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The radical anion of 9,10-dicyanoanthracene (DCA) has been suggested to be a promising chromophore
for photoredox chemistry, due to its nanosecond excited-state lifetime determined from indirect
measurements. Here, we investigate the excited-state dynamics of the radical anion of three
cyanoanthracenes, including DCA*"~, produced by photoinduced electron transfer in liquid using both
pump—probe and pump-pump probe transient electronic absorption spectroscopy. All three excited
radical ions are characterised by a 3-5 ps lifetime, due to efficient non-radiative deactivation to the
ground state. The decay pathway most probably involves D;/Dg conical intersection(s), whose presence
is favoured by the enhanced flexibility of the radical anions relative to their neutral counterparts. The
origin of the discrepancy with the nanosecond lifetime of DCA®* * reported previously is discussed. These
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1 Introduction

Over the past few decades, open-shell ions in an electronic
excited state have been drawing increasing attention in various
areas of molecular sciences. Synthetic chemists have realised
the enhanced chemical reactivity gained upon photoexcitation
of radical ions, allowing for the reduction or oxidation of
almost electrochemically inert compounds.”™” In astrochemis-
try, fluorescence from radical cations of aromatic hydrocarbons
has been suggested to be at the origin of emissive diffuse
interstellar bands.® ! In photoredox chemistry, the observation
that bimolecular electron transfer (ET) between two neutral
reactants is diffusion controlled even at driving forces at which
Marcus inverted region is predicted, was explained by the
formation of the ion-pair product in an electronic excited
state.’>”"

Despite the relevance of photoexcited open-shell ions, not
much is known about their dynamics. A large fraction of the
radical cations investigated so far in liquids were found to have a
very short excited-state lifetime, <50 ps.*'®® This was explained
by the presence of easily accessible conical intersections between
Dy, the lowest electronic excited state, and D,, the ground
state.>>*”3° By contrast, nanosecond excited-state lifetimes were
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very short lifetimes limit, but do not preclude, photochemical applications of the cyanoanthracene anions.

reported for several radical anions in liquids.** However, these

lifetimes were either deduced from indirect measurements or
obtained from time-resolved fluorescence experiments, which
are more sensitive to the presence of impurities and follow-up
reaction products. To the best of our knowledge, the longest
unambiguous excited-state lifetime determined so far amounts to
530 ps and was measured with the radical anion of a perylene
monoimide derivative produced electrochemically.®® However,
most radical anions investigated until now in liquids have a
significantly shorter excited-state lifetime.**’

We report here on our investigation of the excited-state
dynamics of the radical anion of three cyanoanthracenes
(Fig. 1) in liquids using electronic transient absorption (TA)
spectroscopy. These compounds were selected for their
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Fig. 1 Structures of the cyanoanthracenes.
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widespread use as electron-accepting chromophores in bimolecu-
lar ET studies.’*” Combined with a strong electron donor, such
as tetramethylphenylenediamine (TMPD), high ET driving forces,
at which Marcus inverted region is expected,*® can be achieved.
As the ET fluorescence quenching of these cyanoanthracenes by
TMPD was found to be diffusion limited,*> it could possibly
involve the electronic excited states of the ensuing radical ions.
The radical cation of TMPD has been shown to have an excited-
state lifetime between 200 and 300 fs.>® Consequently, the cyano-
anthracene radical anions might be better candidates for the
detection of excited ionic product in a bimolecular ET process.

The radical anion of DCA produced electrochemically was
initially reported to fluoresce in the 500-600 nm region with
a 13.5 ns lifetime.***® This emission was later on shown to
be due to a follow-up reaction product.”® A 4 ns excited-state
lifetime was then deduced from bimolecular quenching mea-
surements of DCA®* * generated upon pulse radiolysis and
subsequent photoexcitation with a 5 ns laser pulse.** However,
observation from our group that the photoexcitation of DCA®~
produced upon bimolecular ET does not affect the free ion
yield, suggests a significantly shorter excited-state lifetime."”

Here, stable solutions of DCA®*~, TrCA*~ and TCA®™ in
acetonitrile were generated via a photoinduced ET reaction
coupled with a scavenger counterion. Additionally, DCA®*~ and
TrCA*~ were also produced transiently upon photoinduced ET
without a scavenger, and their excited-state dynamics were
investigated using pump-pump-probe (PPP) TA.

The results presented here reveal unambiguously that the
excited-state dynamics of all three radical anions is ultrafast,
limiting their use in two-photon redox chemistry and compli-
cating their detection in highly exergonic ET reactions.

2 Experimental
2.1 Samples

9,10-Dicyanoanthracene (DCA) was purchased from Kodak and
recrystallised before use. 2,9,10-Tricyanoanthracene (TrCA) and
2,6,9,10-tetracyanoanthracene (TCA) were synthesised as described
previously.”® All measurements were performed in acetonitrile
(ACN) (Roth, Rotidry, >99.9%), except one that was carried out
in N,N-dimethylformamide (DMF, Sigma-Aldrich, puriss.).

The radical anions were generated upon photoinduced ET
between the cyanoanthracenes and triethylamine (TEA, Fluka) in
the presence of tetra-n-butylammonium dihydrogen phosphate
(TBADHP, Alfa Aesar) in ACN (Section S1, ESIT).>> TEA was distilled
before use and kept under argon. The principle of this procedure,
whilst not fully established,®” appears to rest on the stabilisation of
the radical anion via association with a large organic salt (ie.
TBADHP). The radical anions of DCA and TrCA were also generated
upon ET quenching with either 1,2,6-trimethylbenzene (TMB,
Fluka, puriss.) or mesitylene (MES, Fluka, puriss.) in ACN or DMF.

2.2 Transient absorption spectroscopy

Transient absorption (TA) measurements were performed
with a setup described in ref. 53 and based on an amplified
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Ti:Sapphire system (Solstice Ace, Spectra-Physics), producing
35 fs pulses centred at 800 nm with a 5 kHz repetition rate
(Section S2, ESIT). In brief, the pump pulses were produced by a
TOPAS-Prime combined with a NirUVis module (Light Conver-
sion), and were compressed to 60-100 fs at the sample position.
The pump intensity on the sample was ~0.15-0.75 mJ cm™ >,
Probing was achieved from about 320 to 750 nm using white
light pulses generated in a 3 mm CaF, plate. The polarisation of
the pump pulses was at magic angle with respect to that of the
probe pulses. The sample cell was 1 mm thick and the instrument
response function had a full width at half maximum varying
between 80 and 350 fs, depending on the probe wavelength.

The principle of the pump-pump-probe (PPP) experiment
used for investigating the excited-state dynamics of DCA®™ is
described in ref. 54. The setup was the same as that used for the
TA measurement except for the use of a first pump pulse at
400 nm, produced by frequency doubling part of the output
pulses of the Ti:Sapphire amplifier. This actinic pulse was used
to excite DCA and trigger the ET between DCA* and an electron
donor. Further details can be found in ref. 54.

2.3 Quantum-chemical calculations

All calculations were carried out at the density functional theory
(DFT) or time-dependent (TD) DFT level in the gas phase, using
both the long-range corrected hybrid CAM-B3LYP functional®”
with the augmented cc-pVDZ basis set and the B3LYP func-
tional®® with the 6-31+G* basis set, as implemented in the
Gaussian16 (Rev. B) software.”” Both approaches gave qualitatively
similar results.

3 Results

3.1 Stationary spectroscopy

The absorption spectra of DCA, TrCA and TCA in ACN are
shown in Fig. 2.

Upon addition of TEA + TBADHP and irradiation at 405 nm,
the absorption bands of the anions appear in the electronic
spectrum. Fig. 3 shows the absorption spectra of all three
anions obtained after about 1 h irradiation and after subtraction
of the residual absorption band of the neutrals. The absorption
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Fig. 2 Stationary absorption spectra of DCA, TrCA and TCA in acetonitrile.
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Fig. 3 Stationary absorption spectra of DCA®*—, TrCA*~ and TCA*™ in the
presence of TEA + TBADHP in acetonitrile after 405 nm irradiation and
subtraction of the absorption bands of the neutral precursor. The signal in
the shaded area is attributed to an artefact.

spectra of DCA*~ and TCA®  coincide with those published
previously.*>*®> The similarity of the spectrum obtained with
TrCA to the DCA®*™ and TCA®* ™ spectra gives good confidence that
it originates from TrCA® . The minor feature at 12000 cm " is
attributed to an artefact as its amplitude relative to the other
bands is not constant during irradiation (Section S3, ESIT).

The absorption spectra of the three radical ions present a
similar shape, with all bands shifting to lower energy upon
increasing the number of cyano groups. For DCA®* ", a molar
absorption coefficient of 8.1 x 10° M~ em " at 14100 cm™"
(705 nm) was reported.’®® Given the similarity in the shapes
the radical anion spectra, the molar absorption coefficients at
the peaks around 14000 cm ™ should not differ very signifi-
cantly for TrCA*~ and TCA® . This coefficient corresponds to a
transition dipole moment of ~1.7 D and an oscillator strength
of 0.02 (Section S3, ESI¥).

The lowest energy absorption predicted from TD-DFT calcu-
lations is around 2 eV (620 nm) for all three anions with an
oscillator strength between 0.02 and 0.06 (Section S47). This
absorption corresponds to the D; « D, transition for DCA®~
and TrCA*~, and to the D, « D, transition for TCA®*". For the
latter, the calculated D; « D, transition has no oscillator
strength and its energy is less than 0.1 eV below D, « D,.
In the case of DCA®* ™, a forbidden D, « D, transition less than
0.2 eV above D; « D, is predicted. For TrCA*", this second
transition is also close to D; <« D, but is allowed. This
difference can be explained by the lower symmetry of TrCA®
i.e. the lack of a centre of inversion, compared to DCA®*™~ and
TCA®", in agreement with the Laporte rules.®>®* As illustrated
in Fig. S3 (ESI{), these calculated transitions are in reasonably
good agreement with the experiment.

3.2 Transient absorption spectroscopy

3.2.1 Neutral cyanoanthracenes. The TA measurements
with all three radical anions were performed upon 710 nm
excitation, corresponding to the lowest-energy absorption band
(Fig. 3). As shown in Fig. 2, the neutral cyanoanthracenes do
not absorb at this wavelength. Therefore, although both the
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anionic and the neutral forms coexist after irradiation in the
presence of TEA and TBADHP, only the radical anions are
excited. Nevertheless, the presence of the S; state of the neutral
upon photoexcitation of the radical anion has been reported
with the radical anion of perylene produced upon photo-
induced ET with dimethylaniline.>® In this case, the charge
recombination between the excited perylene anion and the
aniline radical cation lead to the repopulation of neutral
perylene in the S; state. Therefore, in order to detect the
occurrence of a similar process upon photoexcitation of the
cyanoanthracene anions, it is necessary to be able to identify
the spectral features of their neutral precursors in the S; state.

TA spectra measured 10 ps after 400 nm excitation of all
three neutrals in ACN are shown in Fig. 4. The transient spectra
of the cyanoanthracenes are relatively similar and consist
mainly of three excited-state absorption bands. The stimulated
S; — So emission appears as a weak negative band around
475 nm, and the bleach of the S; « S, absorption is only visible
around 380 nm with DCA. The relative weakness of the bleach
points to a large absorption coefficient of the overlapping ESA
band. These TA data were analysed globally assuming a series of
successive exponential steps with increasing time constants.®***
The resulting evolution-associated difference absorption spec-
tra (EADS) and the corresponding time constants are shown in
Fig. S6 (ESIt). Apart from minor spectral shifts during the first
20 ps, which can be assigned to vibrational/solvent relaxation,
the dynamics are dominated by the nanosecond decay of the
excited-state population.

3.2.2 DCA®*". TA spectra measured with DCA®*~ in the
presence of TEA/TBADHP in ACN are illustrated in Fig. 5A.
Directly after 710 nm excitation, the spectra consist of two
positive bands, one centred at 460 nm and the other at 370 nm,
and of ground-state bleach features above 550 nm and at
400 nm. The bleach associated with the 400 nm band is hardly
visible due to the presence of an overlapping positive band. The
460 nm band decays entirely within about 5 ps, whereas the
370 nm band increases concurrently and the bleach decreases
partially. Afterwards, all spectral features decay entirely in a
few tens of ps. These spectral dynamics could be adequately
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Fig. 4 Transient absorption spectra measured 10 ps after 400 nm excita-
tion of the cyanoanthracenes in acetonitrile.
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Fig. 5 (A) Transient absorption spectra measured various time delays after
710 nm excitation of DCA*~ generated upon continuous irradiation of a
DCA/TEA/TBADHP solution. (B) Evolution-associated difference absorp-
tion spectra and time constants obtained from a global analysis of the
transient absorption data assuming three successive exponential steps,
A - B - C - D, D being the ground state, and negative stationary
absorption spectrum (bottom).

reproduced by global analysis assuming three consecutive steps
(A—...—>D, where D is the D, state) with the EADS and time
constants shown in Fig. 5B. Given the timescale on which the
spectral changes take place, non-equilibrium, hence non-
exponential dynamics can be expected.®>®® Consequently, the
EADS cannot be attributed to a well-defined state/species but
may contain contributions from different transients. Similarly,
the corresponding time constants should only be considered as
representative time-scales. The first spectrum, EADS A, can be
largely attributed to the photopopulated excited state, which,
according to the quantum-chemical calculations, should be the
D, state. The last spectrum, EADS C presents positive spectral
features on the low-energy side of the ground-state bleach at
400 nm and above 550 nm, which are characteristic of a
vibrationally hot ground state.®”"*° The interpretation of EADS
B is more ambiguous. If the photo-populated state (EADS A) is
the D, state, then EADS B should mostly reflect spectral
features of the vibrationally hot D, state. More than 1.7 €V is
released non-radiatively upon D; — D, internal conversion.
Dissipation of such a large amount of energy via vibrational
relaxation occurs on multiple timescales,*”””°””* and thus, EADS
B and C could correspond to the ground state at different stages
of its thermal equilibration. The B - C and C — D time
constants are consistent with values reported previously.®””>7¢
Interpretation of the B — C step as vibrational relaxation is
supported by the presence of hot ground-state features above
550 nm already in EADS B (Fig. 5B, inset). Attribution of the
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375 nm band to a hot ground-state feature is not so straight-
forward. However, as shown in Fig. 3, DCA®*™ exhibits a very
intense absorption band peaking at 312 nm. Consequently, the
hot ground-state features associated to this band can be
expected to be at least five times as intense that those related
to the 400 nm band (Fig. S7, ESIt). Consequently, the ampli-
tude of this hot-ground state band could be large enough to
hide the bleach of the 400 nm band. The presence of the
375 nm band already in EADS A could reflect the non-
exponential character of the D, — D, internal conversion.
Among the alternative interpretation of the 375 nm band,
DCA in both ground and excited state can be ruled out as this
band is absent from their absorption spectra (Fig. 2 and 4).

In principle, this band could also arise from a follow-up
species produced upon reaction between DCA®* ™ * with TEA or
TBADHP. As shown in Fig. S8 (ESIt), the excited-state dynamics
of DCA*™ is independent of the concentration of TEA, ruling
out the quenching of DCA®*™* by TEA.

To further explore occurrence of follow-up reactions, DCA®* ™
was produced by photoinduced ET with a different electron
donor, 1,2,6-trimethylbenzene (TMB), and without TBADHP.
Due to the absence of the scavenger TBADHP, the ion popula-
tion decays on the microsecond timescale by homogeneous
recombination.”” Therefore, the excited-state dynamics of
DCA*~ was measured by PPP TA. The TA spectra obtained at
different time delays after 400 nm excitation of DCA with 1 M
TMB in ACN (Fig. S9, ESI{) show distinctly the transformation
of DCA* into DCA®* . For the PPP measurements, a second
pump pulse at 710 nm was applied 1 ns after the first pump
pulse at 400 nm, to excite DCA®*~, and probing was performed
at different time delays, At,3, after the second pump pulse. The
resulting PPP spectra correspond to the difference absorption
spectra with and without the second pump pulse. Consequently,
they can be readily compared with the conventional pump-probe
spectra of DCA® ™ depicted in Fig. 5. Fig. 6 illustrates resulting PPP
spectra as well as the EADS and corresponding time constants
obtained from a global analysis of the PPP data. Because of the
small transient absorbance at 710 nm induced by the first pump
pulse, the PPP signal is weak and, consequently, two successive
exponential steps (A’ — B'—C’, C’ being D,) are sufficient to
reproduce the data.

The first EADS, A’, is very similar to EADS A (Fig. 5B) with the
presence of the 460 nm band, and decays with a similar time
constant of 2.8 ps. On the other hand, EADS B’ contains
features present in both EADS B and C and decays in 36 ps.
The signal-to-noise ratio of these PPP TA data is not sufficient to
resolve the intermediate B — C step with a 19 ps time constant.
The similarity of the EADS and time constants obtained from the
pump-probe and PPP TA measurements reveals that the excited-
state dynamics of DCA®*~ depends neither on the nature of the
electron donor and nor on the presence of the TBADHP scavenger.

According to ref. 5, the oxidation potential of the DCA/
DCA* ™ * couple amounts to —3.2 V vs. SCE. Given the reduction
potential of liquid acetonitrile of —2.8 V vs. SCE,”® an ET from
to the solvent should be considered. To explore this possibility,
PPP measurements were repeated in DMF, whose reduction
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Fig. 6 (A) PPP spectra measured with DCA and 1 M TMB in ACN at
different delays, At,s, after the second pump pulse at 710 nm. The delay
between the actinic pulse at 400 nm and the 710 nm pulse was 1 ns.
(B) Evolution-associated difference absorption spectra and time constants
obtained from a global analysis of the PPP data assuming two successive
exponential steps A’ — B’ — C/, C’ being the Dy state.

potential amounts to —3.0 V vs. SCE.”® As shown in Fig. S13
(ESIt), the lifetime of the 460 nm band is exactly the same in
both ACN and DMF, ruling out ET quenching of by the solvent.
In fact, the —3.2 V oxidation potential of reported in ref. 5 was
calculated assuming an excited-state energy of 2.4 eV, itself
taken from the absorption and emission spectra presented
in ref. 49, that were later on shown to be associated with a
follow-up reaction product of DCA®*~. With a D, state energy of
1.75 eV, deduced from the absorption spectrum shown in
Fig. 3, the oxidation potential of the DCA/DCA* * couple is
only about —2.6 V vs. SCE. This is insufficient for DCA®* ™ * to
undergo ET with ACN and DMF, in agreement with the PPP
results. Therefore, the 375 nm TA band cannot be assigned to a
follow-up reaction product of DCA®™*.

The quantum-chemical calculations in the gas phase predict
that the D, state of DCA®™ at the ground-state geometry is less
than 0.2 eV above the D, state (Fig. S5, ESIt). Given this small
difference of energy, one cannot exclude that these two states
are actually inverted, and that optical excitation populates the
D, state, as the D; « D, transition is forbidden. In this case,
the EADS A and B could be attributed to the D, and D, state,
respectively. According to this scenario, the 2.8 ps A — B step
would correspond to the D, — D, internal conversion and the
D, state lifetime would amount to 19 ps. Although this hypo-
thesis cannot be totally ruled out, it is quite improbable since it
would imply a surprisingly slow D, — D; internal conversion.
Based on this, the above hypothesis with the lifetime of the D,
state amounting to about 3 ps seems the most plausible. This
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assignment of EADS B and C to the hot D, state is further
supported by the spectra measured with TrCA*~ and TCA®*™
discussed below with which these hot ground state features are
clearer.

3.2.3 TrCA*". Although the quantum-chemical calcula-
tions do not predict any low-energy forbidden transition, inter-
pretation of the results obtained with TrCA®™ is also not totally
obvious. TA spectra measured at different time delays after
710 nm excitation of TrCA®*~ prepared upon irradiation of a
TrCA/TEA/TBADHP mixture in ACN are illustrated in Fig. 7,
together with the results of a global analysis assuming four
successive exponential steps (A —...— E, where E is the D,
state). The earliest spectra are dominated by an intense positive
band peaking at 380 nm. Additionally, ground-state bleach,
which is visible above 475 nm, is superimposed with positive
features above ~650 nm. The onset of the ground-state bleach
associated with the intense absorption band of TrCA*™ at
330 nm is just visible at the shortest wavelength. During the
first 10 ps, the 380 nm band decays and transforms into a band
with a maximum below 340 nm and a red edge extending to
440 nm. In parallel, the ground-state bleach between 500 and
600 nm decreases significantly. Finally, the residual transient
spectrum shows a sawtooth-shaped band at 400 nm and decays
completely within 60 ps.

All positive features in EADS C and D are located on the low-
energy side of bleaches. Based on this and on the associated
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Fig. 7 (A) Transient absorption spectra measured various time delays after

710 nm excitation of TrCA®*~ generated upon continuous irradiation of a
TrCA/TEA/TBADHP solution, and negative stationary absorption spectrum.
(B) Evolution-associated difference absorption spectra and time constants
obtained from a global analysis of the transient absorption data assuming
four successive exponential steps, A —...—E, E being the ground state.
(C) Time profiles of the transient absorption at the wavenumbers shown by
the dashed lines in (A).
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time constants, these spectra can be safely assigned to the hot
ground state. The positive band at 380 nm, dominating EADS A
and B, is also on the red side of the bleach at 330 nm, and could
thus also originate from the hot ground state, but at an earlier
stage of thermal equilibration. However, the area of this band is
larger than that expected for the 330 nm bleach (Fig. S11, ESI¥).
If this band were really due to the hot ground state, this would
imply that the oscillator strength of this transition increases
very significantly with the vibrational temperature of the mole-
cule. While not totally impossible, such an effect would be a
violation of the Condon approximation.”® Therefore, the assign-
ment of this band to a D, « D; absorption seems more
plausible. In this case, the A - B and B — C steps mostly
reflect the equilibration of the Franck-Condon D, state and the
decay of the D, state by internal conversion, respectively. The
excited-state lifetime of TrCA®*~ amounts, thus, to ~5 ps.

Additionally, the time dependence of the TA intensity above
550 nm exhibits a distinct oscillation during the first ps after
excitation (Fig. 7C). As illustrated by the contour plot in Fig. S15
(ESIT), a node can be observed at ~640 nm, the maximum of
the second lowest-energy absorption band of TrCA®*~. One can
thus conclude that this oscillation arises from a coherent
vibrational wavepacket in the D, state produced via a stimu-
lated Raman process.**™®* Fourier transformation of the oscil-
lation points to a vibrational mode at 317 cm ™" (Fig. $16, ESIY).
Quantum-chemical calculations of TrCA®™ in the ground state
predict a Raman active vibrational mode at 329 cm™ ", which is
associated with an in-plane distortion of the anthracene core
(Fig. S17, EST¥).

Very similar dynamics were observed upon PPP TA measure-
ments, where TrCA®*~ was generated upon photoinduced ET
between TrCA in the S, state and 1 M MES in ACN (Fig. S12 and
S14A, ESIT). The PPP data were analysed assuming two succes-
sive exponential steps (A’ — B’ — C’). The resulting EADS A’
resembles those of A and B shown in Fig. 7B, whereas EADS B’
shows the characteristic feature of the hot ground state
(Fig. S14B, ESIY).

3.2.4 TCA* . TA spectra measured at different time delays
after 710 nm excitation of TCA®*~ prepared by irradiation of a
TCA/TEA/TBADHP mixture in ACN are presented in Fig. 8,
together with the EADS obtained assuming four successive
exponential steps (A —...— E, where E is the D, state).
Although the time constants related to the C - D — E steps
are close to each other, the data could not be satisfactorily
reproduced with only three steps. The earliest TA spectra show
two positive bands, one peaking at 535 nm with a distinct
vibronic structure, and another with a maximum at about
360 nm and a broad shoulder. This second band is located
on the low-energy side of an intense ground-state bleach
around 340 nm. Weaker ground-state bleach features are also
visible above 550 nm. The 535 nm band decays entirely within
400 fs, whereas the shape of the other band changes consider-
ably, with the maximum moving to 410 nm. Thereafter, this
band transforms on a 10-15 ps timescale to a band with the
maximum continuously shifting towards shorter wavelength.
This transformation is accompanied by a decrease of the
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Fig. 8 (A) Transient absorption spectra measured various time delays after
710 nm excitation of TCA®*~ generated upon continuous irradiation of a
TCA/TEA/TBADHP solution, and negative stationary absorption spectrum.
(B) Evolution-associated difference absorption spectra and time constants
obtained from a global analysis of the transient absorption data assuming
four successive exponential steps, A —»...—E, E being the ground state.
(C) Time profiles of the transient absorption at the wavenumbers shown by
the dashed lines in (A).

340 nm ground-state bleach as well as by the appearance of
positive bands between the ground-state bleach features above
550 nm. These bands, together with all the other spectral
features, decay entirely within about 50 ps.

The quantum-chemical calculations performed with TCA®*™
predict that optical excitation in the lowest-energy absorption
band populates the D, state, because the D; « D, transition
has no oscillator strength. Based on this, the 535 nm band
observed at the earliest time delays can be attributed to the
D, state. Consequently, the 210 fs time constant obtained from
the global analysis can be assigned to the D, — D, internal
conversion. The order of magnitude of this time constant
agrees with that expected for the excited-state lifetime of an
upper-excited state. Whereas EADS A is mostly due to the D,
state, EADS B, which is dominated by the positive band with a
maximum at 410 nm, should correspond to the D; state.
However, given that this band is located on the red side of
the strong bleach at 340 nm, it is not clear whether it can really
be interpreted as a D, « D, transition or it is dominated by
hot-ground state absorption. The first interpretation implies
that the lifetime of the D, state amounts to 2.8 ps. According to
the second interpretation, the D; — D, internal conversion is
significantly faster and this time constants reflects mostly the
early stage of vibrational relaxation. However, the fact that the
ground-state bleach features do not decrease significantly,
during the A — B step is rather in favour of the first interpretation.
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Additionally, the relatively large area of the 410 nm band does not
point to an entirely hot ground state feature. As stated above, non-
equilibrium and, thus, non-exponential dynamics can be expected
for processes occurring on this timescale. Consequently, addition-
ally to the D, state, EADS B could also contain a non-negligible
contribution from the hot ground state. On the other hand, the
last two steps, C - D — E, can unambiguously be attributed to
the equilibration of the hot ground state.

Similarly to TrCA®*~ an oscillation can also be observed at
early time in the TA data above 550 nm (Fig. 8C). Here, the node
is at 650 nm, the maximum of the second lowest-energy
absorption band of TCA®~ (Fig. S18, ESIf). This oscillation
can thus also be attributed to a coherent vibrational wavepacket
in the D, state. This oscillation is at 307 cm ™" (Fig. S19, ESI{),
whereas quantum-chemical calculations of TCA®*™ in the
ground state predict a Raman active vibrational mode at
300 cm ™', which is also associated with in-plane distortion
of the anthracene core (Fig. S20, ESIf). The slightly lower
frequency of this mode in TCA®*™ relative to TrCA®*~ can be
explained by the presence of the C=N group in 6 position
instead of a H atom. Because of the absence of C=N groups in
the 2 and 6 positions, this normal mode is lacking in DCA®".
For this anion, the calculations predict a Raman-active vibra-
tion at 358 cm ™', This corresponds to a vibrational period of
90 fs, which is probably just too short to be properly resolved
with the instrument response function of the TA setup. The
absence of vibrational coherence in the TA data measured with
DCA*™ is, thus, not surprising.

4 Discussion

Fig. 9 summarises the most probable deactivation pathways
following photoexcitation of the three radical anions, based on
the above-described interpretation of the TA data. For DCA®~
and TrCA*~, the D, state is directly populated upon 710 nm
excitation. As the D; « D, transition is predicted to be
forbidden for TCA®*~, the D, state is populated upon internal
conversion from the D, state with a ~200 fs time constant. The
D, state of all three radical anions is characterised by a very
short lifetime, between 3 and 5 ps, due to the existence of
very efficient non-radiative decay channel(s). As this internal

E/eV
A DCA~ TrCA™ TCA™™
21 D
2 [
D1 X ; ]7— AY 02ps
§3ps 851;)5 2.8 ps
T hv < hv g hv
X Yy Y <
DO,hol 17 ps 11 ps é 13 ps
35 ps 15 ps + 16 ps
ot D, fi——— I A | S -

Fig. 9 Energy-level diagrams illustrating the most probable decay path-
ways of the photopopulated state of the radical anions, with the associated
time constants. The grey lines designate electronic states that are dark with
respect to the ground state.

574 | Phys. Chem. Chem. Phys., 2022, 24, 568-577

View Article Online

Paper

conversion is faster than vibrational relaxation, the decay of
the ground-state bleach features occurs on a slower timescale
through the equilibration of the molecular temperature with
that of the environment. For all three anions, time constant
ranging between 10 and 20 ps are found for this vibrational
cooling. A slower 35 ps component is present with DCA® ™. This
less efficient equilibration of DCA®*~ could be related to absence of
C=N substituents in 2 and 6 positions, which leads to distinct
vibrational modes for this anion compared to the other two.
It should be noted that the solute and solvent dependence of
intermolecular vibrational energy relaxation is still not fully
understood.

These very short excited-state lifetimes are consistent with
most of those reported previously with other open-shell ions in
liquids.*"®72%3>739 They are usually explained by the presence of
conical intersection(s) between the D; and D, states that could
be readily reached from the Franck-Condon D, state.>*>?”™*°
TD-DFT calculations predict that, whereas the D,-D; gap is less
than 0.2 eV at the D, equilibrium geometry, it increases to
about 0.7 eV when going to the D, geometry (Fig. S5, ESIt). They
also predict that, at the D, equilibrium geometry, D, becomes
the lowest excited state. This points to the presence of D,/D;
conical intersection(s) along the relaxation pathway of D,.
According to these calculations, the energy of the D, state at
the D, and D; equilibrium geometries is only about 0.15 to
0.2 eV above that at the D, equilibrium geometry. However,
these results do not preclude the existence of D/D, conical
intersections, which remains the most probable origin of the
very short excited-state lifetime of these anions. It should be
noted that the presence of an electron in a anti-bonding
molecular orbital makes these anions structurally more flexible
than their neutral counterparts. According to the TD-DFT
calculations, the D; « D, excitation involves electronic dis-
placement from bonding to anti-bonding molecular orbitals
(Section S4, ESIt) and should, thus, lead to an enhanced
flexibility of the excited anion, easing access to conical inter-
sections. Proper detection of such intersections requires high-
level quantum-chemical calculations that would go beyond the
scope of this investigation.

The excited-state lifetime of DCA®*~ is much shorter than the
4 ns value deduced from quenching measurements of DCA® *
produced by photoexcitation with a 5 ns pulse.* This lifetime was
estimated from the decrease of the DCA®~ bleach signal in the
presence of an electron acceptor and by assuming a diffusion-
controlled quenching. However, at the high acceptor concentra-
tions used in these experiment, up to 0.5 M, quenching is much
more efficient than predicted assuming a pseudo-first order
kinetics with the rate constant of diffusion.*>**** This is due to
the contributions of the static and non-stationary stages of the
quenching, which do not involve very significant diffusion of the
reactants, and occur on a sub-ps to few tens ps timescales in non-
viscous solvents. As these two non-equilibrium stages of quenching
are dominant at such high concentrations, their neglect can lead to
a strong overestimation of the lifetime of the excited reactant.

The very short excited-state lifetime of the radical anion of
these cyanoanthracenes does not make them ideal systems for
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multiphoton photoredox catalysis. However, if the species to be
reduced is at sufficiently high concentration, typically above
~0.3 M, and if the driving force is sufficiently large, typically
above 0.2 eV, the process could still occur relatively efficiently
thanks to the static and non-stationary quenching regimes
discussed above.

These lifetimes do not make the cyanoanthracenes very
good candidates to detect the formation of excited ions upon
highly exergonic photoinduced bimolecular ET, and thus to
explain the discrepancy between the Weller experiment and
Marcus theory. Among them, DCA®" is probably the best
candidate as its D, state exhibits a distinct absorption band
around 460 nm. Although DCA is the weakest electron acceptor,
the ET quenching of its S; state by a strong electron donor like
TMPD should be just exergonic enough to produce.

5 Conclusions

DCA* ™ has been suggested to be a well-suited radical anion for
multi-photon redox catalysis based on a nanosecond excited-
state lifetime determined from indirect measurements. Our
results reveal unambiguously that the excited-state lifetime of
DCA®* ™ and the radical anion of other cyanoanthracenes is shorter
by three orders of magnitude. This is due to the presence of very
efficient non-radiative pathway(s) to the D, ground state. In this
respect, these radical anions do not differ from most other
organic open-shell ions, which are also characterised by very short
excited-state lifetimes in room-temperature liquids. The ultrafast
dynamics of these excited cyanoanthracene anions is most likely
due to the presence of conical intersection(s) between the D, and
D, states that are accessible from the Franck-Condon excited
state, as found for many other radical ions. This property, which
seems to be more a rule than an exception, most probably stems
from the reduced rigidity of photoexcited radical ions compared
to their neutral counterparts. This limits the choice of radical ions
for multi-photon redox chemistry or at least imposes constraints
on the experimental conditions. However, intermolecular photo-
chemistry with cyanoanthracene radical anions should still be
feasible if the quenching occurs in the static and non-stationary
regimes. Further work is needed to confirm the viability of this
approach.
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