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ABSTRACT: Conical intersections are ubiquitous in the energy
landscape of chemical systems, drive photochemical reactivity, and
are extremely challenging to observe spectroscopically. Using two-
dimensional electronic spectroscopy, we observe the nonadiabatic
dynamics in Wurster’s Blue after excitation to the lowest two
vibronic excited states. The excited populations relax ballistically
through a conical intersection in 55 fs to the electronic ground
state potential energy surface as the molecule undergoes an
intramolecular electron transfer. While the kinetics are identical on
both vibronic energy surfaces, we observe different patterns of
coherent oscillations after traversing the conical intersection
indicating distinct nonadiabatic relaxation pathways through the
conical energetic funnel. These coherences are not created directly
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by the excitation pulses but are the result of the dynamical trajectories projecting differently on the conical intersection vibrational
space. Our spectroscopic data offers a fresh perspective into the complex conical intersection topology and dynamics that emphasizes
the critical involvement of the intersection space in dictating the dynamics.

F ollowing an electronic excitation by a photon, energy in
the chemical system can relax radiatively or nonradiatively.
Radiative relaxation involves emitting a photon, whereas
nonradiative relaxation involves dissipation of energy into
vibrational modes. Nonradiative relaxation requires vibrational
modes to couple to electronic states. This nonadiabatic
coupling arises when the energy gap between electronic states
is comparable to that of vibrational states. An extreme case of
such coupling arises when two electronic surfaces cross at a
given nuclear geometry. In other words, the potential energy
surfaces create a cone-shaped funnel called a conical
intersection.' ~® Conical intersections may be required by
symmetry in symmetric systems, or they can be “accidental,”
which is both more common and more challenging to predict.”
This extreme nonadiabatic feature of the electronic structure
governs the cis—trans isomerization in critical biological
chromophores,” influences singlet fission,” plays a central
role in photochemical reactions,” and explains the photo-
stability of chemical systems.®

Spectroscopically interrogating conical intersection dynam-
ics in the condensed phase is crucial for testing advanced
theoretical models and understanding the complex photo-
physics near a conical intersection.”” The two vibrational
modes that lift the electronic degeneracy linearly in the
immediate vicinity of a conical intersection constitute the
branching space, while all other modes constitute the
intersection space.3 Advanced spectroscopic and computa-
tional studies are starting to demonstrate the effects of the
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intersection space modes in the ultrafast dynamics near a
conical intersection.'’”"> Recently, Subotnik and co-workers
showed theoretically that a system with an odd number of
electrons undergoes spin separation at the conical intersection
due to distinct Berry curvature effects arising from the spin—
orbit coupling.'> These spin effects point toward the
importance of fully accounting for both linear and angular
momentum conservation in dynamics calculations at the
intersection.'* Here, we use ultrafast electronic spectroscopy
on a stable organic radical cation with a conical intersection to
measure the time scale of conical intersection traversal with
sub-10 fs pulses and observe distinct coherent oscillations by
resolving in excitation energy. We correlate these differences to
the initial vibronic state.

Wourster’s Blue is a stable organic radical cation under
standard conditions with perchlorate as the counterion (see
Figure la). N,N,N’,N’-Tetramethyl-p-phenylenediamine
(TMPD) purchased from Enamine was used as the starting
material to synthesize Wurster’s Blue perchlorate following a
one-step oxidation method (see Supporting Information
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Figure 1. Linear Absorption and Ultrafast Spectroscopy of Wurster’s Blue. (a) Chemical structure of Wurster’s Blue perchlorate. All experiments
were conducted in a MeOH/EtOH 1:1 solvent mixture at room temperature. (b) Linear absorption spectrum of Wurster’s Blue and the laser
spectrum for all nonlinear spectroscopy experiments. (c) Pump—probe spectra show the decay of transient absorption signal happening in 1.5 ps.
(d) Absorptive 2DES correlation maps at three different waiting times (electronic population evolution). The negative photoinduced absorption
signature is not seen in 20 fs but appears by 75 fs and persists in the 770 fs frame. (e) Waiting time traces from two locations of the 2DES spectra as
denoted in the 75 fs frame in d. Black squares represent electronic population after traversing the conical intersection that was generated by exciting
to the ley) state (zero quantum in the ring-breathing mode). Black circles represent population after traversing the conical intersection that was
generated by exciting to the le;) state (one quantum in the ring-breathing mode).

couples strongly to the 1641 cm™' benzene ring-breathing

Section 1)."° Following oxidation, we observe a characteristic
mode,'® giving rise to peaks at 570 and 625 nm in the

. ce 16,17 oy .\
intramolecular electron transfer transition. This transition
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Figure 2. Distinct Vibrational Coherences of the Two PIA Features. (a) Rephasing 2DES spectrum at a waiting time of 450 fs. (b) Raman
spectrum corresponds to an excitation at 633 nm. (c) Power spectra of the waiting time signal after subtracting kinetic fits from the rephasing
photoinduced absorption 2DES signal at the two excitation energies. (d) Three representative normal modes obtained from the optimized ground
state geometry™® of Wurster’s Blue. Ciing—N stretching is the tuning mode of the conical intersection branching space. The in-plane C—H bending
mode is one of many intersection space modes. The ring-breathing mode is the intersection space mode that couples strongly to the electronic
transition, thereby splitting the absorption into two features at 625 nm (ley)) and 570 nm (le;)). (e) Beating maps of three specific modes whose
motion is depicted in d. Black solid and dashed contours denote positive and negative features of the spectrum shown in a. Colored contours
denote the squared amplitude for the specific mode. All three frames are normalized to the maximum intensity of the ring-breathing mode. Only
the ring-breathing mode is common to both photoinduced absorption signatures.

absorption spectrum (see Figure 1b). Vauthey and co-workers
conducted pump—probe experiments on Wurster’s Blue in
solution that showed a photoinduced absorption feature
appearing by 200 fs."” Their fluorescence study indicated a

negligible quantum yield at room temperature, implying

efficient nonradiative relaxation after photoexcitation. The-
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oretical calculations supporting these experiments established
the presence of a conical intersection connecting the doublet
ground and excited electronic states with the C,,—N

stretching and the C,,,—N torsion modes defining the

ring

. . . 20
intersection branching plane.
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a Kinetic Model of Wurster’s Blue
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Figure 3. Kinetic Model and Coherent Wave Packet Dynamics. (a) The kinetic model of Wurster’s Blue. The vibrational levels in the parabolic
potential energy curve correspond to the benzene ring-breathing mode. (b) Vibronic states constructed after coupling to the ring-breathing mode;
coherence in this mode is universally present and hence ignored. Different coherences on the two vibronic populations serve as a memory of both
their distinct Franck—Condon excitations and conical intersection trajectories. (c) Feynman pathways corresponding to the two photoinduced

absorption features indicated by the solid/dashed boxes.

We conduct time-resolved two-dimensional electronic
spectroscopy (2DES) experiments on Wurster’s Blue at room
temperature in 1:1 v/v MeOH/EtOH. Nonlinear spectroscopy
techniques with ultrashort pulses have been extensively used in
the past few decades to probe nonadiabatic dynamics in the
condensed ﬁphase.é’ZF25 Details of the apparatus are reported
elsewhere.” Briefly, 2DES can track excited electronic state
populations in time while resolving both the excitation and
emission energies. Third-order nonlinear signals are broadly
classified into ground state bleach (GSB), stimulated emission
(SE), and photoinduced absorption (PIA). 2DES experiments
of Wurster’s Blue show two photoinduced absorption (PIA)
features corresponding to excitation in the two excited vibronic
states, le;) and le;), where the suffix indicates the number of
quanta in the ring-breathing mode. Using sub-10 fs pulses (see
Supporting Information Section 2), we obtain a 55 fs time
constant for the growth of both PIA features (see Figure le).
This time scale is much shorter than 200 fs reported
previously,”® indicating a ballistic wave packet traversal
through the conical intersection. Ground state bleach recovery
and the disappearance of the PIA signal occur with a time
constant of 1.5 ps (see Figure lc and Figure SS), which are
consistent with Vauthey and co-workers’ findings™ and make
Waurster’s Blue a gromising candidate for efficient molecular
photoswitches.”””

We observe a clear coherent oscillation in waiting time
corresponding to the vibrational coherence of the 1641 cm™
ring-breathing mode (see Figure le). This is the same mode
that couples strongly to the electronic transition, giving rise to
a vibronic progression in the absorption spectrum (see Figure
S$3). To understand the microscopic origin of this oscillation,
we separate our absorptive spectrum into rephasing and
nonrephasing portions and focus our analysis on the rephasing
spectra (see Figure 2a), which contain signatures that can be
unambiguously assigned to the excited state. In Figure 2, we
see that the additional modes appear at the location of the PIA

features; these modes show positive frequencies. To under-
stand the origin of these signals, we analyze the Feynman
pathways that can give rise to positive frequencies in this
spectral region (see Figure 3c).”” The modes we observe have
energy gaps far larger than kzT at room temperature, and we
can, therefore, limit our analysis to those pathways that start in
the vibrational ground state. The beating signals at the PIA
spectral position can only have a positive frequency, i.e., ¢,
on the electronic population that traversed the conical
intersection. In contrast, a ground state bleach feature would
have a negative frequency, i.e., e, though such a signal would
not be likely to appear at this spectral location (see Figure 2).*°
Similar analysis has been exploited previously for assi%ning
coherences on the ground or excited electronic states.”” For
the PIA features, the only rephasing Feynman pathways
yielding oscillations with positive frequencies are the ones that
start on the excited electronic energy surface and traverse
through the conical intersection on to the ground electronic
potential energy surface (see Figure 3c).

The coherence involving the 1641 cm™' ring-breathing
mode is similarly prominent on both vibronic populations after
traversal through the conical intersection (see Figure 2c, 2e).
Several modes with relatively low activity in the Raman
spectrum are as bright as the ring-breathing mode for the
population originating from ley), while at the same time, all of
them are suppressed in the population originating from le; ), as
seen in the beating power spectra corresponding to the two
PIA features (see Figure 2). The mode at ~1430 cm™
corresponds to C,,,—N stretching and is the tuning mode of
the conical intersection branching space. We see this mode
appreciably active in the population launched on ley) and in the
Raman spectrum, while it is suppressed on that from le,).
Warster’s Blue belongs to the D,y point group at equilibrium
and at the Franck—Condon excited state. The mode at 529
cm™" that corresponds to the Ciing—N out-of-plane rocking
motion has minimal activity in the resonant Raman spectrum
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(see Figure 2b) as well as low Franck—Condon activity in the
excited state (see Figures S7 and S8) and is Raman inactive
under D,;, symmetry. However, it is pronounced only for the |
eo) initialized population (see Figure 2c and Figure S10).
Because the C;,,—N torsion lowers the symmetry in the
molecule, a coherence launched along the 529 cm™ mode
while traversing the conical intersection may be unsurprising,
but its suppression in the population signature following
excitation to le;) is noteworthy. Rephasing power spectra for all
the positive 2DES spectral features and their corresponding
Feynman pathways are shown in Figures S7 and S8
respectively. The spectral signatures on the power spectra
corresponding to excited state pathways show similar Franck—
Condon prefactors for the le;) and le;) vibronic states. This
contrasts with the distinct coherent oscillations of the two
populations following traversal of the conical intersection. This
observation proves that the electronic populations on the two
vibronic surfaces traverse the intersection space differently and
therefore represent unique trajectories through the conical
intersection. These wave packet coherences contain informa-
tion on the projection of the vibronic wave packets on to the
conical intersection seam. We considered other alternative
hypotheses, such as how incorporating Duschinsky rotation
effects can give rise to a new set of Franck—Condon overlap
integrals between the le;) and le;) vibronic surfaces,”” but the
largely similar Franck—Condon activities on the two surfaces
indicate otherwise. Interference between multiple vibronic
coherences may also result in cancellation of coherent signals
giving rise to the power spectrum for the population launched
from the le;) Franck—Condon point.*

The PIA signal corresponding to the ley) launched
population is twice as intense as that for le;) suggesting that
the nonequilibrium population yield after traversing the conical
intersection may differ. However, signal intensity alone cannot
definitively indicate the quantum yield arising from different
vibronic excited states. Besides quantum yield, the PIA signal
intensity also depends on the transition dipole moment
between said nonequilibrium state and the higher-lying excited
electronic state. The distinct vibrational coherences persisting
in the two populations could also modify the net transition-
dipole strength due to varied contributions from different
modes with different Franck—Condon factors. Similar traversal
kinetics with elusive transition-dipole parameters make it
difficult to extract quantum vyield differences after traversing
the conical intersection on the two vibronic surfaces, as has
been seen before.”* We could not definitively assign the
photoinduced absorption feature to a photoproduct or a hot
ground state population. An isosbestic point between the PIA
and the GSB features (see Figure 1c) indicates the presence of
a population in a separate quantum state, although we were
unable to computationally find a metastable photoproduct
state. Previous studies by the Vauthey group have assigned the
PIA feature to a hot ground state.'”**> We have elaborated
on this discussion in Supporting Information Section 3. Wave
packet dynamics simulations can help uncover the complete
photophysical mechanism and would require incorporating
multiple intersection space modes apart from the two
branching space modes. Constructing diabatic surfaces is
often a requirement for such tedious computations and
becomes challenging for a multimodal conical intersection
scenario.” A relatively small system such as Wurster’s Blue can
serve as a testing bed for approaches for modeling extreme
nonadiabatic photophysics.**~* Lastly, this system having an
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odd number of electrons may serve as a model to interrogate
the influence of electronic spin and the Berry curvature on
dynamics near a conical intersection, though we were not able
to identify a signature of this effect.'>'**

Two-dimensional electronic spectroscopy on Wurster’s Blue
enabled us to observe vibronic excited-state-dependent
coherences after traversing a conical intersection by exploiting
the excitation energy resolution. We unambiguously determine
the conical intersection traversal time scale to be 55 fs, which is
much faster than previously known.'”*° This time scale is the
same for both populations originating from the vibration-
coupled first electronic excited state. Despite having similar
kinetics that usually serve as a marker for nonadiabaticity near
a conical intersection, we see stark differences in vibrational
coherences in their photoinduced absorption signals. The
coherences (or suppression thereof) seen in the populations
after traversing the conical intersection are not created by the
excitation pulses, which means that they are dynamically
projected onto different vibrational modes as they traverse the
conical intersection seam. Investigating the role of the
intersection space, incorporating the conservation of linear
and angular momentum, and the interference between vibronic
coherences may contribute to unearthing the experimental
observations in this paper.'””'***3® Further investigation of
the intersection space, incorporating the conservation of linear
and angular momentum, and the interference between vibronic
coherences may contribute to unearthing the photophysical
mechanism of Wurster’s Blue’s ultrafast intramolecular
electron transfer.
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