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Abstract

Gating logical operations through high-lying electronic excited states presents op-

portunities for developing ultrafast, sub-nanometer computational devices. A lack of

molecular systems with su�ciently long-lived higher excited states has hindered practi-

cal realisation of such devices, but recent studies have reported intriguing photophysics

from high-lying excited states of perylene. In this work, we use femtosecond spec-

troscopy supported by quantum chemical calculations to identify and quantify relax-

ation dynamics of monomeric perylene's higher electronic excited states. The 21B2u

state is accessed through single-photon absorption at 250 nm, while the optically-dark

21Ag state is excited via the 11B3u state. Population of either state results in sub-

picosecond relaxation to the 11B3u state, and we quantify 21Ag and 21B2u state life-

times of 340 fs and 530 fs, respectively. These lifetimes are signi�cantly longer than the

singlet �ssion time constant from the perylene 21B2u state, suggesting that perylene's

higher electronic states may be useful for gating logical operations.
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The �eld of molecular logic, whereby single molecules conduct logical operations for infor-

mation processing purposes, has expanded signi�cantly in recent years.1,2 Performing logical

operations with discrete molecular systems is highly desirable as it could allow for the con-

struction of sub-nanometer circuit components.3,4 Light is an ideal input/output interface

for molecular logic, as optical signals can be spectrally tuned and spatially targeted at spe-

ci�c molecular components and can facilitate signal processing orders of magnitude faster

than inputs reliant upon chemical di�usion. Early demonstrations of molecular logic gates

modulated local ionic environments to turn on or o� molecular photoluminescence.5�7 More

recent reports use optical inputs and outputs by employing photoswitchable chromophores,1

however the slow timescale of photoisomerisation (ensemble switching lifetimes on the or-

der of seconds�minutes8�10) fundamentally restricts the processing throughput of any such

molecular logic devices in most practical applications.

An alternative implementation of an all-optical molecular logic system is to gate logi-

cal operations through high-lying electronic excited states.11,12 Such a system would permit

the use of optical input and output signals without requiring any molecular rearrangement

through photoswitching, facilitating ultrafast signal processing on a sub-nanosecond scale.

Such a molecular logic device is di�cult to practically realise, however, as very few molecules

possess su�ciently long-lived higher electronic excited states. Excitation to such high-lying

states in most compounds generally results in ultrafast relaxation to the lowest electronic

excited state, in accordance with Kasha's Rule.13 Exceptions to this of course exist; azulene

and its derivatives exhibit S2 �uorescence lifetimes on the order of nanoseconds.
14�16 Previous

studies of a bichromophoric azulene-rhodamine dyad demonstrated the potential to operate

a �full adder� logic device by gating operations through the multiple optically-active excited

states of azulene.17,18 However, the e�ciency of these devices was limited by the relatively

short-lived azulene S1 state, which decays on a sub-picosecond scale due to a conical inter-

section with the ground state.19,20 While certain azulene-based derivatives do exhibit longer

S1 lifetimes than azulene itself,21 the viability of employing these compounds in molecular
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logic systems has yet to be established. Further development of this form of molecular logic

therefore requires investigation into appropriate chromophores with su�ciently long-lived

higher excited states.

One candidate molecule for gating logical operations through high-lying excited states

is the fused polyaromatic hydrocarbon perylene (Figure 1). Singlet �ssion (SF), a photo-

physical process whereby a singlet exciton converts into a pair of triplet excitons, has been

reported to occur from electronic excited states in perylene higher in energy than the S1

state.22,23 SF from the lowest-energy singlet excited state in crystalline perylene is highly

endoergic and is hence not observed upon low-energy excitation,24,25 but high-energy exci-

tation has been demonstrated to form triplet excitons on a sub-picosecond timescale.22,23,26

Gating SF through high-lying excited states would be highly desirable from a molecular

logic perspective, as the distinctly di�erent magneto-optical properties of singlet and triplet

excitons could facilitate ultrafast information processing with readily-distinguishable on/o�

signals. However, the precise details of the higher-excited state processes associated with

SF in perylene are not yet fully understood. Con�icting reports have emerged regarding

whether SF occurs directly from a high-lying electronic excited state or a vibrationally-hot

S1 state following internal conversion.26�28 Assignment of the high-lying electronic excited

states in perylene has also been ambiguous and inconsistent within the literature: several

studies have attributed perylene's strong ultraviolet absorption at ∼250 nm to the S2 ← S0

transition,23,26,27,29 despite this being symmetry-forbidden and predicted to occur at around

350 nm.30 A clearer understanding of the identities and dynamics of perylene's high-lying

electronic excited states is therefore necessary for any potential development of molecular

logic circuits involving perylene.

In this work, we use transient absorption (TA) spectroscopy and a combination of quan-

tum chemical ab initio methods to investigate the electronic excited states of monomeric

perylene accessible through UV-visible excitation. We study the photophysics of perylene

in dilute solution to minimize the in�uence of multichromophoric processes such as excimer
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formation or singlet �ssion, such that the nature and behavior of perylene's higher electronic

excited states can be unambiguously characterized. Two excited states can be populated via

direct transitions from the ground state: the 11B3u state at 2.82 eV and the 21B2u state at

4.96 eV. A strong excited-state absorption (ESA) is observed at 695 nm, which is assigned

as the 21Ag ← 11B3u transition. Using pump-push-probe spectroscopy, 2
1Ag → 11B3u inter-

nal conversion (IC) is observed to occur over 340 fs, followed by vibrational cooling within

the 11B3u manifold over tens of picoseconds. Relaxation from the 21B2u state is slightly

slower than this, with a lifetime of 530 fs measured here. These IC rates from high-lying

excited states are both an order of magnitude slower than previously-reported rates of SF in

condensed-phase perylene, thus suggesting that SF could proceed from perylene's high-lying

states upon either one- or two-pulse excitation.

Steady-state absorption and emission spectra of perylene in cyclohexane solution are

shown in Figure 1. Major spectral features are labelled alphabetically to simplify discussion

and identi�cation. The lowest-energy absorption feature is a vibronic band from 350�440 nm

(Figure 1a), corresponding to the well-characterised S1 ← S0 electronic transition in pery-

lene.31�35 The steady-state emission from 440�550 nm is a clear mirror image of this absorp-

tion band with a minimal Stokes shift (Figure 1a′), and is hence assigned to the radiative

S1 → S0 transition. Previous studies have reported a quantum yield of close to unity for

this emission band,31�34 thus demonstrating that radiative decay is the dominant relaxation

mechanism from the perylene S1 state. Two higher-energy absorption bands are also ob-

servable in the steady-state absorption spectrum of perylene: a very weak feature at 295 nm

(Figure 1b), and a strong absorption centered at 250 nm (Figure 1c).

To identify the electronic excited states involved in these transitions, we performed

TDDFT calculations upon monomeric perylene at the B3LYP/aug-cc-pVTZ level of the-

ory. Table 1 lists all singlet excited states of perylene calculated to lie within 5 eV of the

ground state (see Sections S1 & S2 of the Supporting Information for further details). The

ground electronic state of perylene has Ag symmetry, and only three transitions to higher
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Figure 1: (Top) Normalised steady-state absorption (blue trace; left axis), steady-state
emission (green trace, right axis) and transient absorption (red trace, left axis) spectra
of perylene/cyclohexane solution. Inset shows the chemical structure of perylene. (Bottom)
Jablonski diagram showing the (singlet) excited states of perylene accessible in the UV-visible
region through 1- or 2-pulse excitation. Solid horizontal lines denote electronic states; dotted
horizontal lines represent vibrational states. Solid arrows represent radiative transitions, with
alphabetical labels indicating the spectral features corresponding to these transitions in the
spectra presented above. Non-radiative transitions are indicated by dashed arrows, and are
labelled by their corresponding time constants; �IC� and �VET� denote internal conversion
and vibrational energy transfer, respectively. All energies are listed relative to the 11Ag

(ground) electronic state.
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Table 1: Calculated (B3LYP/aug-cc-pVTZ theory level) and experimentally ob-
served singlet excited states of perylene.

State Energy (eV) µ (a.u.)* Observed Energy (eV)**
11Ag 0
11B3u 2.84 0.321 2.82 (a)
11B1g 3.63
21B1g 3.95
11B2u 4.05 0.007 4.20 (b)
31B1g 4.09
21Ag 4.24 ∼ 4.60 (a+ d)
11Au 4.41
31Ag 4.53 ∼ 4.80 (a+ e)
11B2g 4.65
11B3g 4.65
21B2u 4.84 0.316 4.96 (c)

* Transition dipole moments calculated from the ground (11Ag) state
** Letters in parentheses refer to transitions labelled in Figure 1

excited states are predicted to have non-zero transition dipole moments (TDMs). The 11B3u

is calculated as the lowest-energy excited state in the singlet manifold, with a predicted tran-

sition energy of 2.84 eV agreeing closely with the S1 ← S0 band origin observed in Figure

1. Spectral features a and a′ can hence be assigned as corresponding to the 11B3u ↔ 11Ag

transitions in perylene. The 11B2u ← 11Ag transition is calculated to lie at 4.05 eV with

a very weak TDM, while the predicted 21B2u ← 11Ag transition is higher in energy with

TDM comparable to the S1 ← S0 transition. These descriptions closely match higher-energy

absorption bands b and c observed here, with predicted transition energies agreeing with

experimental values within 0.15 eV. Absorption features b and c are thus assigned as the

11B2u ← 11Ag and 21B2u ← 11Ag transitions, respectively. Several recent studies assigned

the 250-nm absorption in perylene as corresponding to the S2 ← S0 transition,
18,21,24 however

we note that the 21B2u state is calculated here as the eleventh excited state in the singlet

manifold, agreeing with other previous studies.30,36,37

Transient absorption (TA) spectra of perylene/cyclohexane solution upon exciting the

11B3u ← 11Ag transition at 440 nm are shown in Figure 2a. Three transient spectral features

are evident upon excitation: a strong excited-state absorption (ESA) centered at 695 nm
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Figure 2: (a) Transient absorption spectra of 100µM perylene/cyclohexane solution upon
excitation at 440 nm with pump and probe relative polarisations at the magic angle (54.7 ◦).
(b) Normalised kinetics of the 695-nm ESA at the magic angle, parallel and perpendicular
relative pump-probe polarisations. (c) Polarisation anisotropy of the 695-nm ESA and the
520-nm SE transient spectral features. Vertical dashed lines in b & c indicate a crossover
from linear to logarithmic scales on the time axis.
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(Figure 1d), a weaker ESA at 625 nm (Figure 1e), and a weak negative-going feature at

500�525 nm due to stimulated emission (SE). All three of these transient spectral features

relax monoexponentially with no change in spectral shape on a timescale consistent with

the �uorescence lifetime of perylene (Supporting Information, Section S3), and so we assign

these as electronic transitions arising from the 11B3u state. Other time-resolved studies

of perylene have also reported picosecond- and sub-picosecond relaxation components in a

variety of solvents upon excitation at wavelengths below 440 nm, ascribed to intramolecular

vibrational redistribution within the 11B3u manifold.29,38,39 This is not observed here as

the 440-nm pump pulse excites the lowest energy vibronic band within the 11B3u ← 11Ag

transition, and so there is no excess vibrational energy available for redistribution. The SE

at 500�525 nm clearly arises from the 11B3u → 11Ag transition, however the exact electronic

states associated with ESA bands d & e required further investigation.

To identify the excited states associated with these ESA features, we performed polarisation-

dependent pump-probe experiments. Kinetic traces of the 695-nm ESA at di�erent pump-

probe polarisations are shown in Figure 2b. While this spectral feature exhibits a mo-

noexponential relaxation at magic angle polarisation, substantially di�erent dynamics are

observed upon varying pump-probe polarisation. For pump and probe polarised parallel to

one another, an additional fast relaxation component on the order of 10�20 ps is observed,

while for perpendicular polarisations a growth in the signal occurs over a similar timescale.

These rapid kinetics at di�erent pump-probe polarisations can be attributed to rotational

dynamics of perylene molecules in solution, and are indicative of the 695-nm ESA having a

transition dipole moment polarised parallel to that of the 11B3u ← 11Ag transition. At paral-

lel pump-probe polarisations, perylene molecules excited into the 11B3u state quickly rotate

out of the plane of polarisation, reducing the apparent ESA intensity as they can no longer

interact with the probe pulse. The reverse is true for perpendicular relative polarisations, as

excited-state molecules rotate into the plane of probe polarisation and cause a signal growth

over time. Biexponential �ts to these polarisation-dependent kinetics suggest a rotational
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reorientation time of approximately 15 ps (Supporting Information, Section S3), agreeing

closely with previous measurements of perylene's rotational dynamics in cyclohexane and

n-hexane.40,41

To further con�rm the orientation of the 695-nm ESA transition dipole moment, we

compare the pump-probe anisotropy r(λ, t) of the transient signals observed here. r(λ, t) is

calculated as

r(λ, t) =
∆A∥(λ, t)−∆A⊥(λ, t)

∆A∥(λ, t) + 2∆A⊥(λ, t)
, (1)

where ∥ and ⊥ subscripts denote parallel and perpendicular pump-probe polarisations, re-

spectively.42,43 Figure 2c displays pump-probe anisotropy for both the 695-nm ESA and

the 520-nm SE signals. These two spectral features exhibit e�ectively identical polarisation

anisotropy pro�les beyond the initial instrument response. This similarity in polarisation

anisotropy supports the earlier assertion that this ESA has a transition dipole moment ori-

ented parallel to that of the 11B3u ↔ 11Ag transitions. The strong signal intensity of this

ESA also indicates that this is a symmetry-allowed transition, and must therefore exhibit a

u → g change in parity. The high-lying electronic excited state populated by the 695-nm

ESA must hence possess Ag symmetry. Using the adiabatic transition wavelengths of 440

and 695 nm observed here, we estimate that this state lies at an energy of approximately

4.6 eV above the ground state, which is reasonably close to the predicted 21Ag energy (Table

1), and agrees with other previous estimates of this state.30,36,37 Therefore, we assign ESA d

at 695 nm as corresponding to the 21Ag ← 11B3u transition.

ESA band e at 625 nm exhibits identical polarisation-dependent dynamics and pump-

probe anisotropy to the stronger 21Ag ← 11B3u band (Supporting Information, Section

S3). It is therefore reasonable to conclude that this ESA also arises from a n1Ag ← 11B3u

transition. This feature may correspond to a higher-order vibronic transition within the

21Ag ← 11B3u manifold or it may involve a di�erent electronic state such as 3
1Ag; it is di�cult

to distinguish between these possibilities based solely upon the experimental data presented

here. However, TDDFT calculations predict the 31Ag state to lie approximately 0.3 eV
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above the 21Ag (Table 1), agreeing relatively closely with the observed energy di�erence

between ESA bands d and e (∼ 0.2 eV). This suggests that ESA e may correspond to

the 31Ag ← 11B3u transition, and so to investigate this we performed complete active space

self-consistent �eld (CASSCF) calculations to characterize which higher electronic states of

perylene are strongly coupled to the 11B3u state (details of these calculations are presented

in the Supporting Information, Sections S1 and S2). These CASSCF calculations indicate

that the 21Ag and 31Ag states both exhibit signi�cant couplings to the 11B3u state, with

the 31Ag ← 11B3u TDM slightly weaker than that of 21Ag ← 11B3u. Aided by TDDFT

and CASSCF calculations, we therefore assign ESA band e at 625 nm as arising from the

31Ag ← 11B3u transition in perylene.

The 21Ag and 31Ag states are optically dark from the ground state and thus inacces-

sible through single-photon excitation. However, the strong 21Ag ← 11B3u ESA observed

here suggests that sequential two-pulse excitation may be a viable pathway for accessing

this high-lying electronic excited state. To investigate this, we performed pump-push-probe

measurements on perylene/cyclohexane solution, pumping the 11B3u ← 11Ag transition at

440 nm and then further exciting with a 695-nm �push� pulse resonant with the 21Ag ← 11B3u

transition. The push pulse was timed to arrive 1.1 ps after the pump pulse, and TA spectra

at representative delay times before and after the arrival of the push are shown in Figure 3a.

Immediately after arrival of the push pulse, the SE and ESA features are reduced in intensity

as the push pulse depopulates some of the 11B3u state from which these transitions arise. A

slight recovery in these signals is then observed over hundreds of femtoseconds, accompanied

by a broadening and redshift of the ESA bands. This broadening and reduction of ESA

intensity persists for tens of picoseconds, eventually recovering to the original pump-probe

signal more than 50 ps after arrival of the push pulse (Figure 3b).

To isolate the spectral dynamics observed due to excitation to the high-lying 21Ag state

here, we performed additional experiments to measure the change in ∆A due to the push
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Figure 3: (a) Transient absorption spectra of 100µM perylene/cyclohexane upon excitation
at 440 nm, at representative delay times immediately before and after the arrival of 695-nm
push pulse 1.1 ps after the pump. (b) Single-wavelength kinetic pro�le of the 695-nm ESA
for pump-probe and pump-push-probe experiments. Inset shows the change in ∆A at early
times due to the push pulse. (c) ∆∆A transient spectra due to the push pulse, at a range of
representative delay times. (d) Single-wavelength kinetics of the ∆∆A transient at spectral
regions of interest. Dashed lines show �ts from global analysis. (e) Evolution-associated dif-
ference spectra (EADS) from a global �t to the ∆∆A data with a two-component sequential
model. Spectral components are labelled by their characteristic time constants. All delay
times are listed relative to pump-probe overlap.
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pulse; a ∆∆A signal. This quantity is de�ned as

∆∆A(λ, t) = ∆A(λ, t)Push On −∆A(λ, t)Push O�, (2)

and was measured by modulating the push pulse while operating both pump and probe at

50 kHz. The 695-nm push pulse used here was not resonant with any ground state absorption

features of perylene, and so no push-probe signal was observed in the absence of the pump

pulse (Supporting Information, Section S4). Two-photon excitation of the perylene ground

state by the push pulse was also not observed, as the frequency-doubled push energy does not

overlap with any ground state absorption peaks (see Figure 1). Therefore, we are con�dent

in assigning the ∆∆A signals observed in this experimental con�guration as arising from

two-pulse excitation to the perylene 21Ag state.

∆∆A spectra at representative delay times after arrival of the push pulse are shown in

Figure 3c (all delay times are listed relative to pump-probe overlap). Within 1 ps of push

arrival, bleach signals are evident at 525 and 625 nm, corresponding to the decrease in ∆A

intensity at these wavelengths as observed above. Note that data in the spectral range of

650�720 nm have been excluded here due to scatter of the push pulse overwhelming the ∆∆A

signal in this region, and so no bleach at 695 nm is observed in this experiment. However, the

∆∆A spectrum is dominated by a positive feature from 720�800 nm, corresponding to the

broadening and redshift of the 695-nm ESA noted above. All of these ∆∆A signals exhibit

a weak growth over hundreds of femtoseconds after push-probe overlap, before decaying on

a timescale of tens of picoseconds (illustrated in Figure 3d).

The broadening and red-shift in the 695-nm ESA observed after arrival of the push pulse

(and corresponding positive ∆∆A signal from 720�800 nm) is likely due to the population

of higher vibrational excited states within the 11B3u manifold, reducing the 21Ag ← 11B3u

transition energy and broadening the distribution of possible transition energies. We there-

fore propose that the dominant ∆∆A signal observed here corresponds to a vibrationally-hot
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11B3u state, growing on a sub-picosecond timescale due to 21Ag → 11B3u IC and then de-

caying over tens of picoseconds through vibrational relaxation within the 11B3u manifold.

In dilute solution such vibrational cooling is expected to occur primarily through solvent-

solute vibrational energy transfer (VET), and so would be in�uenced by the nature of the

solvent.38�40,44 To test our hypothesis of the ∆∆A signal relaxation occurring through VET,

we repeated these pump-push-probe experiments with perylene dissolved in toluene. The

rate of both short-range (collisional) and longer-range (resonant) VET depends upon the

di�erence in energy between donor and acceptor vibrational modes.44 The aromatic core of

toluene possesses vibrational modes which are more closely aligned with those of perylene

than the aliphatic cyclohexane ring, and so we would expect VET for perylene to be faster

in toluene solution than in cyclohexane. The perylene ∆∆A transient signal does indeed

relax signi�cantly faster in toluene than in cyclohexane solution (Supporting Information,

Section S5), thus supporting our assignment of vibrational cooling within the 11B3u state

causing this ps-scale signal decay.

To quantify these rates of IC and VET observed upon pushing perylene into the 21Ag

state, we performed a global analysis of the ∆∆A spectra using the Glotaran software pack-

age.45 The minimal model required to adequately describe the data was a two-component

sequential scheme, with evolution-associated di�erence spectra (EADS) of these components

shown in Figure 3e. The �rst component (τ1 = 340 fs) corresponds to the sub-picosecond

growth observed in the ∆∆A signal, with broad positive features from 550�650 nm and

750�825 nm. Some oscillatory structure is also present in this EADS due to contamination

from coherent artefacts in the signal arising from push-probe overlap. Despite these oscilla-

tory features, however, this component �ts well with the observed rise in the ∆∆A signal,

and so we are con�dent that the value of τ1 extracted here is acceptably accurate despite

this spectral contamination. The second spectral component identi�ed by global analysis

(τ2 = 18.2 ps) exhibits all of the spectral features discussed above as corresponding to a

vibrationally-hot 11B3u state, and so we assign this component as arising from vibrational
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cooling in the 11B3u manifold through VET. Given that the push pulse initially populates

the perylene 21Ag state, the �rst component must therefore correspond to 21Ag → 11B3u

relaxation. We hence assign this �rst ∆∆A spectral component as 21Ag → 11B3u IC, with a

21Ag lifetime of approximately 340 fs.

The 21Ag state is not the only high-lying state of perylene accessible through optical

excitation (Figure 1); the 21B2u state may also be populated directly from the ground state

through excitation in the UV. To study the relaxation dynamics of the 21B2u state, we

also performed pump-probe experiments on perylene solution at an excitation wavelength

of 270 nm, resonant with the low-energy edge of the 21B2u ← 11Ag transition. Figure 4a

shows the resulting TA spectra, which are substantially di�erent to those obtained from

440-nm excitation. Immediately after excitation two ESA bands are again observed, but

signi�cantly broadened and redshifted relative to those shown in Figure 2. These features

exhibit a growth over the initial 2 ps after excitation, before then blueshifting, narrowing and

further increasing in intensity on a timescale of tens of picoseconds (Figure 4b). After 50 ps,

the TA spectra resemble those obtained upon excitation of the 11B3u ← 11Ag transition at

440 nm, and decay over several nanoseconds.

We thus observe three distinct timescales of spectral evolution upon excitation at 270 nm,

and so to identify and quantify the physical processes underpinning these we again interro-

gated the TA spectra using global analysis. A three-component sequential model was found

to be the minimal representation required to adequately describe the data, and EADS from

this �t are shown in Figure 4c. The �rst component (τ1 = 530 fs) corresponds to the initial

sub-picosecond spectral evolution, with a negative feature at 700�750 nm representing the

grow-in of the 21Ag ← 11B3u ESA signal and a broad but low-intensity positive feature from

500�700 nm. This �rst component arises from direct excitation of the perylene 21B2u state

and converts into the 11B3u state (evidenced by the 21Ag ← 11B3u ESA growth) and is

therefore assigned as 21B2u → 11B3u IC. The EADS of the second component (τ2 = 23.9 ps)

exhibits ESA signals from 600�850 nm, similar to those observed upon 440-nm excitation of
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Figure 4: (a) Transient absorption spectra of 100µM perylene/cyclohexane upon excitation
at 270 nm. (b) Single-wavelength kinetic traces of the ESA transient features at 695 and
715 nm (solid curves) and �ts at these wavelengths from global analysis (dashed curves). (c)
Evolution-associated di�erence spectra (EADS) extracted from a global �t to the TA data
with a 3-component sequential kinetic model. EADS are labelled by their characteristic time
constants τi.
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perylene but signi�cantly broadened and redshifted. This EADS resembles the broadened

and redshifted ∆A signal attributed above to the formation of a vibrationally-hot 11B3u

state following 21Ag → 11B3u IC (Figure 3a). It is therefore reasonable to infer that these

transient spectra arise from similar physical processes, and so we assign the second compo-

nent here as a vibrationally-excited 11B3u state formed from 21B2u → 11B3u IC. Finally, the

third EADS (τ3 = 3.87 ns) is identical to the transient spectrum of perylene upon 440 nm

excitation shown in Figure 2, and clearly corresponds to relaxation of the 11B3u state.

A similar 3-component model was recently used by Ni et al. to describe the ultrafast

dynamics of perylene upon 250-nm excitation;29 however they report a time constant for

21B2u → 11B3u IC of 900 fs, which disagrees with the value measured here by almost a factor

of two. The authors of that particular work noted that their pump and probe beams were

polarised parallel to one another rather than at the magic angle, and so their results may also

contain contributions from the rotational dynamics of perylene. Repetition of experiments

here with pump-probe polarisation set to parallel rather than the magic angle was able to

reproduce this result, with an apparent IC time constant of 950 fs at parallel pump-probe

polarisation (Supporting Information, Section S6). The 11B3u ← 11Ag and 21B2u ← 11Ag

transitions in perylene are known to have transition dipole moments perpendicular to one

another,46 and so based upon the polarisation-dependent results presented in Figure 2, the

21B2u ← 11Ag and 21Ag ← 11B3u transition dipole moments must therefore also be perpen-

dicular to each other. Sub-picosecond 21B2u → 11B3u IC hence prepares perylene molecules

with the 21Ag ← 11B3u transition dipole moment polarised perpendicular to the pump pulse,

and so at parallel pump-probe polarisation the observed transient signal will be convoluted

with the dynamics of molecules rotating into the plane of polarisation. This therefore il-

lustrates the importance of ensuring magic-angle pump-probe polarisation when using tran-

sient absorption techniques to measure ultrafast exciton dynamics, as molecular rotational

dynamics can occur on similar timescales to excitonic processes and thus complicate the

interpretation of time-resolved data.
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The excited-state processes of perylene studied in this work are summarized in Figure

1. Five electronic excited states are accessible through UV-visible excitation: the 11B3u,

11B2u and 21B2u states through single-photon absorption, as well as the 21Ag and 31Ag

states through sequential two-photon excitation via the 11B3u state. Excitation to either the

21Ag or 2
1B2u states results in sub-picosecond IC to the lower-energy 11B3u state. In molec-

ular systems with relatively weak vibronic couplings, the rates of radiationless electronic

transitions such as IC are expected to follow the �Energy-Gap Law�:

kIC ∝ exp

(
−∆E

kBT

)
, (3)

where ∆E is the energy gap between electronic states, kB is the Boltzmann constant and T

is temperature.47,48 We assume ∆E2Ag−1B3u
to be equivalent to the 21Ag ← 11B3u transition

energy observed here (695 nm; 1.78 eV), and estimate ∆E2B2u−1B3u
as approximately 2.15 eV

from Figure 1. Using these values, Equation 3 predicts that 21Ag → 11B3u IC in perylene

will occur at a rate 1.46× faster than 21B2u → 11B3u IC, in reasonable agreement with the

IC rates measured here (1.56× faster from the 21Ag state). To the best of our knowledge,

this is the �rst reported measurement of 21Ag → 11B3u relaxation in perylene, and revises

the rate of 21B2u → 11B3u IC previously reported by Ni et al.29

It is worth noting that these IC processes could proceed either directly from the initially

excited states to the 11B3u state, or indirectly via other close-lying electronic excited states.

IC is quanti�ed here by observing the recovery of the 11B3u state, and so these experiments

cannot distinguish between direct and indirect relaxation pathways. To estimate the con-

tributions of direct and indirect IC processes here, we calculate electronic-nuclear couplings

between all singlet excited states of interest (Supporting Information, Section S7). For both

the 21B2u and 21Ag states of perylene, signi�cant couplings are observed to the 11B3u state

and other singlet excited states, while couplings to the ground (11Ag) state are e�ectively

negligible. These results therefore suggest that multiple IC pathways may exist for both of
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these high-lying excited states, and so repopulation of the 11B3u state could occur simultane-

ously through both direct and indirect IC processes. The IC time constants quanti�ed here

therefore likely represent weighted averages across all possible relaxation pathways from the

initially-populated higher excited states.

Upon populating the 11B3u state through IC from either high-lying electronic state,

vibrational cooling via solvent-solute VET occurs on a timescale of tens of picoseconds.

This is of a similar order of magnitude to previous measurements of VET for perylene in

hexane solution,41,44 although the exact rates di�er due to the varying quantities of excess

vibrational energy deposited into the 11B3u manifold through each process. We note that the

rate of VET measured here is slightly faster following 21Ag → 11B3u IC when compared to

21B2u → 11B3u relaxation, presumably due to the latter process depositing a greater amount

of excess vibrational energy into the lower electronic state.

Triplet formation through SF was not observed under any of the excitation conditions

used here, as these experiments were undertaken in dilute solution so as to isolate the ultrafast

dynamics of perylene's higher electronic excited states. SF in condensed-phase perylene has

been reported to occur within 50 fs when excited at su�ciently high energy; however, there

has been some disagreement as to whether SF in perylene occurs directly from the 21B2u

state or a vibrationally-hot 11B3u state following IC.23,26,27 We note that the reported rate

of SF is over an order of magnitude faster than that of 21B2u → 11B3u IC measured here,

which would suggest some signi�cant level of SF must proceed directly from this higher

electronic excited state. However, other studies have demonstrated that triplet excitons are

also observed upon excitation of a higher vibronic band of the 11B3u ← 11Ag transition,
23,24

and so some SF must also occur from a vibrationally-hot 11B3u state. It is therefore likely

that in perylene both of these SF pathways occur in parallel, as was recently proposed by

Bai et al for SF in rubrene.28

Interestingly, the SF rate reported for crystalline perylene is also signi�cantly faster than

the rate of relaxation from the 21Ag state observed here. It may therefore also be possible
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for SF to proceed from this optically dark state, provided that su�cient electronic coupling

exists between the 21Ag and 1(TT) states. As we believe the present work to be the �rst

spectroscopic study of the perylene 21Ag state, the potential for SF to occur from this

state in the condensed phase has not previously been examined. As the 21Ag state is only

accessible from the ground state through two-photon excitation, SF from this high-lying

state could be extremely useful in developing ultrafast molecular logic devices. Populating

the 21Ag state would require sequential 21Ag ← 11B3u ← 11Ag excitation at two spectrally-

distinct wavelengths, and so SF from this state could only occur in the presence of both

inputs (analogous to a logical AND operation). Triplet excitons exhibit very distinctive

magneto-optical properties while singlets are insensitive to magnetic �elds,49 and so triplet

detection through magnetometry would allow for cleanly distinguishing between �on� and

�o�� states. The sub-picosecond timescale on which SF occurs from perylene's higher excited

states would also enable signal processing to occur orders of magnitude faster than molecular

logic devices employing photoswitchable chromophores.8,9 Harnessing SF from perylene's

high-lying electronic excited states may therefore hold signi�cant potential for developing

ultrafast �excitonic� logical devices, and we hope to explore this further in a future work.

In summary, this study used femtosecond transient absorption spectroscopy to identify

high-lying electronic excited states of perylene and quantify their relaxation dynamics in

cyclohexane solution. A strong excited-state absorption is evident upon excitation to the

low-lying 11B3u state, which by polarisation-dependent measurements was identi�ed as the

21Ag ← 11B3u transition. Population of the 21Ag state by sequential pump-push excitation

resulted in 21Ag → 11B3u internal conversion with a time constant of 340 fs, with subsequent

vibrational cooling of the 11B3u state over tens of picoseconds. The perylene 21B2u state is

accessible directly from the ground state by UV excitation, and a lifetime of 530 fs is recorded

for this higher excited state. The rates of internal conversion from these two higher-excited

states measured here are consistent with the energy gap law, and are both an order of

magnitude slower than reported rates of SF in perylene. This therefore suggests that SF
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in perylene may be achievable through sequential two-colour excitation to the 21Ag state,

which may be highly bene�cial in the development of ultrafast molecular logic devices.

Supporting Information Available

Experimental and computational methods; additional computational results; additional pump-

probe data; push-probe control experiments; solvent-dependence of pump-push-probe kinet-

ics; UV pump-probe results at parallel polarisation; estimating inter-excited-state couplings

in perylene.
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