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Internal conversion is the first step after photoexcitation to high lying electronic states, and plays a
central role in many photoinduced processes. In this report, we demonstrate a truly ultrafast internal
conversion (IC) in large molecules by time-resolved fluorescence (TF). Following photoexcitation to the
Sn (n > 2) state, TF of the S; state was recorded for two boron-dipyrromethene (BODIPY) derivatives in
solution. IC to S; takes place nearly instantaneously within 20 fs for both molecules. Abundant nuclear
wave packet motions in the S; state are manifest in the TF signals, which demonstrates that the IC in
these BODIPY molecules is coherent with respect to most of the vibrational modes. Theoretical
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1. Introduction

Upon photoexcitation of a molecule from the ground state to
higher electronic states S, (n > 2), ultrafast internal conversion
(IC) to S; occurs in much less than 1 ps to result in emission
from the S, state exclusively, which is known as Kasha’s rule."
Features of the IC process such as the IC rate, reaction
coordinate, association with a conical interaction,®® and
ergodicity™® are of prime importance towards elucidating and
manipulating photophysical properties of molecules.

For an impulsive photoexcitation to S, that is, the pulse
duration is shorter than the periods of vibrations, coherent
nuclear wave packets (NWPs) can be generated in S; as well as
S,. The NWPs in S, following an ultrafast IC have been observed
by time-resolved photoelectron spectroscopy,®* pump-probe
transient absorption (TA),*® and time-resolved fluorescence
(TF).® Direct observation of such NWP motions in excited states
may provide valuable information on the reaction coordinate of
the IC and vibronic coupling between excited electronic states.”
For a direct photoexcitation to S;, the amplitude of a NWP in S;
depends on the displacement (d) between the potential energy
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calculations assuming impulsive IC to S; account for the wave packet dynamics accurately.

surfaces (PESs) of the ground (G) and S; states along the vibrational
mode. For a photoexcitation to S,,, however, the amplitude of a NWP
in S; is determined by the PESs of G, S,, and S,. The IC rate also
affects the amplitudes of NWPs. In the limit of IC occurring much
faster than a vibrational period, amplitude of the NWP should be the
same as that of direct photoexcitation to S; because the IC itself acts
as an impulsive excitation to S; with respect to the nuclear motion."®

Accurate measurements of the IC rate and the NWPs in S;
following photoexcitation to S,, provide valuable information
concerning vibronic coupling and the role of IC in a photo-
chemical reaction. In particular, relative rates of the IC and
intramolecular vibrational energy redistribution (IVR) pro-
cesses may have a profound effect on chemical reactions and
their mechanisms.® Although dynamics of the NWPs can be
observed directly by various time-resolved techniques, TF with a
time-resolution higher than the vibrational periods of interest
is the most direct and unambiguous way, because TF probes
excited-state dynamics of an emitting state exclusively, whereas
TA and other methods based on resonant nonlinear spectro-
scopies may be complicated due to multiple contributions from
ground-state bleach, stimulated emission, excited-state absorp-
tion, and product absorption. Moreover, the amplitude of NWP
oscillation present in a TF signal can be calculated because it is
proportional to the Huang-Rhys factor (D) between G and S,
states (for D « 1), whose structures and vibrational modes can
be calculated generally accurately by quantum chemistry. How-
ever, in a TA experiment, where excited state absorption is
usually employed for the measurement of the NWPs in S, their
amplitudes are determined by D between S; and higher-lying
electronic states that are usually unknown and difficult to
calculate.
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In this work, we have investigated the IC and NWPs in the S;
state of boron-dipyrromethene (BODIPY) derivatives following
photoexcitation to the S, (or S;) state. Because of their favorable
spectroscopic characteristics such as large extinction coeffi-
cient, high quantum yield, narrow linewidth, and tunability
by structural modification, BODIPY compounds have wide
applications in biological imaging,'" laser dyes, luminescent
switches and sensors,'? light harvesting antenna systems™® and
photovoltaic devices.'* Because BODIPY dyes are relatively
nonpolar in both ground and S; states, their spectroscopic
properties are not much sensitive to the choice of solvent.
BODIPY compounds in general do not form aggregates as
well.® These attributes make BODIPY dyes an excellent model
system for the study of IC and excited state dynamics.

Most of the molecules exhibit IC times less than 100 fs, notable
exceptions are Zn-tetraphenylporphyrin'® and azulene.'”” Some
BODIPY dyes that have a cyclic ring in position 8 show slow S,-S;
IC times in the range of 100 fs to a few hundred femtoseconds.'®"
A BODIPY derivative, 2,6-diethyl-1,3,5,7-tetramethyl-8-phenyl-4-
difluorobora-3a,4a-diaza-(s}-indacene also shows the IC time
between 100 and 230 fs depending on solvents.”® In this work,
two BODIPY compounds PM597 and PM650, whose structures are
shown in Fig. 1, were employed. The lifetime of the S; state of
PM597 is ca. 4 ns, and it is constant in all solvents,'®> whereas that of
PM650 shortens from 4 to 2 ns in polar solvents due to intra-
molecular charge transfer.”' By taking advantage of the high time
resolution TF apparatus, we observed the fluorescence from S,
directly and the NWPs in the S; state following the photoexcitation
to the S, state to establish the ultrafast IC rates accurately for these
compounds and to get insight on coupling between excited electro-
nic states. Note that observation of the S, fluorescence by no means
implies breakdown of Kasha’s rule. During the short («100 fs)
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Fig. 1 Absorption (black lines, left axis) and fluorescence (red lines, right
axis) spectra of (a) PM597 and (b) PM650 in cyclohexane. Molecular
structures of PM597 and PM650 are also shown.
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period of time residing in the S, state, the molecule emits strongly
with an intensity which is proportional to the oscillator strength of
the S, state. NWPs in S; were also obtained by direct photoexcitation
to S;, and compared with those formed by photoexcitation to S,
followed by IC.

2. Experiment

The light source and TF apparatus utilizing fluorescence up-
conversion by the sum frequency generation (SFG) method have
been described in detail elsewhere.”>** A home-built cavity-dumped
Ti:sapphire laser was used for the excitation of the S, (n > 2) state.
Pump pulses at 400 nm (PM597) and 415 nm (PM650) were
generated by the second harmonic generation (SHG) in a 100 um
thick beta-barium borate (BBO) crystal, and the residual fundamen-
tal laser pulses were used as gate pulses. SFG of the fluorescence and
the gate pulse was carried out by using a 100 pm thick BBO crystal.
The instrument response function (IRF) estimated by the SFG of the
scattered pump pulse and the gate was 50 fs FWHM (full width at
half-maximum). For the direct photoexcitation of the S, state, a
home-built cavity-dumped optical parametric oscillator (OPO)
employing a periodically poled lithium niobate (PPLN) as a gain
medium was used to generate the fundamental pulses centered at
1100 nm.”* The PPLN crystal was pumped by a femtosecond
Ti:sapphire laser (Tsunami, Spectra-Physics), which provided 1.8 W
at 800 nm at a repetition rate of 81.5 MHz. Because pulse duration of
the OPO output at 1100 nm was 70 fs, which was too long to
measure NWPs, a pulse compression scheme employing a photonic
crystal fiber was used to attain a pulse duration of ~ 25 fs. For the TF
experiment, pump pulses at 550 nm were generated by the SHG
using a 100 pm thick BBO crystal. The IRF was estimated to be 35 fs
FWHM using the SFG of the scattered pump pulse and the gate
(1100 nm). The shape of the IRF was non-Gaussian (Fig. S1, ESIT). In
actual TF experiments, where fluorescence wavelengths are longer
than those of the pump pulses, the time-resolution should be higher
because of the smaller group velocity mismatch in the SFG between
the fluorescence and the gate. All TF measurements were performed
at the magic angle configuration. For TF spectra measurements, the
phase matching angle of the BBO crystal for SFG and monochro-
mator were controlled simultaneously.*® Time delay was also con-
trolled at the same time to compensate the group velocity dispersion
(GVD) introduced by the sample solution (100 pm) and the exit
window of the flow cell (1.25 mm). Time resolution of the TF spectra
measurement was estimated to be 60 fs. Time-zeros in TF signals
and TF spectra were determined by a method reported previously.*®
We first determined time zero by the cross-correlation between the
gate and scattered pump pulses. Time-zeroes at other detection
wavelengths were calculated by considering GVD of the materials in
the optical path for fluorescence light. The uncertainty of time-zero
depends on the fluorescence wavelengths, and is estimated to be
+5 fs.

High purity PM597 and PM650 dyes were purchased from
Exciton Inc., and used without further purification. Because of
the small extinction coefficients of the S, transitions, the
concentration of ca. 3 x 107° M was used for the TF
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experiment, which gives an absorbance of ~0.2 at the excita-
tion wavelength. Aggregation was not observed for the concen-
tration used in this work as judged from the absorption and
fluorescence spectra. Steady-state fluorescence spectra were
recorded with a laser excitation at 400 nm and a CCD detector
(Princeton Instruments). All the measurements were carried
out at ambient temperature.

To obtain the vibrational reorganization energies for the
electronic transitions, quantum chemical calculations were
performed in gas phase by using the Gaussian 09 software
package.”® Density functional theory (DFT) and time-dependent
DFT (TDDFT) methods were used for the geometry optimiza-
tions and vibrational frequencies of the ground and excited
states, respectively. Several functionals were tested for consis-
tency, and we employed a functional CAM-B3LYP*” with
6-31+G(d,p) basis for DFT and TDDFT calculations.”®?° The
Hartree-Fock configuration-interaction singles (HF-CIS)
method was used for the calculation of the vibrational reorga-
nization of the S, state of PM597 because we were not able to
obtain optimized geometries of the S, state by using the TDDFT
method.

3. Results

Absorption and fluorescence spectra of PM597 and PM650 in
cyclohexane are shown in Fig. 1 together with their molecular
structures. The spectra of PM597 in polar solvents methanol
and acetonitrile are blue-shifted slightly implying larger dipole
moment in the ground state (4.2 D) than S; (3.7 D),'® whereas
the fluorescence spectrum of PM650 in methanol shows a small
red-shift.>" The Stokes shifts are small indicating minimal
solvation contribution for the two BODIPY dyes in the S; state,
although dynamic Stokes shift due to solvation was observed
for BODIPY dyes in a 2-dimensional electronic spectroscopy
process.*® Because of the electron withdrawing property of the
cyano group, both the absorption and fluorescence maxima of
PM650 are red-shifted compared to PM597.>' The absorption
bands attributable to S, and higher electronic states are appar-
ent at around 390 and 430 nm for PM597 and PM650, respec-
tively. Therefore, wavelengths of the pump pulses were chosen
to be 400 and 415 nm for PM597 and PM650, respectively, for
the TF experiments. The pump pulses should excite predomi-
nantly the S, state for both dyes, although minor contribution
of the S; state cannot be excluded considering the transition
frequencies and oscillator strengths of the S; state (Table S1,
ESIY).

3.1. IC dynamics

Fig. 2 and 3 show the TF signals of PM597 and PM650 in
cyclohexane recorded at the emission wavelengths of S; and S,
states following the photoexcitation to S,. The pump pulse may
lead to the excitation of the high-lying vibrational manifold of
the S; state. However, Huang-Rhys factors, which represent the
average vibrational excitation in the excited state (S,), are much
smaller than 1 for all vibrational modes of both PM597 and
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Fig. 2 TF signals of PM597 in cyclohexane detected at (a) 450 nm (S,),
(b) 550 hm (Sy), and (c) 630 nm (S,). Exponential fits (red lines) are shown
together with the residuals at the top for (b) and (c).

PM650 except for a couple of low frequency modes (Table S2,
ESIT). In addition, total vibrational reorganization energies are
616 and 512 cm™ ' for PM597 and PM650, respectively. There-
fore, considering that the difference of the excitation pulse
energy and the S; fluorescence energy is >8000 cm ™", the
probability of exciting the high-lying vibrational manifold of
the S, state is practically zero, and the pump pulses lead to
excitation to the S, (n > 2) state. The TF signals of the S; state
at a longer time range are shown in Fig. 4. We were unable to
record the TF of S, fluorescence of PM650, possibly because the
IC is still too fast to be measured even at 50 fs time resolution.
Previous studies on the IC of BODIPY derivatives suggest that
the IC times are between 100 fs and a few hundred
femtoseconds.'®° Some of the reported IC times are estima-
tions rather than accurate measurements because of the lim-
ited time resolution. The TF signals were fitted to a sum of
exponentials, and the results are summarized in Table 1.
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Fig. 3 TF signals of the S; state of PM650 in cyclohexane detected at
(@) 590 nm and (b) 652 nm. Exponential fits (red lines) are shown together
with the residuals.

The S, fluorescence of PM597 at 450 nm decays by a time
constant of 51 £+ 10 fs. Interestingly however, the S; fluores-
cence at 550 nm rises immediately within the IRF, although the
TF of S; at 630 nm reveals a rise time of 57 fs. The rise at
630 nm is caused by the dynamic Stokes shift arising from the
vibrational relaxation within the manifold of the S, PES and to
a minor part solvation dynamics as shown by the TF spectra
(Fig. 5). Note that nonpolar solvation dynamics in 100 fs to
picoseconds time scale is also significant.>**® The inconsis-
tency of the lifetimes, that is, the decay of S, is slower than the
rise of S;, may be interpreted by a distribution of IC rates.
Because of the broad spectral width of the femtosecond excita-
tion pulses, the distribution of vibrational states and/or con-
formations may be created in S,. Provided they undergo IC at
different rates, nearly instantaneous for the major part and
slowly at 51 fs for the minor part, S, decay could be slow,
whereas the rise of S; could be nearly instantaneous. Alterna-
tively, the 51 fs decay of the S, state may represent internal
conversion from S, to the ground state for a small portion of
molecules for which the ultrafast IC to S; is not feasible. The
integrated intensity of S; fluorescence does not show the 51 fs
rise, suggesting that the latter may be more probable
(vide infra).

The TFs of PM650 show instrument-limited rise at all
detection wavelengths. Absence of the S, fluorescence and
instrument-limited rise of S; fluorescence indicate that the IC
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Fig. 4 Time-resolved fluorescence signals of the S; state in the longer
time range. (a) PM597, 543 nm; (b) PM597, 630 nm; (c) PM650, 586 nm;
(d) PM650, 652 nm.

Table 1 Non-linear least-square fits to a sum of exponentials for the
time-resolved fluorescence signals. 74 was fixed at 4 ns

Adet (nm) A4 74 (fs) 4, 75 (Ps) As 73 (ps) 44 74 (ns)
PM597 450 1 51

543 0.31 350 0.19 2.2 —0.03 44 0.47 4

630 —0.44 57 —0.08 0.53 —0.03 15 0.45 4
PM650 586 0.07 2100 —-0.20 8.5 0.73 4

652 —0.14 240 0.20 98 0.66 4

of PM650 proceeds nearly instantaneously. We set the upper-
limit to 20 fs for the instantaneous IC pathway for PM597 and
PM650 from a numerical simulation of the convolution
between the IRF and an exponential decay. Note that we were
able to determine decay times less than 20 fs with the current
TF apparatus.'®** The TFs of PM650 show an uncharacteristic
rise at the blue side and a decay at the red side of the
fluorescence spectrum on the picosecond time scale as shown
in Fig. 4 (Table 1).

To discriminate the IC dynamics from other processes that
cause spectral relaxation such as solvation dynamics, vibra-
tional relaxation, and IVR, TF spectra were recorded over the
full spectral region of interest at 60 fs time resolution. Fig. 5
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Fig. 5 TF spectra of (a) PM597 and (b) PM650.

15500

shows the TF spectra of PM597 and PM650 in cyclohexane. Area
normalized TF spectra (Fig. S2, ESIt) together with the first
moments (Fig. S3 and S4, ESIf) and integrated intensities
(Fig. S5 and S6, ESIT) of the TF spectra are also shown in the
ESI.{ TF spectra of both PM597 and PM650 clearly show that
the S; fluorescence bands rise immediately following photo-
excitation to S, (n = 2) over the full emission wavelength
region, which demonstrates that the IC occurs within 20 fs
for both dyes. The IC kinetics of PM597 and PM650 are
summarized schematically in Fig. 6.

The TF spectra of PM597 show redshift in femtosecond to
picosecond time scales due to the vibrational relaxation in the
S; manifold and solvation as inferred from the TF signals
above. Integrated fluorescence intensities (Fig. S5, ESIt), how-
ever, do not exhibit the 51 fs time component observed in the
TF of S,, which suggests that the 51 fs decay of S, may represent
the internal conversion directly to the ground state. The TF
spectra of PM650 display a blue shift in picosecond time scale
along with a slight increase of the integrated fluorescence
intensity. Sajadi and Ernsting reported that a molecule with
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Fig. 6 Schematic representation of the kinetics following photoexcitation
to the S, state. The black and red arrows indicate internal conversion and
fluorescence, respectively.

large excess vibrational energy undergoes excess dynamic
Stokes shift beyond the stationary state followed by a blue-
shift on 10 ps time scale.>® This effect was observed only in
PM650 because of the larger excess vibrational energy and its
narrower emission spectrum. In addition, this effect is smaller
in polar solvent methanol (data not shown), which is also
consistent with the previous report.>® The origin of the minor
increase of the integrated fluorescence intensity, however, is
not clear.

3.2. Nuclear wave packets in S;

The TFs of S; states show strong oscillations for both mole-
cules, which must arise from the NWP motions in the S, state
as we measure the spontaneous fluorescence from S; exclu-
sively. Phases of the oscillations measured at the blue and red
sides of the fluorescence spectrum are 180° out of phase for
both PM597 and PM650. This is a clear indication that the
modulation of the TF intensity at a fixed wavelength is caused
by the modulation of the fluorescence center frequency in time.
When the non-Condon effect is dominant as in the S, transition
of cis-stilbene, where a pronounced non-Condon effect was
observed,*® phases at the blue and red sides of the fluorescence
spectrum should be in phase, and the amplitude of the NWP
should be constant at all wavelengths for the vibrational mode.

In a simple displaced harmonic oscillator model with the
Condon approximation, modulation of the TF intensity by a
classical NWP is

Teto(g)  —ovamaPen RN,
w=HH o ’

dw ofi

where Ao is the frequency variation of a fluorescence spectrum
due to a vibration, HH is the half height, D is the Huang-Rhys
factor, w,j, is the vibrational frequency, ¢ is the standard
deviation of the fluorescence spectrum assuming a Gaussian
lineshape in the unit of angular frequency s~ *, and /., is the
vibrational reorganization energy.’” Therefore, oscillation
amplitude is the highest at the steepest part of the fluorescence
spectrum, that is, near the half height at the short wavelength
side of the fluorescence spectrum (for a Gaussian lineshape,
maxima occur at ). Accordingly, detection wavelengths were

This journal is © the Owner Societies 2021
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near the half height of the fluorescence spectra, and strong
oscillations were observed at the short wavelength side for both
molecules.

To obtain the vibrational spectrum of the S; state (VSS;)
from each TF signal, the residual in Fig. 2 and 3 was analyzed
by the linear prediction singular value decomposition (LPSVD)
method?®3° as well as the Fourier transform, because Fourier
power transform can be very misleading when peaks overlap.*’
The results are shown in Fig. 7 and 8, and the vibrational
modes below 800 cm ™' in S, are listed in Table 2. In contrast to
a TA signal, in which an oscillation may originate from NWP
motions in both the ground and excited electronic states,*' the
oscillations observed in the TF must arise from the emitting
state here S;. For the vibrational analyses, we used TFs mea-
sured at the half height point of the short wavelength side of
the fluorescence spectra, where the oscillation amplitudes are
the highest and not mixed with the rise component seen at the
long detection wavelengths. The VSS; of PM597 and PM650
show peaks up to 600 cm ™. According to the convolution of a
Gaussian IRF and a sinusoid, amplitude of the oscillation is
attenuated by exp(—w®¢?/2), where w is the oscillation fre-
quency and ¢ is the standard deviation of the Gaussian.’” At
50 fs time resolution, amplitude of a 500 cm ' mode is
attenuated by a factor of 7.4.

To fully account for the VSS; following the ultrafast IC, a
fully quantum chemical nonadiabatic molecular dynamics
simulation utilizing PESs of the S; and S, states as well as the
ground state is required. Instead, we calculated Huang-Rhys
factors and vibrational reorganization energies between the
ground and S; to account for the VSS; and to explore the
vibrational modes that may contribute to the IC process. This
approach was quite successful for the description of the NWPs
in a product PES following ultrafast proton transfer and charge
transfer reactions.'**

Molecular structures and normal modes of the ground and
S; states were obtained by DFT and TDDFT methods, respec-
tively, and a difference vector between the geometries of the
ground and S; states was projected onto the normal modes of
S; to calculate the Huang-Rhys factors and vibrational reorga-
nization energies.”® Several different functionals were evalu-
ated for the DFT calculations, and CAM-B3LYP was chosen for
both PM597 and PM650. An attempt to calculate the Huang-
Rhys factors between the ground and S, states using the DFT
method was unsuccessful. Although we were able to calculate
the Huang-Rhys factors by the HF and HF-CIS methods for
PM597, the calculated spectrum shown in Fig. 7(d) does not
match well with the experiment. The calculated VSS; scaled by
the attenuation factors are also shown in Fig. 7(c) and 8(c). All
the vibrations below 800 cm™' that have large vibrational
reorganization energies (>10 cm ") are listed in Table 2. At
this level of theory, the calculated VSS; of PM650 shows
quantitative match with the experiment, whereas the agree-
ment is moderate for PM597. Assignment of the peaks is mostly
straightforward, except the one at 267 cm™ ' of PM597, by taking
advantage of the amplitude information, and they are listed in
Table 2 as well. The Raman spectrum of PM597 (Fig. S7, ESI})
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Fig. 7 VSS; of PM597 obtained by (a) Fourier transform power spectrum
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6-314+G(d,p) and (d) Sp-S; displacements by HF and CIS methods with
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shows two peaks at 503 and 567 cm ', which can be assigned to
the two strong vibrational modes v,; and vs;, respectively.

To investigate the influence of the IC dynamics, VSS; of the
two dyes were measured by direct photoexcitation of S, states.
Fig. 9 and 10 show the TFs of PM597 and PM650, respectively,
and their VSS; by Fourier power transform and LPSVD. The
VSS; of PM597 shows strong peaks at 90 and 130 cm ™', and
small peaks at 273 and 486 cm L. The VSS; of PM650 shows
peaks at 145, 245, 292, 413, and 543 cm ™. The peak positions
match well with those of VSS; obtained by photoexcitation of
S, as they should be. Peak intensities in the high frequency
region, however, are somewhat different. We suspect that the
intensity difference arises in part due to the difference of the
detection wavelengths and excitation wavelengths. The two
VSS; obtained by the photoexcitation of S; and S, states,
however, generally show excellent match. This observation is
consistent with the ultrafast IC. Because the IC is faster than
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Fig. 8 VSS; of PM650 obtained by (a) Fourier transform power spectrum
and (b) LPSVD. (c) Vibrational reorganization energies calculated by So—S;
displacements by DFT and TDDFT methods using CAM-B3LYP/
6-31+G(d,p).

Table 2 Oscillations in the TF of the S; state of PM597 and PM650. w, 4,
and T, are frequency, vibrational reorganization energy (amplitude) and
dephasing time of the oscillation, respectively, obtained from LPSVD
analyses. The attenuation factors, exp(—w?¢?/2), are multiplied to the
calculated amplitudes for direct comparison. Values of ¢ are 880 and
470 cm™* for PM597 and PM650, respectively

Experiment Calculation
() wib T, () b
Mode® (em™)  (em™Y)  (fs) (em™)  (em™)
PM597 12 93 168 300 83 8.6
V11 139 154 390 158 59
Vaa 201 11 1050 188 7.3
125 267 12 770 250 6.3
V3o 306 30 390 320 33
Vas 489 115 930 504 60
Vsq 540 31 620 565 58
PM650 V13 152 26 790 153 21
Vig 243 30 580 247 32
125 292 22 1000 292 20
Vay — — — 371 12
Vao 412 93 1400 425 39
Vae 548 55 1200 554 33

¢ Vibrational mode number of the S, state.

20 fs, the IC itself acts as an impulsive excitation to S; with

respect to the vibrational modes below 600 cm ™.

25206 | Phys. Chem. Chem. Phys., 2021, 23, 25200-25209

View Article Online

Paper
0.1
0-——-—1\/\/‘\ A W NN WP euna

>0.38 (a) A
‘» J
c
[}
= -

-500 0 500 1000 1500 2000 2500 3000

Time (fs)
= 5 ]
5 (b) |
2
K. 3 1
o |
g 2
o 1 1
|_
L0
o~ 801 (©) 1
€ C
< 60f ]
L B
o 40F
\6 -
g 20t l
0 |

0 100 200 300 400 500 600 700 800
Frequency (cm™)
Fig. 9 (a) TF for PM597 excited at 550 nm, and detected at 650 nm (Sy).

VSS; of PM597 obtained by (b) Fourier transform power spectrum and
(c) LPSVD.

4. Discussion

The IC processes in PM597 and PM650 are truly ultrafast. Most
of the BODIPY molecules should also exhibit ultrafast IC times,
although some BODIPY dyes that have a cyclic ring in position 8
show slower S,-S; IC times in the range of 100 fs to a few
hundred femtoseconds."®* We were unable to resolve the IC
time even with the best time resolution ever reported in TF
measurements, and we set the upper bound to 20 fs. Thus, the
IC is certainly coherent with respect to the molecular vibra-
tions, and it occurs much faster than most of the time scales
occurring in a molecule including IVR and vibrational relaxa-
tion in an electronic excited state.

The excellent agreement between the experimental VSS;
following S, excitation and the calculated vibrational reorgani-
zation energies between the ground and S; states implies that
the passage through the S, state may have a minor role in the
NWPs in the S, state for these two BODIPY dyes. Because the IC
is faster than the period of molecular vibrations observed in
this work, the IC itself can be treated as an impulsive excitation
from the ground to the S; state. The similarity of the two VSS;

This journal is © the Owner Societies 2021
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Fig. 10 (a) TF for PM650 excited at 550 nm, and detected at 650 nm (Sy).

VSS; of PM650 obtained by (b) Fourier transform power spectrum and
(c) LPSVD.

obtained by the excitation of S; and S, states corroborates this
conclusion.

All the vibrational modes that appear strongly in the VSS; of
PM650 are in-plane ring skeletal (stretching) vibrations. Quan-
tum chemical calculation indicates that most of the structural
change from the ground state to the S; state occurs in the C-C
and C-N bond lengths within the ring. Dihedral angles within
the ring are all 180° in both ground and S, states showing that
the molecule is planar. Consequently, provided the overall
transition from the ground to S; state via S, is fast enough to
be impulsive on the vibrations, only the in-plane ring skeletal
vibrations acquire large Huang-Rhys factors for the transition,
and appear strongly in the VSS; of S;. Quantitative agreement
between the experiment and theory corroborates this
conclusion.

The VSS; of PM597 is also comprised of in-plane modes
except the rather small amplitude v,,, although several out-of-
plane and mixed modes such as vg, V11, and v,, appear strongly
in the calculation. In particular, the out-of-plane v;; mode that
possesses large vibrational reorganization energy in the calcu-
lation is absent in the experimental VSS;. Quantum chemical
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calculation shows that the dihedral angles as well as the C-C
and C-N bond lengths within the ring change due to the
transition from the ground state to the S; state. The average
dihedral angles within the ring are 174.8° for both ground and
excited states, and they change by 2.4° on average and as much
as 7° during the transition, which leads to the strong presence
of the out-of-plane modes in the calculated spectrum. The
discrepancy may be accounted for in two ways. First,
the calculated structures by the DFT method, particularly the
excited state, may not be accurate enough. In a recent study for
the determination of the tetrahydrofuran cation structure by
mass-analyzed threshold ionization (MATI) spectroscopy,
experimental and calculated Franck-Condon factors did not
match. Minor tuning of the structure of the cation calculated by
the DFT method successfully reproduced experimental Franck-
Condon factors.** Secondly, the dynamics in the S, state may
play a role. If this is true, Huang-Rhys factors for the initial
photoexcitation from the ground state to the S, state are needed
to properly account for the VSS; of PM597. Unfortunately,
however, such information is not available currently because
of the lack of an accurate method of calculation of high lying
electronic states.

Involvement of the S, — S; IC to the wave packets in S; can
be verified by comparing their phases resulting from the
excitation of S, or direct excitation of S;. The phases of a
vibrational mode obtained by the two different ways
(Table S3, ESIT) are similar, but their equivalence cannot be
concluded because of the differences in experimental para-
meters such as pulse duration and detection wavelength. For
this problem of ultrafast internal conversion to S;, we believe
that a high-level non-adiabatic molecular dynamics (NAMD)
simulation is required to reveal in detail the role of the IC
including phase changes, which is beyond the scope of the
current work.

5. Conclusions

We have established that the S, — S; IC in two BODIPY
molecules is faster than 20 fs by employing time resolved
spontaneous fluorescence. Abundant nuclear NWP motions
in the S; state are also directly observed through modulation
of intensities of spontaneous time-resolved fluorescence. It is
well known that IC between excited states is ultrafast for
molecules in liquids. However, it is critical to determine if it
is really ultrafast in terms of IVR and periods of vibrations.
Considering that the period of a vibration of 1000 cm™ ' mode is
33 fs and that IVR usually proceeds in 100 fs time scale, one
may argue that a process is ultrafast if it is faster than these
time scales. In this sense, the IC process reported in this work
is ultrafast. Accordingly, the IC is coherent and impulsive with
respect to the nuclear motions. Theoretical model calculations
assuming that the overall process from the ground state to the
S; state via S, is impulsive on the vibrations were largely
successful. However, full account and implications of the
NWP motions in the S; state following IC from higher
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electronic states await accurate information on the S, (n > 2)
state, which is hardly available at present.
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