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We present a spectroscopic study of a cryogenically cooled GFP chromophore derivative with an
additional OH group attached to the phenol ring at the ortho position. Using a depletion technique, we
decomposed the spectrum and identified the presence of two conformers. The absorption maximum of
one conformer, the para-trans form, which resembles the native GFP chromophore, has a band origin at
482.8 nm, slightly red-shifted compared to the native chromophore. In contrast, the other conformer,
the para-cis form, features a structure where the two rings of the chromophore are locked, resulting in
a significantly higher excitation energy and a corresponding 14.4 nm blue shift. Comparisons with
ab initio TDDFT calculations reveal that low-energy modes in the excited state significantly influence the
spectral absorption profiles. For the para-trans form, the addition of the OH group increases the intrinsic
energy barrier for internal conversion in the S, state from 250 cm™! (as observed for the native
chromophore) to 390 cm™. This leads to an exceptionally long excited-state lifetime, which potentially
may yield a high fluorescence-quantum yield. In contrast, for the para-cis conformer, an excited-state
lifetime of 430 fs is measured, with internal conversion remaining a competing decay channel across the
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spectral range examined. Importantly, the OH-N ring locking in the electronic ground state of the para-
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1. Introduction

The green fluorescent protein (GFP) was first discovered in the
jellyfish Aequorea victoria by Shimomura et al. in 1961 and
has later found widespread use as a biomarker.>” The fluores-
cence from GFP is ascribed to the anionic form of its chromo-
phore, which is buried within an 11-stranded B-barrel structure.”
This structure enables fluorescence with high quantum yield,?
whereas outside the protein environment, the fluorescence of the
chromophore is lost at room temperature.

Recently, spectroscopic® and excited-state dynamics’ mea-
surements of a cryogenically cooled GFP chromophore model,
p-HBDI (4-hydroxybenzylidene-1,2-dimethylimidazolinone) anion
in vacuo, revealed a ~ 250 cm ' energy barrier towards internal
conversion (IC) in the bright first excited state (S;).*® Since IC is
hindered by this barrier, the vibrational ground state in S; decays
slowly, with a lifetime of 5.2 + 0.3 ns.” Internal conversion and
fluorescence are two competing decay channels from electro-
nically excited states, and the long life time provides indirect
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cis isomer does not prevent internal conversion from de-activating fluorescence in the S; excited state.

evidence of fluorescence, suggesting that fluorescence is an
intrinsic property of the isolated p-HBDI™ chromophore at
cryogenic temperatures. Indeed, upon photoexcitation near
the band origin, fluorescence from the native p-HBDI anion
in vacuo was recently detected at a temperature where some
population remained behind the 250 cm ™" energy barrier in Sy,
preventing rapid radiationless IC to the S, ground state.’

Much effort has been put into modifying p-HBDI, to dimin-
ish the IC-induced quenching of the fluorescence outside the
protein environment. As the pathway to IC for p-HBDI™ involves
rotation around the central C-C-C methine bridge,’® many
derivatives of the GFP chromophore with this rotation hindered
have been considered. Modifications of the p-HBDI that
lock the rotation around the C-C-C methine bridge, could
involve bond formation between the two rings.'®™*? It might
also involve an electron-donating modification to the phenolate
ring which, due to the charge transfer nature of the twisting
motion,*™** hinders the rotation.'® Some modifications have
successfully been found to have high fluorescence quantum
yield in solution.'”*®

As mentioned, fluorescence and IC are two compeeting
decay channels from the photoexcited bright S; state and since
thermally induced statistical electron emission in the hot
ground state (thermionic emission; TE) may happen after IC,
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Fig.1 (1) Neutral form of a model for the native GFP chromophore
(p-HBDI). (2) The lowest-energy conformer of the deprotonated op-DHBDI™
anion named the para-cis conformer. (3) The deprotonated op-DHBDI™ anion
named the para-trans conformer. The molecules are in the present studies
considered under vacuum conditions (i.e. in gas phase).

the lack of TE might be taken as a sign that the chromophore is
fluorescent. This was explored in an electron-emission study of
three GFP-model chromophores,*® where it was found that the
formation of a seven membered ring structure between the
imidazolino ring and the phenol ring in the op-DHBDI™ chro-
mophore (see Fig. 1 and 2) supresses TE, without significantly
changing the spectroscopy, except for a slight blue shift.

In this work, we investigate the photophysical properties
(spectroscopy and excited-state lifetime) of the deprotonated
(anionic) form of op-DHBDI  (2,4-dihydroxybenzylidene-1,2-
dimethylimidazolinone), a modified structural analogue of
the GFP chromophore p-HBDI (see Fig. 1). Through cryogenic
cooling, we resolve two distinct conformers and unveil their
unique excited-state behaviors. One conformer mirrors the
photophysics of the native GFP chromophore, while the other
exhibits a blue-shifted spectrum and a markedly shorter excited-
state lifetime. Additionally, the vibrational features reveal differ-
ences between the two conformers in the low-energy modes.
The experimental results are supported by high-level ab initio
quantum-chemistry calculations, offering deeper insight into
the molecular basis of their divergent photophysical properties.
Through this study we explore the relationship between
chromophore conformation and photophysical behavior, with
potential implications for understanding and designing fluor-
escent proteins and related compounds.

2. Experiment

The measurements were performed at the ion-storage ring
SAPHIRA®”'? (see Fig. 2a). An electrospray ionization-ion
source was used to bring op-DHBDI  to the gas phase. The
ions were first accumulated in a 16-pole radio-frequency (RF)
ion trap, before being accelerated to 4 keV. Once accelerated,
the ions were mass-to-charge selected in a magnetic field. The
ions were then decelerated and trapped in another 16-pole RF-
ion trap cooled to 6 K.>* In the cold trap, the ions were stored
for a duration between 150 ms and 190 ms while being cooled
by He-buffer gas. After cooling, the ions were accelerated back
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to 4 keV and guided into SAPHIRA. The ring was kept at room
temperature and at a pressure of about 3 x 10~ mbar. The ions
were allowed to circulate for a few revolutions, with a revolution
time of about 60 ps (see Fig. 2b(i)) before being irradiated by
laser light, in a straight section of the ring. Neutral fragments
were detected by a “prompt”’ microchannel plate (MCP) detec-
tor mounted directly after the straight section of the ring in
which the ions were irradiated. The prompt MCP detector had a
central hole to allow the laser light to pass through. Behind the
detector, the laser-pulse energy was recorded by a power meter.
The photo-induced neutral fragments detected by the prompt
MCP just after irradiation constitute the prompt action signal.
An additional “delayed”” MCP was located behind another arm
of the ring (Fig. 2a), detecting delayed action from tens of
microseconds to milliseconds after excitation (Fig. 2b(i)).

The number of photo-induced neutral fragments (Fig. 2b(i))
as a function of wavelength constitutes the action-absorption
signal. The signal was normalized to the number of photons in
the laser pulse and the number of ions in the ring. Importantly,
relaxation pathways that do not lead to the production of
neutral particles do not contribute to the action-absorption
spectrum.”® The spectrum of the op-DHBDI~ was measured by
irradiating the ions with nanosecond-laser pulses of adjustable
photon energy generated by an EKSPLA NT232-50-SH-SFG
(absorption laser, Fig. 2a).

A hole-burning technique was employed to demonstrate that
the recorded spectrum included contributions from multiple
conformers. Nanosecond laser pulses were generated using
an EKSPLA NT342-3-C-UVE laser system (referred to as the
depletion laser; see Fig. 2a) and directed into the cryogenic
RF ion trap during the 190 ms ion cooling period. After
sufficient cooling, the conformers exhibited non-overlapping
absorption profiles, allowing selective depletion of a single
conformer via interaction with the depletion laser. To facilitate
differential measurements, a chopper wheel was employed to
block the depletion laser on every second cycle of the experi-
ment, enabling the simultaneous acquisition of spectra with
and without photodepletion of the ions. Time gating of the ion
injection into the storage ring was implemented to prevent
unwanted charged photofragments generated during the deple-
tion process from being stored. Additionally, Fourier analysis of
the stored ion beam confirmed the absence of such photo-
fragments in the ring (see ESIT).

To measure the temporal evolution of the electronically
excited state, a pump-probe scheme was used.® Femtosecond-
laser pulses were generated by a Coherent Libra UFS-HFS
(named the lifetime laser, Fig. 2a), and split into two beams
designated the pump and probe beam, respectively. The
800 nm probe beam was guided through a variable delay stage,
allowing control of the temporal delay between the pump and
probe pulses. The pump pulse was guided through a tunable
optical parametric amplifier system (light conversion TOPAS) to
allow control of the pump-photon wavelength. Further control
of the spectral properties of the pump pulse was achieved using
a pulse shaper.” This allowed the spectral profile of the pump
pulses to be narrowed, at the expense of making the pulses

Phys. Chem. Chem. Phys., 2025, 27,17686-17691 | 17687
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Fig. 2 (a) The ion-storage ring SAPHIRA including ion source, detectors, and laser systems shown schematically. (b(i)) Histogram of the number of

neutral particles on the delayed MCP detector as a function of time after injection in the spectroscopy experiment. A sharp signal on the detector shows
the moment where the laser is fired. (b(ii)) Histogram of the number of neutral particles on the prompt-MCP detector as a function of time after injection
in the excited state lifetime measurement. This inset shows the peak immediately after fs-laser irradiation with the following laser-pulse combinations:
pump and probe (blue), probe alone (green), pump alone (red), no laser pulse (magenta). The black curve is the resulting signal after background and

single-pulse subtrafor detction, used in the fs-pump—probe lifetime measurements.

temporally longer. Different regimes of the absorption profile
were addressed by the spectrally narrowed pulses. The cross-
correlation between the pump and probe pulses was measured
to ensure that it was short compared to the lifetimes measured.
The setup for measuring the cross-correlation and the method
used for simultaneous fitting the lifetimes and the cross-
correlation is described in the ESL.{

3. Results

Two distinctly different regions are seen in the action-absorption
spectrum of op-DHBDI ™ (Fig. 3). Below about 21400 cm ™" the
action peaks are narrow and low in yield while above they are wide
and have higher yield. Based on TDDFT quantum-chemistry
calculations the two regions of absorption are assigned to two
different conformers, with the region below 21400 cm™ " attrib-
uted to the para-trans conformer and the region above attributed
mainly to the para-cis conformer.

The hole-burning technique confirmed that the spectrum
contained signal from two conformers. The depletion laser
irradiated the ions inside the RF-ion trap with photons of
energy 20747 cm " corresponding to the second peak attrib-
uted to the para-trans conformer. The hole-burning spectrum

17688 | Phys. Chem. Chem. Phys., 2025, 27, 17686-17691

(Fig. 4) clearly shows that peaks attributed to the para-cis
conformer are not affected by the depletion, whereas the
heights of peaks attributed to the para-trans conformer are
reduced.

Considering the action-absorption spectrum of the para-cis
conformer (Fig. 3), it is seen that the delayed and prompt
spectra are, up to a scaling, almost identical. The vertical
photodetachment energy of op-DHBDI  is 23390 cm
(428 nm)."® Thus, resonances in the spectral region addressed
here are all below this energy and not subject to autodetach-
ment. The delayed signal is attributed to IC in the first excited
state followed by statistical fragmentation in the ground state,
with the signal growing approximately linearly with laser power
(see ESIT). The prompt signal is attributed to one-color reso-
nant enhanced multi-photon electron detachment (REMPD)
as well as fast statistical fragmentation in the (hot) ground
state after sequential multi-photon absorption.>* The prompt
signal grows approximately with the square of the laser power
(see ESIY).

The first broad peak of the para-cis conformer appears at
about 21440 cm ™. Since the delayed and prompt signals both
exhibit this peak, there is no, or only a small, barrier for IC from
S; to S, for the para-cis op-DHBDI™ conformer. Rotation around
the imidazolinone ring angle leads to a conical intersection

This journal is © the Owner Societies 2025
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Fig. 3 Vibrationally resolved (S;) action-absorption spectrum of the op-DHBDI™ anion (analyzed with a cubic-spline smoothing factor of 0.2 for clarity).
The prompt spectrum is shown in black and the delayed spectrum in blue. Peaks below 21400 cm™ (indicated by the dashed line) are attributed to the
para-trans conformer (Fig. 1(3)) while the peaks above 21400 cm™ are attributed mainly to the para-cis conformer. The grey shaded area indicates
the region of the barrier to internal conversion in the para-trans conformer. Delayed action vanishes below this region while prompt as well as delayed
IC-based action appear above it. On the secondary top axis, energy is relative to the estimated band origin for para-trans and para-cis conformers, at
20713 + 10 cm~* (482.8 nm) and 21407 + 10 cm ™! (467.1 nm), respectively. The two lower panels show calculated S; — S; Franck—Condon spectra of
the two conformers, based on CAM-B3LYP/def2tzvp TDDFT calculations, as implemented by the Gaussian16 program package.?® The absolute energy
scale for the two calculations is adjusted to the experimental spectrum. The spectra were calculated with a temperature of 6 K and convoluted with a

5 cm~t HWHM smoothing function. The inserted molecular structures are the optimized geometries in the S; state.
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Fig. 4 Prompt action-absorption spectrum without a depletion laser
(black), and with a depletion laser (green) being applied. The arrow at
20747 cm~t indicates the photon energy of the depleting photons.

which provides the pathway for IC as previously reported.®
According to the TDDFT calculations the 0-0 band origin
appears on the low-energy shoulder of the broad peak and

This journal is © the Owner Societies 2025

we estimate that the band origin of the S,-S; transition is
at 21407 cm™ " (467.1 nm). Relative to the native chromophore
having a band origin at 481.5 nm,° the spectrum has a signi-
ficant blue shift of 14.4 nm.

The action-absorption spectrum of the para-trans conformer
shows that the threshold for delayed action appears at a higher
photon energy than that of the prompt action. This indicates
that a barrier for IC exists in this conformer. The first peak
in the prompt action at 20713 cm™ " is attributed to the band-
origin of the S,-S; transition of the para-trans conformer.
Peaks in the delayed spectrum appear about 390 cm ™" above
the band-origin, which indicates the presence of a barrier for IC
for the para-trans conformer of about 390 cm ™.

We employed time-dependent density functional theory
(TDDFT) as implemented in the Gaussian16 program package®
to optimize the para-cis and para-trans conformers in both the S,
and S, electronic states and to calculate their vibrational frequen-
cies, which are provided in the ESL In the ground state (S,), the
para-cis conformer is more stable than the para-trans conformer
by 0.4 eV (calculated at the CAM-B3LYP/def2tzvp level of theory)

Phys. Chem. Chem. Phys., 2025, 27,17686-17691 | 17689
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and is therefore expected to be the predominant species in the
experiment. Furthermore, in the excited state (S;), the para-cis
conformer exhibits a relatively large dihedral twist angle of 5.6°
(see ESIT), placing it closer to the conical intersection (CI)
geometry. This structural feature is likely to enhance the efficiency
of internal conversion and make the non-radiative deactivation
channel more favorable for the para-cis conformer compared to
the para-trans conformer.

The apparent difference in the Franck-Condon (FC) spectra
of the para-trans and para-cis isomers, shown in Fig. 3, can be
attributed to:

(i) Both isomers are planar in their electronic ground states,
while in the S;-excited state, the two rings of the chromophores
adopt an angled configuration. This leads to intense excitation
of a low-energy mode corresponding to this coordinate, which
happens to be the lowest vibrational mode for both isomers.

(ii) The energy of this soft motion is significantly lower for
the para-cis isomer (15 cm™') than for the para-trans isomer
(29 em™ "), leading to a smaller splitting between the harmonics
of this mode in the para-cis isomer.

(iii) Groups of excitations involving other active modes,
combined with multiple overtones of the low-energy mode,
produce broad unresolved peaks, particularly for the para-cis
isomer, due to the smaller mode energy.

The OH vibrational mode corresponding to excitation of
the O-H-N bridge in the S, state of the para-cis conformer has
an energy of 3023 cm ™' (vibr. mode number 72, see ESIY),
which falls well outside the spectral range considered in this
work. As a result, excited-state proton transfer is not deemed
relevant here.

Three excited-state lifetime measurements were performed
with different pump-pulse spectral profiles, addressing differ-
ent parts of the absorption spectrum (see Fig. 5(d)). The red
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Fig. 5 Excited-state lifetimes were measured at three pump-pulse wave-
lengths probing different spectral regions. The excited-state decays are
shown in panels (a), (b) and (c). The spectral profiles at these pump-
wavelengths are seen overlaid on the prompt action-absorption spectrum
in panel (d). The measured decay in a and b has been fitted to extract a
lifetime. There is no measurable decay at the longest wavelength (panel
(c)), and horizontal lines are to guide the eye. The grey shaded area
indicates the region of the barrier to internal conversion in the para-trans
conformer.
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spectral profile addresses transitions to vibronic states below
the barrier for IC in the first excited state of the para-trans
conformer. The green spectral profile addresses transitions to
vibronic states of the para-trans confomer above the barrier for
IC. The blue spectral profile is primarily associated with states
in the para-cis conformer. The measurement with the blue
pump-pulse spectral profile (Fig. 5a) produced a lifetime of
0.43 £ 0.02 ps, consistent with fast internal conversion to S,.
Measurements with the green pump-pulse spectral profile
(Fig. 5b) produced a lifetime of 94 + 9 ps, which is comparable
to the lifetime of p-HBDI™ of a few hundred picoseconds, just
above the barrier for IC.” Lastly, for the measurement with the
red pump-pulse spectral profile (Fig. 5¢) no decrease in the
yield as a function of pump-probe delay was seen. Thus, the
lifetimes of the vibronic states of the para-trans conformer
below the IC barrier are at least in the nanosecond range,
creating favorable conditions for fluorescence as an active
decay channel.

4. Discussion

Using action-absorption spectroscopy, the band origin of the S,
to S; transition of the para-trans conformer of the op-DHBDI
anion is determined to be at 20713 em™". This is remarkably
similar to the p-HBDI anion, which has an S, to S; band origin
of 20 768 cm ™. Thus, the addition of an OH group in para-trans
op-DHBDI changes the S, to S, transition, by only 55 cm™".

The band origin of the S, to S; transition for the para-cis
conformer was determined to be 21 407 cm™*, corresponding to
a blue shift of 694 cm ' (14.4 nm). The Franck-Condon
spectrum for this conformer is inherently broader than that
of the para-trans conformer, which can be attributed to signi-
ficant contributions of combination bands involving low-
energy distortion modes. This broadening arises from the fact
that the excited states are non-planar, whereas the ground
states of both isomers are planar.

The presence of an OH group plays a crucial role in mod-
ulating the excited-state dynamics, especially in terms of inter-
nal conversion and fluorescence. For the para-trans form, the
addition of the OH group increases the intrinsic energy barrier
for internal conversion from 250 cm™" (native chromophore) to
390 cm~'. This raised energy barrier impedes non-radiative
internal conversion from the excited electronic state to the
ground state. As a result of the higher barrier, the molecule
remains in the excited state for a longer time, with an excep-
tionally long excited-state lifetime, which implies that radiative
decay may become a dominant process, leading to a high
fluorescence quantum yield. This shows that a small structural
change to the phenolate ring of the GFP chromophore analog
may enhance the fluorescence properties of the chromophore
in vacuo, something which may be investigated in the future.’

For the para-cis form, the measured excited-state lifetime is
significantly shorter, about 430 femtoseconds, which suggests
that internal conversion is more prominent in this conformer.
It continues to compete effectively with fluorescence across the
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spectral range examined. Thus, the OH-N interaction’s role in
stabilizing the para-cis conformer in the ground state does not
necessarily translate to efficient fluorescence in the excited
state. Fluorescence may hence be quenched and the lifetime
shortened, despite the stabilizing ring-locking mechanism in
the ground state.

Conclusions

Based on this study, we conclude that although the OH-N
interaction stabilizes the para-cis conformer in the ground
state, this ring-locking mechanism does not prevent internal
conversion in the excited state, which deactivates fluorescence
and shortens the lifetime, which at first sight may seem
counterintuitive. The para-trans form exhibits a long-lived
excited state and potentially high fluorescence quantum yield
due to an increased energy barrier for internal conversion. The
OH group thus has different effects on these two isomers,
potentially enhancing fluorescence in the para-trans but not
in the para-cis.
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