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Abstract

Direct measurements of the valence ionization energies and the reorganization energies of the
three aromatic amino acids, L-Tyrosine, L-Tryptophan, and L-Phenylalanine in aqueous solution
using the liquid microjet technique and two different photoemission methods - X-ray
photoelectron spectroscopy at 180 eV photon energy and resonant two-photon ionization using
2 x267 nm (4.64 eV) UV laser light are reported. L-Tryptophan has the lowest vertical ionization
energy, 7.3 eV, followed by Tyrosine (7.8 eV) and Phenylalanine (~8.7 eV). Essentially, no
variation in recovered orbital energies is observed comparing near threshold ionization to X-ray
ionization. Superior sensitivity of the (background-free) R2PI scheme for solutions with very low
solute concentration (<2 millimolar) is demonstrated in contrast to the single-photon XPS
measurements, which often requires solute concentrations of 0.1 to 1 molar. This higher
sensitivity along with chemical selectivity of the R2PI technique can be exploited for both
spectroscopic assignment and as an analytical tool. The nature of the adiabatic ionization energy
for the three aromatic amino acids has been explored by the R2PI approach and by empirically
formulating the correlation between the estimated ionization onset with electronic and nuclear
relaxation on the excited state surface. Our results have implications for understanding one-
electron transfer within enzymes and in redox situations where (ir)reversible deprotonation
occur such as those manifest in the biochemistry of oxidation damage.

Introduction
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The redox properties of aromatic amino acids, specifically tryptophan and tyrosine, are of broad
scientific interest, as the side groups of these amino acids provide the most versatile and
ubiquitous redox activity in the functional proteins of living systems.(1-4) For example, both
tryptophan and tyrosine are found to play a significant role in the DNA damage repair mechanism
by transferring an electron (or both an electron and a proton) to the nucleobase radical cation
(or neutral radical) that is the primary product of the oxidative DNA damage.(5,6)

Knowledge about equilibrium and nonequilibrium ionization parameters, such as adiabatic and
vertical ionization energies of the constituent amino acids, is also important in the study of
radiation damage to proteins. Similarly to oxidative damage in DNA, the initial photo-oxidized
site in proteins is found to be nonlocal due to hole migration along the peptide backbone,(7) and
this can lead to harmful cross-links between amino acid residues far away from the primary
oxidation site. The rates of hole transfer processes are often approximated by Marcus theory
where the free energy of the electron transfer reaction, and therefore the redox potential of the
electron donor/acceptor couple, plays a prominent role.(8,9)

The redox properties of tryptophan and tyrosine have been studied extensively; however, there
is difficulty interpreting the reported standard reduction (oxidation) potentials.(10-12) One of
the major reasons for the experimental disagreement can be attributed to the complex
protonation/deprotonation equilibria that change the measured electrode potentials as a
function of pH. Often the standard reduction potential (E° at 1 M H* or pH 0) and measured redox
potential at neutral solutions (E7 at pH 7) do not follow a linear “Nernstian relationship” due to
the existence of several acid—base equilibria, i.e., several pKa, contributing over the measured
pH range. In a key paper, Harriman demonstrated this non-Nernstian behavior over the pH range
2-13;(10) specifically, he observed a switchover in the ordering of the standard reduction
potential of tyrosine and tryptophan at pH < 3. Recently, Bradforth and co-workers have used an
alternative measurement technique, liquid microjet photoelectron spectroscopy, for measuring
vertical ionization energies of biomolecules and to estimate spectroscopic redox potentials for
the nucleotides and nucleosides in aqueous solutions.(13,14) Being inherently an ultrafast
nonequilibrium technique, photoemission measurements circumvent any contribution to the Eo
value coming from fast deprotonation reactions and the irreversibility of the electrochemical
process unavoidable on the time scale of standard measurement techniques such as cyclic
voltammetry. This is a well-known problem for oxidation of many organic systems.(15)

In this report, we have employed two different photoionization techniques, synchrotron-based
X-ray photoelectron spectroscopy (XPS) and laser-based resonant two-photon ionization
photoelectron spectroscopy (R2PI-PES), combined with the liquid microjet technique to measure
the ionization energies of the aromatic amino acids in solution. XPS and R2PI-PES differ with
respect to several physical parameters such as chemical selectivity and sensitivity, relative



ionization cross sections, and probing depth. In resonant two-photon ionization, the first photon
excites the molecule to the excited state (HOMO - LUMO transition) and the second photon
subsequently ionizes the molecule from the resonant intermediate state under the same pulse
envelope. Therefore, we can predict a priori the chemical site from which ionization will take
place based on the linear absorption spectra and choice of the resonant excitation/ionization
wavelength.(16) In Figure 1, we explain the chemical selectivity in the case of aromatic amino
acids: when the excitation energy is on resonance with the m - m* transition of the aromatic
moiety, the ionization takes place only from the electron promoted from the m orbital producing
afinal state with ™! configuration; little or no ionization occurs from the amino or carboxylic acid
backbone which absorbs at higher energy. On the other hand, in XPS, the high energy radiation
indiscriminately ionizes from all valence orbitals, including those of the solvent (and even core
orbitals if the photon energy is high enough). The ionization propensities are determined entirely
by ionization cross section and, therefore, impart no chemical selectivity to the ionization. The
relative ionization cross sections are also very different in R2PI-PES measurements due to the
involvement of the intermediate resonant state. The total ionization signal in resonant
measurement depends on both absorption and subsequent ionization cross section, whereas, for
XPS, the ionization is solely dependent on one-photon ionization cross section. The resonance
enhancement in the R2PI-PES process provides superior sensitivity due to minimum contribution
from the nonresonant background compared to single photon ionization for dilute solutions. We
also note that recent liquid jet photoemission measurements suggest different probing depths
of the photoemission technique at different outgoing electron kinetic energies and this factor
must be considered too in comparing results from the two ionization schemes presented
here.(17-20)

In this report, which is the first to describe our laser-based liquid jet spectrometer, we have
illustrated the enhanced sensitivity of the resonant two-photon ionization technique in the case
of sparingly soluble I-tyrosine solution.

Experiments

All X-ray photoelectron spectroscopy measurements were performed at the U41-PGM beamline
at the BESSY synchrotron radiation facility in Berlin using 175 eV photon energy. Experimental
details of the photoelectron spectrometer and the liquid microjet have been reported
elsewhere.(21) Briefly, a liquid jet of 25 um diameter was injected into a vacuum from a fused-
silica nozzle; the jet velocity was approximately 40 ms™. Photoelectrons are detected parallel to
the synchrotron light polarization vector and perpendicular to the flow of the liquid jet. Emitted
photoelectrons pass from the main interaction chamber (operating at 10~ mbar) through a 500
um diameter orifice to the differentially pumped detector chamber (operating at 2 x 10~ mbar)
which houses a hemispherical electron energy analyzer equipped with a multichannel detector.
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The small distance of 0.5 mm between the liquid jet and the orifice assures that a significant
fraction of detected electrons has not suffered from inelastic scattering with water gas-phase
molecules near the jet surface.(21,22) The energy resolution of the U41-PGM beamline was
better than 65 meV at 175 eV photon energy used for the valence PE measurements, and the
energy resolution of the hemispherical analyzer, ~100 meV at 10 eV pass energy, was constant
with kinetic energy.

Liquid microjet resonant two-photon ionization experiments were performed at our lab at the
University of Southern California (USC) using femtosecond deep ultraviolet (DUV) pulsed
excitation. The liquid microjet employed is very similar to the one used at BESSY. The 267 nm
DUV pulse was generated by sum-frequency mixing of the fundamental (800 nm, 30 fs) from a
Ti:sapphire amplifier system (Coherent Legend Elite, repetition rate 1 kHz) and its second
harmonic (400 nm) in a 100 um thick type Il BBO crystal. The pulse width of the ultraviolet was
estimated to be ~200 fs from two-photon absorption in a 1 mm thick quartz film.(23,24) The
polarization of 267 nm used in the experiment was vertical with respect to the laboratory frame
and perpendicular to the time-of-flight axis (orthogonal polarization geometry with respect to
the synchrotron experiment). The spot size of the beam at the focus was estimated to be not
more than 80 pm. In our home-built photoelectron spectrometer, we have implemented a
magnetic bottle time-of-flight electron detection strategy which enables energy-dispersed
detection with significantly higher collection efficiency (~50%) than field free time-of-flight
detection.(25-27) Photoelectrons were detected at the end of a 50 cm flight tube using a pair of
40 mm diameter microchannel plate (MCP) detectors in a chevron configuration (Beam Imaging
Solutions). The signal from the anode of the MCP stack was capacitively coupled out and
amplified with a 100x gain preamplifier (Phillips Scientific, model 6954B-100) and digitized with
a high-speed digitizer card (1 GHz, DynamicSignals LLC) so that multiple electrons per shot can be
resolved and recorded. In all of the experiments, the count rate was maintained to <10
electrons/pulse by varying the DUV laser pulse radiant fluence between 1.5 x 10~ and 2.5 x
103 J/cm?. The detection chamber was pumped down to ~1 x 10® mbar using two
turbomolecular pumps (each 300 I/s, Pfeiffer Vacuum) during operation. The source chamber
was maintained to 2 x 10™* mbar pressure by using liquid nitrogen cryo traps and a
turbomolecular pump (1500 I/s, Pfeiffer Vacuum).

The spectrometer was calibrated using vibrationally resolved three-photon photoemission
spectra of water vapor with 267 nm pulses. The relative energy resolution of the spectrometer
(AE/E) is ~10% at 1.26 eV kinetic energy determined from water vapor photoemission spectra
(see Figure S1). We note that the spectrometer energy resolution is a convolution of kinetic
energy spread due to flight time distribution, spectral bandwidth of the excitation/ionization
pulse, and time response of the detection electronics. The last two contributions are constant,
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while the energy resolution due to flight time distribution varies with the square root of the
electron kinetic energy,(25) i.e., higher energy resolution at lower kinetic energy.

Aqueous solutions of |-phenylalanine (100 mM), I-tryptophan (40 mM), I-tyrosine (1.5 mM),
cytidine (10 mM - R2P1/0.7 M - XPS), deoxyguanosine monophosphate (5 mM - R2P1/1 M - XPS),
and adenosine/adenosine 5’ monophosphate disodium salt (5 mM - R2PI/1 M - XPS) (Sigma-
Aldrich) were prepared without further purification. I-Tyrosine solution was stirred for 5 h at
room temperature for better dissolution. The high concentration nucleotide/nucleoside
solutions are achieved by supersaturation. In all of the experiments, sodium chloride/fluoride
salts are added (~20 mM) to minimize the streaming potential.(21,22,28-32) Prepared solutions
were injected into the vacuum chamber using an HPLC solvent delivery pump (Shimazdu) with a
constant flow rate of 0.5 mL/min and a backing pressure of 4-5 bar. The solution reservoir was
kept at 25 °C in all of the experiments; however, the solution temperature at the interaction
region is expected to be lower due to fast evaporative cooling inside the vacuum chamber.(21)
The jet thickness was ~20 um based on the liquid-jet nozzle diameter.

Results and Discussion

X-ray photoemission (top row) and resonant two-photon ionization (bottom row) spectra of the
aromatic amino acids are shown in Figure 2. The XPS spectra reported here are derived by
carefully subtracting the solvent reference spectrum under identical experimental conditions
(i.e., the same salt concentration as well as the same jet temperature and flow rate). Raw spectra
were energy calibrated against the water 1b; binding energy (11.31 eV)(32) and intensity
normalized against the water 1b; peak and the high binding energy background of water (Figure
S2 in the Supporting Information). R2PI-PES measurements, on the other hand, are background

free, as the excitation energy (4.64 eV) is only resonant with the m = nt* transition and is several
eV lower than the water absorption band edge.(33)

Photoemission bands are fitted with a Gaussian or sum of Gaussian functions. The band centers
of the fitting functions are assigned as the vertical ionization energies and are listed in Table 1.
Tryptophan has the lowest (7.3 eV), and phenylalanine has the highest vertical ionization energy
(8.7 eV) for the aromatic amino acid family. We find the vertical ionization energies are almost
identical in XPS and R2PI-PES measurements, which primarily suggests the absence of any
ultrafast dynamics in the intermediate resonance state accessed in the two-photon experiment
(see below).
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In XPS measurements, several higher binding energy photoemission bands are apparent, but the
available photon energy in the resonant photoionization experiment (2 x 4.64 eV =9.28 eV) limits
the range of detection to the lowest one or two ionization channels. The sharp falling edge in the
higher binding energy of the R2PI-PES spectra reflects the detector transmission function at low
electron kinetic energy (~0.5 eV) and causes greater uncertainty of higher binding energy peak
positions when fitted with a Gaussian function. The overall error bar in the binding energy,
however, reflects both the uncertainty in calibration of the electron kinetic energy (+0.14 eV) and
the streaming potential stemming from electrokinetic charging (estimated <0.05 eV under our
experimental condition).(30) Now, combining all of the above error sources, the convoluted error
bar for electron binding energy is estimated to be +0.15 eV. We note that the ~10% relative
energy resolution (AE/E) of the instrument has a minimal effect in determining the position of
peak maxima (VIE), since the typical photoemission peak width in liquids is ~1 eV.

Due to the lower solubility of |-tyrosine in water (~2 mM), it was impossible to obtain an X-ray
photoelectron spectrum with an acceptable signal-to-noise ratio (S/N) even after a longer
acquisition time (Figure 2c). However, the resonance enhancement in the R2PI-PES measurement
yields PE spectra with excellent S/N and comparable to the other amino acids (Figure 2f). This
clearly illustrates the superior sensitivity of the R2PI-PES measurements over single photon
ionization techniques for samples at low concentration.

There is an extensive literature on the gas phase photoemission of isolated amino acids. Previous
works by Ham,(34) Campbell,(35,36) Inokuchi,(37) and Prince(38) reported vertical ionization
energies for isolated aromatic amino acids. These experimental results along with theoretical
calculations(39) facilitated the spectral assignments of the gas phase photoemission bands. The
peaks between 8 and 11 eV were assigned to ionization from the m-orbitals centered on the
aromatic moiety (using the notation of ref (35), m3: HOMO, m;: HOMO-1) and the nonbonding
orbital of the amine nitrogen (nn) in the amino acid residue.(34-37) Comparing our solution X-
ray photoemission spectra against the gas phase results, we can assign the XPS bands as indicated
in Table 1. The energetics of the ionization process is expected to be affected by the introduction
of a highly polar environment when transitioning from gas phase to aqueous solution. However,
the extent of the solvent influence on the VIE will depend strongly on the relative stabilization of
the initial state (neutral) and the final state (radical cation) in water.(40,41) For example, we
observe the solvation shift in the vertical ionization energy is greater for the polar chromophores
tryptophan and tyrosine as compared to the nonpolar chromophore in phenylalanine.

Assigning the R2PI-PES band, on the other hand, is conceptually easier, since, in the one-electron
picture, the resonant photoionization must take place solely from the orbital promoted in the
optical excitation. In Figure 3, we present the UV/vis absorption spectra of the aromatic amino
acids and their aromatic side chain precursors (benzene, indole, and phenol). Evidently, at our
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excitation wavelength (267 nm), we only excite the aromatic moieties in the amino acids (rt > n*
transition). Hence, the resonant photoemission spectra is attributed to ionization from occupied
1t orbitals and confirms our XPS assignments based on the gas phase literature discussed above.

We note that for tryptophan and tyrosine we observe two resonant photoemission bands (see
Figure 2e) which we assign to ionization from HOMO (rts) and HOMO-1 (m) orbitals. This might
seem quite counterintuitive, since electronic excitation primarily involves HOMO - LUMO
transition; therefore, subsequent ionization should only produce final states with 3™
configuration. In the case of tryptophan, two overlapping transitions So - rt* (La) and So - nut*
(!Lp) (based on Platt—Murrell’s nomenclature for aromatic molecules)(42,43) constitute the
electronic absorption band between 240 and 300 nm(44) (cf. Figure 3). Roos and co-workers have
shown that the major contribution to the above two transitions correspond to HOMO - LUMO
(54%) and HOMO-1 - LUMO (44%) transitions, respectively.(45) Therefore, we can argue that

the admixture of those transitions at our resonant photoionization wavelength leads to both 13~
1 1

and my™* electronic configuration final states. However, this argument does not apply to
tyrosine, since the upper nit™* state is too high in energy to be excited with a 267 nm pump.(46)
In resonant multiphoton ionization of isolated phenol, Weber and co-workers observed
photoelectron bands due to configuration interaction.(47) They estimated 12% contribution to
the total photoelectron signal from configuration interaction when excited to the Si state
intermediate. We have also performed R2PI-PES measurements on aqueous phenol (see Figure
S3 in the Supporting Information), and a comparison with the reported X-ray photoemission
spectra(13) reveals that the excited state configuration interaction also contributes in the

condensed phase. The presence of the r;™* configuration in the final states for both tryptophan

and tyrosine hence indicates significant configuration interaction in the intermediate excited
state. To the best of our knowledge, this is the first time the experimental evidence of
configuration mixing has been presented in the condensed phase using photoemission
spectroscopy.

The adiabatic ionization energy (AIE) can also be estimated from the onset of the photoelectron
spectra as listed in Table 2. The onset is defined as the intersection of the noise level and the
rising edge of the PE spectra when plotted in the logarithmic scale at the intensity axis.(48) The
rising edge has been defined by the slope line drawn at 1/e? value of the lowest binding energy
peak intensity (red line in Figure 4). The noise level, on the other hand, is an ill-defined quantity
and depends on the instrument sensitivity at the low signal intensity. We have noticed that the
resonant photoemission measurements offer a greater dynamic range in electron counts
(>2000:1) than the reference-subtracted spectra in X-ray photoemission measurements (<400:1).
This is because we are not subtracting solvent background signals and their associated noise in
the R2PI-PES technique; this determines the baseline level at low binding energy (cf. Figure 4).
This particular advantage allows us to better assign the noise floor while extracting the ionization
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onset in the resonant photoemission measurements. Therefore, we use our R2PI-PES results to
estimate the adiabatic ionization energy. We note that a range of estimates for the baseline (see
Figure 4) can be assigned in each of the R2PI-PES spectra; this provides an additional uncertainty
in the threshold (from #0.05 to +0.1 eV depending on data set). When combined with
uncertainties in the binding energy scale (£0.15 eV), this results in an overall < +0.18 eV error in
the estimated ionization threshold. Differences in the shape of the rising edge between the XPS
and the R2PI measurement of tryptophan can be explained by different ionization cross sections,
by the water background present in the XPS, and, as explained below, by the finite lifetime of the
laser pulses in R2PI. The reorganization energy, which is defined by the difference between the
vertical and adiabatic ionization energy, is found to be ~1.2-1.5 eV (Table 2), which is within the
acceptable range of values for biomolecules with similar aromatic moieties,(13,14) therefore
suggesting that the AIE values extracted in this way are reasonable.

The gas phase adiabatic ionization energy is rigorously the energy difference between the neutral
(initial) and cationic (final) states in their respective vibrational ground states [AIE = E(cation, v”
= 0) — E(neutral, v' = 0)]. In solution, we need to consider solvent modes and the finite
temperature. A common description is to define the aqueous-phase AIE as the energy difference
between the equilibrated structures of the neutral and ionized molecule (with its corresponding
relaxed solvent structure) with a vacuum electron.(49,50) Following linear response theory, the
collective molecular and solvent motion lead to parabolic free energy surfaces (Marcus
parabolas) in a one-electron transfer reaction.(8) Now, the energy difference between two
parabolas at their respective equilibrium solvent configurations represents the change in free
energy due to oxidation (AG®) and is therefore intrinsically related with the standard one-electron
oxidation potential (E%; AG® = -nFE®). Hence, we can compare our estimated AIE values with the
reported E° values, referenced to the standard hydrogen electrode (SHE), from the
electrochemistry literature.

The equilibrium redox reaction in water under cyclic voltammetry conditions involves both
electron and proton transfer as shown below

Tip{—H" + H" + ™ == Tip (1a)
Tyr(—H)" + H + ¢ & Tw (1b)

[H] + K,
K+ [H7]

RT | (Kl

E=E"al-H)", °H'/A) + R
3 E I.""Jl_.-l.:l (1C)

K,

where R is the gas constant and the acid dissociation constants K1 refer to equilibria A*®* & A +
H* and Ka1 to A & A~ + H*, where A = Trp and Tyr.(14) The last term containing the ratio of total
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concentrations is frequently omitted in the literature, because midpoint potentials are usually
reported, where this ratio is equal to unity.

The quantity of interest, AG®, for the one-electron redox reaction without follow up reactions is
best achieved via the photoionization process, which yields the instantaneous distribution of the
oxidized species, before the slower proton transfer steps. The relevant reactions can be
expressed as(14)

.J.-l'p_‘ +8 — J.l.p (2a)

st s rRT ([H'] + K
E=E"(A"A) + F In L] +

RT (&)
K, + [H

E I.'a".llul,.-.l (ZC)

Harriman reported the oxidation potentials of tyrosine and tryptophan in water using cyclic
voltammetry and illustrated the variation of derived midpoint potential values with pH as
expected by eq 1c or 2c (see Table 2). Interestingly, the potentials for tyrosine and tryptophan
indeed behave differently at pH values lower than 4.5; the potential for tyrosine increases almost
linearly with decreasing pH, while tryptophan maintains a constant potential, resulting in a
reversal in ordering of the £ beyond pH 3 (see Figure 2 in ref (10)). This is due to the very different
pKa values for the two radical cations: pKr1 = 4.7 for Trp*® (from ref (10)) whereas pKr1 ~ -2.75
for Tyr*®, using the literature value for phenol.(72) Using the midwave potentials at pH 2 and at
pH 7 and eq 2c, we can estimate that E°(Tyr*®, Tyr) will be ~0.4 V higher than E°(Trp*®, Trp), the
same order observed in the photoionization experiment with approximately the same difference
in E9 (Table 2). However, the absolute values for E%(Tyr*®, Tyr) and E°(Trp*®, Trp) are both about
0.5 V higher via the photoemission technique. In recent work, Signorell and Suzuki(78) have
shown that inelastic scattering of the outgoing electron plays an important role on the PE peak
shape and in an electron kinetic energy dependent fashion; correction due to inelastic scattering
is essential to extract correct binding energies.(78,79) If we consider the eKE at peak for the first
ionization transition of each amino acid in Figure 4, the computed peak shifts from inelastic
scattering simulations at equivalent eKEs from ref (78) are ~0 for phenylalanine, 0.4 eV for
tyrosine, and ~0.5 eV for tryptophan, all to lower binding energy and thus lower E°. Table 3
summarizes the extrapolated E°(Tyr*®, Tyr) and E°(Trp*®, Trp) on the basis of resonant
photoemission and from electrochemical measurements.

To evaluate further the resonant photoemission technique for E° estimation, we performed R2PI-
PES experiments on the following nucleosides/nucleotides: cytidine (Cyt), adenosine (Ado), and
deoxyguanosine monophosphate (dGMP) in water where the E°(A*®, A, A = nucleobase) have
been subject to a more detailed study, in particular by electrochemical measurements in aprotic
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solvents. In a recent work, Schroeder et al. reported the XPS measurements of these DNA
components and derived the standard one-electron oxidation potentials in aqueous
solutions.(14) The authors addressed the subtlety in calculating standard state E° values by
carefully considering all possible acid—base equilibria of the reduced and oxidized form of the
redox couple and illustrated the deviation from the E° values reported earlier in the literature(52)
(Table 4 in ref (14)). Most importantly, they established that E° values derived from VIEs from
photoelectron spectroscopy and computed reorganization energies within a polarized continuum
model for the solvent were in good agreement with electrochemical E° values measured in the
aprotic solvent acetonitrile.

We here compare E° values derived from R2PI-PES of the nucleosides/nucleotide (Figure 5) when
referenced to SHE (E° = AIE — E°(H*/%/2H;|Pt), where E°(H*//,H;|Pt) = 4.28 V(13,53,54)) with
those reported in ref (14) in Table 2. We notice that the values extracted from the R2PI-PES
measurements in all cases including adenosine overestimate both the E° reported in Schroeder
et al.,(14) as well as the reported E° in acetonitrile,(54) in the worst case by >0.8 eV for dGMP, a
case for which past electrochemical(52) and XPS estimates for E° are in close agreement. This is
somewhat larger than can be accounted for by a 0.4-0.5 eV correction due to inelastic scattering
to the PE peak shape described above. Furthermore, directly comparing the R2PIl with XPS spectra

in Figure 5 suggests a much poorer match in the first ionization peak onset and peak shape; the
alignment is much poorer than we see in Figure 4 for amino acids.

In order to explain this disparity in the photoemission behavior and why the situation differs so
much between amino acids and nucleobases, we need a closer look into the physical picture of
the R2PI-PES process. For the nonresonant photoionization process, AlE is strictly pulse-width-
independent, since there is no stationary intermediate state. In an R2PI process, the initial
excitation to the resonant state and the subsequent ionization take place within the same optical
pulse envelope; the intensity-dependent ionization rate is kinetically competing with electronic
and nuclear relaxation from the initially excited state. Therefore, the observed vertical ionization
energy (VIE) as well as the ionization onset/threshold (AIE) may manifest pulse-width-dependent
(and intensity-dependent) character.(73,74) We summarize these competing scenarios in Figure
6. The variation of the observed ionization onset with laser pulse width can be empirically
expressed via eq 3.

AIE(Af) = ATE(D) + &[QEU — g3 )
J:Zr\ul.'\u'\. + Rl-'n (3)

Here AIE(At) and AIE(O) represent pulse-width-dependent and intrinsic values for the ionization
onsets, respectively. At, Trelax, and AE denote laser pulse width, relaxation time, and relaxation
energy, respectively. Rrelax and Rion express the relaxation and resonant two-photon ionization
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rates. Note that Rrelax and Rion can be expressed as usual in terms of respective rate constants,

the laser intensity (/), and the excited state population as follows.
R, = k-] [no. of excited molecules] ~ k,,,"-I:(4a)

1on

B = K- [no. of excited molecules] ~ L‘,l_,u-1(4b)

where krelax = Trelax *. The quadratic dependence of laser pulse intensity on the R2PI process is
illustrated in Figure S6 in the Supporting Information.

When ionization dominates over electronic or nuclear relaxation (Rion > Rrelax), the majority of
the excited molecules ionize from the Franck—Condon region and the shift due to relaxation (the
exponential term) is irrelevant. Therefore, the observed R2PI ionization onset would be the same
as in the case of nonresonant ionization (scenario 1 in Figure 6).

On the contrary, when Rion << Rrelax, @ more dynamical character to the AIE might be expected.
First, in the delta pulse excitation limit (or infinitely long nuclear/electronic relaxation time),
At/trelax = 0, and we would again expect to see no pulse width dependence as the exponential
term goes to unity (scenario 2a in Figure 6). With a shrinking pulse width, the peak intensity also
increases, therefore further favoring the rate of ionization over relaxation. This effect combined
with vanishing of the relaxation term [AE(1 — exp(—At/Trelax))] at the short pulse limit again strictly
favors the intrinsic ionization onset.

However, for finite pulse width experiments (or when At and Trelax are of similar magnitude), there
will be competition between instantaneous ionization from the Franck—Condon region of the S,
surface and nuclear/electronic relaxation followed by ionization from the relaxed electronic
state, weighted by their respective rates (scenario 2b in Figure 6). Depending on the magnitude
of At/Trelax, this would affect both the peak maximum (VIE) as well as the slope of the rising edge
of the PE signal (red line in Figures 4 and 5), thus altering the estimated AIE values as discussed
below.

We can now examine whether the above physical picture is consistent with the experimental
results. Noting the empirical nature of eq 3, we emphasize that only a qualitative comparison
may be drawn. With this precaution, we can examine a test case for adenosine (Ado). From gas-
phase time-resolved photoemission studies in cold molecular beams, Stolow and co-workers
found that the excited state dynamics of an isolated adenine can be fit using three exponential
decays with time scales <50 fs, 750 fs, and several nanoseconds.(55,56) In more recent gas phase
experiments at room temperature, Chatterley et al. reported similar relaxation dynamics of
dAMP~ with time constants <60 fs and ~300 fs.(75) The sub-100 fs decay is assigned as ultrafast
relaxation from optically bright mrt* to the close-lying dark nmt* state; however, the exact nature
of the relaxation pathway is still debated due to possible intermixing of the two states along the
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decay pathway. In aqueous solution, similar ultrafast dynamics has been observed in dispersed
transient absorption measurements.(57) In the condensed phase, the fastest relaxation time
scale of 55 fs has been attributed to rapid intersystem crossing between two close-lying mt*
states (*Lp > La). Regardless of the nature of the final electronic state, both in gas and in solution,
adenine undergoes rapid relaxation with a time scale on the order of our excitation pulse width
(200 fs). With the assumption of predominant nuclear/electronic relaxation (Rion << Rrelax), W€ can
use AIE(At) = 6.8 eV, estimated from our R2PI-PES experiment (Table 2); AIE(0) = 6.38 eV, derived
from E° values in ref (14); Trelax ~ 50 fs and At ~ 200 fs, to calculate the relaxation energy (AE) ~
0.4 eV. This value is in reasonable agreement, particularly when acknowledging the possibility for
an extra correction for inelastic scattering, to the calculated energy difference of 0.36 eV
between the two close-lying mut* states (*La and 'Ly) in water.(58) A similar explanation applies to
dGMP and cytidine where ultrafast electronic and nuclear relaxation from the initially excited
state can account for the mismatch between one-photon and resonant two-photon ionization
onset values.(59-61,76,77,80) These results corroborate our physical picture of the pulse-width-

dependent photoionization and elucidate the difference in the E° values emerging from R2PI-PES
measurements and those derived from X-ray photoemission measurements.(7)

We now consider how this picture translates to the case of amino acids. The initial excited state
dynamics of the aromatic amino acids are expected to resemble that of their model aromatic
precursors. The excited state photophysics of aqueous tryptophan and its model chromophore
indole has been explored extensively at 266—290 nm excitation using various time-resolved
techniques.(62-65) In a fluorescence up-conversion study, Bram and co-workers found an
ultrafast relaxation component with 160 * 40 fs time scale (Trelax) and a 720 + 110 cm™ (AE) shift
for tryptophan in water, which is attributed to the fast inertial response of the solvent.(62) Using
these parameters, we estimate the decrease in the ionization onset within our pulse width (200
fs) to be 0.09 £ 0.01 eV compared to the nonresonant ionization for tryptophan, well within the
error of our AIE estimation (+0.18 eV). In other words, for tryptophan, we should not observe any
pulse-width-dependent shift in the AIE.

In recent transient absorption studies, Barry and co-workers observed excited state dynamics of
aqueous tyrosine (at pH 9) at a time scale >10 ps at 280 nm excitation.(66) The authors did not
observe any sub-picosecond dynamics within their experimental time resolution of 360 fs.
Similarly, our recent broadband transient absorption studies on aqueous phenol solution at 267
nm pump (resolution <50 fs) do not show any indication of sub-picosecond solvent or vibrational
relaxation.(67) The longer (Trelax > 1 ps) relaxation time scales observed for tyrosine and its model
chromophore phenol are not expected to change in photoionization threshold energy (ionization
onset) simply because the At/trelax factor in eq 3 approaches zero for ultrashort excitation pulses
(At ~ 200 fs).
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In the case of benzene, the aromatic chromophore of phenylalanine, the first excited state has a
lifetime in the order of 2 ns in water when excited close to the S; origin (ca. 260 nm).(67,68) The
experimental fluorescence lifetime does not change when the pump wavelength is reduced to
249 nm (1773 cm™ higher than the 0-0 transition).(69) From the absorption spectra of
phenylalanine (cf. Figure 3), we can conclude that at 267 nm we are exciting close to the 0-0
transition and expect no vibrational relaxation (AE ~ 0). The reported electronic relaxation time
scale is also orders of magnitude higher than our pulse width.(70,71) Therefore, the twofold
effect of minimal excited state relaxation energy (AE ~ 0) and slow relaxation time (At/Trelax ~ 0)
results in AIE(At) being almost identical to AIE(0) according to eq 3. Hence, considering this case-
by-case evaluation, we conclude that, in cases where there are only minor intermediate state
relaxation dynamics, R2PI-PES introduces no additional complications compared to nonresonant
PES.

We find that PE spectroscopy in general provides a useful alternative pathway to evaluating
standard oxidation potentials for aromatic containing organic molecules with irreversible redox
couples, particularly where the radical cation pK; is not well established. The precision of
extracted oxidation potentials, which are not currently as high as those determined by typical
electrochemical methods, are mainly influenced by calibration error and uncertainty in
establishing the threshold, ~ £0.18 eV. Both factors can be improved. Importantly, to minimize
systematic error in binding energy estimation, a careful consideration of inelastic electron
scattering to the PE peak shape is required; this may be achieved either by correction that
includes simulation of the effect of inelastic scattering or by optimal choice of photon energy to
minimize its impact.(78)

Conclusion

We have measured the vertical ionization energies of the aromatic amino acids in aqueous
solutions using two different photoemission techniques, steady state X-ray and resonant two-
photon photoemission. Our results show that tryptophan has the lowest ionization energy
followed by tyrosine and phenylalanine. As expected, this observed ordering of primary oxidation
propensity for tyrosine and tryptophan differs from electrochemical measurements at pH 7,
which necessarily include fast deprotonation steps. An understanding of the half reaction
considered, the effect of pH on the standard reduction potential, and a closer look at the relevant
deprotonation energetics explains the different ordering in the E°(A*®, A) values, and we find
consistency between derived E°(Tyr*®, Tyr) and E°(Trp*®, Trp) from extrapolating electrochemical
values and corrected PE thresholds (Table 3).
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Interestingly, R2PI-PES and XPS probe very different depths from the solution surface, as the
widely varying photon energies involved lead to different kinetic energies of the outgoing
photoelectrons. We expect R2PI to primarily probe the bulk (<10 eV kinetic energy) while XPS
(>150 eV) is essentially probing the surface/interface. We do not observe significant energy shifts
here, but this difference between near threshold ionization in R2PI-PES to X-ray ionization may
be useful for systems known to have an interface-propensity and where the electronic structure
is more sensitive to environment.

We have also demonstrated the superior sensitivity of the resonant two-photon ionization
scheme for solutions with low solute concentration in contrast to the single-photon XPS
measurements used hitherto and often requiring solute concentrations of 0.1-1 M. This
combination of higher sensitivity and preferential ionization from a specific chemical moiety
makes R2PI-PES a unique tool for spectroscopic assignment and chemical analysis.

The near-instantaneous nature of the photoionization process has been exploited, leading to
estimations of the intrinsic standard redox potentials for systems in aqueous solutions that
otherwise rapidly deprotonate, on a time scale faster than the establishment of the reversible
equilibria required for electrochemical techniques like cyclic voltammetry. lonization thresholds
can be established with greater certainty using R2PI-PES compared to XPS, and for situations
where there is no significant intermediate state relaxation dynamics taking place on the time
scale of the pulse width, such as in aromatic amino acids, it should be possible to derive reliable
standard oxidation potentials E°(A**/A). On the other hand, for systems that do exhibit rapid
electronic or vibrational dynamics that lead to >0.1 eV energetic relaxation, we have explored
the dynamical nature of the adiabatic ionization energy revealed in the R2PI-PES and empirically
formulated the correlation between estimated ionization onset with electronic and nuclear
relaxation on the excited state surface. In principle, reliable oxidation energies could be
established for such systems from pulse-width-dependent R2PI photoelectron spectra. This
would require that intermediate state relaxation does not take place so rapidly that the energetic
uncertainty in the pulse spectrum then exceeds the other instrumental factors limiting the
electron kinetic energy resolution.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:
10.1021/acs.jpcb.7b11762.

R2PI time-of-flight spectrometer calibration; subtraction, normalization, and calibration of XPS
spectra; XPS and R2P1 measurements for aqueous phenol; reorganization energy; extraction of
AIE from XPS spectra; intensity dependence of the R2P1 signal; and additional references
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Figure 1: Schematic illustration of the X-ray and resonant two photon ionization photoemission process.
High energy X-ray radiation leads to ionization of all the valence orbitals and produces photoelectrons at
high kinetic energies (yellow arrows). In contrast, in resonant photoemission, ionization takes place only
from those orbitals which are involved in resonant electronic excitation (purple arrows) with the first
photon. Since the total energy deposited in the latter process is much smaller, it also yields lower kinetic

energy electrons.
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Figure 2: X-ray photoemission (a-c) and 267 nm resonant two photon ionization (d-f) spectra of the
aromatic amino acids in water (solid circles). Individual Gaussian fits and the total fit are shown in blue

dashed lines and solid red lines, respectively. Note that the R2PI spectra are affected by the instrument cut-
off function at eKE < 0.5 eV.
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Figure 3: UV-VIS absorption spectra of aromatic amino acids in water. For comparison absorption spectra

of benzene, indole and phenol in water are also shown. The solid purple band shows the excitation beam
spectrum centered at 267 nm (FWHM~3 nm).
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Figure 4: Estimation of the adiabatic ionization energies of aromatic amino acids. The intensity axis is
plotted on a logarithmic scale to emphasize the noise floor. The red line indicates the rising edge of the
signal and the blue region denotes the spread in estimated noise levels (see text). Due to the reference
subtraction, the dynamic range in the signal intensity is low (<400:1) in XPS compared to R2PI
measurements (>2000:1), which makes the assignment of the baseline more ambiguous in the XPS data.
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Figure 5: XPS and R2PI-PES spectra of cytidine (Cyt), adenosine (Ado) and deoxyguanosine
monophosphate (dGMP) in water. AIEs have been estimated as described in the text. We find that AIE
derived from these measurements overestimate the standard oxidation potential by ~0.6 V (0.2 V) when
compared to the values reported in ref 14 (cf. Table 2). See text for explanation.
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Figure 6: Schematic representation of the resonant two photon ionization process. With delta pulse
excitation (case 1), the initial wave packet launched on the S; surface (FC region) undergoes ionization
prior to any nuclear and electronic relaxation and reaches the final state Do (radical cation). The excess
energy is manifested as the electron kinetic energy. The maximum available kinetic energy corresponding
to So(v=0) — Do(v=0) transition is shown as KE’mx. The adiabatic ionization energy can be defined as
AIE(0) = 2*hv-KE max. In case of a finite laser pulse (case 2), relaxation takes place within the pulse width
(At). The observed adiabatic ionization energy is AIE(At) = 2*hv-KE*max. Since KE%max > KEmay, the
observed ionization threshold for case 2 will always be equal to or higher than the actual value (no
relaxation, case 1).
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Table 1. Vertical ionization energies of the aromatic amino acids in aqueous solutions compared with gas phase

Amino Acids VIE (eV)/XPS @ VIE (eV)/R2PI-PES ? VIE (eV)(gas phase) P
L-Phenylalanine 8.7(m3), 9.4(ny), 9.8(m2) 8.8(m3) 8.9(m3), 9.3(ny), 9.7(m2)
L-Tryptophan 7.3(s), 8.0(m2), 8.9(ny), 9.5(ny) 7.3(n3), 8.2(12) 7.9(n3), 8.3(m2), 9.4(ny), 9.8(ny)
L-Tyrosine - 7.8(m3),8.4(m2) 8.5(m3), 9.4(m2), 9.6(ny)

aThe standard error of VIE is £0.1 eV. Average FWHM of the photoelectron bands in solutions is 0.9£0.1 eV.

b Gas phase values from refs, 3437

Table 2. Adiabatic ionization energies (in eV) and standard one electron reduction potentials (vs SHE, in V for couple
given) for important biomolecules in aqueous solution.

AIE? E0R2p|.pEs EO(A+°/A) E-£ Ezj Reo rgan ization

(A IA)P vs SHE VsSHE  VvsSHE  energy (A)"

vs SHE
L-Phenylalanine 7.5 3.22 3.2 - - 1.3
L-Tryptophan 5.9 1.62 1.6 1.015f 1.15f 14
L-Tyrosine 6.4 2.12 - 0.93f 1.22f 1.4
Cytidine 7.3 3.02 2.4, 2.14¢ ~1.6¢9 - 1.59
Adenosine 6.8 2.52 2.1¢,1.96¢ 1.449 - 1.49
Deoxyguanosine 6.6 2.32 1.5¢, 1.49¢ 1.319 - 1.5¢

monophosphate

2 AlEs referenced to vacuum extracted from R2PI-PES experiments in solution (see text for details).
Errors associated with AIEs are £0.1 V for Phenylalanine and Tryptophan, and less than +0.1 V for Tyrosine (see
Figure 4).

b E%0op1pes = AIE - E%ne where E%une=4.28 V from Refs. 1354, We note that the uncertainty of E%je values in the
literature is £0.2 V. Refs. 135354 However, this uncertainty is common for all systems and will not change the
relative values of the standard redox potential.

¢ EO(A**/A) values from X-ray photoemission measurements (cf. Table 4 in ref 14).
dEO(AT*/A) values in acetonitrile. Refs, 14 5

¢ E7, one-electron reduction potential measured at pH=7

ffrom ref 1, values are measured vs SHE

9from ref 14

" Reorganization energy is derived from the R2P1 VIEs in Table 1 (column 3) and AIEs here (column 2) as follows

A = VIEgzpipes - AIE

I E,, one-electron reduction potential measured at pH=2
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