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The protonation site of molecules can be varied by their surrounding
environment. Gas-phase studies, including the popular techniques of
infrared spectroscopy and ion mobility spectrometry, are a powerful
tool for the determination of protonation sites in solvated clusters but
often suffer from inherent limits for larger hydrated clusters. Here, we
present collision-assisted stripping infrared (CAS-IR) spectroscopy as a
new technique to overcome these problems and apply it in a proof-of-
principle experiment to hydrated clusters of protonated benzocaine
(H*BC), which shows protonation-site switching depending on the
degree of hydration. The most stable protomer of H*BC in the gas
phase (O-protonated) is interconverted into its most stable protomer
in aqueous solution (N-protonated) upon hydration with three water
molecules. CAS-IR spectroscopy enables us to unambiguously assign
protonation sites and quantitatively determine the relative abundance
of various protomers.

Introduction

Protonation is a ubiquitous phenomenon in chemistry and
biology. The reliable determination of protonation states is
highly significant because protonation affects the optical,
redox, and catalytic properties of molecules."™ For example,
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in hydrated clusters by cryogenic ion trap infrared
spectroscopy: the case of benzocaineH"(H,0), T+
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pH indicators change their color by protonation. Protonation is
also a fundamental process in organic synthesis, and stereo-
selective synthesis can be achieved by controlling the protonation
site of a reaction intermediate.>* In general, the protonation site of
an organic molecule highly depends on the surrounding
solvent.?* This solvent-dependent behavior is particularly promi-
nent for molecules with multiple basic sites. For example, benzo-
caine (BC), which has both carbonyl and amino groups, is most
stable in its NH,-protonated form (N-protomer, H'BC(N)) in polar
solvents, whereas the CO-protonated form (O-protomer, H'BC(O))
is most stable in the gas phase (Fig. 1)." The stability of the N-
protomer in a polar solvent can readily be rationalized by the
higher basicity of the NH, group. On the other hand, the isolated O-
protomer is stabilized by the resonance effect, in which the lone
pair of the N-atom is donated to the protonated O-atom via the
aromatic phenyl ring."*"> This solvent-dependent protonation-site
switching is not only found in BC but prevails in other (bio-)organic
molecules.’®?* Much effort has been devoted to microsolvated
clusters, in which an ion is solvated by a few to several hundreds of
molecules,"***® because the degree of solvation can be tuned by
controlling the type and numbers of solvent molecules.
Gas-phase mass spectrometry and laser spectroscopy have the
potential to determine the protonation site in microsolvated
clusters. In particular, infrared photodissociation spectroscopy

o & 8§

NH4
®

Fig. 1 Molecular structures of N- and O-protomers of H*BC, H*BC(N)
and H*BC(O).
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(IRPD) and ion mobility mass spectrometry (IMS) have fre-
quently been applied to assign protomers of desolvated
iong 8710:12721,23-27,30,32°35 por example, the protomers of isolated
H'BC could clearly be separated by both IRPD and IMS." In
principle, IMS can separate isomers based on the collision cross
section (CCS) with inert buffer gas, which strongly depends on
charge distribution and shape of the molecule. For H'BC, the
difference in the structures of the two protomers of BC is too
small to be detected by their CCS with He at the currently available
resolution. Instead, the protomers were separated by their differ-
ent dipole moments because the more polar protomer travels
slower through a drift cell due to its stronger interaction with the
polarizable buffer gas.'> Although this method has successfully
been applied to other bare ions, such as protonated p-amino-
benzoic acid (H'PABA), it has not been extended to solvated
clusters so far. In fact, the protomers of hydrated clusters of
H'PABA could not be distinguished by their dipole moment.**
This may be because the difference in dipole moment is
“masked” by surrounding water molecules. IRPD spectroscopy
is an alternative approach to probe the protonation site. IRPD
spectra of H'PABA(H,0), clusters exhibit intense and broad NH
stretch bands in the 2950-3300 cm™' range at n = 6, which
suggests the appearance of a new protomer.”* However, the
authors mention that the new protomer may also be already
populated for n < 6 because of the minor contribution of
unassigned bands in the same spectral range. The ambiguity in
the band assignment is ascribed to overlapping vibrational bands
arising from the hydration network. In conclusion, both IMS and
IRPD are not generally applicable for the reliable determination of
the protonation site of organic molecules in a microsolvation
environment due to lack of sensitivity, resolution and/or spectral
congestion.

To overcome the deficiencies of IMS and IRPD for micro-
solvated clusters, we developed a new technique denoted
collision-assisted stripping (CAS). In this approach, we deter-
mine the protonation site of microsolvated clusters by colli-
sionally removing all solvent molecules in a cryogenic ion trap
and probing the resulting protomer by IR spectroscopy. We
validate herein the new, simple, reliable, and generally applic-
able method for the prototypical example of H'BC(H,0),. As
mentioned above, H'BC(O) is most stable in the gas phase
(n = 0), whereas H'BC(N) is dominant in aqueous solution
(Fig. 1), ie., H'BC(O) must be converted to H'BC(N) at a
critical size of the hydration shell (n > n.). We demonstrate
that IRPD spectra measured for bare H'BC generated by CAS of
H'BC(H;0),, can reliably determine the protonation sites of
hydrated clusters as a function of n. CAS-IRPD spectroscopy is
shown to be a new methodology to probe the protonation
site in a more quantitative way, with special focus on
microhydration-induced intracluster proton transfer.

Experimental

In a proof-of-principle experiment, CAS-IRPD and conventional
IRPD spectra of H'BC(H,0), clusters were measured in a
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cryogenic ion trap setup (Fig. S1, ESI).>”™** Details of the
experimental procedures are described in ESLi In brief, H'BC
ions generated in an electrospray ionization source were intro-
duced into a linear ion trap (LIT)***® kept at 170 K, where they
were hydrated by introducing water vapor. The hydrated clus-
ters were mass-selected by a quadrupole and guided into a
cryogenic quadrupole ion trap (QIT) held at 4 K. For CAS-IRPD
spectroscopy, the injection energy of the ions was set high
enough to induce water dissociation (eqn (1)) by collisions with
the H,/He buffer gas.

H*BC(H,0), 2* H* BC+nH,0

@QIT(~10K) (1)
Subsequently, H, was attached to the water-stripped ions, and
the H,-tagged H'BC ions were irradiated with an IR laser pulse.
The H,-detached photofragments generated by resonant IR
absorption were monitored as a function of IR wavenumber.
The weak interaction with the H, tag has essentially no impact
on both the structure and energetics of the probed ions.*®*” For
conventional IRPD of mass-selected H BC(H,0), clusters, loss
of a single H,O was monitored.

Results and discussion

Consistent with previous IRPD and IMS studies,” all vibra-

tional bands in the conventional IRPD spectrum of bare H'BC
shown in Fig. 2 are assigned to H'BC(0). Specifically, the bands
at 3441, 3541, and 3561 cm ™" are ascribed to symmetric and
antisymmetric NH stretches (vyy”5(0)) and ionic OH stretch
(vou(0)), respectively, by comparison to computed IR spectra
for the most stable H,-tagged H'BC(O) and H'BC(N) confor-
mers (Fig. S2 and S3, ESIi). Conventional IRPD spectra of
H'BC(H,0),, measured for n = 1-6 are shown in Fig. 2 and
Fig. S4 (ESIf). For the vibrational and isomer assignments,
density functional theory (DFT) calculations were performed at
the ®B97X-D/6-311++G(d,p) level for all possible geometries in
which water binds via a hydrogen bond (H-bond) to the acidic
NH and OH sites of H'BC. For n = 1 and 2, all observed
transitions are again assigned to the most stable clusters of
the H'BC(O) protomer (Fig. S5-S8, ESIf). For example, the
bands at 3454 and 3555 cm ™" for n = 1 are attributed to vyy®(0)
and vyy**(0), while the bands at 3636 and 3721 cm™ " arise from
free symmetric (voy°) and antisymmetric (vou*) OH stretches
of water. The computed free energy gap (AG at 170 K) between
the most stable H'BC(0) and H'BC(N) isomers decreases as
34.8 > 27.3 > 11.6 k] mol* for n = 0-2, consistent with the
lack of detection of the H'BC(N) isomers in this size range
(Fig. 3). In the most stable BCH'(H,0), conformer, water is
H-bonded to the protonated OH site of H'BC(O) (Fig. 2 and
Fig. S5, S6, ESIi). As a result, the broad band in the
2900-3200 cm ' range can be ascribed to the strongly red-
shifted H-bonded protonated OH stretch (voy' °(0)). The pro-
minent ionic vyy(N) bands in the 3300-3400 cm™' range
predicted for the most stable monohydrate of H'BC(N) are
clearly absent in the IRPD spectra (Fig. S5, ESI). The spectral
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Fig. 2 Conventional IRPD spectra of H*BC (H»0), with n = 0, 1-3, and 6. The spectrum for n = 0 was recorded by H,-tagging. Spectra for n > 1 were
recorded in the H,O loss channel. The red and blue-colored area correspond to vibrational bands derived from O- and N-protomers, respectively. The
question marks in the n = 6 spectrum indicate the problems of vibrational and isomer assignments arising from spectral congestion.
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Fig. 3 Calculated Gibbs free energy for the most stable conformers of
H*BC(H,0), at 170 K. Red and blue lines represent O- and N-protomers,
respectively (#B97X-D/6-311++G(d,p)).

pattern of H'BC(H,0), is similar to that of H'BC(H,0),. The
intense bands observed at 3456 and 3558 cm ' are assigned
to vnu’(0) and vny**(0) (Fig. S7, ESIE), while the bands above
3600 cm ' and the broad band at ~3300 cm ™ * arise from voy
of water and ionic vou"5(0).

In comparison to n < 2, new bands emerge in the lower
frequency range (2950-3140 cm™ ') of the IRPD spectrum of
H'BC(H,0);, which can clearly be assigned to ionic vyy°(N)

5776 | Phys. Chem. Chem. Phys., 2022, 24, 5774-5779

modes by comparison to calculations (Fig. S9, ESI}). Together
with the fact that vyg(0) (3445 em™") and vyy**(0) (3552 cm ™)
are observed, one can conclude both N- and O-protomers
coexist for H'BC(H,0);. Indeed, the most stable trihydrated
H'BC(N) protomer is essentially isoenergetic with the most
stable O-protomer (AG = +3.8 k] mol™', Fig. 3 and Fig. S10,
ESI:). The decrease in AG between H'BC(0) and H'BC(N) as a
function of n arises from better hydration of the NH;" group of
H'BC(N) offering three proton donor sites to H,O compared to
the OH" group of H'BC(0) offering only one proton donor site
for ionic H-bonding to H,O. As a result of progressive hydra-
tion, the IRPD spectra become substantially more congested
and the vibrational and isomer assignments become more
problematic starting from n = 3 (Fig. S4, ESI}) and virtually
impossible for n = 6, concerning both the protonation site and
the structure of the hydration shell. This severe problem
illustrated here for H'BC(H,0), is a general phenomenon for
hydrated clusters of protonated (bio)organic molecules and
prevents the reliable determination of the critical size n. for
the hydration-induced switch in the preferred protonation site,
in particular for molecules with larger values of n..

CAS-IRPD spectroscopy offers a simple and general solution
to this problem, as shown in Fig. 4 for the case of H'BC(H,0),.
The spectra are simple because the bands in the spectra are
only derived from desolvated H'BC (n = 0) and thus lack any
congestion. For example, the CAS-IRPD spectra of H'BC(H,0), ,

This journal is © the Owner Societies 2022
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(a) CAS-IRPD spectra of H*BC(H,0),, compared to (b) calculated IR stick spectra of the N- and O-protomers of H*BC (0B97X-D/6-311++G(d,p)).

The minor band marked by the asterisk is tentatively ascribed to an overtone/combination vibrational band of the O-protomer.

are similar to the IRPD spectrum of bare H'BC. The three bands
ascribed to H'BC(O) appear also in the CAS-IRPD spectra of
H'BC(H,0), 5, indicating the predominant population of the
O-protomer in the mono- and dihydrate. On the contrary, the
new bands ascribed to the N-protomer are observed in the CAS-
IRPD spectrum of H'BC(H,0); at 3232, 3280, and 3306 em !
and assigned to ionic NH stretches (vnu(N)). Thus, CAS-IRPD
clearly reveals the appearance of the N-protomer in
H'BC(H,0)s.

In addition to the reliable protomer assignment, CAS-IRPD
allows for the quantitative determination of their population
ratio. The latter was obtained by normalizing the band inten-
sities using the calculated IR oscillator strengths of desolvated
H'BC (Fig. S11 and Table S1, ESI}) assuming the same photo-
fragmentation efficiency, and yields 60:40 in favor of the
N-protomer for n = 3 with an error of the order of 10%. The
relative abundance of N- and O-protomers was also deduced
from the conventional IRPD spectra (Fig. 2) using the calculated
IR oscillator strengths of O- and N-protomers in H'BC(H,0);
(Fig. S9, ESIf). This results in a population ratio of ~3:2 in
favor of the N-protomer, which is consistent with CAS-IRPD and
suggests that intramolecular proton transfer hardly happens
during the CID process. It should be noted that the estimation
of the populations from conventional IRPD spectra requires the
full assignments of the vibrational transitions in terms of the
coexisting isomers of clusters. In general, the number of
possible isomers of solvated clusters increases dramatically
with increasing number of solvent molecules, and furthermore,
H-bonding often causes broadening of the vibrational bands.
Thus, such analysis becomes very difficult (or often impossible)
for the larger solvated clusters. This aspect highlights the

This journal is © the Owner Societies 2022

superior performance of CAS-IRPD for protomer identification
and quantification over conventional IRPD. Theoretical popula-
tions were calculated using the Boltzmann equation for ther-
mal equilibrium (eqn (2)):

Pxexp( 27 @

where AG, R, T represent the Gibbs free energy of an isomer, the
gas constant, and temperature (170 K), respectively (Table S1,
ESIf). These population ratios of 0, 0, 0, and 13% for the
N-protomers predicted for n = 0 = 3 match well with the
experimental ones (0, 0, 0, 60%), supporting the absence of
the N-protomer for n < 2 and its substantial appearance for
n = 3. The mismatch in the quantitative population ratio for
3 may arise from several factors and is here mainly
attributed to inaccurate computational free energies. For exam-
ple, the relative population of N- and O-protomer can readily be
varied by the choice of DFT functional™ or computational
method (Table S2, ESI}). Similar to the case of H'PABA(H,0),,"*
the ®B97X-D functional is best to reproduce the experimental
results for H'BC(H,0),. On the other hand, ab initio calcula-
tions at the MP2 level result in 99% dominance of the
N-protomer (Fig. S12 and Table S1, ESIf). To this end, our
reliable experimental results provide a benchmark for high-
level conformational search on the Gibbs free energy surface,
which is highly challenging for floppy systems such as hydrated
clusters.

n =
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Conclusion

In summary, we demonstrate the superior performance of
CAS-IRPD over conventional IRPD and IMS for assigning pro-
tomers in hydrated clusters and quantifying their relative
abundance for the prototypical example of hydrated H'BC. As
for this molecule the switch in preferred protonation site
occurs at small degree of hydration (n. = 3), it was feasible to
compare IRPD with CAS-IRPD in a benchmark experiment.
CAS-IRPD will, however, develop its full potential in particular
for substantially larger hydrates, for which IRPD will not
work anymore. In fact, we also measured CAS-IRPD spectra
for n = 4-6 (Fig. S13, ESI¥), which clearly show the vibrational
signatures of the N-protomer, in sharp contrast to the conven-
tional IRPD spectra (Fig. 2). These spectra indicate that the
N-protomer becomes more abundant with increasing number
of water molecules. Moreover, CAS-IRPD can be applied not
only to fully desolvated species (n = 0) but also to partially
dissociated ones (n > 1). In this way, one may efficiently
produce and probe higher-energy metastable species, which
appear only in larger hydrated clusters or in solution (e.g:,
N-protomer in this case) and are not readily produced directly
in the ion source. Although IRPD spectroscopy of fragment ions
generated by collision-induced dissociation has been applied to
various systems,*>*®*° we extend herein the methodology to
hydrated clusters to reliably determine the protonation site.
The cooling efficiency in the QIT is high enough to freeze the
conformations of a molecule.”” Because intracluster proton
transfer involves substantial reaction barriers, rapid cooling
in the QIT leads to kinetic trapping of protomers. In principle,
CAS-IRPD spectroscopy is applicable to any solvated cluster free
from the shortcomings of conventional IMS and IRPD techni-
ques and provides an opportunity to address fundamental
questions related to the protonation site and its solvation effect
even in large solvated clusters.
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