Downloaded via UNIV OF MINNESOTA on August 6, 2021 at 02:42:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Observation of Conformational Simplification upon N-Methylation
on Amino Acid lodide Clusters

Wenjin Cao,” Hanhui Zhang,# Qingin Yuan, Xiaoguo Zhou,* Steven R. Kass,* and Xue-Bin Wang*

Cite This: J. Phys. Chem. Lett. 2021, 12, 2780-2787 I: I Read Online

ACCESS | m Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: This Letter reports a counterintuitive observation @ H

that methylation of the glycine-iodide cluster leads to fewer H\ ,H (I)

conformations and spectroscopic simplicity. Cryogenic “iodide- @ H \«.--C\ J/

tagging” negative ion photoelectron spectroscopy (NIPES) is used ' Cl) H N C\

to probe specific binding sites of three N-methylated glycine N / / 0

derivatives, i.e., N-methylglycine (sarcosine), N,N-dimethylglycine, N\~ C\ He—(C g

and N,N,N-trimethylglycine (glycine betaine). NIPES reveals a H/ 0 /

progressive spectral simplification of the iodide clusters with H

increasing methylation due to fewer contributing structures. Low

energy conformers and tautomers of each cluster are computa- DECRERSED COMPLEXITY INCREASED COMPLEKITY
MORE CONFORMATIONS FEWER CONFORMATIONS

tionally identified, and those observed in the experiments are
assigned based on excellent agreement between the NIPE spectra
and theoretical simulations. Zwitterionic cluster structures are found to be less stable than their canonical forms and do not
contribute to the observed spectra. This work demonstrates the power of iodide-tagging NIPES in probing conformations of amino
acid-iodide clusters and provides a molecular level understanding on the effect of methyl substitution on amino acid binding sites.

mino acids (AAs) are the building blocks of proteins and Scheme 1. Molecular Structures of Gly, Sar, Dmg, and Bet

play a crucial role in living cells and biological o o CHy O CHy O
processes.”> All 20 proteinogenic AAs adopt zwitterionic HZN\)]\ H\)]\ l!l\)]\ HaC\ILJ,\)]\
structures with the N-terminus protonated and the C-terminus OH  HC” OH HyC” OH HC” o
deprotonated under typical physiological conditions, whereas Gly Sar Dmg
they exist in their canonical forms in the gas phase.’~> Previous
studies have shown that the gaseous zwitterionic forms of AAs
can be stabilized upon solvation and exist in AA-ion clusters,
illustrating the remarkable molecular binding forces exerted by
solvents and ions on AA structures.” >’ AA-ion complexes are
tractable both by first principle calculations and detailed
spectroscopic characterizations, making them attractive models
for probing fundamental intermolecular interactions important
to the understanding of protein and ion function under
biological settings.

AAs, like all other biomolecules, are usually bound to anions
at electrophilic sites via hydrogen bonds. Amino and carboxyl
groups are common N—H and O—H hydrogen bond donors,
respectively, found in AAs. Recent catalytic studies revealed
that methyl- and methylene-H can act as hydrogen bond
donors even though C—H---X" interactions are not as strong as
N—H--X~ or O—H--X" hydrogen bonds.”*** Taken together,
these results indicate that a diverse range of binding motifs
between amino acids and anions maybe accessible. This was
indeed found to be the case for the simplest amino acid,
glycine, as revealed in our recent in-depth study of the glycine-
iodide cluster anion (Gly-I") in which five different structures
were identified.”’ Glycine has a series of N-methylated
derivatives (Scheme 1), namely, N-methylglycine (sarcosine,

Bet

Sar), N,N-dimethylglycine (Dmg), and trimethylglycine
(glycine betaine, Bet), that are commonly classified as
unnatural AAs even though they all are widely found in
nature. Incorporation of these AAs into 6proteins could alter
and broaden their biological functions,” >’ and they offer
numerous medicinal and pharmacological opportunities’*~**
as well as applications in biolabeling.*>** Such functional
modifications presumably stem from alterations in intermo-
lecular interactions due to changes in protein binding sites
induced by including unnatural AAs.

The conformers of Gly, Sar, and Dmg have been well
studied in the gas phase, revealing how steric effects brought
about by N-methyl substitution affects their populations and
relative energies.”> ** The number of low-lying conformers
were identified as 6, 8, and 7 for Gly, Sar, and Dmg,
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respectively, in a recent study.** No conclusions were drawn
on the effects of replacing amine hydrogens with methyl
groups on the available binding sites or subsequent
intermolecular interactions. Sequential replacement of the
amino hydrogen atoms in glycine by methyl groups, however,
is known to increase the basicity of the resulting AA, to reduce
the number of N—H hydrogen bond donating sites from two
in Gly to zero in Dmg and Bet, and also to introduce methyl-H
binding sites. As a result, four types of hydrogen bond donors
(one N—H, one O—H, two CH—H, and three CH,—H) exist
in Sar, three types (one O—H, two CH—H, and six CH,—H)
in Dmg, and two types (two CH—H and nine CH,—H) in Bet.
Since all of these kinds of hydrogen can form hydrogen bonds
with anions, this leads to additional challenges in identifying
the active binding sites in anionic clusters of these AAs. An
effective method for addressing this issue is to determine the
molecular structures of these complexes, and by comparing
differences between glycine and its mono-, di-, and
trimethylated derivatives, the consequences of methyl group
substitution on glycine binding sites can be deduced. This
should shed light toward understanding how certain functional
group changes affect biological processes.

Gas phase ion spectroscopy accompanied by high-level ab
initio computations has proven to be a powerful means for
determining biomolecule-ion structures,” >> but there are
significant challenges regarding (1) how to experimentally
populate energized isomers and (2) how to obtain
spectroscopic signatures for distinguishing different but similar
structures. We recently demonstrated in the Gly-I” case study
that cryogenic “iodide-tagging” negative ion photoelectron
spectroscopy (NIPES) coupled with an electrospray ionization
(ESI) source is an effective approach for this purpose.”’
Multiple AA-iodide isomers are accessible from room temper-
ature microsized droplets using this approach, and since they
undergo rapid solvent evaporative cooling, the cluster anion
structures are kinetically trapped in the adjustable low
temperature (>20 K) ion trap. This method is different from
the widely used infrared multiple photon dissociation
technique that characterizes different ion geometries by
identifying signature vibrational modes,"~"" in that “iodide-
tagging” NIPES, as the name indicates, uses iodide as a
messenger to interpret electronic and structural information on
its cluster ions. This methodology takes advantage of the fact
that the NIPE spectra of these complexes are expected to be
dominated by atomic iodide transitions shifted to various
electron binding energies (EBEs), which exhibit two distinct
bands separated by ~0.9 eV due to the *P;/, and *P,, spin—
orbit states of the iodine atom.”~*" Consequently, different
conformations and tautomers (henceforth referred to as
isomers) can be identified from resolved peaks based on
small EBE differences. For Gly-I~, five isomers all with glycine
in its canonical form were characterized,” revealing the
presence of multiple binding motifs for this complex. However,
whether this method can be effectively applied to more
complex clusters remains to be seen. In this work, various
structures of the Sar-I”, Dmg-I", and BetI" cluster anions were
generated and kinetically trapped in a 3-D cryogenic ion trap
and were characterized with iodide-tagging NIPES. In
combination with quantum chemical calculations, isomer
identifications for each ion complex were achieved based on
excellent agreement between calculated vertical detachment
energies (VDEs) and measured band positions in addition to
well-matched spectral simulations. A progressive simplification
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of the spectral profiles along with fewer computationally
located isomers suggests that fewer structures are produced
upon methylation in this series of amino acid cluster ions.
Figure 1 exhibits the 20 K NIPE spectra for Gly-I", SarI,
Dmg I, and Bet-I™ anions collected at 193 nm (left panel) and
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Figure 1. The 20 K NIPE spectra of Gly-I", Sar-I”, Dmg-I", and Bet-
I” anions obtained at 193 nm (6.424 eV, left panel) and those for Gly-
I, SarI”, and Dmg-I™ at 266 nm (4.661 eV, right panel). The Gly-I-
spectra are adapted from ref 23.

266 nm (right panel), obtained using the PNNL cryogenic
temperature-dependent NIPE spectrometer.*® These 193 nm
spectra share a common feature in that they are all composed
of two band systems separated by ~0.9 eV and are
characterized with nearly identical band profiles but less
intensity for the higher EBE feature. Based on a previous Gly
I" study, these two band systems correspond to formation of
the neutral complex with iodine in *P5,, ( = 3/2) and *P, ),
(Q = 1/2) spin—orbit states, respectively and are composed of
multiple features due to the coexistence of different isomers
with slightly different EBEs.” Interestingly, as the molecular
complexity increases from Gly-I” to Bet-I™ the spectral profiles
of these cluster ions become simpler, consistent with the
presence of fewer isomers. The least complex Gly-I™ anion
possesses the most complicated spectra, with the £ = 3/2 band
system consisting of four bands (labeled a, b, ¢, and d)
corresponding to five different isomers, gl—g5 (Figure 2)
based on the good agreement between observed band
positions and calculated VDEs, as well as well-matched
Franck—Condon factor (FCF) simulations; in this regard it
is worth noting that the EBEs for gl and g3 overlap so both
conformers correspond to band d. The 266 nm SarI”
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Figure 2. Observed isomeric structures of Gly-I™ anion (adapted from ref 23) and low-lying M06-2X structures of Sar-I”, Dmg-I~, and Bet-I"

anions. The ones labeled in blue are confirmed with NIPES.

spectrum consists of at least two bands at 3.89 and 4.16 eV
(labeled a and c), both of which have a shoulder at slightly
higher EBEs (labeled b and d), located at 4.01 and 4.26 eV,
respectively. With one more amino-H substituted by —CHj,
the Dmg-I” anion exhibits a significantly simpler spectrum at
266 nm for the © = 3/2 band with only two major features at
4.01 (a) and 4.10 (c) €V along with a discernible shoulder
between them at ~4.06 eV (b). However, it is worth noting
that in the 193 nm spectrum a and c are resolved in the = 3/
2 band system but exhibit only a single transition in the = 1/
2 band system despite better spectral resolution expected at
higher EBE. As for the spectrum of the Bet-I™ anion, it is the
simplest one despite this complex being larger than the others.
Only one sharp transition for each band system located at 4.25
and 5.17 eV is visible. Due to this extremely simple spectral
profile and the resulting spectral assignment, the 266 nm
spectrum was not needed or recorded.

Due to a good correlation between the Q =3/2 and Q = 1/2
band systems, structural assignments for the Sar-I” complex
were based on the 266 nm spectrum, taking advantage of its
better spectral resolution. A total of seven isomers labeled s1—
s6 and sz (the letter z’ indicating a zwitterionic structure) were
located by calculations at the M06-2X/maug-cc-pVTZ(-PP)
level of theory as shown in Figure 2 with their corresponding
neutral radical structures summarized in Figure S1. To assign
the obtained NIPE spectrum, calculated relative energies and
VDEs of the low-lying isomers of the Sar-I” complex at the
CCSD(T) level are summarized in Table 1. In addition, the
266 nm NIPE spectrum is compared with each isomer-specific
FCF simulated spectrum in Figure S2. Similar to the previously
studied Gly-I~ cluster,” the Sar-I” spectrum is also attributed
to multiple isomers since none of the simulated spectra are
able to individually reproduce the NIPE spectrum that spans
~0.8 eV. The simulated spectra of s1—s6 are all dominated by
vertical transitions, with those for s1 and s2 both displaying a
close-lying band 0.46 and 0.10 eV higher in energy,
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Table 1. Calculated Relative Energies (AE, kcal mol™") and
Both Experimental (expt) and Calculated (calcd) VDEs
(eV) for Different Gly'I", SarI”, Dmg:I~, and Bet-I~
Isomers”

VDE VDE
AE caled expt AE caled expt
Gly-I™
gl 0 430 426 g4 157 396 401
g2 045 416 415 g5 393 383 3.85
23 134 430 426 g 749 486 -
Sar-I”
sl 0 4.23 4.26 sS 4.48 3.74 -
s2 0.40 3.90 3.89 s6 5.08 3.77 -
s3 0.99 4.07 4.16 sz 2.79 4.59 -
s4 1.00 4.24 4.26
Dmg-I™
d1 0 4.04 4.01 d3 3.63 3.71 -
d2 0.53 4.08 4.06 dz 2.94 4.73 -
Bet:I™
bl 0 4.29 4.25 b2 4.79 4.08 -

“Computed values correspond to CCSD(T)//M06-2X energies
except for the Gly-I” clusters which come from ref 23 and are
CCSD(T)//B3LYP values.

respectively. Those for s3 and s4 have two extra bands with
larger EBEs by 0.12 and 0.38 eV for s3 and 0.13 and 0.38 eV
for s4. The first higher EBE bands for s1—s4 are attributed to
vibrational excitations of combination modes consisting of an
O—H stretch for s1, a N—H rock for s2, an O—H rock for s3,
and an O—H rock with a CH, twist for s4, whereas the second
additional band for s3 and s4 involve a C—H and N—H stretch
for s3 and s4, respectively. Even though all six isomers are
energetically accessible from the ESI source, the presence of s5
and s6 are excluded based on the differences between the
observed band positions and the calculated VDE values as well

https://dx.doi.org/10.1021/acs.jpclett.1c00125
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as their relatively high energies. The presence of sz is also
discounted for the same reasons. That is, there are no bands in
either the 266 nm or the 193 nm NIPE spectra near the wide-
spanning simulated spectrum with a calculated VDE of 4.59
eV, and the zwitterion complex is computed to be less stable
than the canonical isomers s1—s4. As a result, the observed
spectral bands are assigned to the remaining four isomers, s1—
s4.

Band a at 3.89 eV is assigned to s2 according to its
calculated VDE of 3.90 eV, and band d at 4.26 €V is attributed
to s1 and s4, which have nearly identical calculated VDEs of
4.23 and 4.24 eV, respectively. Isomer s3 with a calculated
VDE of 4.07 €V is attributed to band c at 4.16 eV instead of
band b at 4.01 eV, and the latter spectral feature is attributed
to vibrational combination bands of s2 as predicted by FCF
simulations (Figure 3). These assignments are supported by

3.8
Electron Binding Energy (eV)

4.0 4.2 4.4 4.6

Figure 3. Simulated NIPE spectrum of the Sar-I” anion (gray) using
calculated stick spectra (dark brown, blue, green, and violet for s1—s4,
respectively) convoluted with Gaussian line broadening (where the
fwhm for each Gaussian was set to 60 meV) superimposed onto the
experimental 266 nm spectrum (red). The intensities of s3 and sum of
s1 + s4 are scaled by 0.38 and 0.59 respectively relative to that of s2
to give the best fit of the experimental spectrum. The simulated
spectra for each individual structure compared with the experimental
spectrum are provided in Figure S2.

comparisons between the 20 K spectrum and the spectra
collected at higher temperatures (120 and 200 K, Figure S3).
Similar a/b intensity ratios in all three spectra suggest that
these two features arise from the contribution of a single
isomer. As it is harder to resolve the four distinct bands at
higher temperatures, we simply compare the relative intensities
of bands a and ¢ (Figure S3) which are attributed to individual
isomers (i.e., s2 and s3, respectively). There is a significant
increase in the c/a intensity ratio from 120 to 200 K, which
qualitatively agrees with the calculated relative Gibbs free
energies of s2 and s3 and their theoretical populations based
on the Boltzmann distribution law (Table S1). The c/a
intensity ratios at 20 and 120 K, however, are nearly identical
despite a predicted thermal population difference of more than
a factor of 10* (Table S1). This is probably due to rapid
cooling of the cluster ions in the low temperature regime which
prevents them from overcoming energy barriers and thermally
equilibrating. Based upon these assignments, an excellent
match was obtained between the measured and simulated
spectra, which were convoluted from combinations of stick
spectra that were normalized on the basis of the experimental
peak height for a (Figure 3).

It is worth noting that the intensity of band d, which is
composed of both s1 and s4, is significantly weaker than that
for band a assigned to s2. This intensity ratio at first glance
seems to violate the Boltzmann distribution law since a larger
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population is expected for a more thermally stable species.
However, the actual band intensity is related not only to the
population of the corresponding isomer but also to its
photodetachment cross section, which is inherently related to
the interaction strength between the two cluster ion
components. Being the most thermally stable isomer, s1 has
the highest predicted thermal population but also the highest
calculated binding energy (Table S3), along with a large
expected anion-to-neutral geometry change upon photodetach-
ment (Figure S1). As shown in Figure S2, the main band for s1
is much broader than that of the other isomers, leading to a
less pronounced band profile in the spectrum. This
phenomenon that the most thermally stable isomer appears
to have a small photodetachment cross section was also
observed in previous studies.”**’

Substitution of the amino-H in Sar:I” by a methyl group
affords Dmg-I" and leads to a further decrease in the number
of located isomers. Four structures, d1—d3 and dz, were
identified (Figure 2); similar to Sar-I”, all of their FCF
simulated spectra are dominated by vertical transitions,
although d1 also has an additional band due to a vibrational
combination mainly associated with a C—H stretching mode
that is ~ 0.4 eV higher in energy (Figure S4). Despite the
simpler spectrum with fewer observed bands than for Gly-1~
and Sar-I", and a smaller number of structures to consider, the
assignment for Dmg-I” was initially confusing due to the
inconsistency between the number of peaks observed in the €
=3/2 and Q = 1/2 bands. Both d3 and dz were eliminated due
to their high relative energies (Table 1) as well as the absence
of peaks in the range near their calculated VDEs (3.71 and 4.73
eV, Table 1 and Figure S4). In contrast, the most stable
isomers (d1 and d2) have calculated VDEs of 4.04 and 4.08
eV, which are in good accord with the observed bands at 4.01
and 4.10 eV. However, the two most intense bands a and c are
not assigned directly to d1 and d2 but instead to the further
spin—orbit coupling (SOC) splitting of the I(*P;,) state of d1
due to the interaction between the iodine atom and the closed-
shell molecule. In Hund’s case (a), the I(*P;,) state further
splits into two substates, whereas the I(*P,,,) state has no
further splitting using the pseudodiatomic approximation; this
results in two transitions in the = 3/2 band system and only
one in the Q = 1/2 band system for one specific isomer (i.e.,
d1).*7*73! The shoulder labeled b with an EBE of ~4.06 eV
is consequently assigned to d2. Confirmation of the SOC
splitting of d1 was confirmed by CASPT2/maug-cc-pVTZ(-
DK3) calculations which predict the gap between the two
lowest states to be 0.12 eV (Table S2), in accord with the
observed value of 0.09 eV. Since these gaps for the Sar-I” and
Bet-I~ complexes are both too small to be resolved (Table S2),
this phenomenon is only observed in the case of the Dmg-I~
complex. A similar SOC splitting also exists for d2 (Table S2),
but it was not detected since the EBE for this isomer is very
close to that for band c. The experimental spectrum also can be
reproduced by combining d1, d2, and their SOC peaks (Figure
4).

Our assignment of both a and ¢ to d1 and b to d2 is also
supported by comparing the 20 and 120 K spectra (Figure SS),
which exhibit a clear enhancement of the contribution from d2
at higher temperature. This trend is in accord with the
Boltzmann distribution law since the higher-energy isomer d2
becomes more populated at the higher temperature (Table
S1). It also should be pointed out that the intensity change
upon temperature variation for both Sar-I” and Dmg-I™ is less
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J. Phys. Chem. Lett. 2021, 12, 2780—2787


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00125?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00125?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00125?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00125/suppl_file/jz1c00125_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00125?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.1c00125?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL
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Electron Binding Energy (eV)

4.0 4.2

Figure 4. Simulated NIPE spectrum of the Dmg-I™ anion (gray) using
calculated stick spectra (blue and green for d1 and d2, respectively)
convoluted with Gaussian line broadening (where the fwhms of each
Gaussian were set to 60 meV) superimposed onto the experimental
266 nm spectrum (red). There are two sets of identical stick spectra
for each isomer with an EBE separation of 0.09 eV to represent the
SOC splitting of each isomer. The intensities of d2 are scaled by 0.26
relative to that of d1 to match the experimental spectral profile. The
simulated spectra for each individual structure compared with the
experimental spectrum are provided in Figure SS5.

significant compared to the Gly-I” complex.”> This is because
in SarI” and Dmg-I” the more energetically favorable isomers
(s2 vs s3 and d1 vs d2) have larger entropies which to a
certain extent negates the population gains for the less stable
isomers at higher temperature. In contrast, the opposite is true
for GlyI™ (ie, the energetically most stable isomer has a
smaller entropy); more details and equations are provided in
the Supporting Information.

One transition is observed for both the Q = 3/2 and 1/2
bands of BetI”, indicating the formation of only one isomer.
Due to the zwitterionic structure of betaine and the absence of
amino- and carboxyl-H atoms which could migrate and result
in a canonical—zwitterionic isomerization, the Bet-I” cluster
anion is also predicted only to be in the zwitterionic form.
MO06-2X calculations located two isomers, bl with C;
symmetry and the iodide interacting with one H from each
of the three methyl groups and b2 with C; symmetry and the
iodide interacting with two methyl-H atoms remotely located
from the carboxylate group. Both species give rise to a
simulated spectrum dominated by a vertical transition as
shown in Figure S6, but b1 is 4.79 kcal mol™" more stable than
b2 and has a calculated VDE of 4.29 eV, which is close to the
observed band position of 4.25 eV (Table 1). In contrast, b2
has a calculated VDE of 4.05 eV, indicating that this isomer
can be excluded and that b1 is the only isomer formed for the
Bet-I™ cluster anion.

Upon successive N-methyl substitution of the Gly-I™ anion
cluster increasingly larger Sar-I”, Dmg-I", and Bet-I”
complexes with additional molecular complexity are formed.
One might assume that this would lead to a greater number of
isomers and more poorly resolved and less informative NIPE
spectra. In fact, the opposite is observed due to increased steric
interactions and the loss of amino-H atoms leading to changes
in the preferred iodide anion binding sites. In Gly-I”, five
different canonical isomers that span a 3.93 kcal mol™' range
were identified, and the glycine is in a different conformation
in each of them.”” Both gl and g3 have similar nonplanar
glycine structures that differ in the orientation about the CO—
CH,NH, bond, and neither is among the predicted low-energy
forms of the free amino acid.” >’ Their calculated and
observed VDEs are both 4.30 and 4.26 eV, respectively. These
are the largest values for the observed isomers, and the 1.20 eV
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increase in the experimental VDE relative to I” is indicative of
a strong interaction between I” and Gly in their anionic cluster
ion. Among g2, g4, and g$ with planar glycine heavy-atom (C,
N, and O) arrangements, the glycine moiety of g5 possesses
the lowest-energy form for bare glycine based upon several
computational studies,”™*” but gS is the least stable iodide
cluster among all of the identified isomers. As for the
zwitterionic form of the cluster (gz), it is much less stable
than the canonical structures (3.56—7.49 kcal mol™!) and does
not contribute to the observed NIPE spectra.”’

For the SarI” complex, sl, s3, and s4 are similar both
structurally and in terms of their relative energies to gl, g2,
and g3, respectively (Figure 2 and Table 1). Isomers s2 and g4
also share similar amino acid structures, but they have different
iodide binding motifs. That is, there are two CH-I~
interactions and one NH-I" hydrogen bond in s2, whereas
the iodide anion binds to two amino-H atoms in g4. As a
result, s2 is preferentially stabilized and is only slightly less
stable than sl but more stable than s3 and s4 (Table 1). In
addition, the methylene group is slightly rotated in s4
compared to that in g3 so that the iodide also binds to one
methylene-H. In all four observed Sar:I” isomers, three XH-1~
hydrogen bonds are formed (one OH-I", NH-I", and CH'I” in
sl and s4, two CH-I" and one NH-I" in s2, and two CH-I™
and one OH'I™ in s3). Isomer s$ is related to g$ and is a high-
energy structure (+4.48 kcal mol™" relative to s1), so it is not
surprising that it is not observed in the NIPES measurements.
Overall, the binding motifs in Gly-I™ are largely retained in the
SarI” complexes; but, one less isomer is observed, and the
relative energies of the zwitterionic forms of these clusters
drops from 7.49 (Gly-I") to 2.79 kcal/mol (Sar-I”). This
presumably is due to their primary versus secondary amine
structures, respectively, as it is well-known that the basicity of
amines increases upon alkyl substitution (ie., PA = 204.0
(NH,), 214.9 (MeNH,), 222.2 (Me,NH), and 226.8 (Me;N)
kcal mol™").”* In accord with this explanation, an isodesmic
reaction using CCSD(T) energies that attempts to account for
the different amine substitution in Gly and Sar (eq 1) is nearly
thermoneutral.

CHj
AH = [

I *HaNCH,CO,~ + (CHg)oNHp* —— 1=+ *HyNCH,CO,~ + CHaNHg* (1)

gz

2.5 keal mol™! sz

Upon incorporation of a N-methyl group into Sar-I”
significant changes are observed in the resulting Dmg-I~
cluster anion. This is because there are no N—H bonds in
the canonical form of the latter complex, and only one
traditional hydrogen bond donor (i.e., the CO,H group) is
available to interact with the iodide anion. As a consequence,
only two Dmg-I™ isomers (d1 and d2) are present, and further
spectral simplification is observed. Neither d1 or d2
correspond to the two most stable structures of Sar-I”; instead,
they are related to s3 and s4, respectively. In addition, the
relative energy of the zwitterionic isomer of Dmg-1~ (dz, 2.94
kcal mol™") is similar to that for Sar-I” (sz) even though Dmg
is a tertiary amine and is expected to be more basic than Sar
(which is a secondary amine). This surprising result is
presumably due to the presence of only one N—H bond in
dz versus two in sz. As a result, the latter ion can form N—H
hydrogen bonds to both the I” and CO,, whereas this is not
the case in the former complex. To assess this further, an
analogous isodesmic reaction to eq 1 was computed, and the
more substituted amino acid cluster (dz) is disfavored relative
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to the gz/sz difference by 5.8 kcal mol™". This can be largely
attributed to the disparity between NH:--7O,C and
CH--~0,C hydrogen bonds.

o
I+ *H,NCH,CO,~ + (CHa)gNH*

sz

A
—— |7+ *(CH3),NHCH,CO5~ + (CHg),NH,* (2)

8.3 kcal mol™! dz

N,N,N-Trimethylglycine in its neutral form is commonly
referred to as glycine betaine or just betaine, and all of its
hydrogens are attached to carbon atoms. Consequently, Bet-I”
can form only CH:-I" hydrogen bonds with iodide. A C
structure (bl) with three nontraditional CH--I" hydrogen
bonds is found to be 4.79 kcal mol™' more stable than a C,
isomer with two such interactions, and it is the only observed
species. This cluster ion is predicted to be much less stable
than dz as indicated in eq 3 due to the absence of a NH
hydrogen bond donor and the consequent formation of both
CH--I" and CH:--~O,C interactions.

A
I +#*(CHg),NHCH,CO5~ + (CH3)sN* —— |~ + *(CHy)NCH,CO,~ + (CHg)sNH*  (3)

dz 14.5 kcal mol™’! b1

In conclusion, iodide-tagging NIPES has been successfully
applied to three N-methylated glycine-iodide cluster anions,
SarI”, DmgI~, and Bet-I”, to investigate their isomeric
structures. With the help of high-level calculations, four
isomers of the SarI” complex, two isomers of the DmgI~
cluster anion, and one isomer of Bet-I” have been observed
and identified. This reveals a clear trend of decreasing isomeric
diversity upon increasing N-methyl substitution due to the loss
of NH and OH hydrogen bond donating sites and an increase
in the basicity of the amino group. Zwitterionic structures of
Gly'I', SarI”, and DmgI™ are less favorable than their
canonical forms and do not contribute to the observed NIPES
spectra. This study marks an important step forward in
validating the effectiveness of iodide-tagging NIPES in probing
conformations and tautomeric structures of iodide tagged
clusters and lays the foundation for future studies of larger
clusters of biological interest.
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