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ABSTRACT: The first excited state of the model green fluorescence
protein (GFP) chromophore anion (S;) and its energy level against the
electron-detached neutral radical D, state are crucial in determining the : /@/\_J
photophysics and the photoinduced dynamics of GFP. Extensive |/APE=273eV |, N-CH,

. ; . . VDE=2.73 eV
experimental and theoretical studies, particularly several very recent gas- :
phase investigations, concluded that S, is a bound state in the Franck— |
Condon vertical region with respect to D, However, what remains I HBDI®
unknown and challenging is if S, is bound adiabatically, primarily due to ( : V\\\\
lack of accurate experimental measurements as well as due to the close I /\_\’U
proximity in energy for these two states that even sophisticated high- w— ””“!”‘ e ool
level ab initio calculations cannot reliably predict. Here, we report a 2{5 2.!8 3!0 31_2 3! a
negative ion photoelectron spectroscopy study on the model GFP
chromophore anion, the deprotonated p-hydroxybenzylidene-2,3-
dimethylimidazolinone anion (HBDI”) taken under low-temperature
conditions with improved energy resolution. Despite the considerable size and low symmetry of the molecule, resolved
vibrational structures were obtained with the 0—0 transition being the most intense peak. The adiabatic (ADE) and vertical
detachment (VDE) energies therefore are determined both to be 2.73 + 0.01 eV, indicating that the detached D, state is 0.16 eV
higher in energy than the photon excited S, state. The accurate ADE and VDE values and the well-resolved photoelectron spectra
reported here provide much needed robust benchmarks for future theoretical investigations.
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Electron Binding Energv (eV)

he green fluorescent protein (GFP) from jellyfish The most common model compound of the GFP
Aequorea victoria has attracted great interest as a biological chromophore is para-hydroxybenzylidene-2,3-dimethylimidazo-

fluorescence marker as it provides an ideal tool for in vivo linone (HBDI, F 1gurela) The remarkably similar absorption
3 The wild-type GEP spectrum of the HBDI “neutral”® and its deprotonated anion

(HBDI™)? obtained in vacuo compared to the GFP absorption
bands demonstrates that the electronic structure of the GFP
chromophore can be properly represented by HBDI. The sum
of the perturbations in the wild-type GFP environment has very

observation of the biological processes."
is a single-chain protein with 238 amino acids, which folds into
a f-barrel structure and places the GFP chromophore, formed
by autocatalytic cyclization of the -Ser65-Tyr66-Gly67-

tripeptide, in the center.*” It displays two absorption bands little effect on the absorption wavelength. However, it is known
peaked at 395 and 480 nm, ascribed to the neutral and that GFP is rather weakly fluorescent in solutions at room
deprotonated anionic forms of the chromophore, respectively.®

Excitation of either form results in green fluorescence at 508 Received: May 2, 2014

nm, originating from the anionic chromophore as the neutral Accepted: June 6, 2014

6,7

form deprotonates upon excitation. Published: June 6, 2014

W ACS Publications  © 2014 American Chemical Society 2155 dx.doi.org/10.1021/jz500869b | J. Phys. Chem. Lett. 2014, 5, 2155-2159


pubs.acs.org/JPCL
http://pubs.acs.org/action/showImage?doi=10.1021/jz500869b&iName=master.img-000.jpg&w=203&h=134

The Journal of Physical Chemistry Letters

HBDI* + e- <——— HBDI
- — T T AT ———— Ji___
&
o Dy+e”
S
< . S
£ .
W =‘=&
(c) |
& hv
N-CH, ADE |
N = I
& \{ :
CH, : So
(2) HBDI () |

Figure 1. (a) Model GFP chromophore HBDIL The deprotonated
(anionic) form is shown. (b) Energy diagram of the electronic ground
state, Sy, and the first electronic excited state, S,, of the anion and the
ground state, Dy, of the electron detached neutral. (c) Kinetic energy
photoelectron spectrum as a result of direct electron detachment.

temperature (but strong fluorescence restores when cooled to
77 K)* and is nonfluorescent in the gas phase.'® This indicates
that although the initial photoexcitation of the anionic GFP
chromophore can be properly described using HBDI™ as a
model compound, the deactivation pathways following
excitation from the S, ground state to the S, excited state are
critically dependent upon the chromophore environments. The
outer fB-barrel in GFP provides the chromophore a hydro-
phobic “vacuum-like” binding pocket and keeps the chromo-
phore in a preferred configuration through its hydrogen-bond
network," which helps prevent undesired intramolecular
rotations and internal conversions that are detrimental to the
fluorescence quantum yield.

Motivated by obtaining a molecular level understanding of
the GFP fluorescence mechanism and its dependence upon the
chromophore local environments, extensive gas-phase studies
on the isolated HBDI™ have been performed.*”'" The gas-
phase absorption spectra of both “HBDI”® and HBDI™ show
strikingly similar bands in both position and intensity with the
respective GFP absorption bands ascribed to the neutral and
anionic forms of the chromophore, proving that the actual
environment of the GFP chromophore is much closer to
vacuum. The primary deactivation pathways following
excitation from the S, ground state to the S, excited state are
found to be electron detachment (simultaneously also
generating the HBDI® neutral radical), fragmentation, and
internal conversion to S, but not fluorescence.'® The dynamics
of the S, state has been investigated using time-resolved
photoelectron spectroscopy,'" ultrafast fluorescence spectros-
copy,”> and theoretical calculations,">'* revealing that the S,
state evolves from the Franck—Condon (FC) region to the
fluorescence state (FS) geometry on an ultrafast time scale,
followed by a rotation around the bridging C—C—C bonds
between phenol and imidazolinone rings that leads to
formation of a twisted intermediate geometry, and then
subsequently undergoes internal conversion to the anionic
ground state S,. The fate of the S, state is also inherently
connected to the electron-detachment continuum, D, (Figure
1b). In 2012, three prominent groups'>~'” conducted
independently negative ion photoelectron spectroscopy
(NIPES) of isolated HBDI™ and reported the vertical
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detachment energy (VDE), measured from the maximum of
the first band of the respective NIPE spectra, to be 2.8 + 0.1,'°
2.85 + 0.1,'° and 2.68 + 0.1 eV."” Comparing these VDE
values to the measured gas—g)hase S, < S, absorption maximum
of 482.5 nm (2.57 eV),'" which is also the origin of the
transition, indicates that the S; state is bound with respect to
the vertical electron detachment in the FC region.

Regarding the adiabatic detachment energy (ADE) of
HBDI", that is, the adiabatic D, < S transition compared to
the S; < S, transition, a recent action spectroscopy work
(published in 2009) indicated that multiple photons were
needed to observe the electron detachment channel at 482.5
nm, which implied that the ADE should be larger than 2.57 eV
(482.5 nm)."® However, no ADE value was given in that study,
and furthermore, the observed photodetached channel was not
from direct measurements but instead was inferred from the
difference between the parent ion intensity before laser
irradiation and the sum of the parent and fragment ion
intensity following irradiation.'® Therefore, considerable
discrepancies still exist regarding ADE values. The only one
reported ADE of 2.6 + 0.2 eV estimated from the threshold of
the HBDI™ NIPES by Horke and Verlet in 2012'° seems
consistent with the theoretically calculated values spanning
from 2.38 to 2.69 éV'®'? considering the 0.2 eV experimental
error bar. This would render ADE considerably smaller than
VDE and put the D, state in close proximity if not nearly
degenerate with the S, state. As a consequence, the S; state
could also be unbound with respect to the D, state. Ironically,
the theoretical simulated NIPE spectra based on the Franck—
Condon factors (FCFs) calculated from the optimized S, and
D, states indicate that the most intense vibrational transition in
D, < S, is the 0—0 transition,">™'® and hence, the ADE and
VDE should be the same or nearly the same. If that were true,
then the S; state would be a truly bound state, not only with
respect to the vertical but also to the adiabatic electron
detachment processes. Unfortunately, no vibrational structure
has been resolved in the NIPE spectra reported so far, leaving
accurate determination of ADE, VDE, and the energy level of
D, relative to S; unsettled.

Considering that the electron detached D, state plays an
important role in the dynamics of the S; state, it is desirable to
accurately measure its energy level. Here, we report a NIPES
study of HBDI™ carried out employing a low-temperature
NIPES coupled with an electrospray ionization (ESI) source
and a cryogenic ion trap. Well-resolved vibrational structures
are observed in the spectra, exhibiting that the most intense
peak corresponds to the 0—0 vibrational transition in the Dy <
So photodetachment process, which confirms the theoretical
simulation based on the FCFs’ calculations. The well-resolved
spectrum also allows accurate ADE and VDE to be determined,
both as 2.73 + 0.01 eV. Compared to the S; « S, absorption
maximum of 482.5 nm (2.57 eV) reported recently,'® our study
indicates a true bound state for S, against both vertical as well
as adiabatic electron detachment.

The NIPES experiments were conducted on a home-built
apparatus consisting of an ESI source, a low-temperature ion
trap, a time-of-flight (TOF) mass spectrometer, and a
magnetic-bottle TOF photoelectron spectrometer.”® HBDI
was synthesized according to published methods.”" Briefly,
HBDI™ anions were produced via spraying ~0.1 mM HBDI in a
mixture solvent of methanol and water (3:1), titrated with a
small amount of NaOH aqueous solution. Abundant HBDI™
anions were readily generated by ESI via deprotonation of the
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most acidic proton on the phenol moiety. The produced anions
were transported by a RF-only quadrupole ion guide into a
quadrupole mass filter and then guided by a 90° ion bender
into a cryogenically controlled 3D Paul trap, where the anions
were accumulated and cooled via collisions with ~1 mTorr cold
buffer gas (20% H, balanced with He) for a period of 20—100
ms with the ion trap temperature set to 20 K (the actual “ion
temperature” should be higher than the setting of 20 K). The
cooled ions were ejected out of the Paul trap at a 10 Hz
repetition rate to the extraction zone of a TOF mass
spectrometer for mass analysis. The HBDI™ anions were
mass-selected and maximally decelerated before being inter-
cepted by a probe laser beam in the photodetachment zone. In
the current study, photon energies of 355 nm (3.496 eV), 266
nm (4.661 V) both from a Nd:YAG laser, and 193 nm (6.424
eV) from an ArF excimer laser were used. The laser was
operated at a 20 Hz repetition rate with the ion beam off at
alternating laser shots, thus allowing for shot-by-shot back-
ground subtraction. The photoelectrons were collected at
nearly 100% efficiency by a magnet bottle and analyzed in a 5.2
m long flight tube. The TOF photoelectron spectra were
collected and converted to kinetic energy spectra, as shown in
Figure 1c, calibrated with the known spectra of I", ClO,, and
Cu(CN),”. The electron binding energy (EBE) spectra
presented in this Letter were obtained by subtracting the
kinetic energy spectra from the photon energies. The energy
resolution (AE/kinetic energy) was 15 meV (full width at half-
maximum, fwhm), as shown in the 355 nm spectrum of I".
Well-resolved NIPE spectra of HBDI™, obtained with 355
and 266 nm lasers, are shown in Figure 2a and b, respectively.
The 355 nm spectrum features a large peak, marked X, at an
EBE of 2.73 + 0.01 eV. It is followed by several partially
resolved smaller peaks at EBEs between 2.7S5 and 3.1 eV. The
266 nm spectrum has features similar to those of the 355 nm
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Figure 2. Low-temperature (with the ion trap temperature set for 20
K) photoelectron spectra of HBDI™ at 355 (3.496 eV) (a), 266 (4.661
eV) (b), and 193 nm (6.424 V) (c).

spectrum at EBEs between 2.7 and 3.5 eV, but at higher EBEs,
the 266 nm spectrum shows a new set of well-resolved peaks,
starting with A at EBE = 3.885 eV. Besides the X and A bands,
the 193 nm spectrum (Figure 2c) exhibits two more sets of
peaks, that is, the partially resolved B series at EBEs between
4.3 and 4.8 eV and a very strong but congested C band
centered at EBE = 5.1—-5.2 eV. Our 193 nm spectrum is slightly
better resolved but qualitatively similar to that reported by
Horke and Verlet at 201.5 nm."> However, our spectra at both
266 and 355 nm reveal well-resolved vibrational structures for
the X and A bands, in striking contrast to all previously
reported spectra that were obtained at similar photon energies
(Horke and Verlet at 268.1 and 355 nm;"® Toker et al. at 355
nm;'” and Mooney et al. at 269 and 330 nm'®) but displayed
two broad X and A bands with no vibrational structures being
resolved (see the comparison in Figure S1 for the X band in the
Supporting Information (SI)).

The NIPE spectral features (X, A—C) in Figure 2 represent
transitions from the ground state of the anion HBDI™ (closed-
shell) to the ground and excited states of the corresponding
neutral radical HBDI®. In Koopmans’s approximation, these
features can be viewed alternatively as removing electrons from
each occupied molecular orbital (MO) in the anion. Thus, the
ground state of the neutral has an electronic configuration with
a single electron residing in the highest occupied MO
(HOMO), and the excited states of the neutral can be obtained
from the ground-state electronic configuration by single
excitation to promote one electron from the deeper-occupied
MOs to the utmost singly occupied MO (HOMO). Horke and
Verlet' carried out time-dependent density functional
calculations, and they assigned the dominant contributions to
band A as HOMO—-2 — HOMO, band B as HOMO-1 —
HOMO, and band C as HOMO—3 and HOMO—4 - HOMO.

We compare our low-temperature 355 nm spectrum with the
FCF simulated stick spectrum calculated by Bravaya and Krylov
at T = 300 K" by setting the simulated peak position and
intensity of the 0—0 band to match that in the experimental
spectrum in Figure 3. In this figure, we also show a convoluted
spectrum of the stick spectrum using 15 meV fwhm of the
instrument resolution for each calculated vibrational peak.

— 300K
— 20K
—— FCF stick 300 K

—— Convoluted (15 meV
FWHM) FCF stick 300 K

2.6 28 3.0 3.2 3.4

Binding Energy (eV)

Figure 3. Comparison of the experimental 355 nm photoelectron
spectra (20K, red; 300 K, black, which is upshifted for clarity) and the
simulated FCF stick spectrum (blue stick) calculated by Bravaya and
Krylov at T = 300 K" and its convoluted spectrum (green) using a 15
meV fwhm Gaussian profile for each stick. The simulated peak
position and intensity of the 0—0 transition have been set to match
those in the experimental spectrum.
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Excellent agreement in peak positions is found, allowing us to
assign the peaks at EBEs of 2.76, 2.80, and 2.87 eV in the X
band as 044/0,4, V43, and 0,4 vibrational excitation bands of the
detached neutral, respectively. These vibrational modes
correspond to the bending vibrations in the HBDI® skeleton,
mostly in the imidazolinone and bridge regions. However, the
partially resolved peak at EBE = 2.76 eV, which is also
reproduced in the simulated spectrum with 15 meV fwhm
resolution, is no longer observable in the simulated spectrum
using 30 meV fwhm (Figure S2, SI), consistent with the 15
meV instrument resolution.

While our low-temperature spectrum shows all major
spectral features that the simulated spectrum (with 15 meV
convolution width) predicts, it is less resolved compared to the
simulated one. However, our spectrum agrees better with the
FCF simulated spectrum by Toker et al,'” also calculated at a
300 K ion temperature (see Figure S3 in the SI). The fact that
there is good agreement between our low-temperature
spectrum and the simulations at 300 K by Toker et al. (Figure
S3, SI) indicates that the real ion temperature is significantly
higher than the trap setting of 20 K. The observable differences
between two sets of simulations (both at 300 K) are likely due
to the different theoretical methods and approximations that
were used in the calculations.'”"

The peak at EBE = 3.1 eV, which is not shown in the
simulated spectrum, corresponds either to C—H stretching of
~3000 cm™! or to resonant autodetachment at 355 nm,
resulting in non-Franck-Condon features.”” It is likely that this
peak is due to resonant detachment because the C—H
stretching mode is absent in all simulations.

It is worth noting that the most intense peak in both the 355
and 266 nm spectra corresponds to the 0—0 band. Therefore,
experimentally, both ADE and VDE are the same, as 2.73 eV.
However, at 193 nm, where the instrumental resolution
deteriorates (the fwhm of the first I” peak is 85 meV,
compared to 15 meV at 355 nm and 30 meV at 266 nm), the
maximum of the X band is 2.82 eV, 0.1 eV higher than the true
ADE and VDE of 2.73 eV, but this number is in excellent
agreement with the reported VDEs of 2.8 eV by Horke and
Verlet'> and 2.85 eV by Fielding and co-workers.'®
Consequently, we suspect the low instrumental resolution to
be the reason that leads to the observed maximum of the band
shifting to a higher EBE as a result of convolution of many
individual vibrational peaks.'”*

The 355 nm spectrum shown in Figure 2a was taken with a
1S meV fwhm instrumental resolution for I” and also under
low-temperature (20 K trap temperature) conditions. In order
to untangle the temperature effects from the resolution effects,
we conducted 355 nm NIPE measurements by keeping the
same resolution but at room temperature. Appreciable thermal
broadening and additional hot band transitions at EBEs
between 2.6 and 2.7 eV were observed by comparing the
room-temperature spectrum with the 20K one (Figure 3), and
the threshold of the room-temperature spectrum started at 2.6
eV, although the maximum of the spectrum still corresponds to
the 0—0 peak. This fact indicates that the ions at the 20 K
setting are indeed much colder than those with the room-
temperature setting. The better agreement between the cold
spectrum (rather than the room-temperature spectrum) and
the simulated ones calculated at 300 K suggests that the actual
ion temperature is significantly higher than the setting
temperature of 20 K. Therefore, we believe both high
instrumental resolution and cold temperature play important
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roles in determining accurate ADEs and VDEs from the spectra.
Our newly determined ADE (of 2.73 eV) also indicates that the
low-energy photoemission at a wavelength of 480 nm (2.58 eV,
the peak of S; < S, absorption) observed previously'”'>'” was
not from direct photodetachment. Instead, it resulted from
either absorption of multiple photons'® or thermionic emission
via internal conversion~ or resonant electron emission from
vibrational hot anions'” following S; < S, excitation.

In summary, we report in this Letter a low-temperature
photoelectron spectroscopy study of the model GFP
chromophore anion, HBDI™. Well-resolved vibrational struc-
tures were obtained, with the 0—0 transition being the most
intense peak. Thus, ADE and VDE are accurately determined
to be 2.73 + 0.01 eV. This value leads to the conclusion that
the bright S, state of the anion, which is responsible for the 508
nm green fluorescence, is a true bound state against both the
vertical and adiabatic electron detached D state. In addition,
vibrationally resolved features are observed for the excited state
of HBDI®. Our ADE and VDE values provide key benchmarks
to test high-level theoretical calculations, and we hope that this
study can stimulate more theoretical studies toward under-
standing excited states of the neutral radical as well.
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The low-temperature 355 nm spectrum reported in this work
compared with four previously reported spectra'®'>~"” (Figure
S1); the simulated FCF stick spectrum calculated by Bravaya
and Krylov at T = 300 K, and its convoluted spectra with
different resolutions, that is, full width at half-maximum (fwhm)
of 15, 30, 50, and 100 meV (Figure S2); and comparison of the
low- and room-temperature 355 nm spectra reported in this
work with the FCF simulated spectrum by Toker et al. at 300
K'” and the FCF simulated spectrum by Bravaya and Krylov,"?
also calculated at 300 K convoluted with 15 meV fwhm for each
of the calculated vibrational peaks (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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