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ABSTRACT
We report a joint negative ion photoelectron spectroscopy (NIPES) and quantum chemical computational study on glycine-chloride/bromide
complexes (denoted Gly⋅X−, X =Cl/Br) in close comparison to the previously studied Gly⋅I− cluster ion. Combining experimental NIPE spec-
tra and theoretical calculations, various Gly⋅X− complexes were found to adopt the same types of low-lying isomers, albeit with different
relative energies. Despite more congested spectral profiles for Gly⋅Cl− and Gly⋅Br−, spectral assignments were accomplished with the guid-
ance of the knowledge learned from Gly⋅I−, where a larger spin–orbit splitting of iodine afforded well-resolved, recognizable spectral peaks.
Three canonical plus one zwitterionic isomer for Gly⋅Cl− and four canonical conformers for Gly⋅Br− were experimentally identified and
characterized in contrast to the five canonical ones observed for Gly⋅I− under similar experimental conditions. Taken together, this study
investigates both genericity and variations in binding patterns for the complexes composed of glycine and various halides, demonstrating that
iodide-tagging is an effective spectroscopic means to unravel diverse ion-molecule binding motifs for cluster anions with congested spectral
bands by substituting the respective ion with iodide.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159326

I. INTRODUCTION

Amino acids (AAs) are ubiquitous in nature yet quite unique
since they adopt canonical structures as isolated molecules while
becoming charge separated in a zwitterionic form with the N-
terminus protonated and the C-terminus deprotonated when
solvated.1,2 In addition to solvation, ion interactions, are also found
to stabilize the zwitterionic form of AAs.3–12 Moreover, binary AA-
ion complexes serve as an important model system to understand
ion-protein interactions, which play a crucial role in a wide range of
physiological processes.13–17 Therefore, numerous studies have been
carried out to characterize AA-ion complexes, and the combina-

tion of infrared multiphoton dissociation (IRMPD) with theoretical
calculations has been widely used in this regard.3–12,18–20 Most
of these reports have focused on cation-AA interactions whereas
anion-AA complexes are much less studied.21–25 In the former
species, cations bind to the canonical form of the amino acid at elec-
tron rich sites or to the carboxylate group of a zwitterionic structure
to form a salt bridge isomer. Anions, on the other hand, bind to elec-
trophilic sites typically via hydrogen bond formation. A wide range
of binding motifs are accessible in the anionic complexes due to the
availability of multiple types of hydrogen bond donors (e.g., N–H,
O–H, and C–H). This makes it difficult to characterize AA-anion
structures due to their molecular complexity and the presence of

J. Chem. Phys. 159, 034305 (2023); doi: 10.1063/5.0159326 159, 034305-1

Published under an exclusive license by AIP Publishing

 21 July 2023 17:09:14

https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0159326
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0159326
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0159326&domain=pdf&date_stamp=2023-July-19
https://doi.org/10.1063/5.0159326
https://orcid.org/0000-0002-2852-4047
https://orcid.org/0000-0002-9011-3716
https://orcid.org/0000-0002-0264-0146
https://orcid.org/0000-0001-7007-9322
https://orcid.org/0000-0001-8326-1780
mailto:xzhou@ustc.edu.cn
mailto:kass@umn.edu
mailto:xuebin.wang@pnnl.gov
https://doi.org/10.1063/5.0159326


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

multiple conformers of varying energies. Furthermore, an efficient
and sensitive spectroscopic tool is needed that can provide direct and
recognizable signatures for an ensemble of conformers.

Recently, we proposed “iodide-tagging” negative ion photo-
electron spectroscopy (NIPES) to probe multiple conformations of
clusters with iodide ion binding to AAs ranging from the simplest
one (i.e., glycine)26 and its N-methylated derivatives27 to arginine.28
Through these studies, we observed not only the most stable con-
formers but also those within a certain energy window. We were
also able to identify different binding patterns based on the ver-
tical detachment energy (VDE) as the key spectral signature for
distinguishing various conformers with different AA-iodide interac-
tion energies. In the glycine-iodide complex, five low-lying isomers
were clearly distinguishable as four well-resolved bands in the NIPE
spectrum.26 When replacing glycine with its N-methylated deriva-
tives, conformational simplification was observed, mainly due to the
replacement of strong hydrogen bond donors (N–H) with poorer
ones (C–H).27 Thismethodwas also applied to the arginine complex,
which consisted of multiple canonical and zwitterionic isomers.28
These studies showcased iodide-tagging NIPES as a sensitive probe
for conformational identifications of iodide-containing complexes.
One question that naturally arises from this work is: are the observed
binding motifs specific to the iodide complexes, or do they represent
a general binding pattern for a wide range of structurally similar
anions with a given compound? The answer to this question will
determine the utility of iodide-tagging NIPES and its generality for
probing anion-molecular binding interactions. Consequently, the
study of additional AA-anion complexes is of interest.

In this article, we present a combined NIPES and quantum
chemical study on glycine-chloride and bromide clusters (denoted
Gly⋅X−, X = Cl and Br), focusing on the similarities and differ-
ences between the different halide anions. Since Cl− and Br− interact
more strongly with neutral compounds than I−, such a comparison
provides an excellent platform to scrutinize their complex energy
landscape as a function of ion-molecular interaction strength. We
identified the same types of structures for Gly⋅Cl− and Gly⋅Br− as
those located for Gly⋅I−, albeit with larger energy gaps between the
isomers, leading to fewer types of conformers being observed. The
analogous binding patterns across the Cl–Br–I series suggest that
the answer to the above question is that iodide tagging is a general
approach and can be used as a model to probe distinct binding sites
of complexmolecules by taking advantage of their simplified spectral
profiles to establish accurate conformational assignments. This, in
turn, can provide a general way of addressing ion molecular systems
with more complex spectral patterns.

II. METHODS
A. Negative ion photoelectron spectroscopy (NIPES)

NIPE spectra were obtained using a magnetic-bottle (MB)
time-of-flight (TOF) photoelectron spectrometer combined with an
electrospray ionization (ESI) source and a temperature-controlled
cryogenic ion trap, as described elsewhere.29 The anion complexes
were generated by electrospraying ∼0.1 mMmixtures of glycine and
a halide salt (NaCl or KBr for Gly⋅Cl− and Gly⋅Br−, respectively)
in a 1:1 ratio using acetonitrile/water (3:1 v/v) as the solvent. The
resulting anions were transported by a radio frequency quadrupole
ion guide and first detected with a quadrupole mass spectrometer in

order to optimize the ESI conditions to ensure stable and intense ion
cluster beams. A 90○ bender was used to direct the anions into the
cryogenic 3D ion trap, where they were accumulated for 20–100 ms
and cooled by collisions with a cold buffer gas (20% H2 balanced
in He) to 20 K before being pulsed-out into the extraction zone of
the TOF mass spectrometer for mass analysis at a repetition rate
of 10 Hz. The Gly⋅Cl/Br− cluster anions were mass-selected and
decelerated before being photodetached by a probe laser beam in
the interaction zone of the MB photoelectron analyzer. A 193 nm
(6.424 eV, Lambda Physics Complex 100 ArF) laser beam operated
at a 20 Hz repetition rate was used for photodetachment, with the
anion beam off on alternating laser shots to afford shot-to-shot back-
ground subtraction. The resulting photoelectrons were collected at
nearly 100% efficiency and analyzed with a 5.2 m-long electron flight
tube. Recorded flight times were converted into calibrated kinetic
energies using the known spectrum of I−/Cu(CN)2−.30,31 Electron
binding energies (EBEs) were obtained by subtracting the electron
kinetic energies from the detachment photon energy with an elec-
tron energy resolution (∆E/E) of about 2% (i.e., ∼20 meV for 1 eV
kinetic energy electrons).

B. Computational details
Numerous initial structures for the Gly⋅Cl− and Gly⋅Br− clus-

ter anions in zwitterionic and canonical forms were generated by
Molclus32 and pre-optimized using the semi-empirical quantum
mechanical GFN2-xTB method.33 Subsequent density functional
theory (DFT) optimizations and frequency analyses were carried
out without any symmetry constraints for selected low-lying isomers
using the hybrid functional M06-2X34 coupled with the def2-TZVP
basis set35 and Grimme’s D3 dispersion corrections.36 The selec-
tion of the M06-2X functional was based on extensive benchmarks
on various amino acid-halide cluster anions.27,28,37 The energy of
each optimized anion and neutral radical at the anion geometry
was refined by coupled-cluster single-point energy calculations with
single-, double-, and perturbative triple-excitations [CCSD(T)]38,39

and the aug-cc-pVTZ40,41 (aug-cc-pVTZ-PP for Br42) basis set.
VDEs were calculated as the energy differences between the neu-
tral and anionic clusters, both at the optimized anion geometries,
whereas the relative energies of different anion isomers were cal-
culated based on their electronic energies with zero-point energy
(ZPE) corrections at the DFT level. All DFT and CCSD(T) cal-
culations were carried out using the ORCA 5.0.3 and Gaussian
16 software packages.43–45 In addition, Franck–Condon factors
(FCFs) for spectral simulations were computed with the ezSpectrum
program.46

III. RESULTS AND DISCUSSIONS
A. NIPE spectra of Gly⋅X − clusters (X = Cl, Br, and I)

Figure 1 compares the 193 nm T = 20 KNIPE spectra of Gly⋅X−

(X = Cl, Br, and I26) clusters with the glycine molecule bound to var-
ious halide ions. Similar to many simple halide containing clusters
previously studied,47–50 the resulting spectra are expected to be sim-
ilar to those of isolated halide ions but shifted to higher EBEs due
to the interactions between the molecule and halides. For glycine
with multiple potential binding sites, a previous case study on the
Gly⋅I− complex has shown that the resulting spectrum consists of
multiple peaks at characteristic EBEs corresponding to different
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FIG. 1. T = 20 K NIPE spectra of Gly⋅X− clusters (X = Cl, Br, and I) recorded at
193 nm. The Gly⋅I− spectrum is adapted from Ref. 26.

isomers with different binding strengths [Fig. 1(c)].26 At the inci-
dent photon energy of 193 nm (6.424 eV), two major band systems
are resolved for Gly⋅Br− and Gly⋅I−, corresponding to the 2P3/2 and
2P1/2 spin–orbit states of the Br and I atoms (marked in yellow
and green in Fig. 1), respectively. However, for the Gly⋅Cl− com-
plex, these two transitions merged into one broadband due to the
small spin–orbit splitting of Cl (0.109 eV51) that prevents the two
corresponding bands in the Gly⋅Cl− complex from being resolved.

According to our previous investigation, the 2P3/2 band in the
Gly⋅I− spectrum is further resolved into four peaks located at 3.85,
4.01, 4.15, and 4.26 eV, respectively (labeled as X, A, B, and C). In
comparison, the Gly⋅Br− spectrum [Fig. 1(b)] exhibits fewer resolved
bands, with the most intense band B located at 4.74 eV (Table I),
coupled with a shoulder on the lower EBE side at 4.58 eV labeled A.
This feature is assigned as a distinct band since the corresponding
peak within the 2P1/2 band is clearly resolved from the more intense
one at higher EBE [the corresponding peaks within the 2P1/2 band
are labeled A′ and B′ in Fig. 1(b)]. In addition, there is an extra
weak band at 4.33 eV labeled X. For Gly⋅Cl−, one broad band X
centered at 5.22 eV is observed. It possesses a relatively sharp rising
edge with some additional features on the higher EBE side, possibly
attributed to transitions to the Cl 2P1/2 spin–orbit states as well as

those coupled with certain vibrational modes. There is also a clearly
visible shoulder A in the blue of this band at 5.71 eV, attributed to
either vibrational coupling or a different isomer with a higher VDE.
Although such a feature was observed for other chloride contain-
ing complexes,48–50 its higher-than-normal relative intensity to the
main bandX indicates that there is a high probability that there is an
additional isomer present with a larger VDE.

The binding energies of glycine—halide anion clusters can be
estimated by comparing the VDEs of the complexes to those of
the isolated halides. The shift in VDE (ΔVDE), defined as ΔVDE
= VDE(Gly⋅X−) − VDE(X−) serves as a direct estimate of the dis-
sociation energy (Table I), since the interactions in neutral radicals
are substantially weaker than those in anionic complexes and could,
thus, be neglected. The ΔVDEs of the Gly⋅Cl− conformers are cal-
culated to be between 1.61 and 2.10 eV based on the previously
measured 3.61 eV electron affinity of the Cl atom.52 This indicates
that there is a strong interaction between Gly and Cl− in all of the
isomers. For Gly⋅Br−, subtracting the electron affinity of the Br atom
(3.36 eV)53 affordsΔVDEs ranging from 0.97 to 1.38 eV based on the
smallest (X) and largest (B) EBE bands. For Gly⋅I−, smaller ΔVDEs
of 0.79–1.20 eVwere obtained (the VDE of I− is 3.06 eV30). This pro-
vides a clear descending trend in the observed ΔVDEs that follows
the electronegativities of the halogens.

B. Computed isomers of Gly⋅Cl− and Gly⋅Br−
complexes

In the previous study, six canonical isomers and one zwitterion
were located for the Gly⋅I− complex.26 These conformers differ in the
preferred binding motif between glycine and I−. In ascending order
with respect to their relative energies, they are I, with I− bridging
the –NH2 and –COOH groups; II, with the I− interacting with both
the –NH2 and adjacent CH2 groups; III, also with I− binding to the
N- and C-termini; IV, with I− binding to the N-terminus; V and VI,
both with I− binding to the C-terminus; and Z, with glycine in its
zwitterionic form and I− interacting with the –NH3

+ group (Fig. 2
and Table I). Based on ourM06-2X(D3)/def2-TZVP geometric opti-
mizations, the Gly⋅Cl− and Gly⋅Br− analogs were found to adopt the
same structures as those predicted for the Gly⋅I− complex. That is,
both the Cl− and Br− cluster ions form six canonical isomers I–VI
and one zwitterionic structure Z, as described above.

The relative energies of the different isomers for Gly⋅Cl− and
Gly⋅Br− are compared based on the CCSD(T)/aug-cc-pVTZ single
point calculations, the same level of theory that was used in the pre-
vious study of Gly⋅I− (Table I and Fig. 3). For Gly⋅Cl−, I is also the
most stable isomer, closely followed by II and III with energy differ-
ences of 0.88 and 1.63 kcal/mol, respectively. This trend is similar to
that for Gly⋅I− but with slightly larger energy gaps (Table I). Three
additional canonical structures, IV, V, and VI, were located with
higher relative energies of 5.09, 4.89, and 5.89 kcal/mol, respectively.
These values for the latter three isomers of the Gly⋅Cl− complex
are also noticeably higher than those for Gly⋅I−, especially for IV,
where the Cl− binds exclusively to the –NH2. Zwitterionic isomer Z
is less stable than I–V and similar to VI with a relative energy of
5.66 kcal/mol. This makes it noticeably more stable than the
analogous Gly⋅I− complex, which has a relative energy of
7.49 kcal/mol.

Substitution of I− with Br− also leads to six canonical struc-
tures with relative energies spanning 6.11 kcal/mol. The most stable
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TABLE I. Calculated CCSD(T) relative energies (E, in kcal/mol) and VDEs (in eV) of the different Gly⋅X− (X = Cl, Br, and I) isomers along with the experimental band positions
(Expt., in eV). Parenthetical values and letters are the ΔVDEs and band assignments in accordance with the labeling in Fig. 1.

Gly⋅Cl− Gly⋅Br− Gly⋅I−a

E VDE Expt.b E VDE Expt.b E VDE Expt.b

I 0 5.22 5.22 (1.61, X) 0 4.79 4.74 (1.38, B) 0 4.30 4.26 (1.20, C)
II 0.88 5.08 5.22 (1.61, X) 0.99 4.62 4.58 (1.22, A) 0.45 4.16 4.15 (1.09, B)
III 1.63 5.20 5.22 (1.61, X) 1.50 4.78 4.74 (1.38, B) 1.34 4.30 4.26 (1.20, C)
IV 5.09 4.63 ⋅ ⋅ ⋅ 3.91 4.31 4.33 (0.97, X) 1.57 3.96 4.01 (0.95, A)
V 4.89 4.83 ⋅ ⋅ ⋅ 5.13 4.29 ⋅ ⋅ ⋅ 3.93 3.83 3.85 (0.79, X)
VI 5.89 4.89 ⋅ ⋅ ⋅ 6.11 4.34 ⋅ ⋅ ⋅ 5.10 3.86 ⋅ ⋅ ⋅

Z 5.66 5.68 5.71 (2.10, A) 5.78 5.17 ⋅ ⋅ ⋅ 7.49 4.86 ⋅ ⋅ ⋅

aFrom Ref. 26.
bExperimental VDEs for Cl− , Br− , and I− are 3.61, 3.36, and 3.06 eV (see Refs. 30, 52, and 53, respectively).

isomers (I, II, and III) have relative energies of 0, 0.99, and
1.50 kcal/mol and similar energy gaps compared to those for
Gly⋅Cl−. A sharp decrease in stability is also observed for IV rela-
tive to the analogous iodide complex (3.91 vs 1.57 kcal/mol), but
the falloff is less than that for Gly⋅Cl−. In both V and VI, the bro-
mide anion binds just to the carboxyl group, and these two isomers
are even higher in energy (i.e., 5.13 and 6.11 kcal/mol, respectively).
Finally, the zwitterionic structure Z (5.78 kcal/mol) is more stable
than VI and the analogous isomer for Gly⋅I− but slightly less sta-
ble than the Gly⋅Cl− zwitterion. These predictions are in accordance
with the observation that the glycine-halide binding interactions
grow stronger when going from I− to Br− and then Cl−. This
leads to stronger conformational preferences and less unfavorable
zwitterionic structures when X = Cl and Br. Not all of these iso-
mers, however, are kinetically trapped and detected. For Gly⋅I−,
only I through V with relative energies up to 3.93 kcal/mol were
observed. Due to the larger energy gaps for Gly⋅Cl− and Gly⋅Br−,
fewer isomeric structures are apparent in the observed spectra.

C. Kinetically trapped isomers of Gly⋅Cl− and Gly⋅Br−
complexes

To assign the experimental NIPE spectra, the VDEs of each iso-
mer were computed at the CCSD(T)/aug-cc-pVTZ level of theory.

FIG. 2. Optimized geometries of the six canonical (I–VI) and one zwitterionic (Z)
forms of Gly⋅X− (X = Cl, Br, and I). The C, N, O, H, and X atoms are represented
with gray, blue, red, light gray, and green balls, respectively.

This method is not only the gold standard for computational chem-
istry but was also used to assign all of the key spectral features (X,
A, B, and C) for Gly⋅I− isomers V, IV, II, and I/III, respectively,
based upon the excellent agreement between the experimental and
calculated VDEs (Table I).26 Moreover, FCF simulations were also
carried out to examine the effects of vibrational couplings (Fig. S1).
For the Gly⋅Cl− complex, the most stable isomer I possesses a calcu-
lated VDE of 5.22 eV, matching nicely with the experimental band
maximum of 5.22 eV [Fig. 4(a)]. In addition, isomer III, with a
relative energy of 1.63 kcal/mol and a similar binding motif, pos-
sesses a nearly identical calculated VDE of 5.20 eV and may also
be present. Isomer II with a relative energy of 0.88 kcal/mol has a
slightly smaller calculated VDE of 5.08 eV, but this is within the EBE
range that the broad Gly⋅Cl− spectrum spans [Fig. 4(a)]. Consider-
ing its relative stability, this isomer may be present and contribute
to the rising edge of the most intense band leading to the broad
spectrum. These three isomers are also present in the Gly⋅I− cluster
along with higher-energy isomers IV and V with relative energies of
up to 3.93 kcal/mol.26 For the Gly⋅Cl− complex, IV, V, and VI have
even higher relative energies but substantially lower calculated VDEs
of 4.63, 4.83, and 4.89 eV, respectively. This indicates that these

FIG. 3. Calculated CCSD(T)/aug-cc-pVTZ(-PP) relative energies of the various
structures of the Gly⋅X− clusters (X = Cl, Br, and I).
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FIG. 4. CCSD(T)/aug-cc-pVTZ calculated VDEs of the different isomers of Gly⋅Cl−

(a) and Gly⋅Br− (b) in comparison to their respective experimental spectra.

species do not contribute to the experimental NIPE spectrum since
their calculated VDEs are at least 0.3 eV lower than the observed
band maximum and are outside of the spectral bandwidth. Inter-
estingly, the zwitterionic isomer Z also has a high relative energy
(5.66 kcal/mol), but its computed VDE of 5.68 eV matches up well
with band A. Given that zwitterionic structures of amino acids
are known to be favored over their canonical forms in aqueous
solution1,2 and that electrospray ionization can afford liquid-phase
isomers in preference to more stable gas-phase structures,54–56 one
cannot exclude Z from consideration simply due to its high energy.
To determine whether it contributes to band A, FCF simulations
were conducted with and without the inclusion of isomer Z for com-
parison to the experimental spectrum (Fig. 5). Isomers I and III have
nearly identical computed VDEs (Table I) and similar FCF profiles
(Fig. S1), so the spectral simulations only stack the FCF spectra of
I and II with and without the inclusion of Z. Both instances con-
sist of two datasets separated by ∼0.1 eV to reproduce the spin–orbit
coupling splitting. Despite certain spectral features at ∼5.7 eV due
to vibrational coupling in the simulated spectrum, the experimental
bandA is still clearly underestimated without the inclusion of isomer
Z [Fig. 5(a)]. When it is taken into consideration, an excellent match
with the experimental spectra is obtained [Fig. 5(b)]. Therefore, iso-
mer Z contributes to the observed NIPE spectrum and is kinetically
trapped during the experiment. This contrasts with the spectrum for
Gly⋅I−, where the zwitterionic isomer was not observed. The reason
for this difference may be due to the less unfavorable energetics for
Z in Gly⋅Cl− compared to Gly⋅I−, which could also result in a higher
barrier between the zwitterionic and canonical forms in the former

FIG. 5. Comparisons of FCF simulated spectra (gray trace) without (a) and with
(b) the inclusion of zwitterionic isomer Z to the experimental NIPE spectrum (red
trace) of the Gly⋅Cl− complex. The FCF simulated sticks for isomers I, II, and Z
are in blue, green, and pink, respectively, each containing two sets of transitions
separated by ∼0.1 eV, corresponding to the spin–orbit splitting in the Cl atom.

complex [the barrier from Z to IV is 5.7 kJ/mol at the CCSDT/aug-
cc-pVTZ//M06-2X(D3)/aug-cc-pVDZ level, while it is 8.2 kJ/mol
at M06-2X(D3)/aug-cc-pVDZ]. The stronger interaction with the
chloride anion also leads to larger energy gaps between the differ-
ent canonical structures, resulting in fewer detected isomers in the
Gly⋅Cl− complex and the absence of V and VI, where Cl− interacts
only with the C-terminus.

For the Gly⋅Br− complex, the three most stable isomers I, II,
and III are clearly observed. The most intense band B is assigned to
I and III, both of which have Br− bridging between the –NH2 and
–COOH groups. The calculated VDEs for these two isomers are 4.79
and 4.78 eV, respectively, which are in excellent accordance with the
experimental band position of 4.74 eV. Isomer II has the Br− binding
to the –NH2 and CH2 groups and a calculated VDE of 4.62 eV, which
accounts for band A located at 4.58 eV. The other three canonical
isomers IV,V, andVI have nearly identical calculated VDEs of 4.31,
4.29, and 4.34 eV, respectively, all of which seem to match the EBE
of band X at 4.33 eV. Among them, IV is the most stable with a rela-
tive energy of 3.91 kcal/mol and is the most likely contributor to this
band since an isomer with a relative energy of 3.93 kcal/mol for the
Gly⋅I− complex was also formed under identical experimental condi-
tions.26 Canonical isomers V and VI have higher energies (5.13 and
6.11 kcal/mol) and are less likely to be formed given that no Gly⋅Cl−

or Gly⋅I− canonical structures with similar energies are observed.
The relative intensity ratio of band X to the most intense band in
the Gly⋅Br− spectrum is substantially smaller compared to that for
Gly⋅I− (Fig. 1), despite both features being attributed to isomers with
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similar relative energies (i.e., IV at 3.91 kcal/mol for Gly⋅Br− vs V at
3.93 kcal/mol for Gly⋅I−). This difference suggests that two different
types of isomers are responsible for X, which is in agreement with
our assignments. In the case of isomer V of Gly⋅I−, the I− is bound
just to the C-terminus and has a short FC profile,26 whereas isomer
IV of Gly⋅Br− has the Br− bound to the N-terminus and a much
broader spanning FCF simulated spectrum (Fig. S1). This is due to a
larger structural change upon photodetachment, resulting in a much
lower spectral intensity. Finally, zwitterionic isomer Z is also rel-
atively unstable (5.78 kcal/mol) and has a high predicted VDE of
5.17 eV that falls into an EBE range that overlaps with the spin–orbit
excited bands (bands A′ and B′). Since the FCF simulation without
Z nicely reproduces the experimental NIPE spectrum (Fig. S3), it is
unlikely to be present under the employed experimental conditions.

IV. CONCLUSIONS
Employing NIPES and quantum chemical computations, the

geometric structures of various isomers with a glycine molecule
bound to either Cl− or Br− have been characterized. By comparing
these results with a previous study on Gly⋅I−, the binding patterns
in all three complexes are found to be similar. Six canonical and one
zwitterionic isomers in nearly identical geometries were computa-
tionally located. The energy gaps are dependent upon the anion,
leading to different numbers of kinetically trapped isomers under
the same experimental conditions, i.e., three canonical and one zwit-
terionic isomers for Gly⋅Cl−, four canonical isomers for Gly⋅Br−, and
five canonical isomer for the Gly⋅I− complex. The zwitterionic iso-
mer is exclusively observed for the Gly⋅Cl− complex, consistent with
its less unfavorable relative energy and greater anion binding energy,
which may lead to a more appreciable zwitterionic—canonical tran-
sition barrier, enabling the dominant zwitterionic isomer in aqueous
solution to be observed in the gas phase. These variations arise from
the differences in binding strengths between glycine and the vari-
ous anions. Nevertheless, all three cluster anions qualitatively follow
the same general binding patterns and structural motifs. These sim-
ilarities with different halides demonstrate the generality of the
iodide-tagging approach and make it an attractive strategy for mod-
eling the active binding sites of complexes of interest. The simplified
spectral pattern of an iodide cluster ion makes it a useful system for
analyzing distinct binding motifs, which in turn can provide cru-
cial guidance toward analyzing ion molecular systems with more
complex spectral patterns.

SUPPLEMENTARY MATERIAL

See the supplementary material for FCF simulations for each of
the complexes (Figs. S1 and S2), a comparison of experimental and
simulated spectra for the Gly⋅Br− (Fig. S3), and cartesian coordinates
and CCSD(T) energies of all computed cluster anions.
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