproduced by exponential functions with time constants of 30 condition parametef;, amounts to unity for stick hydrodynam-
and 15 ps, respectively. The latter value is in good agreementics, i.e., when molecules of the first solvent shell follow the
with the average lifetime of 19 ps obtained by FU. From these reorientational motion of the solute. This condition is often found
values, the CR time constant can be estimated to be of the ordewith polar molecules in polar solverft$:68 For slip hydrody-

of 20—25 ps. In this case again, CS and CR occur on a similar namics, the value o€ depends on the axis ratio of the rotating

time scale.
TA measurements were also performed v#ind3 in ACN.

ellipsoid and should amount to 0.11 for a molecule like
TMBDY.%° The slope obtained from a linear fit to the data

In both cases, the spectra are dominated by a band with negativeshown in Figure 7 is 38.& 3.4 ps/cP, while the intercept is
intensity centered at 515 and 520 nm, respectively, and due t03.5 + 2 ps. The physical meaning of this intercept has been
both stimulated emission and ground-state absorption bleachdiscussed in detail in ref 70. The value obtained from the

as well. However, contrary th and TMBDY, the position of

slope and using theandV calculated above amounts to 0.64.

this band does almost not shift with time. Moreover, the kinetics This indicates solutesolvent interactions of moderate strength,
at both sides of the band are the same within the experimentalin reasonable agreement with the relatively small permanent
error and agree with those measured by FU (see Table 2). Thiselectric dipole moment of 3.2 D in bothy@nd S states’?

indicates that CR ir2 and 3 in ACN should be at least-45

The decay of the anisotropy has also been measuredlwith

times faster than CS, which occurs with a time constant of about in toluene, and the corresponding time constant amounts to 73
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ps. This is larger by a factor 3.4 compared to that of TMBDY, solf T 0 VaCN
whereas the volume df is only larger by a factor 2.3. This
apparent discrepancy is probably due to differences in shape
factor and boundary condition. Measurements were not per- 4L
formed in other solvents because the fluorescence lifetinie of P
is smaller that its anisotropy decay time. Finally, the anisotropy & _DCE
decay time of 84 ps measured within toluene agrees well :-': 30 '

with a volume increase by a factor of about 1.1 by going from f‘_’ﬁﬂ' CHCI3—
1to 4. e
20 ki _.". __,.—""J =
] ) ACN sl
Discussion J oci | | |
15 20 25 30 35

The strong reduction of the fluorescence lifetimelef3 by
going from toluene to more polar solvents can be rather T, (ps)
unambiguously ascribed to the occurrence of an intramolecular Figure 8. Correlation between the CS time constanf.pfcs, and the
CS between the BODIPY chromophore and the nitrobenzenefluo_rescenc_e anisotropy decay time of TMBDY, and best linear fits
moieties of the DABS. Although the CS state could not be (solid gray lines).
clearly seen in the TA spectra, apart from the small 450 nm _ . . N
band most probably due to the nitrobenzene anion, the uItrashortW!th 7. The slope with the nitriles is around 2, Whe.reas that
time scale of the process measured witnd its occurrence in with the other group of §olvents amounts to 1.2. A similar but
polar solvents only point toward ET. Similarly fast CS has been more sca_ttere(_j correlation can also be foqnd betvweg_rand
reported for a BODIPY chromophore directly linked to a solvent viscosity. The dynamics of solvation, especially that

trimethoxybenzenét The occurrence of CS is further supported %ﬁsg:‘”{'h%:r}gut%z dn:gjssé\rﬁ ?Zg&giﬂf&?ﬁgﬂg V(;?(;ﬁzltés
by energetic considerations. Indeed, the driving force for CS, P y

AGcs, between TMBDY in the first singlet excited state and zf)?f/iltti)gnst(i)r:r\:::\zn :‘Se((i:il;:ljtgltjall;) atﬁggggsgg Sb reé\cl:v:net? arr;d gr]teed
nitrobenzene, calculated AGcs = —E(S;) + €/Eox(D) — Erer P y yrep

(A)], amounts t0—0.15 eV, usingEoy(D) = 1.11 V versus SCE for in.trgmolecular charge-transfer proces?gmoyld not b.e
for ,TMBDY a4 g 0('A) _ ’_1 15 \;Xversus .SCE for nitroben-  SUrPrising. A plot oftcs as a function of the diffusive solvation
’ re - . -

. iy :
zene’ and with the energy of the,State,E(S,), determined times reported for the nitrilé3’®shows a reasonable correlation.

from the absorption and fluorescence spectra (see Table 1). TheHowever such a correlation is totally absent with the chlorinated

Coulombic termC, has been omitted in the calculation/s® solvents’”” An even more scattered plot is obtained when using
because its madnitude in polar solvents is predictedcsto be the average solvation times, i.e., when taking the inertial solvent
negligibly small,|C| < 0.05 eV. This relatively weak driving re?%%ncs)et,mv;/ifzuecg I?oﬁ%tdtggtzd é%%lgt(:’%)é’i:‘]n:ﬁeacgsu?];se
force in polar solvents could explain why CS is no longer . .. P 9 9 . gasp
operative in toluene. The CS time constant in the DABS in a indicates that the BODIP.Y chromophqre is essentially °T‘h°9°'
given polar solvent, P, can be estimated by comparing the nal to the phenyl group in the 8-position. Indeed, the dihedral

e SO - “angle, 0y, between these two moieties (defined by the bonds
fluorescence lifetimes measured in this solvent and in toluene: . S N
marked with a star in Figure 1) amounts to°94 1 and2 and

1 1 1 to 8% in 3. Figure 9 shows the frontier molecular orbitalslof
7cs (P)~ 1 (P)— 7 (TOL) (2 For 2 and 3, these orbitals are qualitatively the same. The
HOMO and LUMO+2 of 1 are essentially identical to the
The use of this equation is reasonable as the fluorescenceHOMO and LUMO of TMBDY. On the other hand, the LUMO
lifetime of 1 in toluene is rather close to that of TMBDY. The and LUMO+1 of 1 are almost exclusively centered on the
7cs values calculated with eq 2 are listed in Table 2. As the nitrobenzene groups, with the LUMO on that in anti position
fluorescence lifetime of in polar solvents is much smaller than relative to the BODIPY chromophore and the LUMQ on
that in toluenegzcg(l) ~ 71(1). that in syn position. The strong similarity of the absorption and
Addition of a Br atom on the BODIPY chromophore lowers emission spectra df and TMBDY suggests that excitation is
the energy of the Sstate as shown in Table 1 and can addi- localized on the BODIPY moiety. The State of TMBDY has
tionally be expected to raise its oxidation potential. Both these been shown to be well described as a HOMQJMO one-
effects reduce the driving force for CS. This explains why the electron transitiorf® By analogy, the LE state of can be
excited-state decay dfin polar solvents is always faster than reasonably assumed to be essentially populated through a one-
those of2 and 3 and why CS is not operative with It also electron HOMO-LUMO+2 transition. The fluorescence quench-
agrees with the measurements performed in pure nitrobenzeneing should thus be associated with a charge redistribution from
The most striking feature in the above results is most certainly the BODIPY-centered LUM&?2 to the nitrobenzene-centered
the solvent dependence of the fluorescence decay tirte 8f LUMO and LUMO+1.
As shown in Table 2, there is no apparent correlation between The geometry of these molecules suggests that both through-
77 Of 7cs and the solvent polarity. Indeed; (1) is the shortest bond and through-space CS could be operative. The through-
in ACN and DCM, which have very different dielectric constants bond pathway requires the coupling of the LUM® and the
(es(ACN) = 37.5 ande(DCM) = 8.9)8 It is also interesting lower LUMOs via empty orbitals of the bridge, namely, the
to note that thercs values with2 and 3 correlate quite well phenyl ring directly linked to the BODIPY moiety. However,
with those obtained witl, showing that the CS process in all because of the orthogonality of these two units, this superex-
three DABS is governed by a similar solvent dependence. change interaction should be quite small, and consequently the
Figure 8 shows thatcg(1) correlates with the fluorescence resulting electronic coupling constaiipa, should not favor
anisotropy decay time of TMBDY7,. The solvents can be ultrafast through-bond CS. However, a variation of the dihedral
separated into two groups, namely, the nitriles and the chlori- angle,f4, upon torsion of the single bond in the 8-position could
nated solvents with THF, in both of whialgs(1) varies linearly substantially improve this electronic coupling.
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torsional motion due to the larger hydrodynamic volume of the
bromo-substituted BODIPY chromophore, (2) a slightly higher
energy required to varyy because of the steric hindrance
introduced by the bromine atoms, and (3) a smaller driving force
for CS, the latter factor being most certainly dominant. A smaller
driving force implies a larger activation energy than fawhere

CS is probably barrierless and thus a slower CS. However, as
the preexponential factor depends on friction, the solvent
dependence observed withis also present witl2 and 3.

We have no explanation for the presence of the two distinct
linear dependencies afs on 7, shown in Figure 8. A quite
acceptable single linear correlation is obtained in a platcgf
versust/p, wherep is the density of the solvent. There is
however no evident reason for such a correlation, which might
be purely fortuitous. However, it should be noted that friction
is certainly not the only effect of solvent on the CS dynamics
in these DABS. As stated above, some solvation energy is
required to make CS exergonic. As a consequence, CS in a low
viscosity but apolar solvent is very slow or even nonoperative.
The reorganization energy of the solvents used here can also
be expected to differ substantially. All these various contribu-
tions might be at the origin of the two separate lines shown in
Figure 8.

( The two isomer2 and3 have not only different fluorescence
/1"" lifetimes in nonpolar solvents (Table 1), but also different CS
' time constants in polar solvents (Table 2). The latter difference
might be due to steric effects Biwhere the bromine atom is
LUMO+1 LUMO+2 close to a nitro group. Indeed, thlp_c distance amounts to
Figure 9. Frontier molecular orbitals of computed at the BLYP/  4.05 and 4.23 A in the optimized equilibrium geometrieof
[3s2p1d] level of theory. and3, respectively. Moreover, the energy required to increase
) the dihedral angl@y up to 105 is larger for3 than for2 by

Through-space CS might occur from the LUMQ to the  gpout 50%. Both the largeh_c value and the reduced ability
LUMO-+1 localized on the closest nitrobenzene group. In the for torsion should lead to a smaller electronic coupling for both
optimized geometry of, the distance between the nitrogen atom through-bond and through-space CS.
and the closest aromatic carbon atom of the BODIPY moiety, Although it has only been measured in two solvents, namely,

dy-c (see Figure 1), amounts to 4.1 A. In this case again, AcN and BUCN, the CR dynamics ih occurs on the same
torsional motion abc_)ut Fhe single bond in the 8-position Iead.s time scale as CS and thus exhibits a similar solvent dependence.
to a r.eductlon of this distance and thu§ to a larger electronic g, a dependence is expected as the electronic coupling for
coupling for through-space transfer. Wiilg = 105", thedv—c CR depends on the overlap of the HOMO and LUMO, which,
valu_e is reduced to 3.5 A. Consequently, torsional motion favors as shown in Figure 8, are localized on the donor and acceptor
CS independently of the pathway. parts of the DABS, respectively. Moreover, the driving force
The gas-phase energy df-3 has been calculated as a ¢4, cR can be expected to be larger in the less polar BUCN
fu_nct|on of 64, the other_coordma@es being each time reopti- and, as CR takes place in the inverted regime, slower CR is
mized. The energy required tE)ltwﬁ;tfrom 0o = 91 to 00 = predicted in this solvent. The driving force for CR, calculated
105" amounts to 0.7 kcghol only. Fpr comparison, thel asAGcr = €EedA) — Eo(D)], amounts to about-2.25 eV
activation energy associated to a diffusional process like i, ACN. Time constants of the order of 10 ps have been reported

translation or rotation is typically of the order of 2.5 keabl™. for the CR of geminate ion pairs with a similar driving fofe.
Therefore, the time scale of this quasi-free torsional motion i 114 time scale of CR i@ and3 seems not to differ very much

solution should be of the same order of magnitude as that of . that in 1. This could be interpreted as an evidence that

the reorientational motion of the BODIPY chromophore. This AGcr is about the same far—3 and thus that the differences
can thus explain the observed correlation between the CS time;, driving force for CS upon addition of Br atoms are mostly

constant and the reorientationql time of TMBDY. due to differences in the excited-state energy.
As a consequence, the reaction coordinate for CS should be
dominated by the dihedral anglé#y. The charge-transfer
dynamics should thus be limited by torsional motion about the
single bond in the 8-position. Mathematically, one could express  The DABS investigated here have revealed a very unusual
the CS rate constant in an Arrhenius-type form, with the solvent dependence of intramolecular CS dynamics. By con-
preexponential factor inversely proportional to the time constant sidering their specific architecture, it appears that this depen-
associated with the torsional motion. This time constant should dence is most probably a manifestation of the interplay between
set the limit of the fastest possible CS, when the process isthe reorientation of the reactive parts and CS itself. When the
barrierless, as might be the case wiitfThis is somewhat similar  driving force for CS is sufficiently large, as in the caselah
to the case of solvent-controlled adiabatic ET, where the rate polar solvents, the process is limited by this reorientational
constant is proportional to the inverse solvent relaxation motion. This has direct implication for bimolecular ET pro-
time.”37°The slower fluorescence quenching measured with both cesses, where the relative orientation of the reaction partners
2 and 3 can be due to several additive factors: (1) a slower has always been neglected.

Concluding Remarks
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In previous reports, the BODIPY chromophores have been
used as electron acceptors. The present investigation shows th
these compounds can also be used very efficiently as electron; .

donors. Moreover, according to thein 8nergy and redox

Duvanel et al.

(28) Karolin, J.; Johansson, L. B. A.; Strandberg, L.; NyJTAm. Chem.

ap0c-1994 116 7801.

(29) Burghart, A.; Kim, H.; Welch, M. B.; Thoresen, L. H.; Reibenspies,
Burgess, KJ. Org. Chem1999 64, 7813.
(30) He, H.; Nunnally, B. K; Li, L.-C.; McGown, L. BAnal. Chem.

potentials, photoinduced CS between two BODIPY dyes should 1998 70, 3413.

also be operative. These dyes may thus prove to be valuable

candidates for CS in multichromophoric assemblies.
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