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Photoelectron spectroscopy of the deprotonated
tryptophan anion: the contribution of
deprotomers to its photodetachment channelsy
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Photoelectron spectroscopy and electronic structure calculations are used to investigate the electronic structure
of the deprotonated anionic form of the aromatic amino acid tryptophan, and its chromophore, indole. The
photoelectron spectra of tryptophan, recorded at different wavelengths across the UV, consist of two direct
detachment channels and thermionic emission, whereas the hv = 4.66 eV spectrum of indole consists of two
direct detachment features. Electronic structure calculations indicate that two deprotomers of tryptophan are
present in the ion beam; deprotonation of the carboxylic acid group (Trp()~) or the N atom on the indole ring
(Trp()™). Strong similarities are observed between the direct detachment channels in the photoelectron spectra
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of tryptophan and indole, which in conjunction with electronic structure calculations, indicate that electron loss
from Trp(1)~ dominates this portion of the spectra. However, there is some evidence that direct detachment of
Trp()~ is also observed. Thermionic emission is determined to predominantly arise from the decarboxylation of
Trp()~, mediated by the nn* excited state near 4 = 300 nm, which results in an anionic fragment with a negative
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Introduction

The photoprocesses of biomolecules are often understood by
considering the structure and dynamics of smaller photoactive
chromophores that are part of the molecule. For example, the
aromatic amino acid tryptophan, which has an indole chromo-
phore, absorbs strongly in the UV with a similar absorption
profile to indole in solution, as a result of excitation to an
optically bright state with nn* character (S;), as shown for the
deprotonated anions in Fig. 1(a)."* However, tryptophan subse-
quently fluoresces at longer wavelengths (308-350 nm) with variable
quantum yields, depending on the solvation of the chromophore,
the local structure of the protein, the charge localisation within the
molecule, and the presence of quenching.® Therefore in order to
inform our understanding of the complex behaviour of tryptophan
within solution or a protein environment, it is instructive to under-
stand the underlying structure and dynamics of the isolated trypto-
phan molecule in the gas phase.

The presence of a negative charge in the tryptophan mole-
cule, i.e. from deprotonation, causes a redshift of the bright nn*
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electron affinity that readily autodetaches.

excited state by ~25 nm to 315 nm, as reported by the gas-
phase electron action spectrum of Compagnon et al..” However,
screening by the solvent minimises the observed redshift in
solution (<3 nm), meaning that our UV/vis spectrum of the
solution-phase deprotonated tryptophan anion (Fig. 1a) is very
similar to the previously reported absorption spectrum of
neutral tryptophan.™® Photoelectron spectroscopy, which is a
powerful technique for studying the electronic and nuclear
structure of anions, has been performed on a number of gas-
phase amino acids, including the water clusters of tryptophan,
and the chromophore of tryptophan (indole), but not on
tryptophan itself.>*'> Recent photoelectron spectroscopy stu-
dies of deprotonated indole by Nelson et al. reported an
electron affinity of 2.4315 eV for the neutral (radical) form,
whilst Parkes et al. assigned a higher electron binding energy
feature (eBE ~ 3.2 eV) to the formation of neutral radical indole
in an excited state (D;).>'® In addition to direct detachment,
photoelectron spectra recorded at wavelengths resonant with
excitation to the S; state showed autodetachment to the D,
neutral ground state, but no ground state recovery of the S,
anion state was observed.’

One complexity in studying tryptophan is that aromatic
amino acids can be deprotonated at different sites leading to
the formation of distinct deprotomer anions, which can have
distinctive chemistry.'™'® The possible deprotomers of trypto-
phan are shown in Fig. 1(b). Evidence for the presence of
multiple stable deprotomers of tryptophan in the gas phase is
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Fig. 1 (a) The UV/vis absorption spectrum of the deprotonated tryptophan (black) and indole (red) anions demonstrates the similar absorption profile of

the S; states of the two molecules in solution. (b) Deprotonation of tryptophan can occur at three different sites: (I) on the carboxylic acid group (blue), (I1)
on the N atom of indole (red) and (Ill) on the amine group (green), leading to three distinct deprotomers of the tryptophan anion.

found in the neutral fragment spectrum of Nobel et al., which
demonstrated the onset of electron loss near 4 = 440 nm, ie. at
much longer wavelength (lower energy) than Compagnon et al.
reported.”® Furthermore, the site of deprotonation in trypto-
phan determined the fate of the neutral after electron loss, as
deprotonation of the N atom in the indole ring resulted in
formation of a stable neutral after photodetachment, whereas
deprotonation on the carboxylic acid group resulted in CO, and
electron loss.”® In the current work, we use photoelectron
spectroscopy to study the electronic structure and electron
detachment channels of deprotonated gas-phase indole and
tryptophan anions, considering the roles of different deproto-
mers on the observed photoelectron spectra.

Methods

Photoelectron spectroscopy was performed using an apparatus
which has been described in detail elsewhere.'*" Briefly
anions were produced via electrospray ionization of a 1 mM
solution of tryptophan or indole in methanol, with several
drops of ammonia. Gas-phase anions enter the apparatus via
a capillary and are guided and trapped using a series of radio-
frequency fields before acceleration using a Wiley-McLaren
time of flight spectrometer.'® Mass selected anions of trypto-
phan and indole are intersected with nanosecond light of
variable frequency, produced either via an optical parametric
oscillator pumped using a Nd:YAG, which can access visible or
UV wavelengths, or directly from the harmonics of a Nd:YAG.
Photoelectrons are guided onto a position sensitive electron
detector using a velocity map imaging setup. The resulting
images are processed using a polar onion peeling algorithm, to
extract electron kinetic energy (eKE) spectra and photoelectron
angular distributions, characterised by an anisotropy para-
meter, -1< B, < 2."7'® The spectrometer was calibrated using
the known photoelectron spectrum of iodide and has a resolu-
tion of ~5% of the electron kinetic energy (eKE). Photoelectron
imaging of tryptophan was performed at hAv = 3.49 eV
(4 = 355 nm), 3.80 eV (326 nm), 3.96 eV (313 nm), 4.13 eV
(300 nm) and 4.66 eV (266 nm), whilst indole was studied at
hv = 3.49 eV and 4.66 eV.

12054 | Phys. Chem. Chem. Phys., 2024, 26, 12053-12059

Electronic structure calculations were performed using den-
sity functional theory at the B3LYP level of theory with the aug-
cc-pVTZ basis set using the Gaussian 16 package.'®' Geometry
optimisations were performed, with the minima confirmed via
vibrational analysis. The relative energetics were subsequently
calculated, including zero-point energy corrections, and results
tabulated as electron affinities (EA), vertical detachment ener-
gies (VDE) and dissociation asymptotes. Excited state calcula-
tions for S; in Trp(1)~ and Trp(u)~ were also performed using
time dependent density functional theory with the Tamm-
Dancoff approximation in Gaussian 16, at several different
levels of theory (B3LYP/aug-cc-pVIZ, B3LYP/6-311G++** and
Cam-B3LYP/aug-cc-pVTZ).>*>* These computational methods
were selected as they previously been used to study the excited
states of deprotonated tryptophan or indole.”’

To understand the electronic excited states and the deproto-
mers present of tryptophan, absorption spectra were recorded in
the solution and gas phase. Solution phase absorption spectra
were recorded using a Cary 5000 UV-vis-NIR spectrophotometer
for 0.1 mM solutions of indole and tryptophan in methanol, with
a large excess of ammonia, where anionic deprotonated forms
dominate. Furthermore, a gas-phase action (absorption) spectrum
for deprotonated tryptophan was recorded by measuring the
electron yield as a function of photon energy using the photo-
electron imaging spectrometer. The electron action spectrum is
only reported at wavelengths where we had good signal to noise
levels (292 nm < A < 400 nm), as at longer wavelengths we had
lower signal levels and at shorter wavelengths there was a
significant contribution from electron noise.

Results
(a) Absorption spectra of tryptophan

To determine the location of the excited states of gas phase
deprotonated tryptophan we recorded the electron action spec-
trum between hv = 3.10-4.16 eV (1 = 298-400 nm). Given that
photodetachment is the dominant decay mechanism for depro-
tonated tryptophan in the gas-phase,'® this spectrum is a gas
phase analogue to the solution phase absorption spectrum
shown in Fig. 1(a), and for comparison both spectra are shown
in Fig. 2. Electron loss occurs at all the wavelengths studied in

This journal is © the Owner Societies 2024
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Fig. 2 The solution phase absorption spectrum (black) and the gas-phase
electron action spectrum (red) of deprotonated tryptophan. The spectra
have been arbitrarily scaled and therefore the relative intensities between
the two are not directly comparable.

the gas phase, but there is a significant increase in electron
signal for iv > 3.70 eV (1 < 335 nm), which is still increasing
in relative intensity at the highest photon energies investigated
(4.16 eV). The spectrum also shows structure, with further
maxima at v = 3.96 and 3.82 eV (4 = 313 and 325 nm).

(b) Photoelectron spectroscopy of tryptophan

The photoelectron spectra of deprotonated tryptophan
recorded at hv = 4.66, 4.13, 3.96, 3.80 and 3.49 eV (1 = 266,
300, 313, 326 and 355 nm) are shown in Fig. 3(a) and (b), on an
electron kinetic energy (eKE) and electron binding energy (eBE)
scale, respectively, where eKE + eBE = Av. There are three
different spectral features observed in the photoelectron spec-
tra, which are highlighted in Fig. 3: an intense feature at
eKE = 0 eV (red), a broad band centred at eBE = 3.1 eV (blue),
and another broad band centred at eBE = 3.9 eV (green).

Two features in the spectra occur at a fixed eBE, as expected
for a direct photodetachment process. The first has an adia-
batic detachment energy (ADE) of 2.7 eV and a vertical detach-
ment energy (VDE) of 3.1 eV, whilst the second band has an
ADE of 3.5 eV and a VDE of 3.9 eV. Both bands are relatively
broad (~0.7 eV), structureless and are somewhat overlapping.
At the lower hv, the lower eBE band dominates the spectra,
whereas at higher hv, when both direct detachment pathways
are energetically accessible, then the higher eBE band has a
higher relative intensity.

The presence of photoelectrons at or near eKE = 0 eV is
characteristic of thermionic emission.?**® This occurs when
electrons are lost via a statistical process from hot ground state
anions: either directly from the parent species (in this case
tryptophan), or from a photofragment. This process dominates
the v = 4.13 and 3.96 eV photoelectron spectra, but it is barely
present at 3.49 eV and of a lower relative intensity at 4.66 eV.
Given that the other spectral features arise from direct detach-
ment (blue and green in Fig. 3), then the change in the relative
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Fig. 3 The photoelectron spectra of deprotonated tryptophan recorded at
hv = 4.66 eV, 413 eV, 3.96 eV, 3.80 eV and 3.49 eV on an (a) electron kinetic
energy and (b) electron binding energy scale. Three spectral features are
highlighted (1) thermionic emission (red), (2) direct detachment at eBE =39 eV
(green) and (3) direct detachment at eBE = 3.1 eV (blue).

intensity of the thermionic emission peak is a measure of the
So — S; photoexcitation cross section.?”*® Therefore we conclude
that the S; state lies around 300 to 315 nm, in good agreement
with the previous gas-phase action spectroscopy of tryptophan.”
The contribution of the thermionic emission and direct detach-
ment to the overall photoelectron spectrum of tryptophan is
shown in Fig. S1 (ESIt), where the signal arising from thermionic
emission is modelled using an exponential function fitted to the
low eKE portion of the spectrum and the residual signal (spec-
trum - fit) is assigned to direct detachment.

(c) Photoelectron Spectroscopy of indole

To understand the electronic structure of the deprotonated trypto-
phan anion more fully, we also studied its isolated chromophore,
the indole deprotonated anion (In"~). The photoelectron spectra of

Indole” hv=3.49 eV
hv=4.66 eV
- alol
2 3 4

eBE (eV)

Fig. 4 The photoelectron spectra of deprotonated indole recorded at
hv = 4.66 eV (266 nm) and 3.49 eV (355 nm) on eBE scale.
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the In™, recorded at Av = 4.66 eV and 3.49 eV, are shown in Fig. 4 on
an eBE scale. Our In~ spectrum at 4v = 3.49 €V is in agreement with
the previously reported spectra of Parkes et al. and Nelson et al.>*°
It consists of a poorly resolved vibrational progression starting at
eBE = 2.4 eV, associated with direct detachment to the neutral
ground state (D), and a second low intensity feature centred at
eBE = 3.2 eV assigned to direct detachment to the D, excited state of
the neutral. > At higher photon energies, e.g,, hv = 4.66 eV, the
direct detachment feature forming the D, state broadens out and
increases in relative intensity, presumably as more of the Franck-
Condon envelope for photodetachment to D, becomes energetically
accessible. The ADE = 2.8 eV and VDE = 3.3 €V for photodetach-
ment to the D; excited neutral state of In".

(d) Electronic structure calculations

Tryptophan can be deprotonated at three different sites: at the
N atom on either the indole ring or the amine group, or at the O
atom within the carboxylic acid group, leading to three distinct
deprotomers, as shown in Fig. 1(b). We abbreviate the depro-
tonated tryptophan anion here as Trp(X)~, where X indicates
the specific deprotomer. Electronic structure calculations, pre-
sented in Table 1, indicate that the carboxylate deprotomer,
Trp(1)~, is the global anion minimum, but deprotonation on the
indole group, Trp(u), is only 0.04 eV higher in energy, suggest-
ing that both deprotomers are likely be present in the ion
beam (where the internal energy of the ions is thermalised to
~300 K). The amide deprotomer, Trp(um) ™, is much less stable
(1.79 eV higher in energy) and is, therefore, unlikely to be
present in the experiments. The electron affinity (EA) of each of
the deprotomers were calculated and found to be 2.76 eV and
3.49 eV for Trp(u) and Trp(i) respectively. These values match
the experimental ADEs of the two direct detachment bands in
the tryptophan photoelectron spectra (Fig. 3(b)).

Additionally, calculations were performed on the carboxylate
deprotomer, Trp(1) ", as tryptophan has been shown to undergo
dissociative photodetachment in previous work."® Interesting,
the CO, loss channel is at a significantly lower energy than
electron loss from Trp(1)~, by 0.74 eV. Finally, we note that the
computed EA for Trp-CO, is negative (as is that for CO,),
suggesting that decarboxylation will lead to electron loss by
rapid autodetachment.

The computed vertical excitation energies for Trp(1)~ and
Trp(u)~ to Sy, which are included in the ESIT (Table S1), varied
significantly (~0.4 eV) depending on the functional and basis
set used. Similar large variations in computed VEE were
reported by Parkes et al. for deprotonated indole, highlighting

Table 1 The relative energetics of the tryptophan deprotomers and
fragments, the electron affinity of the neutral species and the vertical
detachment energies of the anions

Species Relative E/eV EA of neutral/eV VDE/eV
Trp()~ 0 3.49 3.53
Trp(u)~ 0.04 2.76 2.91
Trp(m)~ 1.79 1.36 1.62
Trp-CO, ™~ + CO, 2.75 —0.23 —

In~ n/a 2.36 2.47
12056 | Phys. Chem. Chem. Phys., 2024, 26, 12053-12059
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the challenges in performing accurate excited state calculations
on aromatic anions.”* In such circumstances it is challenging
to quantitatively rely upon the computed results, however
consistently we find that the VEE for the Trp(i)~ is larger than
Trp(u)” and that excitation to the S; excited state for both
deprotomers will occur near 300 nm.

Discussion

Two deprotomers are likely to be present in the experiment
given that the electronic structure calculations in Table 1
indicate that the Trp(1)”and Trp(u)~ are very close in energy
(~0.04 eV). This is consistent with previous gas-phase spectro-
scopic studies of aromatic amino acids using electrospray
ionization which have reported multiple deprotomers, includ-
ing the work of Nobel et al. on tryptophan.'>"?

Direct evidence for the presence of multiple deprotomers in
our ion beam arises from our electron action spectrum (Fig. 2).
Previous work by Compagnon et al. has shown that the S; (nn*)
excited state of Trp(i)~ is redshifted by 25 nm in the gas phase,
but that the effect is minimised in solution as a result of
screening by the solvent.”® The comparision of our absorption
and electron action spectra from the solution and gas phase
(Fig. 2) may confirm this red shift, but it is hard to be certain as
we do not reach the maxima of the gas phase action spectrum.
However, our action spectrum seems to have the onset of
electron loss at longer wavelengths than the photodetachment
action spectrum of Compagnon et al., which provides evidence
for the presence of two deprotomers in our anion beam.” Our
electron action spectrum is much closer to the combined stable
and dissociative fragment action spectra of Nobel et al.,
which report the yield of Trp and Trp-CO, as a function of
wavelength.*® Two deprotomers were thought to be contribut-
ing to the fragment action spectra in that case, with Trp(u)~
photodetaching at iv > 2.8 eV (4 < 440 nm), and a dissociative
Trp(1)~ channel switching on at zv > 3.8 eV (1 < 330 nm)."?

However there are some differences between the structure of
our electron action spectrum and the photofragment action
spectra of Nobel et al., which may arise from a number of
sources." Firstly, the deprotomer distribution within our ion
beam is likely to be different from previous experiments.
Secondly, whilst both deprotomers are likely to have a bright
S; excited state between hv ~ 3.8-4.1 eV (1 ~ 330-300 nm), the
actual redshift of the S, state is likely to depend upon the site of
deprotonation and therefore the proximety of the negative
charge to the m electron system. For example, the vertical
excitation energy (VEE) of S; (nn*) in In~, is calculated to lie
between hv = 3.8-4.0 eV (1 = 326-310 nm), whereas the S; (nn*)
of deprotonated Trp(1)~ is near Av & 4.1 eV (A &~ 300 nm) from
electron action spectroscopy, with both states assigned to nn*
character via electronic structure calculations.”® Our excited
state calculations (ESI,t Table S1) also indicate that the VEE is
higher for Trp(i)” than Trp(u)~. Thirdly, for a given deprotomer
there may be structure in the photodetachment cross section
for excitation to S;, as is observed in the solution phase

This journal is © the Owner Societies 2024
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absorption spectra (Fig. 1), where it is likely only Trp(i)~ is
present. Finally, changes in the laser fluence across the visible
regime, which are charactersistic of our optical paramentric
oscillator may contribute. Taken together these factors make it
difficult to accurately assign all the features in our gas-phase
electron action spectrum.

The photoelectron spectra for deprotonated tryptophan
shown in Fig. 3 contain three spectral features: two direct
photodetachment channels with ADE ~2.7 eV (blue, Fig. 3(b))
and ~3.5 eV (green, Fig. 3(b)), as well as thermionic emission
(red, Fig. 3(a)). Given the likelihood that multiple isomers are
present, one interpretation of the direct detachment channels
(green and blue, Fig. 3) is that the two bands arise from
different deprotomers ie., the feature with ADE ~2.7 eV
(blue, Fig. 3) is from photodetachment of Trp(u)~, whereas
the feature with ADE ~ 3.5 eV (green, Fig. 3) arises from Trp(i) .
Support for this assignment of the spectrum comes from the
fact that the calculated EAs and VDEs for the different depro-
tomers match the experimental ADEs and VDEs well.

In the case of the lower eBE channel (blue, Fig. 3), the
assignment for direct detachment from S, to D, of the Trp(u)~
deprotomer seems conclusive, as direct detachment from a
carboxylate group would typically require removal of electrons
with a significantly higher binding energy (~3.5 eV).*' The
assignment of the higher binding energy direct detachment
channel (green, Fig. 3) is less certain though, despite the
energetic onset matching well with the expected EA of Trp(i).
Typically, direct detachment from a carboxylate group results in
two electronic states, which are close in energy (~0.5 eV).*?
There may be some evidence for a further photodetachment
feature in Fig. 3, but it is not clearly resolved and overlaps with
the thermionic emission. However, there may be an alternative
interpretation of the high eBE direct detachment channel.
Consider the photoelectron spectrum of In~ recorded at
A =266 nm (Fig. 4): it contains two broad spectral bands of
similar spacing (~ 0.8 eV) to the tryptophan spectrum, suggest-
ing that both direct detachment bands could arise from
Trp(u)~, with photodetachment resulting in the neutral in
either the D, or D; state of the radical. Hence, it is possible
and indeed probable that the higher eBE feature observed
(green, Fig. 3) arises from a combination of direct detachment
of Trp(1)~ to Dy, and direct detachment of Trp(u)”~ to D;.

Thermionic emission (red, Fig. 3) occurs when ‘hot’ anions,
which may be the parent species or a fragment, lose electrons
via a statistical process. For parent anions, this may be
mediated by an excited state, where excitation is followed by
rapid internal conversion to the ground state and the formation
of vibrationally excited anions. For tryptophan, the thermionic
emission seems to be mediated by an excited state near 4 eV,
which is likely to be the S; state with indole nn* character, given
that the maximum relative intensity of thermionic emission is
seen in the Av = 3.96 and 4.13 eV photoelectron spectra.
However, as photoelectron imaging on In" reported that excita-
tion to the S; state resulted in autodetachment, rather than
internal conversion to the ground state, it might be unlikely
that tryptophan would undergo rapid internal conversion.”°
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Fig. 5 The electron loss processes contributing to each of the different
spectral features observed in the tryptophan photoelectron spectra (Fig. 3):
low and high eBE direct detachment (blue and green) and thermionic
emission (red). Anions are shown with solid lines, and neutrals with dashed
lines.

As an alternative, thermionic emission might be originating
from the formation of ‘hot’ fragments via a dissociative process,
mediated by the S; excited state. Such mechanisms have been
observed, in particular for molecules that are the conjugate
base of carboxylic acids, where the CO, is a very good leaving
group.®’**37 Indeed, the CO, dissociative process for Trp~ is
calculated to lie lower in energy than electron loss from Trp(i)~
(at approximately the same energy for Trp(u)~ (Table 1)) and
Noble et al. reported the decarboxylation of tryptophan at v >
3.8 eV (A < 330 nm). We additionally calculated that the
Trp-CO, has a negative EA, and given that CO, also has a
negative EA, the thermionic emission observed is likely occur-
ring alongside CO, loss (i.e. dissociative photodetachment).'®
Decarboxylation is a facile process for Trp(1)~ being the anion
where the proton on the carboxylic acid is removed, whereas for
Trp(u)~, additional rearrangements are required. Hence, we
conclude that the thermionic emission predominantly arises
from Trp(i)~. A plausible mechanism that would enable the
electron loss might be that excitation of the S; excited state,
predominantly located on the indole ring, would create a hole
which the excess electron on the carboxylate group could
migrate to fill. Following this process, the CO, group would
have significant carboxyl group character and decarboxylate
readily, leaving the electronically unstable Trp-CO,  to lose an
electron via autodetachment. Such a mechanism would be
consistent with the formation of a vibrationally excited mole-
cule, as expected from the low kinetic energy release (~0.2 eV)
observed by Noble et al.'* The various different photodetach-
ment processes which contribute the photoelectron spectra of
tryptophan are summarised in Fig. 5. For each process the
arrow indicating the eKE of the photoelectron is coloured to
match its corresponding spectral feature in Fig. 3, i.e., blue and
green for the low and high eBE direct detachment channels and
red for thermionic emission.

Ultimately this work demonstrates both the benefits and
shortcomings of using the photoactive chromophore to under-
stand the behaviour of a biomolecule. By considering trypto-
phan as a substituted indole, where some stabilisation of the
anion by side chain is expected, it is possible to partially

Phys. Chem. Chem. Phys., 2024, 26, 12053-12059 | 12057
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understand the direct detachment portion of the spectra and
the character of the important electronic states. However, such
a picture misses the potential for multiple deprotomers, and
ultimately the possibility of fragmentation, rather than auto-
detachment, as an important decay pathway of the nrn* excited
anion states in the gas phase.

Conclusions

The photoelectron spectra of tryptophan contain contributions
from two distinct deprotomers in the ion beam: Trp(1)~ and
Trp(u)~ which correspond to deprotonation at the carboxylic
acid or indole ring, respectively. The lowest energy direct
detachment band (eBE = 2.7 eV) is assigned to direct detach-
ment of Trp(u)~ to its D, neutral state. The higher eBE direct
detachment channel is more challenging to assign, but likely
consists of contributions from direct detachment of Trp(u)~ to
its D; neutral state (given the similarities with the indole
photoelectron spectrum), and from direct detachment of
Trp(1)~ to its D, neutral state (based on the agreement with
the calculated electron affinity of this deprotomer). Thermionic
emission, which peaks near 4 ~ 300 nm, is mediated by the S;
n* excited state, and arises from CO, loss from Trp(1)~ result-
ing in an unstable anionic fragment which autodetaches
readily.
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