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The green fluorescent protein (GFP) drove revolutionary progress in bioimaging. Photoconvertible fluorescent
proteins (PCFPs) are an important branch of the FP family, of which Kaede is the prototype. Uniquely, PCFPs
can be permanently switched from green to red emitting forms on UV irradiation, facilitating applications in
site-specific photolabelling and protein tracking. Optimisation and exploitation of FPs requires
understanding of the photophysical and photochemical behaviour of the chromophore. Accordingly, the
principal GFP chromophore has been the subject of intense experimental and theoretical investigation. In
contrast, the photophysics of the red emitting PCFP chromophore are largely unstudied. Here we present
a detailed investigation of the excited-state properties of the Kaede chromophore in solution, utilising
steady state measurements, ultrafast time-resolved electronic and vibrational spectroscopies, and electronic
structure theory. Its excited state dynamics are very different to those of the parent GFP. Most remarkably,
the PCFP chromophore has highly complex wavelength-dependent fluorescence decays and a mean
lifetime an order of magnitude longer than the GFP chromophore. Transient electronic and vibrational
spectroscopies suggest that these dynamics arise from a range of excited-state conformers that are
spectrally and kinetically distinct but chemically similar. These conformers are populated directly by

excitation of a broad thermal distribution of ground state structures about a single conformer, suggesting
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Accepted 8th March 2023 an excited-state potential surface with several minima. Temperature-dependence confirms the existence of
barriers on the excited-state surface and reveals the radiationless decay mechanism to be internal
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resolution fluorescence microscopy.”>"” A second important

Introduction . :
FP family - the photoconvertible (PC) FPs — was developed

The discovery of the green fluorescent protein (GFP) drove
a revolution in bioimaging, affording greater sensitivity and
specificity to studies of functioning cells."* A wide variety of
GFP mutants were developed, yielding faster maturation,
superior brightness, and a wide range of colours. An important
step forward was the discovery and optimisation of photo-
activatable FPs. Some of these - the reversibly switchable (rs)
FPs based on the Dronpa family - can be switched between
bright and dark forms by irradiation with UV and visible light,
respectively.>® While the detailed mechanism remains a topic of
debate,”™ the key structural change in the chromophore is a cis
to trans isomerisation coupled with a proton-transfer
reaction.””™* The rsFPs were critical in developing super-
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following discovery of the Kaede protein.” Initially Kaede has
the same principal chromophore as GFP and the rsFPs, but on
irradiation with UV light undergoes an irreversible photo-
chemical reaction to yield a new chromophore with extended
conjugation (Fig. 1).®2> This photoreaction results in an FP
with enhanced emission and red-shifted absorption and emis-
sion spectra. Such a permanent colour change permits ‘optical
highlighting’ of spatially-selected populations of labelled
proteins and tracking of their evolution over time.*
Considerable experimental**** and theoretical®** effort has
been invested in resolving the excited state dynamics associated
with the principal GFP chromophore (p-hydroxybenzylidene-2,3-
dimethylimidazolinone, HBDI, Fig. 1a). Its excited state proper-
ties are dominated by ultrafast internal conversion, weakly
dependent on solvent polarity and viscosity, sensitive to substit-
uent, and markedly different in free solution compared with
when expressed in its protein environment.”*** In contrast,
there have been very few studies of the photophysics of the red
form of the Kaede chromophore (here called rK1H to indicate it is
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Fig. 1 Photoconversion of the chromophore in Kaede. The principal GFP chromophore (a, HBDI) is present in the green form of Kaede, which

photoconverts under UV irradiation to the red form (b, rK1H).

the red protonated form of the Kaede chromophore, Fig. 1b). The
chromophore has been synthesised by a number of groups,*>**
and Baranov, Lukyanov and their co-workers reported several
derivatives.*~** Lukyanov and co-workers also characterised the
steady state electronic spectra of rK1H and some of its deriva-
tives.** Absorption and fluorescence spectra were reported in
a range of solvents and as a function of pH. We and others
investigated the fundamental spectroscopy of the anion rK1™ in
the gas phase.”®*** Here, we present a detailed study of the
condensed phase photophysics of both rK1H and rK1™, including
ultrafast time-resolved fluorescence (TRF), transient absorption
(TA), and femtosecond stimulated Raman spectroscopy (FSRS).
These experiments are applied to investigate effects of solvent
polarity and viscosity on excited state spectroscopy and dynamics.
The measurements reveal complex, multicomponent picosecond
timescale excited state relaxation, which depends significantly on
whether the chromophore is in its neutral or anionic form. Steady
state measurements are extended to low temperature, where
spectra exhibit well-resolved vibronic structure, which is
modelled by Franck-Condon-Hertzberg-Teller (FCHT) simula-
tions. The results are discussed in terms of a multiple conformer
excited state potential energy surface. Similarities and differences
with the GFP chromophore are described.

Results and analysis
Steady state absorption and emission

Fig. 2 shows the peak normalised solvent dependent absorption
spectra of rK1H and rK1~, where the latter was generated by
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adding a drop of aqueous NaOH to the rK1H solutions. The
NMR spectrum of rK1H was measured in D,0, revealing a single
ground state conformer (ESI,T Fig. S1). The pK, of rK1H in H,O
was 7.5, in good agreement with Yampolsky et al.*® The simi-
larity of the rK1H pK, with that for HBDI suggests that depro-
tonation is at the phenolic ring, a conclusion supported by our
earlier electronic structure calculations with explicit modelling
of water molecules.”® The rK1H absorption spectra show
a moderate solvent dependence, with the aprotic solvents
acetonitrile (MeCN) and tetrahydrofuran (THF) being most blue
shifted. Attempts to measure spectra in nonpolar solvents
(cyclohexane, toluene) were frustrated by a lack of solubility and
aggregation. Among the polar protic solvents, higher polarities
led to a small blue shift in the absorption spectra (Fig. 2). For
rK1™, solvent polarity and H-bonding effects on the absorption
spectra are smaller, with most spectra being essentially
superimposable.

The corresponding fluorescence emission spectra shown in
Fig. 3 were normalised to have the same absorbance at the
common excitation wavelength, such that the observed varia-
tion in intensity in each series reflects the relative fluorescence
quantum yield, @%. The fluorescence quantum yield of rK1~ in
ethanol was measured to be ca. six-fold lower than that for
rK1H. The emission maximum for rK1H again exhibits a weak
dependence on solvent polarity (as better highlighted by peak
normalised spectra shown in the ESL} Fig. S2). The emission
spectrum is almost featureless, although weak vibronic struc-
ture is observed, which is evident in aprotic THF but unresolved
in the polar protic solvents; the vibronic structure becomes
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(b)
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Wavelength, nm

Fig. 2 Absorption spectra for: (a) rK1H, and (b) rK1™ as a function of solvent: MeCN; butan-1-ol (BuOH); ethylene glycol (EtG); ethanol (EtOH);

THF.
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Fig. 3 Solvent-dependent emission spectra: (a) rK1H, and (b) rK1™. Spectra are

quantum yield of fluorescence. Excitation was at 420 nm.

much more prominent in temperature-dependent data dis-
cussed below. The weak solvatochromism, i.e., the small
changes in Stokes shift with solvent polarity (compare Fig. 2 and
3),>*** points to the absence of large changes in dipole moment
between ground and excited electronic state. In turn, this
suggests the absence of large charge-transfer contributions to
the fluorescent state of rK1H. The &} is, however, sensitive to
solvent, with protic solvents leading to excited-state quenching.
Solvent polarity evidently plays a secondary role to H-bonding in
determining @f.

The fluorescence spectrum of K1~ is red shifted from rK1H,
as expected from the absorption spectrum, and the peak
wavelength again shows little polarity dependence (Fig. 3b, and
S2 in the ESIt). Thus, similar to the situation for rK1H, charge-
transfer configurations leading to a dipole moment change do
not play a major role in the rK1~ emissive state. The solvent
dependent @ for rK1™ is, however, different to that for rK1H,
with viscosity becoming a significant factor; for example, the
most viscous alcohol studied, ethylene glycol (EtG), has the
largest @p. However, aprotic solvents give rise to a larger
quantum yield than protic solvents of similar polarity and
viscosity, suggesting the H-bonding effect on &%, found for
rK1H, still operates.

The viscosity effect was investigated further through
measurements of @ in a series of ethylene glycol:ethanol
mixtures, where polarity and H-bonding ability are similar but
the viscosity varies by a factor of 10. The results are shown in
Fig. 4, where the quantum yields for both rKiH and rK1~
increase linearly with viscosity, with the slope for rK1~ being
larger, consistent with the viscosity effect seen in Fig. 3b. Such
a viscosity-dependent &r suggests that the radiationless decay
coordinate involves a structural reorganisation in the excited
state that displaces a significant volume of solvent.”*® In that
case, solvent friction opposes motion along the reaction coor-
dinate, enhancing fluorescence. The weaker viscosity depen-
dence in rK1H may suggest that the coordinate leading to
radiationless decay displaces a smaller volume of solvent. A
common viscosity-dependent excited state reaction coordinate
in stilbenes,* and polymethine dyes® is isomerisation about
a double bond that has reduced bond order in the excited

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Relative fluorescence intensity from rk1H (open symbols) and
rK1™ (solid symbols) as a function of the viscosity of ethanol:ethylene
glycol mixtures.

electronic state. This can lead to a crossing with the electronic
ground state (in which double bond rotation is energetically
unfavourable) promoting internal conversion. rK1H has struc-
tural similarities with these chromophores, suggesting double
bond isomerisation as a likely radiationless decay pathway (as
was also found for HBDI).*>?®

In summary, steady state electronic spectra suggest that
there is a negligible change in dipole moment between ground
and excited states of rK1H and rK1~. Fluorescence is quenched
by H-bonding interactions (especially in rK1H) but enhanced by
increasing solvent viscosity (especially in rK1™~), consistent with
a radiationless decay coordinate involving excited-state struc-
ture change.

Time-resolved studies

Fluorescence up-conversion. The solvent-dependent fluo-
rescence decay of rK1H was measured using a 50 fs time reso-
lution fluorescence up-conversion spectrometer, described
elsewhere.® Initially, the detection wavelength was set to the
emission maximum (ca. 540 nm, Fig. 3). These data are shown
in Fig. 5a. A slightly different selection of solvents was used
compared to Fig. 2 and 3 due to solubility (the optimum
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Fig. 5 Ultrafast time-resolved fluorescence of rK1H excited at =400 nm: (a) fluorescence decay profiles recorded in a range of solvents (EG =
ethylene glycol; F = formamide). Note that data are presented on a logarithmic intensity scale to highlight the non-single exponential decay. (b)
Emission wavelength dependence of the decay profile in methanol. The insets in (b) show the early time data and the wavelengths spanned by
the measurement (470 nm-580 nm) respectively. Fitting parameters from the analysis of these data are given in the ESI.

concentration for up-conversion of rK1H being =0.5 mM). The
excitation wavelength was fixed at 400 £ 10 nm, which
precludes excitation of rK1~, see Fig. 2b. The most striking
feature of Fig. 5a is that the rK1H decay deviates significantly
from a single exponential. An accurate fit of the data required
a sum of four exponential decays, with lifetimes ranging from
sub-picosecond to several tens of picoseconds. The average
lifetime, (tz) correlates with observations of the solvent
dependent @r, with water and methanol (the polar protic
solvents) having (tg) = 2.2 ps and 7.6 ps, respectively, while the
viscous ethylene glycol has (tz) = 17.8 ps. Full details of the
fitting results for all solvents studied are presented in the ESL T
Table S1.

To further explore the complex fluorescence decay kinetics,
we recorded the wavelength dependence of the time-resolved
fluorescence of rK1H in methanol (Fig. 5b). As the detection
wavelength is tuned from blue to red across the emission
spectrum, (tp) changes from <4 ps on the blue side to >10 ps on
the red side, but the decay remains multi-exponential at all
wavelengths. Three of the four fitted time constants increase
with increasing observation wavelength, while the weights for
the two shorter components decrease and those for the two
longer components increase (full fitting details are given in the
ESL T Table S2). Significantly, there is no evidence of a risetime
on the red edge of the emission; all components decay mono-
tonically from ¢ = 0. Solvation dynamics are a common source
of multi-exponential wavelength dependent fluorescence
decays, but such processes are, invariably, characterised by
a risetime on the red side of the emission on the timescale of
the solvation time correlation function (a few ps for meth-
anol).* The lack of a clear risetime feature and, consequently,
the absence of solvation dynamics, is consistent with the
observed weak solvatochromism (Fig. 2 and 3). Thus, the
wavelength dependence (Fig. 5b) is more consistent with direct
excitation of a broad range of emissive states (e.g. excited-state
conformations) with different emission spectra which do not
interconvert over the tens of picoseconds timescale. The states
emitting at shorter wavelengths are associated with shorter

3766 | Chem. Sci., 2023, 14, 3763-3775

lifetimes, so that the overall effect is a collapse of the initial
broad spectrum to leave a longer-lived ensemble with a red-
shifted fluorescence spectrum. The time-resolved emission
spectra were reconstructed from the data in Fig. 5b and reveal
an =35 nm red shift that is complete in <10 ps (ESL Fig. S3).

The complexity of the fluorescence decay is surprising given
the simplicity of the electronic spectra and the presence of only
a single ground state conformer (as judged from NMR, see the
ESI,¥ Fig. S1). A possible origin is the presence of solute
aggregates formed at the high concentrations used for fluores-
cence up-conversion. This was ruled-out by measuring the time-
resolved emission at 525 nm with solution concentrations
between 0.5 mM and 50 puM. The emission curves were all
superimposable (ESIL Fig. S4). Another possible artifact is
photoconversion in the 400 nm excitation beam to yield a tran-
sient population of multiple ground states, for example,
through an excited-state isomerisation reaction, which are then
re-excited and decay with a different lifetime. The presence of
multiple photo-induced isomers was tested by performing the
up-conversion measurement with the sample in either a static
or a flow cell and recording the lifetimes as a function of the
power of the 400 nm excitation light, which was varied between
2 and 5 mW. Again, all measured decay curves were essentially
superimposable (ESLf Fig. S5). Thus, the complex decay
kinetics must arise from discrete rK1H molecules. This
conclusion, coupled with the absence of a clear risetime at any
wavelength, suggests that the Franck-Condon excited state
distribution relaxes rapidly (<100 fs) to populate a distribution
of emitting conformers with distinct decay times. We return to
this assignment in the discussion of temperature-dependent
fluorescence.

Ultrafast transient absorption (TA). To characterise the
radiationless decay mechanism, we measured ultrafast TA of
both rK1H and rK1~; results are shown in Fig. 6 and in the ESI,{
Fig. S6. The excited state decay of rK1~ is faster than rKiH,
which is opposite to the case of HBDI but consistent with the
@f data.®® In both forms, the kinetics are non-single exponential
and were fit to a biexponential function using global analysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Transient absorption spectroscopy for rK1H and rK1™. (a) Heat map for rK1H in ethanol excited at 440 nm. Blue indicates ground state
bleach plus stimulated emission, and red/yellow indicates the excited-state absorption. (b) DADS from a global analysis of the data in (a) using the
sum of two decay components. (c) DADS for rK1~ (see heat map in the ESI, T Fig. S6). In (a), (b), and (c) the scattered light contribution is shaded
out. (d) The recovery kinetics at specific wavelengths, reflecting the excited state decay and ground state recovery in ethanol and ethylene glycol

(solid lines are the global fits).

This bi-exponential character is consistent with the complex
behaviour seen in fluorescence up-conversion (Fig. 5). The bi-
exponential fitting of the TA data does not reflect simpler
underlying kinetics than in the four exponential fluorescence
up-conversion data, but rather the reduced time resolution (ca.
100 fs) and lower signal-to-noise of the TA measurements.
Indeed, the bi-exponential global analysis fit is imperfect in
some cases (Fig. 6d). However, while the addition of extra
decaying terms in the global analysis improved the quality of fit,
it did not provide consistent decay times or yield new spectral
information; thus, only bi-exponential kinetics were retained
for further discussion.

The decay associated difference spectra (DADS) recovered
from the two-state global analysis show a bleach (negative AOD)
at the absorption/stimulated emission wavelength, overlapped
with a red-shifted excited state absorption (between 550 and
750 nm for rK1H, and at ca. 630 nm for rK1~, Fig. 6b and c,
respectively). In both cases the fast (ca. 2 ps) and slow (tens of
ps) DADS in ethanol are similar to one another, although the
spectral profile of the excited-state absorption of rK1H shows
minor evolution, shifting to the blue in the slower DADS. These
data are consistent both with the distribution of lifetimes being
associated with the decay of spectrally similar states, and with

© 2023 The Author(s). Published by the Royal Society of Chemistry

the small red-shift observed in the time resolved emission
(Fig. S31).

The TA kinetics probed at wavelengths monitoring the
excited-state decay and the ground-state recovery of rK1H and
rK1~ are shown in Fig. 6d along with the global fits, for both
ethanol and ethylene glycol solvents (the fit data are tabulated
in ESI, T Table S3). The key features are: (i) ground-state recovery
and excited-state decay show the same kinetics, and (ii) ground-
state recovery is complete on the sub-nanosecond timescale. For
both species, these features are consistent with the radiation-
less decay mechanism being internal conversion back to the
electronic ground state. The viscosity effect identified in the
fluorescence up-conversion measurements is also evident in the
solvent dependent TA data (Fig. 6d, and Table S3 in the ESIT);
both fitted decay components increase between ethanol and
ethylene glycol solvents and the effect of viscosity is larger for
the anionic form.

Time-resolved excited state Raman spectroscopy. Femto-
second stimulated Raman spectroscopy (FSRS) was applied to
rK1H and rK1~ in methanol to obtain their transient vibrational
spectra, which then inform on vibrational structure of the
excited electronic state. In broadband SRS, a spectrally narrow
(ca. 10 cm™") ‘Raman pump’ pulse is overlapped with a <100 fs

Chem. Sci., 2023, 14, 3763-3775 | 3767
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white light continuum in the sample to generate a SRS signal
that has the spectral resolution of the Raman pump but the
time response of the white light probe. In FSRS, the SRS signal
is measured as a function of time delay after an =100 fs
duration ‘actinic’ pump pulse initiates the excited state evolu-
tion. The technique has been described in detail elsewhere,***
and has previously been applied to HBDL.* In tuneable FSRS,
the Raman pump is tuned into resonance with a specific tran-
sient absorption, whereby the SRS signal is enhanced, allowing
the resonant state to be distinguished and characterised.®**®
Fig. 7 shows the FSRS spectra recorded in resonance with the
excited state absorption of rK1H and rKi~ alongside the
calculated Raman spectra in the ground (DFT) and excited
electronic states (TD-DFT).

The highest frequency modes calculated for ground state
rK1H and 1K1~ involve C=O stretching, although these are
weak in the simulated Raman spectra for both ground (Fig. 7c)
and excited states, and are absent in the resonant FSRS spectra
(Fig. 7a and b), suggesting a small resonance Raman cross
section. Precise assignments of the Raman transitions observed
in a ‘large’ molecule such as rK1H is difficult because the modes

View Article Online

Edge Article

have delocalised character, with each involving motion of many
nuclei. However, in general, the strongly Raman active modes in
the 1380-1600 cm ™" region can be assigned to C=C stretching
coupled with ring-breathing modes. Raman active modes
calculated to lie in the 900-1350 cm ™" range are mostly asso-
ciated with in-plane CH bends coupled to C=C stretches. This
assignment is true for both ground and excited electronic
states, although the excited state modes are usually at lower
frequency, consistent with weaker C=C bonds following mm*
excitation.

Comparing the observed FSRS with the calculations, we note
that agreement for the anion is good, with both calculation and
measurement showing activity in the CH bend and C=C stretch
regions. For rK1H, agreement of the FSRS with calculation is not
as good, with the measured spectra having more intensity in the
CH bend/C=C stretch region. Thus, the experimental spectra
both show similar activity in this region, suggesting that these
modes are enhanced when the Raman pump is tuned into
resonance with the S;-S, transient absorption. The most
striking difference between the measured FSRS of rK1H and
rK1~ is the strong Raman activity around 650 em™ " in the
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Fig.7 FSRS spectra of (a) rK1H, and (b) rK1™ in methanol. Spectra were measured as a function of time after an actinic pulse (440 nm for rK1H and
535 nm for rK17) with Raman pulses at different wavelengths (700 nm for rK1H and 650 nm for rK1™). The vertical stick spectra (orange) at the
bottom of panels (a) and (b) show the TDDFT calculated excited state Raman spectra. (c) The DFT calculated ground state Raman spectra for the

two forms are shown for reference.
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neutral form, which is entirely absent for the anion. Inspection
of the (weakly) Raman active modes in the calculation shows
that this wavenumber is likely associated with an in-plane ring
deformation mode. The enhancement of this mode specifically
for rK1H probably reflects a difference in the resonant S, states,
with the ring deformation being significantly displaced between
S; and S, only in the neutral form, leading to the larger
enhancement observed. A more detailed assignment requires
calculation of mode displacements in the upper state,**®>7°
which are difficult for a ‘flexible’ molecule of this size. The
result does, however, suggest that FSRS could be a powerful tool
for studying excited-state proton transfer reactions in Kaede,
such as have been observed in GFP.”“”> Turning to the time
dependence of the FSRS spectra (Fig. 7b and c), no significant
evolution between 100 fs and 10 ps was observed for either
species. This result is consistent with our interpretation of the
TA and TRF measurements, in that the distribution of lifetimes
is associated with chemically and structurally similar, but
kinetically distinct, excited-state conformations.

Temperature-dependent measurements

To elucidate the origin of complexity in the excited-state decay
of rK1H and rK1~, we recorded their temperature dependent
fluorescence spectra in ethanol (Fig. 8). Both show two prom-
inent features: (i) a strong temperature dependence of &g, with
the relative yield increasing by at least two orders of magnitude
between room temperature and 7 = 80 K, and (ii) the emission
spectra at low temperature show clear vibronic structure.
Given a reported room temperature fluorescence quantum
yield for rK1H of ~0.5%,* the near 100-fold enhancement with
decreasing temperature suggests convergence to near unit
quantum efficiency. Evidently, the protein structure
surrounding rK1H chromophore in Kaede causes an enhance-
ment of the emission yield, to an extent similar to freezing to
the glass transition temperature (for Kaede ®r = 0.33 at 298
K)."® A similar effect was noted for HBDI~ when compared to
GFP.”* It seems unlikely that internal motion of the chromo-
phore in the protein is hindered to the same extent as in an
ethanol glass at T = 77 K, in-turn suggesting that protein-
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— 250K
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T T
500 550 600 850
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matrix-specific enhancement mechanism operates. The origin
of the similarly dramatic enhancement in GFP has been widely
discussed,”** with recent experimental and theoretical data
pointing to an important role for protein-chromophore elec-
trostatic interactions.”*” It is significant that electrostatic
effects were earlier implicated in theoretical investigations of
the radiationless decay of HBDI. In that case the excited state
lifetime was calculated to be longer in vacuum than in a polar
(aqueous) medium.*””® The effect arose from a polar environ-
ment suppressing the barrier to the conical intersection (CI)
with the ground state. Similar polarity effect have been seen in
other photobiological chromophores.””” A similar electrostatic
enhancement mechanism as in GFP may operate in Kaede, but
confirmation requires calculations of the electric field envi-
ronment of the chromophore in the protein. The near unit
quantum efficiency of rK1H at low temperature is consistent
with the observed full recovery of the ground electronic state in
the TA data (Fig. 6a and d), and confirms that the radiationless
mechanism is internal conversion with a negligible role for
intersystem crossing.

The strong temperature dependence of fluorescence emis-
sion in ethanol parallels the similarly strong temperature
dependence for HBDI and its anion, in which internal conver-
sion is known to be the dominant decay mechanism (albeit with
a larger rate constant).* For rK1H, an Arrhenius analysis (as
described previously for HBDI**) yields an activation energy for
the radiationless (internal conversion) rate coefficient of 10 +
1 kJ mol ™ (9 £+ 1 k] mol™* for tK1™, see Fig. S7 in the ESIf).
These activation energies are significant and contrast with the
near barrierless excited-state decay of HBDI.** It was shown
above that the excited-state decay is sensitive to viscosity, so the
measured activation energy should not be interpreted as arising
solely from a potential energy barrier to internal conversion, but
rather comprises the influence of both thermal motion over the
barrier and the temperature dependent viscosity; the latter can
often be treated as an Arrhenius-like activated process (suffi-
ciently far above the glass transition). The rigorous separation
of these two contributions is difficult, requiring an isoviscosity
analysis.”””®* However, we can conclude that the measured
activation energy is a sum of these two contributions, and that

Emission / Counts

600
Wavelength (nm)

Fig. 8 Temperature dependence of the fluorescence emission spectra for (a) rK1H and (b) rK1™ in ethanol.
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the actual potential energy barriers to internal conversion will
be lower than the measured activation energies. The coexistence
of two mechanisms controlling the radiationless decay is
highlighted by temperature-dependent studies in glass-forming
2-methyl-THF solvent, which gave rise to a non-linear Arrhenius
plot (ESL Fig. S8), presumably due to the interplay of these two
contributions.

We now consider the vibronic structure apparent in the
temperature-dependent fluorescence emission spectra (Fig. 8).
As the temperature decreases and the fluorescence quantum
yield increases, vibronic structure, which is absent in the room-
temperature absorption and barely discernible in the emission
spectra (Fig. 2 and 3), becomes increasingly clear. A similar but
less well resolved change was seen for HBDI in 2-methyl-THF.”
Fluorescence excitation spectra measured as a function of
temperature also show the appearance of vibronic structure in
the S; < S, transition at low temperature (ESL T Fig. S9). The
mirror image correspondence between the fluorescence excita-
tion and emission spectra is consistent with the involvement of
a single absorbing and emitting electronic state in both rK1H
and its anion. Although the NMR shows a single conformer
(ESL T Fig. S1), we suggest that the broad room temperature
spectra with weak or absent vibronic structure implies a ther-
mally populated distribution of ground state structures about
the equilibrium structure, with that structural distribution
being coupled to the transition energy. In principle, this
distribution may reflect both intramolecular (structural) and
intermolecular (i.e., solvent) disorder. However, the weak
solvent dependence of the electronic spectra (Fig. 2 and 3) infers
an intramolecular origin. We return to this point below.

The separation of vibronic peaks in the low temperature
emission shows a ground state spacing of 1460 + 30 cm ',
which is in the region expected for a C=C stretch. A more

B Absorption
B Emission

Intensity / arb. units

400 450 500 550 600 650

Wavelength / nm

Fig. 9 Franck—Condon—-Herzberg-Teller simulations of the absorp-
tion (black) and emission (red) spectra, at T = 0 K, for (a) rK1H and (b)
rK1™. The 0-0 transition has been shifted to match the experimental
spectra.
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detailed analysis is possible by a Franck-Condon-Hertzberg-
Teller simulation, which is shown in Fig. 9. Good agreement
with the low temperature spectra is obtained. In particular, the
spectra for rK1~ are dominated by the 0-0 transition, while the
rK1H spectra has more marked vibronic structure, consistent
with the data in Fig. 8. Analysis shows that the vibronic activity
is indeed dominated by C=C stretching modes, notably those
associated with the bridging bonds. Spectra were also simulated
for the equilibrium geometry at T = 300 K, which showed the
expected enhanced activity in low frequency modes (hot bands)
that broaden the vibronic transitions (ESL} Fig. S10). However,
the extent of the broadening in the experimental spectra (Fig. 2
and 3) was not reproduced. Thus, the temperature-dependent
spectral broadening is more consistent with contributions
from a range of structures (both intramolecular, e.g. about the
CC single bonds, and intermolecular, e.g. solvent - solute
orientations, H-bonding interactions, etc.).

Finally, the fluorescence lifetimes of both rK1H and rK1~
were measured at T = 77 K using the time correlated single
photon counting method. As expected from the high fluores-
cence quantum yield, the lifetime is in the nanosecond range, at
3.2 ns for rK1H and 3.3 ns for rK1™. Significantly, and in sharp
contrast to the room temperature result, the fluorescence decay
at T = 77 K is a single exponential (ESI,} Fig. S11).

Discussion

The apparently straightforward weakly solvent-dependent elec-
tronic spectra of rK1H and rK1~ hide surprisingly complex
excited-state relaxation dynamics. The relaxation pathway was
shown to be internal conversion but, at room temperature, the
excited-state decay is wavelength dependent and is clearly
multi-exponential, with lifetime components ranging from
subpicosecond to tens of picoseconds. These dynamics were
shown to be a property of the isolated molecule in solution
rather than originating from ground or excited state intermo-
lecular interactions. Further, the NMR data show that, on
average, there is only a single conformer in the ground state,
although the broad featureless electronic spectra at room
temperature are indicative of a broad thermal distribution of
structures about that equilibrium conformation.

A model which reproduces all the experimental observations
is illustrated in Fig. 10. At room temperature in the electronic
ground state, there is a single equilibrium conformer that
samples a broad distribution of intermolecular structures and
solvent-chromophore orientations. We propose that, in the
excited state, the barriers to accessing other conformations are
lower, so that multiple minima are accessible. The Franck-
Condon excited state is initially populated at ¢ = 0 with the
broad room temperature distribution from the ground state.
This initial distribution can relax in <100 fs to directly populate
the different minima on the excited state surface, consistent
with the absence of a risetime in fluorescence at any wave-
length. The complex multi-exponential decay kinetics observed
in both TRF and TA experiments then arise from each
minimum being associated with a different spectrum and life-
time. The absence of a risetime suggests these states do not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Schematic potential energy surfaces (blue lines) illustrating the
origins of observed complex photophysics of rK1H and rK1™. A single
ground state conformer exists, but with a distribution of geometries
(including solvent molecules) around the average conformation due to
a shallow potential energy surface. This distribution is broader at
higher temperature (grey Gaussian lines). Electronic excitation trans-
fers this distribution to the Franck—Condon excited state. The excited
state surface is more complex, with multiple minima separated by low
barriers. The broad distribution relaxes in <100 fs to directly populate
different minima, where each decays with its distinct fluorescence
spectrum (down arrows) and has a lifetime determined by its pathway
and energy barrier to a conical intersection (Cl) at which internal
conversion occurs. At low temperature, the ground state distribution is
narrowed and only a single excited state minimum is populated from
the Franck—Condon state, which then decays with a long but single
exponential decay time.

interconvert on the picosecond timescale, which in-turn
suggests interconformer barriers that are >kT. The wavelength
dependence of the fluorescence (Fig. 5b) showed that blue
emitting states have a shorter lifetime than red emitting states.
This difference in lifetime can arise from the distinct minima
having different energies and pathways to the conical inter-
section(s) leading to internal conversion. The population of
multiple excited state minima results in multiple activation
energies, with each minimum having a different potential
barrier to a conical intersection with Sy and its own dependence
on the medium viscosity (depending on, amongst other factors,
the solvent volume displaced along the pathway); this is illus-
trated schematically in Fig. 10.

As the temperature is reduced, the ground state distribution
about the equilibrium position narrows. Consequently, on
excitation to the Franck-Condon state, only a single excited
state minimum is populated, which then emits back to the
original ground state, showing vibronic structure. Both the low
temperature and the very high viscosity near to the glass tran-
sition prevent access from the Franck-Condon state to any
other minima on the excited state surface, and also to the
conical intersection(s) that lead to internal conversion. As
a result, the excited state decays with a nanosecond lifetime
single exponential decay (Fig. S11%).

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Finally, we note some similarities and differences between
rK1H from Kaede and the more widely studied HBDI from GFP.
The electronic spectra of rK1H are substantially red-shifted from
those HBDI, as expected from the extended conjugation. Both
have electronic spectra that display a weak dependence on
solvent polarity,” which indicates that intramolecular charge
transfer does not make a major contribution to the excited state
electronic structure (or at least does not lead to a large change in
permanent dipole moment). However, the fluorescence quantum
yield (and mean lifetime) of rK1H is in the few to tens of pico-
second range, much longer than the sub-picosecond decay of
HBDI1.**#** This can be traced to a greater activation energy for
internal conversion and a greater sensitivity to solvent viscosity
in rK1H. This, in turn, suggests differences in the coordinates
leading to radiationless decay in the two chromophores. On
formation of rKi~, the fluorescence lifetime and yield are
decreased, which is opposite to HBDL.**> Most surprisingly, the
fluorescence decay kinetics of rK1H (Fig. 5) are much more
complex than those for HBDI. The decay of HBDI is also non-
single exponential but the distribution of decay times is much
narrower than in rK1H. In addition, unlike for rK1H, the HBDI
fluorescence decay is wavelength independent.®* We assigned the
complex behaviour of rK1H and rK1~ to a broad distribution of
ground state structures, which, on transfer to the excited state,
directly populate distinct minima on the upper electronic state
potential surface. Each of these minima has a different lifetime
and spectrum. In contrast, HBDI is thought to have a single
excited state structure that relaxes along an essentially barrierless
pathway to one of two conical intersections.*** Understanding
the apparently complex excited state potential of rK1H will
require detailed quantum chemical calculations similar to those
applied to HBDI. Significantly, there is one feature that both
chromophores share: their fluorescence quantum yields and
excited state dynamics are dramatically different in the protein
compared to any solvent studied. This points to the exquisite
control that the protein environments exercise over the photo-
physical properties of their respective chromophores.

Conclusion

A detailed investigation of the dynamics of the Kaede chromo-
phore rK1H (and rK17) reveal striking differences from the
parent chromophore, HBDI. Although the electronic spectra are
broad, featureless, and only a weak function of solvent polarity,
ultrafast fluorescence reveals that the excited state decay
dynamics are remarkably complex. This is confirmed by
femtosecond transient absorption and stimulated Raman
spectroscopy, which further show that the decay pathway is
internal conversion, and that the distribution of lifetimes is
associated with chemically similar species. Temperature-
dependent fluorescence reveals activation energies to internal
conversion and inhomogeneous broadening at higher temper-
atures. The data are adequately described by a model which
invokes a single minimum ground state and a complex multi-
minima excited state. In the electronic ground state at room
temperature a broad distribution of structures exists, which, on
transfer to the Franck-Condon excited state directly relaxes into
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a range of minima that are isolated on the tens of picoseconds
timescale. Each minimum decays with a characteristic spec-
trum and lifetime, leading to the observed complex kinetics and
time-dependent emission spectrum.

Methods

Spectroscopy

The ultrafast methods used here for fluorescence up-conver-
sion,** transient absorption® and femtosecond stimulated
Raman spectroscopy® have all been described elsewhere and
are further detailed in the ESL{ The sub nanosecond photo
counting measurements at 77 K are also detailed in ESL.}

Computational

Geometry optimisations and vibrational frequency calculations
for rK1H and rK1~ were performed at the wB97X-D/cc-pVDZ and
wB97X-D/aug-cc-pVDZ level of theory, respectively, in Gaussian
16B.01.** Franck-Condon-Herzberg-Teller simulations of
absorption and emission spectra for the anionic and neutral
species were performed at 7= 0 K and T = 300 K.
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All data are available on request to the authors.
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