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We report the observation of states arising from the interaction of an excess electron with the dipole
moment of a biochromophore, the meta form of the green fluorescent protein (GFP) model
chromophore p-hydroxybenzylidene-2,3-dimethylimidazolinone (mHBDI), using cryogenic ion action
spectroscopy. Distinct spectral features appear in the 19400-20100 cm™! region near the electron
detachment threshold of mHBDI. Dipole-bound (DBS) and dipole-resonance (DRS) states are identified
below and above the detachment energy, respectively. The vertical detachment energy is determined
to be 19620 cm™™ The DBS-band origin is at 19444 cm™! with a binding energy of 176 cm™
Complementary DFT (©wB97X-D/aug-cc-pVTZ) calculations provide insight into the structure and
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vibrational resonances of the excess electron in this biologically relevant chromophore. The results
extend the understanding of dipole-bound and resonance states in complex molecular systems. We find
that one low-energy mode of the neutral radical is particularly Franck—Condon active. The same mode
has previously been found to dominate absorption spectra of other GFP-chromophore derivatives. It is
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1. Introduction

Non-valence-bound states (NBSs) are anionic states in which an
excess electron is weakly bound to a neutral molecule through
interactions that extend well beyond the range of valence
orbitals." ™ NBSs have been found in molecular anions relevant
in a range of different fields, from atmospheric chemistry>® or
astrophysics’*° to biology.'"™**

The most common type of NBS is the dipole-bound state
(DBS), which can form when a neutral molecule possesses a
sufficiently large dipole moment to support an electron bound
below the detachment threshold.>*"'*'® A theoretical lower limit
for the dipole moment required to support a DBS is approxi-
mately 1.6 D,>" while, in practice, dipole-bound states are
typically observed only for molecules with dipole moments
greater than about 2.5 D.>'® DBSs were first identified as reso-
nances in the photodetachment spectrum of enolate anions,'®™2°
and have since been reported for a wide variety of molecular
anions.

While the dipole potential typically gives the strongest
electron binding, higher-order contributions can also provide
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suggested that the DRSs are potential doorway states for capture of low energy electrons.

binding, as for quadrupole-bound states**' and correlation-

bound states.”** These interactions all act over distances
much larger than typical valence-bond lengths, although decay-
ing more rapidly with distance than the Coulomb potential.
The binding energy of the excess electron in these nonvalence-
bound states is therefore generally small, resulting in highly
diffuse electronic wavefunctions.

Dipole-bound states typically occur within a narrow energy
window just below the electron-detachment threshold. When
nuclear vibrational energy is present in the molecular core—for
example, at finite temperature—the total energy can exceed the
energy for electron-detachment, and the states manifest
as autodetaching dipole-resonance states (DRSs) in the
continuum.' Dipole-resonance states are thus analogous to
dipole-bound states, except that they possess sufficient nuclear
energy to eject a loosely dipole-bound electron through non-
Born-Oppenheimer coupling between electronic and nuclear
motions ie. through vibrational autodetachment.

DBSs are relevant in the field of photoactive proteins and
biomolecules, as they have been suggested to be a ’doorway’ for
the formation of valence-bound anions.>*"*” In particular, DBSs
and DRSs were detected in two anionic model chromophores of
the Photoactive Yellow Protein (PYP).'">'* PYP is a bacterial
photoreceptor involved in the negative phototaxis response of
Halorhodospira halophila®?®?° and two model-chromophores
have received recent attention in connection with DBS, the
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deprotonated para-coumaric acid with a methyl ester group,
pCE™, and its ketone derivative, pCK ."* Another important
photoactive protein is the Green Fluorescent Protein (GFP),
which is widely used as a biomarker within biological and life
sciences due to its characteristic green bioluminescence.’™*
The most commonly used model-chromophore of GFP is the
deprotonated p-hydroxybenzylidene-2,3-dimethylimidazolinone
(pHBDI).** Studying the photophysics of these chromophores
in isolation (i.e. gas phase) is important to understand the
influence of the protein environment and to benchmark theory.

The photo-physical properties of pHBDI™ have been exten-
sively studied in the gas phase,**™*° yet so far no DBSs have
been detected for pHBDI, even though the dipole moment of
the neutral radical core has been calculated to be about 7 D,*!
well above the |u| > 2.5 D limit to support DBSs. The pHBDI ™
has a bright S,— S; absorption that extends over the
detachment-energy threshold. Since the weakly bound DBSs
and DRSs only exist in a narrow energy range close to the
detachment threshold they are difficult to identify spectro-
scopically when many strong valence transitions exist in the
same energy region. Moving the oxygen atom on the phenolate
ring from the para to the meta position leads to pronounced
spectroscopic changes.*” In meta-HBDI~ (mHBDI ), the S, — S;
transition is red-shifted to about 700 nm, well under the detach-
ment threshold, and it becomes optically dark due to its charge-
transfer character.””> This makes it an excellent system for
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studying dipole-type resonances near the detachment threshold
without interference from valence-bound states.

Detecting subtle dipole-bound/resonance states in molecu-
lar anions has been challenging due to experimental limita-
tions. We overcome these challenges using a novel action-
absorption approach combining a cryogenic ion trap with an
ion-storage ring,*’ revealing DBSs previously inaccessible.**
Here, we report the gas-phase action-absorption spectrum of
mHBDI ™, with DBSs and DRSs near the electron-detachment
threshold. Quantum chemical calculations at the ®B97X-D/aug-
cc-pVTZ*>*® level of theory support the observations, demonstrat-
ing the power of cryogenic trapping and ion-storage-ring spectro-
scopy to uncover new electronic states in bio-chromophores.

2. Methods

The setup, which has previously been described,*®***”*® is
illustrated in Fig. 1. Briefly, chromophore ions are continuously
produced in an electrospray-ionization source and accumulated
in a 16-pole radio frequency (RF) ion trap. After accumulating
for 200 ms, the ions are released as a bunch and accelerated to
4 keV. A magnet is used to mass-to-charge select the relevant
ions. The ions are then slowed down and trapped in another
16-pole RF trap. This trap is cooled to 6 K by a liquid helium
cryo-cooler system, and cooled He-buffer gas is introduced to
cool the ions. The ions are cooled for 150 ms, again accelerated

0 100 200 300 400 500
Time after injection [us]

Interaction
region

ns-Laser

Circulating 27

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 and neutral particles are counted after the interaction region by two separately located MCP detectors. (b) A histogram of neutral counts as a
function of time after injection measured on the prompt detector. (c) Molecular structure of deprotonated mHBDI (mass 215 amu).
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to 4 keV and finally injected into the ring. Ions are accumulated
in the first trap while the previous bunch of ions is simulta-
neously cooled in the cold trap, resulting in a duty cycle of 5 Hz.
The ring is held at room temperature at a pressure of
~10~° mbar.

A nano-second laser is used to excite the ions in the
interaction region (see Fig. 1b) during their second revolution
in the ring, before the ions have time to heat up either by
collisions with the residual gas or through black-body
radiation.*®** When addressing bound excited states, resonant
two-photon excitation results in prompt electron emission
rendering a detectable neutral product.** Above the detach-
ment limit, neutrals are in addition produced from non-
adiabatic vibrational auto-detachment.*® Neutral detection is
achieved using a microchannel plate (MCP) detector positioned
behind the interaction region. The detector features a central
hole that allows laser-light monitoring with a downstream
power meter. A second MCP, placed at the end of the last
straight section of the ring, records neutrals produced after the
ions have passed the corner, which for mHBDI occurs approxi-
mately 10 ps after photo excitation. At the end of the measure-
ment cycle, the remaining ions are dumped on the second MCP
to measure the total ion count. The action-absorption spec-
trum is generated by counting the number of neutrals created
as a function of wavelength (1) and normalizing to the number
of ions and photons as
__N&
~No- N,

Signal (1) (1)

where N(Z) is the number of neutrals detected at wavelength /,
N, is the number of ions dumped on the second MCP, and N; is
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the number of photons calculated from the laser-pulse energy
and the wavelength.

3. Results

The measured action-absorption spectrum of mHBDI is
shown in Fig. 2. Panel (a) presents the full spectrum, while
panel (b) highlights a narrow region exhibiting distinct spectral
features near the electron-detachment limit. Previous photo-
electron spectroscopy studies have placed the vertical detach-
ment energy (VDE) in the range of (2.4-2.54) £ 0.1 eV (19 360-
20490 cm '), with the spread attributed to inhomogeneous
broadening caused by internal rotation along single C-C bonds
in the ground state.*” The action signal shown in Fig. 2a rises
significantly in this threshold region, and we assign the VDE to
19620 + 20 cm™ ', corresponding to the onset of the non-
resonant background (see Fig. 2b and the SI for details).

The mHBDI  is predicted to possess a dark S; charge-
transfer state at around 14250 cm ™" with a very low oscillator
strength.*” Consequently, the S, state does not contribute to the
action signal observed in the 19 400-20 100 cm ™' region. More-
over, the S, state, located near 25000 cm %, lies well above the
energy range considered here. The neutral mHBDI radical has a
dipole moment that exceeds the ~2.5 D threshold required to
support dipole-bound states. Given that only a single isomer is
present in the experiment, the spectral features observed below
the VDE are assigned to DBSs, while the features just above the
VDE, extending up to 20100 cm ', are assigned to DRSs (more
discussion below). The distinct resonance structures are hence
related to the vibrations of the neutral radical core molecule.
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Fig. 2 (a) Action-absorption spectrum of the deprotonated mHBDI. (b) Narrow view of the action-absorption spectrum to show the dipole-bound
states (DBSs) and dipole-resonance states (DRSs), below and above the electronic continuum, respectively. The vertical black line indicates the
experimentally determined vertical detachment energy (VDE) of 19 620 cm™, with DBSs below the VDE and DBRs above.
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With a band origin of 19444 cm™" and VDE of 19620 cm™ " the
binding energy of the lowest DBS is 176 cm™*. This binding energy
is within the usual range found for DBSs (40-200 cm ™ *).!44951

No delayed action was observed on the second MCP detec-
tor, so all action occurred faster than the approximately 10 ps it
takes the ions to pass the corner of the ring and enter into the
subsequent straight sections. The same observation was also
made for phenoxide, although some resonances (DRSs) were
observed to decay on a microsecond time scale for this parti-
cular system.** Vibrational autodetachment on a picosecond
time scale®® has also been reported.

Table 1 lists the relative energies (E..) of the four stable
isomers of mHBDI™ (see Fig. S2), as well as the calculated
adiabatic and vertical detachment energies (ADE, VDE), and the
dipole moments of the radical neutral. The ADEs were calcu-
lated as the energy differences between the anion and radical
neutral at their respective optimized geometries, including
zero-point energy (ZPE) corrections, while the VDEs were
obtained as the energy difference between the anion and the
radical neutral, both at the anion’s optimized geometry. Details
for the calculations and the vibronic spectra of each of the four
isomers are shown in the SI (Fig. S3). The ADEs and VDEs are
almost isomer-independent (identical within a few hundred
wavenumbers), but the energy of the two E-isomers is signifi-
cantly higher than for the two Z-isomers. From the relative
energies, we expect a ratio of 100:23 for Z1:Z2, assuming a
300 K Boltzmann distribution followed by rapid cooling and
kinetic trapping.

The vibronic spectrum was calculated using the Franck-
Condon method as implemented in the Gaussian 16 program
package.®® The ground state of the anion (S,) was taken as the
initial state, and the neutral ground state (D) as the final state,
since DBSs do not significantly influence the structure of the
neutral core. Geometry optimizations and vibrational frequency
calculations were performed at the ®B97X-D/aug-cc-pVTZ level
of theory.*>*® The simulated spectrum was generated at 6 K.
The calculated frequencies of the stick spectrum were scaled by
0.9566* and convoluted with a Gaussian line shape having a
full width at half maximum (FWHM) of 4 cm™".

Fig. 3a compares the measured and calculated spectra. The
theoretical spectrum was shifted by 512 cm ™' so that the
calculated band origin coincides with the lowest observed peak.
While the DFT calculations reproduce several prominent
features of the experimental spectrum, numerous bands
remain unassigned. This discrepancy may arise from the lim-
itations of the theoretical model or from the presence of
multiple isomers. The DBSs are very diffuse states, which can

Table1l Calculated energies of each of the mHBDI isomers at the ®B97X-
D/aug-cc-pVTZ*%4€ |evel of theory

Falem™  ADEfem™  VDE[em™] || [D]
71 0 18932 19903 7.70
72 311 18 806 19682 3.54
E1 1203 18 866 19881 6.81
E2 2007 18422 19337 5.62
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Fig. 3 Narrow view of the action-absorption spectrum where the energy
is relative to the DBS-band origin (the lowest-energy peak at 19 444 cm™Y).
The calculated vibronic spectra are plotted as colored areas. (a) The
vibronic spectrum for the Z1 isomer (red) shifted to match the DBS origin.
(b) The vibronic spectra of both the Z1 (red) and Z2 (blue) isomers. Here,
the Z2 isomer is shifted to the DBS origin, and the Z1 isomer is shifted to
match the peak at 304 cm™ (photon energy 19748 cm™). For both
isomers, the in-plane bending mode (third mode) is particular active in
the calculated FC spectra. (c) Calculated DBS electronic orbital for the Z1
and Z2 isomers with an iso-surface value of 0.008.

be a challenge for DFT, even when using a basis set with diffuse
functions. For other smaller systems, couple cluster (CCSD) and
equation-of-motion-CCSD (EOM-CCSD) have been used to
describe the DBSs.**>*% However, this is not feasible with a
molecule of this size and is not done in the present study.
Different isomers can form during the room-temperature elec-
trospray process and become kinetically trapped upon cryo-
genic cooling. Similar behavior has been reported for other
biomolecular anions produced via electrospray ionization and
subsequently cooled to cryogenic temperatures.””>°

Fig. 3b shows the experimental spectrum together with
calculated vibronic spectra of the two lowest isomers; Z1 and
Z2. Based on the order of the calculated VDEs we here assign
the first resonances at 19444 cm ™' to be the band origin of the
Z2 isomers, and the 19748 cm ™' peak to be that of the Z1
isomer (see Fig. 2b). A shift of 816 cm ' and 638 cm ™' is given
to the calculated spectrum of Z1 and Z2, respectively to fit the
experimental spectrum. Each spectrum is scaled so that the
height of its band origin fits the experimental spectrum, and
a linear background starting from the VDE is given to the
calculated spectrum to account for the direct detachment
signal. Only the lowest lying threshold (VDE) belonging to the
Z2 isomer is visible in the spectrum. Even with the inclusion of
the vibronic spectra of two isomers, many peaks remain unex-
plained. This may be due to the level of theory used, and further
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studies with a higher level of theory will be needed to disen-
tangle the spectrum fully.

The Z1 and Z2 isomers of the neutral radical each exhibit an
active bending vibration of the central bridge moiety (Fig. S6),
which dominates their spectra. This mode appears at 90 cm ™"
and 82 cm ™ for Z1 and Z2, respectively (see SI). An equivalent
mode is also active in pHBDI ™~ at 80 cm™ ' (ref. 38) and in ortho-
HBDI ™~ at 98 cm ™ *.>° In pHBDI , the active mode persists over
about 1500 cm ™!, making it one of the most prominent features
of its spectrum.*® In contrast, the lowest-energy modes of
mHBDI ™ (near 30 and 60 cm ™ ') are not observed in the present
spectrum, although it is noteworthy that their harmonics
coincide closely with the ~90 cm ™" feature.

In low-energy electron-molecule scattering, a molecule can
transiently capture an incoming electron into a dipole-
resonance state (DRS) when the electron’s kinetic energy is
used to excite low-energy vibrational modes and the neutral
molecule has a sufficiently large dipole moment. The reso-
nance state will ordinarily autodetach unless it is stabilized.
Stabilization can occur through internal conversion (IC), where
the excess electronic energy is transferred non-radiatively into
molecular vibrations and subsequently redistributed via intra-
molecular vibrational redistribution (IVR), or through radiative
decay. These processes can channel population from the
dipole-bound electronic resonance state into vibrationally hot
levels of the anion, effectively trapping the electron and sup-
pressing autoionization. The scattering outcome is governed by
the competition of rates: autodetachment versus stabilization
(IC/1IVR/radiative/collisional). In this work, we have shown that
there exist relevant dipole-bound-type resonance states in
mHBDI™ just above the continuum limit, associated with low-
energy vibrations of the radical core. These states were probed
here via photoexcitation, but they could equally be populated in
a scattering event with a free electron interacting with a dipolar
molecule, acting as a doorway for electron capture.

4. Conclusions

This work presents the observation of non-valence bound states
(NBSs) in a meta-derivative of the GFP model chromophore
(mHBDI™), using cryogenic action spectroscopy. These NBSs
appear in the 19400-20100 cm™ " region around the detachment
threshold and are attributed to dipole-bound states (DBSs) below
the detachment energy and dipole-resonance states (DRSs) above
it. The band origin is found at 19444 em™", and the detachment
energy is determined to be 19620 cm -, yielding a binding
energy of 176 cm ™" for the lowest DBS of mHBDI . Importantly,
our work reveals the presence of unbound dipolar resonance
states that may act as doorway states for electron capture in
scattering processes involving dipolar (bio)molecules.

The experimental spectra were complemented by quantum-
chemical calculations at the DFT ©B97X-D/aug-cc-pVIZ*>*
level of theory. While the calculations reproduce several pro-
minent features—particularly those associated with the v;
vibration- a precise assignment of all observed peaks requires

1
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a higher level of theory. This underscores the need for more
advanced theoretical treatments to fully characterize the role of
NBSs in biologically relevant chromophores.
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