
Cryogenic “Iodide-Tagging” Photoelectron Spectroscopy: A
Sensitive Probe for Specific Binding Sites of Amino Acids
Hanhui Zhang,⊥ Wenjin Cao,⊥ Qinqin Yuan, Xiaoguo Zhou, Marat Valiev, Steven R. Kass,*
and Xue-Bin Wang*

Cite This: J. Phys. Chem. Lett. 2020, 11, 4346−4352 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This work showcases cryogenic and temperature-
dependent “iodide-tagging” photoelectron spectroscopy to probe
specific binding sites of amino acids using the glycine−iodide
complex (Gly·I−) as a case study. Multiple Gly·I− isomers were
generated from ambient electrospray ionization and kinetically
isolated in a cryogenic ion trap. These structures were characterized
with temperature-dependent “iodide-tagging” negative ion photo-
electron spectroscopy (NIPES), where iodide was used as the
“messenger” to interpret electronic energetics and structural
information of various Gly·I− isomers. Accompanied by theoretical
computations and Franck−Condon simulations, a total of five
cluster structures have been identified along with their various
binding motifs. This work demonstrates that “iodide-tagging”
NIPES is a powerful general means for probing specific binding
interactions in biological molecules of interest.

Amino acids (AAs) are well known fundamental
components of proteins and have a variety of critical

biological functions (e.g., as chemical messengers, energy
metabolites, and essential nutrients). As a result, they are
essential to human life and all other living things.1,2 Their ion
clusters along with protein−ion interactions are ubiquitous in
nature and play a critical role in a variety of physiological
processes.3−8 For example, the essential process of ion
concentration regulation occurs via ion transport through cell
membranes and involves multiple protein−ion interactions.
Both AA and protein−ion interactions are facilitated by the
formation of zwitterionic structures in which the N-terminus or
a basic side chain is protonated and the C-terminus is
deprotonated.9 In the absence of water, these isolated species
are typically unstable in the gas phase,10,11 but their
zwitterionic forms can be stabilized by induction with
numerous species such as a water molecule,12−14 an electron,15

or an ion.16−24 This has led to an increase in the attention
given to gas-phase spectroscopic studies of isolated AA−ion
clusters, especially anionic ones with multiple binding sites due
to the presence of several different hydrogen-bond donating
groups.
Numerous conformers of AA-ion clusters exist and

theoretical computations can be helpful in identifying those
that are formed. Spectroscopic data, on the other hand, provide
useful information to benchmark ab initio and density
functional theory calculations.25 Structural identification of
AA-ion clusters via spectroscopy, nevertheless remains a

challenging task. Two key issues are the extremely small
population of thermodynamically less favorable structures and
the difficulty in differentiating them. Conventional thermody-
namic theories predict just the formation of the lowest energy
isomer at low temperatures. That is, according to the well-
accepted Boltzmann distribution law, species that are 1 kcal
mol−1 higher in energy than the most stable structure
contribute only ∼10−3 % to the overall population at a
temperature of 50 K. Moreover, most spectroscopic measure-
ments are usually carried out at even lower temperatures. The
other challenge is to distinguish different isomers with similar
geometries and spectral profiles. This issue has been most
commonly tackled by identifying signature vibrational modes
of select isomers using techniques like infrared multiphoton
dissociation (IRMPD).19−23 Limitations in this methodology
arise, however, with increasing molecular complexity as the
number of possible structures increases and the vibrational
spectra become more complicated.
In this Letter, we provide a new approach to probe-specific

AA binding sites using a case study of the Gly·I− cluster anion
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that addresses the two previously described challenges by
generating these complexes using a top-down approach and
characterizing them with “iodide-tagging” negative ion photo-
electron spectroscopy (NIPES). In this top-down approach,
Gly·I− anions are generated by electrospray ionization (ESI)
under ambient conditions and guided into a cryogenic ion trap.
Numerous accessible structures from room-temperature (RT)
microsized droplets undergo rapid solvent evaporation cooling
and collision cooling within the cryogenic ion trap and are
kinetically isolated and retained. Cryogenic and temperature-
dependent “iodide-tagging” NIPES is then used to characterize
the resulting species. The name “iodide-tagging” is employed
because of the important role I− plays as a messenger to
interpret the NIPE spectra, which are expected to be
dominated by atomic iodide transitions with two distinct
bands separated by 0.94 eV arising from the 2P3/2 and 2P1/2
spin−orbit states of the iodine atom.26,27 This characteristic
spectral feature should make it possible to identify different
isomers as resolved peaks with slightly different electron
binding energies (EBEs) in the resulting complex spectrum.
Confirmation of the presence of multiple species can be
achieved by varying their relative populations by carrying out
temperature-dependent measurements.28−31 For the Gly·I−

cluster, five distinct structures with different binding motifs
and varying in energy over a 3.93 kcal mol−1 range were
successfully trapped and characterized. The importance of
iodide in cluster anions has recently been demonstrated and
explored as a way to initiate intracluster electron transfer and
study excited-state dynamics as well as to probe various
tautomers of a specific biomolecule to which the iodide
binds.32−36

In Figure 1, the 20 K NIPE spectra of the Gly·I− anion
obtained with photon energies at both 266 (4.661 eV) and 193

nm (6.424 eV) are given. The latter spectrum exhibits two
band systems originating at 3.71 and 4.66 eV (marked as Ω =
3/2 and 1/2 in Figure 1b) arising from the spin−orbit states
(Ω = 3/2 and 1/2) of the neutral radical. The observed
separation between these two bands is 0.95 eV, which is similar
to the 0.942 eV splitting for atomic iodine37 but with
substantially higher EBEs than for I− (3.059 and 4.002 eV).
This spectral pattern is similar to our previous observations

with various iodide complexes,26,27 suggesting that the electron
is detached from a molecular orbital dominated by the I atom
but is significantly stabilized by the binding of I− to glycine. A
more complicated spectrum for the Gly·I− cluster results in
that each of the two band systems exhibits multiple transitions
over an EBE range of 0.8 eV. At least three features at 4.79,
5.00, and 5.13 eV with an unresolved shoulder at a higher EBE
are observed in the Ω = 1/2 band system. In contrast, because
of the higher electron kinetic energies in the lower EBE Ω = 3/
2 band, this feature is less well-resolved but still exhibits a sharp
band at 3.85 eV followed by a broad band with a maximum at
4.15 eV. The spectrum recorded at 266 nm affords significantly
better resolution for the Ω = 3/2 band system due to the
reduced electron kinetic energies. It clearly displays three well-
resolved peaks at 3.85, 4.01, and 4.15 eV, respectively (marked
as X, A, and B in Figure 1a) and a shoulder around 4.26 eV
(marked as C in Figure 1a) at the higher EBE side of the 4.15
eV feature. Each of these four peaks has a corresponding signal
within the Ω = 1/2 envelope with well-matching spacings for
the expected spin−orbit splitting of the I atom (i.e., 0.94, 0.99,
0.98, and 0.96 eV, respectively). Because of this excellent one-
to-one correspondence between the two band systems, only
the features in the higher intensity and better resolved Ω = 3/2
envelope from the 266 nm spectrum were used in the following
analyses.
To assign the different features in the Ω = 3/2 band, one

needs to consider vibrational coupling in a single species as
well as different possible isomers. Given the unequal spacings
between X, A, B, and C (i.e., 0.16, 0.14, and 0.11 eV,
respectively) and their relative intensities, these features do not
appear to be due to a vibrational progression. Additional
insights were obtained with the aid of quantum-chemical
calculations and the optimized B3LYP/aug-cc-pVDZ geo-
metries of the low-lying structures of the Gly·I− anion, where
the all-electron 6-311+G(df) basis set was used for the iodine,
are given in Figure 2. Their calculated single-point relative
energies and vertical detachment energies (VDEs) at the
CCSD(T) level with the aug-cc-pVTZ (and aug-cc-pVTZ-PP
for I) basis set are provided in Table 1. The six lowest energy
isomers 1−6 adopt structures in which the glycine is in its
canonical form, whereas its zwitterionic isomer zw has a higher
relative energy of +7.49 kcal mol−1.
Glycine has several different types of bonds to hydrogen

(i.e., N−H, O−H, and C−H), and this leads to various
hydrogen bond binding motifs to the iodide anion. Of the six
lower-energy canonical structures, their relative energies
exhibit a descending trend with an increase in the number of
XH·I− interactions, where X = C, N, or O. The two most stable
isomers, 1 and 2, both have three hydrogen bonds to the
iodide anion (i.e., two NH·I− and one OH·I− interaction for 1
and two CH·I− and one OH·I− hydrogen bond for 2), and the
latter species is 0.45 kcal mol−1 higher in energy. In
comparison, both 3 and 4 have two hydrogen bonds (i.e.,
one NH·I− and one OH·I− interaction for 3 and two NH·I−

hydrogen bonds for 4), and they are 1.34 and 1.57 kcal mol−1

less stable. Isomers 5 and 6 both have one OH·I− interaction
and have significantly higher energies of 3.93 and 5.10 kcal
mol−1. All of these structures, however, should be accessible at
RT in the ESI solution used to generate the Gly·I− clusters.
The computed VDEs of 1−6 span from 3.83 to 4.30 eV and

are all within the range of the observed Ω = 3/2 band system,
whereas zw has a significantly higher calculated VDE of 4.86
eV (Table 1) and can be excluded from contributing to the

Figure 1. 20 K NIPE spectra of the Gly·I− anion obtained at (a) 266
and (b) 193 nm.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c01099
J. Phys. Chem. Lett. 2020, 11, 4346−4352

4347

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01099?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01099?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01099?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01099?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01099?ref=pdf


266 nm photoelectron spectrum. The Franck−Condon factor
(FCF) simulations based on each of these structures (Figure
S1) further exclude the possibility that the multiple peaks in
the band structure arise from vibrational coupling. That is, the
FCF simulated spectra for 2−6 are all dominated by sharp
transitions for the VDEs starting at their EBEs. Isomer 1
exhibits a broad band between 4.1 and 4.5 eV arising from the
excitations of different vibrational modes of the neutral radical,
including NH2-related modes (NH2 twisting, rocking, and
wagging as well as N−H stretching), I-glycine stretching, and
N−C−C/C−O−H bending of the glycine motif. However, it
cannot reproduce the observed spectrum that is spread out
over a ∼0.8 eV range. Zwitterion zw has a broad simulated
spectrum that covers the requisite energy range, but given its
relatively low stability and large calculated VDE of 4.86 eV, this
isomer is also excluded as a candidate that can reproduce the
experimental bands by itself. Each of the calculated VDEs of
1−6, however, match one of the four observed features in the
Ω = 3/2 band, and this strongly suggests that the spectrum
arises from the presence of multiple isomers of the Gly·I−

cluster.
On the basis of the above analyses and the excellent

agreement between the experimental and calculated VDE band
positions, the four peaks in the Ω = 3/2 band system are
assigned to vertical transitions of anions 1−5 to their neutral
ground states. Both 1 and 3 are assigned to band C at 4.26 eV
because they have identical calculated VDEs of 4.30 eV. The
observed X, A, and B bands at 3.85, 4.01, and 4.15 eV are
assigned to 5, 4, and 2, respectively, given their computed
VDEs of 3.83, 3.96, and 4.16 eV. Clusters 6 and zw are

predicted to be less stable than the other species, and in the
former case, its predicted VDE overlaps with 5, whereas it falls
in the Ω = 1/2 band for zw. Given the observed spectral
resolution and for simplicity’s sake, we decided to neglect these
latter two isomers from the simulated 266 nm spectrum
obtained by combining the FCF simulations of 1−5 (Figure
3). An excellent match was obtained by normalizing each

contributor’s contribution to the experimental peak height and
only adjusting their weights due to peak overlap. The strong
intensity of band X corresponds to 5 with a relative energy of
3.93 kcal mol−1, and this might seem to violate the Boltzmann
distribution law, but the height of a given band is determined
by the population of a given isomer and its photodetachment
cross section as well as the spectral overlap. Considering the
weaker interaction between glycine and I− in 5 and that there
is only one hydrogen bond to the iodide, it is feasible that the
photodetachment cross-section of this isomer is larger than
those for 1−4.

Figure 2. B3LYP optimized geometries of Gly·I− complexes 1−6 and zw with the aug-cc-pVDZ basis set, except for iodine, which was treated with
the 6-311+G(df) all-electron basis set.

Table 1. CCSD(T)//B3LYP Calculated Relative Energies
(E, kcal mol−1) and VDEs (eV) of Different Gly·I−
Structures along with Their Observed Experimental VDEs

1 2 3 4 5 6 zw

Ea 0 0.45 1.34 1.57 3.93 5.10 7.49
VDE 4.30 4.16 4.30 3.96 3.83 3.86 4.86
expt. 4.26 4.15 4.26 4.01 3.85

aZPE corrections were carried out using the B3LYP vibrational
frequencies.

Figure 3. Simulated NIPE spectrum (gray) using the calculated stick
spectra (brown, violet, orange, green, and blue for 1−5, respectively)
convoluted with Gaussian line broadening (where the fwhm’s of each
Gaussian were set to 60 meV) superimposed onto the experimental
266 nm spectrum (red). The simulated spectra for each individual
structure compared with the experimental spectrum are provided in
Figure S1.
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The relative intensities of different features in NIPE spectra
do not directly reflect population distributions, but changes in
the intensities as a function of temperature should provide a
measure of the various chemical structures thermodynamic
stabilities. Consequently, the 266 nm spectra of the Gly·I−

anion were obtained at temperatures ranging from 20 to 300 K
(Figure 4), and the relative intensities of the X, A, B, and C

bands at each temperature after normalizing the total intensity
of each spectrum are illustrated in Figure 5. The room-
temperature spectrum (300 K) is dominated by X with a ratio
of 0.46, but this feature gradually diminishes as the
temperature is lowered and reaches a minimum value of 0.17
at 125 K. In contrast, bands A, B, and C increase in intensity

over this temperature range (300−125 K). At lower temper-
atures, these trends break down and are reversed from 125 to
80 K (i.e., the intensity ratio of X increases, and those for A, B,
and C decrease); then, a “plateau” region is reached below 80
K, where the intensity ratios remain almost unchanged, except
for band A, which slightly increases. Our computations indicate
that 5 is the energetically least stable conformer but has the
largest and most favorable entropy (96.79 cal mol−1 K−1, Table
S1) due to its greater structural flexibility resulting from having
only one hydrogen bond to the iodide ion. As a result, its
relative Gibbs free energy of formation (ΔfG) decreases with
increasing temperature, resulting in a more favorable
population at higher temperatures. At 300 K, ΔfG for 5 is
still 2.73 kcal mol−1 larger than that for 1, and whereas its
relative population is predicted to be smaller than those of 1−
4, it will be greatly enhanced based on the Boltzmann
distribution law. As a result, it is not surprising to see an
increase in the intensity ratio of X and decreases in the other
bands in going from 125 to 300 K. The unexpected trends at
even lower temperatures can be attributed to the rapid cooling
of the cluster ions and the insufficient energy to readily
overcome interconversion barriers leading to the equilibration
of the different isomeric structures. As a result, these species
are kinetically trapped and isolated, leading to populations that
differ from those predicted on the basis of the Boltzmann
distribution law. It is worth noting that by changing the
different solvents used in ESI, the population of each isomer
formed in the ion source can be varied to a certain extent.38,39

However, temperature-dependent measurements hold the
capabilities of not only changing the relative intensities of
different isomers but also providing thermodynamic entropy
information.
The Gly·I− complex represents one of the simplest cases in

ion−biomolecule interactions, yet our study has demonstrated
a richness and diversity in its binding motifs. This was achieved
via the cryogenic and temperature-dependent photoelectron
spectroscopic characterization of multiple kinetically trapped
isomers using iodide as a “messenger” to interpret the energetic
and structural properties of an anion−AA cluster. Taking
advantage of the simplicity of the spectral profile of such
complexes, multiple isomers can be identified based on their
different VDEs and temperature-dependent intensity ratios.
This enables the binding sites in these species to be
determined and should facilitate the understanding of
anion−protein interactions. Furthermore, this technique
could be extremely useful in probing zwitterionic forms of
AAs stabilized by interactions with other molecules or ions in
the gas phase that have been computationally predicted but
still experimentally unconfirmed.40−42 We can envision
synthesizing the iodide counterparts of these AA−anion
complexes by substituting the “anion moiety” with iodide
and performing cryogenic and temperature-dependent NIPES
experiments on those AA·I− clusters. The resulting spectrum
should encode spectroscopic signatures on different iodide
binding sites of canonical or zwitterionic AAs. Although not
directly identifying the iodide-induced zwitterionic glycine
structure in this work, the power in determining multiple
isomeric structures with a several kcal mol−1 energy window
and a high detection sensitivity offers new possibilities for
investigating zwitterion and canonical motifs and the effect of
additional charge centers or solvent molecules.
In summary, we have reported a case study on the Gly·I−

complex using cryogenic and temperature-dependent “iodide-

Figure 4. Temperature-dependent NIPE spectra of Gly·I− at 266 nm.

Figure 5. Intensity ratios of X, A, B, and C in the 266 nm NIPE
spectra of Gly·I− as a function of temperature from 20−300 K. The
total intensities for each of the spectra were normalized, and the given
ratios were estimated based on peak heights. Given that the spectral
resolution and intensity of band A decrease with increasing
temperature, these results are only qualitative in nature.
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tagging” photoelectron spectroscopy combined with theoreti-
cal computations. A total of five isomers with computed
CCSD(T) relative energies spanning 3.93 kcal mol−1 have
been successfully trapped and characterized on the basis of the
excellent agreement between experimental and calculated
VDEs, well-matched FCF simulated spectra with the measured
spectrum, and the agreement between theoretically computed
thermodynamics properties and experimentally observed
population variations with temperature. This investigation
has revealed diverse binding motifs between glycine and
iodide. Structures with three hydrogen bonds to I− are
energetically more stable than those with fewer hydrogen
bonds, but they are more oriented and entropically less
favorable, leading to a diminishment of their populations at
higher temperatures.

■ EXPERIMENTAL METHODS
This work was performed with the Pacific Northwest National
Laboratory (PNNL) ESI-NIPES apparatus utilizing a temper-
ature-controlled cryogenic ion trap.28 Gly·I− anions were
produced via electrospraying a ∼0.1 mM mixture of both KI
and glycine in a 3:1 v/v ratio of acetonitrile/water. These
cluster anions were generated at RT and then accumulated and
cooled in a 3D Paul trap. The cold ions were then pulsed out
into the extraction zone of a time-of-flight mass spectrometer
at a repetition rate of 10 Hz. Mass-selected anions were
decelerated and photodetached by a laser beam in the
photodetachment zone of the magnetic bottle photoelectron
analyzer. Either a 266 nm (4.661 eV) Nd:YAG laser or a 193
nm (6.424 eV) ArF excimer laser was used, operating at a 20
Hz repetition rate with the ion beam off on alternating laser
shots to afford shot-by-shot background subtraction. The
photodetached electrons were collected at nearly 100%
efficiency by the magnetic bottle and analyzed in a 5.2 m
long electron flight tube. Time-of-flight NIPE spectra were
collected and then converted into electron kinetic energy
spectra by calibration with the known spectra of I−/OsCl6

2− or
I−/Cu(CN)2

−. Electron binding energies were subsequently
obtained by subtracting the electron kinetic energies from the
detachment photon energies. These spectra have an electron
energy resolution (E/ΔE) of ∼2% (i.e., ∼20 meV for 1 eV
kinetic energy electrons).
Theoretical Details. Numerous initial structures for the Gly·I−

cluster anions in zwitterionic and canonical forms were
systematically examined with molecular dynamics searches
using semiempirical methods (AM143 and PM344) with the
Spartan software.45 All conformations within 10 kcal mol−1 of
the most stable one were used as initial structures for
subsequent optimizations. Further geometry optimizations
and harmonic frequency analyses of all candidate anions and
corresponding neutral radicals were performed with density
functional theory (DFT) using the B3LYP functional46,47

without any symmetry constraints, as this approach was
previously found to be effective.48,49 The 6-311+G(df) all-
electron basis set was used for iodine, and the aug-cc-pVDZ
basis set50 was used for all other atoms. Vibrational frequency
analyses ensured that the optimized structures are true energy
minima on the potential energy surface. The energies of each
optimized anion and corresponding neutral radical at the anion
geometry were refined by CCSD(T)51,52 single-point energy
calculations with the aug-cc-pVTZ50 (and aug-cc-pVTZ-PP53

for I) basis set. VDEs were calculated as the energy differences
between the neutral and anionic clusters, both at the optimized

anion geometries, whereas the relative energies of different
anion isomers were calculated based on their electronic
energies with zero-point energy (ZPE) corrections at the
DFT level. All DFT calculations were performed with the
Gaussian 03 software54 package, whereas the CCSD(T)
calculations were done with MOLPRO 2015.1.55 Additionally,
the FCFs for spectral simulations including Duschinsky
rotations were computed with the ezSpectrum program.56
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