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Proton transfer (PT) is one of the most ubiquitous reactions in chemistry and life science. The unique nature
of PT has been rationalized not by the transport of a solvated proton (vehicle mechanism) but by the
Grotthuss mechanism in which a proton is transported to the nearest proton acceptor along
a hydrogen-bonded network. However, clear experimental evidence of the Grotthuss mechanism has
not been reported yet. Herein we show by infrared spectroscopy that a vehicle-type PT occurs in the

. 4 16th Octoper 2023 penta- and hexahydrated clusters of protonated p-aminobenzoic acid, while Grotthuss-type PT is
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Accepted 18th January 2024 observed in heptahydrated clusters, indicating a change in the PT mechanism depending on the degree
of hydration. These findings emphasize the importance of the usually ignored vehicle mechanism as well

DOI: 10.1039/d35c05455a as the degree of hydration. It highlights the possibility of controlling the PT mechanism by the number of
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Introduction

Proton transfer (PT) is one of the most ubiquitous reactions
prevailing in aqueous solutions,” proton-conducting oxides/
polymers,** metal-organic frameworks (MOFs),>® and biolog-
ical macromolecules.”” Much experimental and computational
effort has been devoted to unravelling the nature of PT. An
elemental reaction mechanism is the direct transport of
a solvated proton, such as H;O" in water, which is called the
vehicle mechanism.'® However, this mechanism cannot ratio-
nalize several important properties often observed for PT. For
example, it predicts almost identical diffusion coefficients (D)
for the hydrated proton (or H;0") and H,O0 in aqueous solution
because of their similar molecular size. However, Dpyroton iS
around five times higher than Dy o at room temperature.? The
anomalously high Dproon has been ascribed to another
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water molecules in chemical and biological environments.

mechanism, named Grotthuss mechanism," first proposed
more than 200 years ago.”*® It involves sequential proton
shuttling to an adjacent proton acceptor site along a hydrogen-
bonded (H-bonded) water network. Calculations'**® using
classical and quantum molecular dynamics together with
chemical insight>'* predict that the proton relay experiences
alower reaction barrier than the vehicle mechanism, suggesting
that the high Dy oon value shall indeed be ascribed to the
Grotthuss mechanism. This mechanism is now considered to
be the “golden” standard for PT in aqueous solutions and
various other molecular systems mentioned above,' although
there is surprisingly little experimental validation at the
molecular level.

Experimental evidence for the Grotthuss mechanism has
been obtained by the photo-induced PT dynamics of the
rhodopsin and yellow proteins.”*® However, it is limited only to
photo-initiated PT processes in the excited electronic state.
Significantly, it is not straightforward to transfer this conclu-
sion to ground-state PT phenomena, like those in aqueous
solutions, because of its stochastic character. Indeed, many
studies on ground-state PT in the condensed phase suggest the
Grotthuss mechanism simply because of the low barrier for ion
conductivity without presenting direct evidence.’”™® One of the
approaches to characterize the PT mechanism is the assign-
ment of intermediates. In the theoretical framework of the
Grotthuss mechanism in aqueous solution, a proton of an H;0"
ion hydrated by three water molecules (Eigen ion, Hy0,")! is
transferred to its nearest H,O to form another Eigen structure
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via the transient Zundel ion (H50,").2*?2 Two-dimensional IR
spectroscopy revealed that an asymmetric Zundel structure can
be formed in aqueous solution.”* However, the presence of such
intermediates is not always directly connected to the Grotthuss
mechanism. The general difficulty in determining the PT
mechanisms in various molecular systems prevents a deeper
understanding of the mechanism-property correlations at the
molecular level.

PT in hydrated clusters consisting of a finite number of water
molecules*** and other solvent molecules*' provides a well-
defined benchmark to explore the so far elusive PT mecha-
nism. For example, p-aminobenzoic acid (PABA, Fig. 1) is
a prototypical molecule for microhydration-induced PT.>*>*3>-34
PABA has two protonation sites, i.e., the O- and N-protomers
resulting from protonation of the carboxy and amino groups,
respectively (Fig. 1). Their relative stability varies with the
surrounding environment. The O-protomer is more stable in
the gas phase while the N-protomer is more stable in a polar
solvent.*>?® Studies using ion mobility mass spectrometry®” and
infrared photodissociation (IRPD) spectroscopy® claim that for
the hydrated clusters of protonated PABA, PABAH'(H,0),,
generated by electrospray ionization (ESI), the N-protomer
becomes detectable at n = 6, despite the spectral ambiguity in
both the arrival time distributions and the IRPD spectra. In
subsequent studies, we re-determined the threshold size (n) for
the O — N protomer switching as n = 5 using cryogenic double
ion trap IR spectroscopy.”* For the PT mechanism, none of
previous studies (including ours) have provided any experi-
mental evidence whether the vehicle or the Grotthuss mecha-
nism takes place.*****” The previous studies using ion mobility
and IRPD claim the Grotthuss mechanism because their density
functional theory (DFT) calculations show a stable structure for
n = 6, in which the O- and N-protonation sites are bridged by
a H-bonded water chain. However, no experimental evaluation
for this structure was presented. We also applied DFT calcula-
tions for n = 5 and found that a structure locally hydrated
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around the protonated amino group is significantly more stable
than the ones in which the O- and N-sites are bridged by an H-
bonded water chain, and thus the only observed hydration
motif. Based on this exclusively observed hydration motif, we
suggested the vehicle rather than the Grotthuss mechanism,
although again we had no direct experimental evidence
regarding which PT mechanism is in operation for n = 5.

To determine the PT mechanisms operating in hydrated
PABAH" at the molecular level, we combine herein cryogenic
double ion trap IR spectroscopy**** with isotopic labelling.
Deuterated hydrated clusters of PABAH" can be produced by
introducing D,O vapour into the reaction trap. One can readily
expect that, starting from the O-protomer, the Grotthuss-type
PT gives a singly deuterated N-protomer (NH2D1) in the
deuterated hydrated clusters because the proton source is D,O
(in Fig. 1). The vehicle-type PT yields both deuterated (NH2D1)
and nondeuterated (NH3) N-protomers via the transfer of
HD,O" (Fig. 1). Clearly, the detection of NH3 provides direct
evidence for the vehicle mechanism. However, the appearance
of NH3 can hardly be probed by conventional IRPD spectros-
copy because its vibrational signatures are largely red-shifted
and broadened by H-bonding with water molecules, causing
spectral congestion.****

This problem is overcome herein by applying the novel
collision-assisted stripping (CAS) method, developed recently by
our group.”**”* In CAS experiments, one measures IRPD
spectra of the PABAH' monomer core after removing all
hydrated water molecules of the cluster by soft collisions in the
ion trap, allowing for the clear spectroscopic assignment of
deuterated isotopologues of PABAH', as the IR spectra of the
solvent-free ions are not congested. Herein, we perform CAS-
IRPD of PABAH'(D,0), to determine the PT mechanisms as
a function of the degree of hydration (see Experimental in the
ESI{). We obtain clear evidence of the vehicle mechanism for n
= 5/6 and suggestions of the Grotthuss mechanism for n = 7,
respectively, suggesting a switch in the PT mechanism between

y e o
: p PooN— X
D0 (;©_<O® Do OH

OH ! N-pro.(NH2D1)

2O
: . HaN
(: P g OH

Fig. 1 Schematic illustration of hydration-induced O — N proton transfer of PABAH" by vehicle and Grotthuss mechanisms. The parentheses
show a possible intermediate structure for the proton transfer. In the Grotthuss mechanism, proton transfer is mediated by a water bridge
between CO and NH sites, resulting in a singly deuterated N-protomer denoted as NH2D1. On the other hand, vehicle-type proton transfer
affords both NH2D1 and nondeuterated NH3. Note that the reaction intermediate in the scheme is simplified for clarity. For example, we do not
exclude the possibility of bridged structures with more than two water molecules for the Grotthuss mechanism.
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n =5 and n = 7. The consistency with the IRPD spectra of the
hydrated clusters is also discussed.

Results and discussion

Fig. 2 shows the CAS-IRPD spectra of PABAH'(D,0), with n =
0 and 4-7. All bands observed for PABAH'(n = 0) are ascribed to
vibrational modes of the O-protomer according to previous
assignments: symmetric NH, stretch »§y (0) = 3435 cm
outward-facing OH stretch v,.oy (O) = 3496 cm™'; antisym-
metric NH, stretch v, (0) = 3535 cm™'; benzene-facing OH
stretch vg oy (0) = 3558 ecm™".2* The lack of any transitions in
the 3200-3400 cm ' range indicates the complete absence of
the N-protomer of bare PABAH' under the chosen experimental
conditions.>* The ESI ion beam of bare PABAH" with pure O-
protomer population was injected into the reaction trap and
exposed to deuterated water vapor and He buffer gas. Under
such conditions, the hydration-induced O — N PT reaction can
be directly probed by the generation of the N-protomer in the
hydrated clusters.

The CAS-IRPD spectrum of PABAH'(D,0); shows new bands
in the 3220-3320 cm ™" range, which are absent for n < 4 (Fig. 2).
The spectrum of these bands measured with a twice higher laser
intensity is also shown as the inset. These bands are assigned to
NH stretches of the N-protomer,*»** indicating the appearance of
the N-protomer core upon O — N PT. A further new band at
2416 cm™ " is attributed to an ND stretch of the N-protomer based
on its frequency (see Fig. S1 in the ESI{ for detailed band
assignments), confirming the appearance of the N-protomer core
at n = 5. The threshold size (n = 5)** for O — N protomer
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switching does not change upon H,O — D,O substitution. Based
on the given assignment, the other new band at 2620 cm ™" can
be assigned to the OD stretching of the N-protomer core (vop (N),
Fig. S11). The remaining two bands at 2585 and 2631 cm™ " are
then attributed to vzop (0) and vz op (0), respectively (Fig. S17).
Note that the OD stretches also appear for n = 4, indicating H/D
exchange at the carboxylic group without protomer switching.
One may wonder why H/D exchange happens at such low
temperatures (T = 80 K), at which protonated glycine is
not deuterated by clustering with D,0.* This observation is
rationalized here by the high acidity of the protonated
carboxy group. Recently, the Johnson group reported IRPD
spectra of hydrated deuterated isotopologues of the N-protomer
(ND;'CeH,COOD(H,0),,) and found that the acidic COOD group
is more susceptible to H/D exchange than the charged ND;"
group.*® The protonated C(OH)," group of the O-protomer may
more readily replace H by D.

The CAS-IRPD spectra of PABAH'(D,0)s, also exhibit the
ND/NH stretches of the N-protomer core in the 2380-2470/
3220-3320 cm ' ranges, but their band patterns are more
complicated than that of n = 5 (Fig. 3a). To understand the PT
mechanism, one must assign the vibrational bands of deuter-
ated (NH2D1) and nondeuterated (NH3) N-protomers without
ambiguity. For this purpose, we measured the IR spectra of
nondeuterated (m/z 138), monodeuterated (m/z 139, NH30D1
and NH2D1), and dideuterated (m/z 140, NH2D10D1 and
NH1D2) forms of the bare N-protomer in the NH stretch range,
which are shown in Fig. 3b along with molecular structures.
Details of the assignments are summarized in the ESL Briefly,
three prominent bands in the spectrum of m/z 138 are assigned
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Fig. 2

IRPD spectrum of PABAH* and CAS-IRPD spectra of PABAH"(D,0),, (n = 4-7). The orange- and blue-colored bands are assighed to the

vibrational modes of O- and N-protomers, respectively. The inset CAS-IRPD spectra in 3200-3360 cm ™" for n = 5-7 were re-measured with
~two times higher IR-laser fluence. The indices N and O in the notation of vibrational modes indicate N- and O-protomers, respectively.
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Fig. 3 (a) CAS-IRPD spectra of PABAH'(D,0), (n = 5-7) in the 3200-3350 cm™* range (reprinted from the inset spectra in Fig. 2). (b) IRPD
spectra of PABAH™ (m/z 138), singly deuterated protonated PABA (m/z 139), and doubly deuterated protonated PABA (m/z 140). These spectra
are necessary to assign the CAS-IRPD spectra because the monomer core after the CAS event includes several deuterated isotopomers. The
green-, blue-, and purple-colored bands are assigned to NH stretches of NH3, NH2D1, and NH1DZ2, respectively. The band marked by an asterisk
is assigned to a combination band of the O-protomer (in-plane NH, bend?*44 at ~1660 cm ™ + aryl C—C stretch?** at ~1600 cm™?). This type of
combination band is also observed for an analog of PABA, ethyl p-aminobenzoate.**

to NH; stretching bands (coloured in  green,
W, (N), 78, (N), and »'{y (N)) of the N-protomer of the fully
hydrogenated species (NH3). The new bands indicated by blue
colour in the spectrum of m/z 139 are NH, stretching bands
(v, (N) and vy, (N)) of the amino-deuterated N-protomer
(NH2D1). The bands due to the NHj stretching (green) are
overlapped with transitions of the coexisting N-protomer
deuterated at the carboxylate group (NH30D1). The newly
observed band (purple) in the spectrum of m/z 140 is an NH
stretch mode of the dideuterated amino group of the N-
protomer (NH1D2). Among these bands, the vibrational tran-
sitions of NH3 (v}, (N) and V'I(?Hs (N)) are the most important
ones because they indicate the presence of the N-protomer
(NH3) which can be generated only by the vehicle mechanism
(Fig. 1).

Let us check the presence of 1}y (N) and »'{y (N) (green),
the marker bands of the vehicle mechanism, in the CAS-IRPD
spectra of PABAH'(D,0), with n = 5-7. Fig. 3a reproduces
expanded spectra in the 3200-3350 cm ' range. The green
marker bands obviously appear in the spectra of n = 5 and 6, but
are clearly absent in the n = 7 spectrum. This result directly
indicates that the vehicle mechanism operates in the n = 5 and
6 clusters but not for n = 7. One cannot directly conclude from
the CAS-IRPD spectra whether the Grotthuss mechanism oper-
ates in n = 5 and 6. The observed bands in the n = 7 spectrum

2728 | Chem. Sci,, 2024, 15, 2725-2730

correspond to N-protomers of NH2D1 (blue) and NH1D2
(purple). The former, NH2D1, can be generated by both the
vehicle and Grotthuss mechanisms. As the absence of the
vehicle mechanism for n = 7 is clear, the blue bands can only
arise from the Grotthuss PT. The latter, NH1D2, cannot be
generated by a single O — N PT reaction via either the Grot-
thuss or the vehicle mechanism. The observed multiple
deuteration thus is ascribed to H/D exchange by D,O or the
interconversion between N- and O-protomers by O — N and N
— O back reactions (Fig. S5 in the ESIt). Here, we cannot fully
exclude the possibility that the absence of v3y (N), the signa-
ture of the vehicle mechanism, may arise from the H/D
exchange reaction because such an H/D exchange is observed
for n = 4 (see above). However, if this scenario were the case,
H/D exchange also modulates the intensities of 1} (N) in the
spectra of n = 5 and 6 where the band is clearly observed. This
observation means that the relative intensity of vy, (N) forn=7
is rather weak in comparison to those for n =5 and 6, and the
vehicle PT mechanism is negligibly minor for n = 7.

The size-dependent PT mechanisms proposed by the exper-
iment are consistent with the molecular structures of micro-
hydrated PABAH'. The bridged structures in which the NH;"
and COOH groups are connected by an H-bonded water chain
are more abundant than the unbridged structures for the N-
protomer at n = 7, whereas the bridged structures become

© 2024 The Author(s). Published by the Royal Society of Chemistry
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minor for n = 6 and are not observed for n = 5 (Fig. S6 in the
ESIT).>* This strongly suggests that the water-bridged interme-
diates for the Grotthuss-type PT are stabilized at n = 7 (and
partly stabilized at n = 6). In this sense, the Grotthuss mecha-
nism may be involved in part in the PT at n = 6. These obser-
vations show that the reaction barriers of the Grotthuss
mechanism can be altered by the number of water molecules.
The Grotthuss mechanism with a lowered reaction barrier
would account for the minor contribution of the vehicle
mechanism at n = 7. This finding gives suggestions for the
poorly understood properties of PT in various systems. For
example, it is known that proton conductivity in porous mate-
rials such as MOFs is sensitive to humidity.>® Some MOFs show
a drastic decrease in the conductivity below a critical
humidity,”** however, the reason remains unclear. The poor
conductivity at low humidity has been hampering the applica-
tion of MOFs to proton-conducting membranes in fuel cells.
Our conclusion that the PT mechanisms would be changed
from Grotthuss to vehicle with decreasing number of water
molecules would rationalize such a drastic change in PT by
humidity.

Conclusion

In summary, we spectroscopically determined the mechanisms
for hydration-induced PT of PABAH' by cryogenic double ion
trap IR spectroscopy combined with deuterium labelling. The
presence of NH3 for PABAH'(D,0); , unambiguously indicates
O — N PT via the vehicle mechanism, in sharp contrast to the
computational assumption that the Grotthuss mechanism is
dominant in this molecular system**® with inference from
experimental results. The vehicle mechanism for solvent-
mediated PT is poorly experimentally validated for water,*
including methanol® and ammonia.**** We have spectroscop-
ically validated the vehicle mechanism for water-containing
molecular systems at the molecular level. This study experi-
mentally demonstrates the significance of the vehicle mecha-
nism in water as well, which has often been ignored in previous
work. On the other hand, the absence of NH3 and the presence
of NH2D1 for PABAH'(D,0), strongly suggest the Grotthuss
mechanism, which is correlated with the stability of the water-
bridged structures at this cluster size. The calculated bridged
structure has three/four water molecules in the chain connect-
ing the O and N sites. The remaining water molecules attach to
this chain and the amino NH;" group. This result highlights the
importance of the second-shell water molecules in stabilizing
the water bridge. Although the system we studied is not the
same as solution in terms of the number of water molecules and
temperature, the findings afford a clue to understanding the
nature of PT in molecular systems consisting of a finite number
of water molecules. In particular, PT in functional materials
such as proton-conducting polymers* and MOFs**”** and bio-
logical macromolecules® could be facilitated by residual water
in their nanosized pores. The number of water molecules in the
pores is pivotal to stabilize the water chain and control the PT
mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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