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Time-resolved action spectroscopy together with a fs-pump probe scheme is used in an electrostatic
ion-storage ring to address lifetimes of specific vibrational levels in electronically excited states. Here we
specifically consider the excited-state lifetime of cryogenically cooled green fluorescent protein (GFP)
chromophore anions which is systematically measured across the So—S; spectral region (450-482 nm).
A long lifetime of 5.2 £ 0.3 ns is measured at the So—S; band origin. When exciting higher vibrational
levels in S;, the lifetime changes dramatically. It decreases by more than two orders of magnitude in a
narrow energy region ~250 cm™! (31 meV) above the 0-0 transition. This is attributed to the opening

Received 27th September 2023,
Accepted 23rd November 2023

DOI: 10.1039/d3cp04696f
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The green fluorescent protein (GFP), originally found in the jellyfish
Aequorea victoria,"* is widely used as a biomarker within biological
and life sciences due to its characteristic green bioluminescence.®®
The protein has two strong absorption bands, one at 398 nm
pertaining to a neutral chromophore, and one at 478 nm which is
ascribed to a deprotonated (hence anionic) form.” The green
emission is solely linked to fluorescence from the deprotonated
chromophore in the protein. The GFP chromophore is burried in
an 11 stranded P-barrel structure®® which protects it from sur-
roundings. It enables efficient fluorescence, with a high quantum
yield.> The fluorescence is quenched when the chromophore is
removed from the protein environment, emphasizing an important
protection by the protein structure.

To understand the properties of the heart of GFP, its chromo-
phore, p-hydroxybenzylidene-2,3-dimethylimidazolinone (HBDI) is
frequently used as a model chromophore, in gas-phase experi-
ments®>" and theoretically.********"° Deprotonated HBDI ™ is
shown in Fig. 1c. It has a n conjugated structure with a phenol-
and an imidazolinone-ring, held together by a methine bridge. In
GFP, the two methyl groups on the imidazolinone-ring are
replaced by covalent bonds to the protein structure without
extending the electronic conjugation. Indeed, in terms of spectro-
scopy, the HBDI -model chromophore absorbs in gas phase
essentially at the same wavelength as the entire protein when
holding a deprotonated chromophore.” The overall spectral shift
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a new way to uncover even small energy barriers, which are crucial for excited-state dynamics.

has been determined to be only 221 ecm ™" (27 meV),*' empha-
sising the relevance of the small HBDI-model chromophore.

In solution®** as well as in gas-phase®® the chromophore
may undergo ultrafast radiationless decay by twisting the
imidazolinone ring with respect to the bridge moiety, thereby
opening a fast excited-state decay channel back to the electro-
nic ground state by internal conversion (IC) through conical
intersections (CI),>>*® thus preventing fluorescence.’”*® Inter-
nal conversion from the S; electronically excited state may
however be hindered by energy barriers for the rotation of the
imidazolinone ring.”>”° The effect of such barriers is clearly
most pronounced when the internal energy of the chromophore
in S; is low, i.e. at low temperature and for excitation near the
So-S; band origin.

At room temperature, the first electronically excited state
of gas-phase HBDI™ decays bi-exponentially with lifetimes of
1.3 + 0.2 ps and 11.5 + 0.5 ps. At 100 K, the lifetimes
are increased to 4.6 + 2.1 ps, 27 £ 2 ps and an additional
1.2 + 0.1 ns long component is appearing.> These times reflect
the nuclear dynamics in S, in particular related to rotations
of the two rings of HBDIL.>>*® The longest time observed so
far (1.2 ns)®® is long enough that it may be associated with
radiative stabilization, potentially in combination with the
nuclear dynamics.

Recently, action-absorption spectroscopy of cryogenically
cooled HBDI chromophores in gas phase has revealed im-
mense structures in the action-absorption band pertaining to
the vibrational structure and excited-state dynamics of S;.*
From spectral analysis, it was found that the S, to S; absorption
band could be divided into four spectral regions, defined by the
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Fig. 1 (a) The SAPHIRA ion-storage ring. The ion-source, detectors and laser system are shown schematically. The ions are irradiated in the interaction
region. (b) Histogram of neutral counts as a function of time after injection measured on the MCP detector placed directly after the interaction region.
The measurements are run with 4 cycles, where either both the pump and probe pulse are on (blue), the pump alone is on(red), the probe alone is on
(green) or both are off (purple). The final signal (black) is calculated as the pump—probe signal with the background from the individual and the no laser is
subtracted. (c) Molecular structure of the deprotonated GFP chromophore model HBDI™ (mass 215 amu). (d) Illustration of the pump—probe scheme with
anion electronic states Sp and S;. The ground state of the radical neutral, Do, is produced by two-photon pump-probe excitation within the S; excited-

state lifetime.

presence (or lack of) IC and vibrational autodetachment (VAD).
The lowest energy region was defined as the region closed to
internal conversion by barriers in the excited state. This region
manifested itself experimentally by the appearance of reso-
nantly enhanced multiphoton-electron detachment, but little
internal conversion followed by photo fragmentation out of a
hot electronic ground state. This below-the-barrier region
was estimated to have a spectral width of only 31 meV
(~250 ecm™")*" meaning that it has little consequences for
the dynamics at room temperature where the average internal
energy is around 300 meV.'>*

The HBDI™ chromophore has been studied under cold
conditions in a few previous cases involving absorption- and
photo-electron spectroscopy.***"*° In the present work, we
report on state specific excited-state dynamics of cryogenically
cooled HBDI ™ in gas phase in spectral regions (i) below barriers
where the decay is closed for IC, (ii) in a region where IC is
operative, and (iii) in a region where, in addition, non-adiabatic
VAD is energetically allowed (see later discussion of Fig. 2). We
determine both the intrinsic fluorescence lifetime of HBDI ™
and the height of the energy barriers in S; that gives rise to
fluorescence.

The measurements were performed at the ion-storage ring
SAPHIRA®">®* (see Fig. 1a). An electrospray ionization-ion
source was used to bring HBDI anions into gas-phase. The
ions were first accumulated in a 16-pole radio-frequency (RF)
ion trap and then accelerated to 4 keV. After mass-to-charge
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Fig. 2 Illustration of the Sp, S;, and Do potential-energy curves. The
action-absorption spectrum of HBDI™ at cryogenic temperature is shown
on the vertical axis to the left.>* Four spectral regions are shown in colors.
Red: near the band-origin region below the barrier for internal conversion,
yellow: below the detachment-threshold region, where internal conver-
sion is operative, green: the region open for vibrational autodetachment
(VAD) as well as IC, and blue: the region where S; is electronically
unbound. The measured spectral shapes of the fs-pump pulses are shown
as colored areas on top of the spectrum. More details are found in Fig. 3.
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selection by an electromagnet, the ions were decelerated and
trapped in another 16-pole RF-ion trap held at 6 K.®' Here the
ions were cooled for 150 ms by cold He-buffer gas. After
cooling, the ions were once again accelerated to 4 keV and
guided into the ring. The ring was held at room-temperature
with a pressure between 10~° to 10~® mbar. The ions circulated
only a few revolutions in the ring (revolution time of 60 ps - see
Fig. 1b) before being irradiated in a straight section of the ring.
No significant heating occured before irradiation.*’ Neutral
photofragments were detected on an MCP detector right after
the interaction region. The detector had a center hole to allow
the laser beams to exit onto a power meter for pulse-energy
reading.

A pump-probe scheme was used to follow the time-evolution of
the excited state of HBDI ™~ (see Fig. 1d).®**® 800 nm (12 500 cm™ %)
fs-pulses were generated by a Coherent Libra UFS-HE femto-second
laser. The laser beam was split into two separate beams. One beam,
designated the pump beam, was guided through a tunable optical
parametric amplifier system (Light Conversion TOPAS) to produce
specific photon energies for the S, to S; excitation. The other
800-nm beam was guided through a variable delay stage to produce
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probe pulses. The life time of S; was directly monitored by
detecting the number of prompt two-photon absorption events
on the MCP detector as a function of pump-probe delay (see
Fig. 1d). The pump-probe signal was corrected for a small number
of single-pulse events and for collision-induced fragmentation
(see Fig. 1b). Since the probe-pulse wavelength was always
800 nm, ‘photon energy’ means in the following ‘pump-
photon energy’.

To follow the dynamics of individual (or small groups of)
vibrational levels in S;, it was necessary to narrow the band-
width of the pump-laser beam. The pump-laser pulses pro-
duced by the TOPAS had a temporal width of about 100 fs and a
spectral width of about 300 cm ™. A pulse shaper®”®® was used
to bring the spectral width down to 50 ecm ' at a cost of
increasing the temporal width to ~700 fs, which is still short
compared to the lifetimes considered in the present study. The
pulse shaper is described in detail in the ESL.

We address three spectral regions (I) to (III) where S; is
electronically bound with respect to Dy. The situation is depicted
in Fig. 2 showing schematically the potential-energy curves of S,
S, and D,. The vibrationally-resolved action-absorption spectrum
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Fig. 3 Signal as a function of pump—probe delay recorded at different photon energies (given in cm™). (a) Decays with long ns lifetimes, (b) all data
(pump—probe delays up to 70 ps). (c) The recorded pulse shape of the pump pulses are shown as colored areas overlaid on the vibrationally resolved
prompt action-absorption spectrum of HBDI™.3! See Fig. 2 for the color code applied on the vertival axis of panel (c).
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is shown as well, together with the applied laser-energy profiles
by which we address the regions of interest.

The signal as a function of the pump-probe delay for several
photon energies of the pump laser is shown in Fig. 3. Panel (a)
shows data with long decays obtained in the spectral region below
and slightly above the excited-state energy barrier (discussed
further below). The middle panel (b) shows the pump-probe
signal up to a delay of 70 ps for all considered photon energies,
while the right panel (c) displays the spectral shape of the fs-pump
pulses as colored areas overlaid on the prompt action-absorption
spectrum measured previously by nanosecond-laser pulses.*' To
determine the lifetime, a single-exponential function folded with a
Gaussian with the width of the cross-correlation between the
pump and probe pulses was fitted to the data.

In region (III), above the detachment threshold but below
the S; and D, crossing point, VAD as well as IC are operative.
The lifetime is found to be 12.2 + 0.5 ps, which is comparable
to the lifetime of 11.5 + 0.5 ps measured previously with a
photon energy of 20800 cm ' at room temperature.’® The
lifetime is determined by the rate for vibrational energy in S;
to couple to electronic energy (D,) by VAD and the rate for IC
(Sy to Sp). In region III, the ~1500-1600 cm ' VAD-active
modes (stretching vibrations) may directly be photo excited,
but due to the broad energy profile of the fs laser, we cannot
specifically address individual VAD-active modes, although
they are clearly seen by ns-laser pulses.>' The low-energy out-
of-plane twisting modes promoting IC, on the other hand, are
not active upon S, to S; excitation.*" The IC rate thus depends
on IVR mediated energy transfer to these modes.

As the photon energy is decreased to the middle of spectral
region (II) below the detachment threshold, the lifetime
increases to 20.9 + 0.6 ps. Vibrational autodetachment is here
no longer possible and the lifetime is a direct measure of the
IC-decay rate. When the photon energy is further decreased the
lifetime increases gradually to 50.6 ps reflecting that transfer of
vibrational energy into relevant IC-active modes®' becomes
slower with less energy available.>°

The lifetime increases drastically when the photon energy
approaches the top of the S; barrier. Data with a ~ns lifetime
(region I) are shown in Fig. 3a. At a photon energy of around
20950 cm ™" (477.3 nm) the lifetime is 236 =+ 15 ps. Close to but
below the top of the energy barrier (20 900 cm™ ') we measure a
lifetime of 1.6 & 0.1 ns, which is shorter than longest detected
lifetime of 5 ns. This implies that tunnelling is likely opera-
tional close to the top of the barrier.

At a photon energy of 20850 cm ™' the ions are fully trapped
behind the S;-energy barrier. A strong reduction of two-photon
induced statistical (delayed) fragmentation out of S, by ns-
pulses was observed in this region.>" This shows that internal
conversion as a result of direct coupling between S; and
highly vibrationally excited levels in S, is almost negligible.
The 4.8 + 0.5 ns lifetime is hence ascribed to fluorescence.
Lowering the photon energy further to 20 750 cm ™' ensures that
only the lowest vibrational state in S, is populated (see the dark
red marked area in Fig. 3c). Here a lifetime of 5.2 £+ 0.3 ns is
measured. Although fluorescence was not directly measured in
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Fig. 4 (a) Action-absorption spectra of HBDI™ reported recently.*! The
blue curve is the prompt-detachment signal and the red curve is the signal
corresponding to detection of mass 200 amu photo-fragmentation signal
(loss of methyl). (b) The lifetime as a function of photon energy. The
horizontal errorbars are the FWHM of the pump pulses, while the vertical
errorbars are from the exponential fit to the data. The vertical black line is
the energy barrier-top position proposed based on the spectroscopy®! and
the grey band indicates the energy-barrier top position estimated from the
sudden change in lifetime. Notice the logarithmic scale showing over two
orders of magnitude span in lifetimes. The energy-barrier height is deter-
mined as the difference between the band origin at 20 768 cm ™! and the
energy-barrier top position. The horizontal colored bar indicates the
different spectral regions, also shown in Fig. 2 and 3.

this experiment, we conclude that 5.2 & 0.3 ns is the intrinsic
fluorescence lifetime of the GFP model chromophore HBDI .

Fig. 4a shows both prompt (blue) and fragment mass
200 amu (red) action-absorption spectra.*' The black vertical
line shows where the top the S;-energy barrier was estimated to
be, based on the spectroscopy. Fig. 4b shows the measured
lifetimes as a function of photon energy. There is a steep drop
in the lifetime at around 21000 cm™* which we ascribe to the
top of the energy barrier. Based on a 0-0 transition energy of
20768 em™ "' a barrier height of about 232 em™" is derived.
Thus, both spectroscopy and the dynamics agree well on a
~ 250 cm™ ! energy-barrier height. This barrier height does not
account for any possible vibrational ground-state energy of the
ions. The exact temperature of the ions is not known. The cold
trap is cooled to 6 K and a rotational temperature of OH™ has
previously been found to be 25 + 2 K with the same setup.®’ We
therefore expect the ions to have a temperature in that regime.
At 10, 20 and 30 K the ions have on average 0.06, 2.82, and
12.3 em ™" of vibrational energy respectively.>* Although small,
this vibrational energy may be added to get the full barrier
height.

The gas-phase chromophore HBDI™ will only fluoresce out-
side of the protein environment if trapping occurs behind this
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small barrier, hindering rotation of the imidazolinone ring.>®
Here, this is achieved by reducing the internal energy and
thereby the nuclear motion of the system. In the protein the
chromophore is kept in a preferred configuration through a
hydrogen-bond network® resulting in a fluorescence lifetime of
2.8 ns.*

In summatry, a fs-pump probe scheme in an ion-storage ring
with ions prepared at cryogenic temperatures was applied to
achieve the intrinsic excited-state dynamics of the GFP-model
chromophore, HBDI". We specifically address different spectral
regions, including a region with only the vibrational ground state
in S; populated. Here the lifetime is found to be 5.2 & 0.3 ns. We
find the height of the S;-energy barrier for internal conversion to
be 250 cm ™! by establishing when the decay channel for internal
conversion opens and causes a drastic decrease in the excited-
state lifetime by more than two orders of magnitude. The lack of
direct detection of fluorescence from HBDI™ seems to be a result
of non radiative decay by internal conversion above this small
energy barrier. The barrier supresses internal conversion through
imidazolinone-ring rotation about the central methine bridge in
S; only when the chromophore is cold or held in a protein
environment.
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