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Proton and hydrogen-bonded networks sustain a broad range of structural and charge transfer
processes in supramolecular materials. The modelling of proton dynamics is however challenging and
demands insights from prototypical benchmark systems. The intramolecular H-bonding networks
induced by either protonation or deprotonation of 3-hydroxyglutaric acid provide intriguing case studies
of correlated proton dynamics. The vibrational signatures associated with the fluxional proton bonding
and its coupling with the hydroxyglutaric backbone are investigated here with infrared action ion
spectroscopy experiments and Born—-Oppenheimer molecular dynamics (BOMD) computations. Despite
the formally similar symmetry of protonated and deprotonated hydroxyglutaric acid, the relative proton
affinities of the oxygen centers of the carboxylic and carboxylate groups with respect to that of the cen-
tral hydroxyl group lead to distinct proton dynamics. In the protonated acid, a tautomeric arrangement
of the type HOCO:[HOH]*-OCOH is preferred with the proton binding tighter to the central hydroxyl

Received 17th September 2023, moiety and the electronic density being shared between the two nearly symmetric H-bonds with the

Accepted 21st November 2023 carboxylic end groups. In the deprotonated acid, the asymmetric [OCO]~-HO-HOCO configuration is
more stable, with a stronger H-bonding on the bare carboxylate end. Both systems display active

backbone dynamics and concerted Grothuss-like proton motions, leading to diffuse band structures in
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1 Introduction

The acid-base activity and the electrochemical responses of
organic and biomolecular materials are often driven by proton
transfer across coupled H-bonding networks.'™ The rationali-
zation of the mechanisms involved in charge transfer and
predicting its efficiency are challenged by its intrinsically
dynamic and anharmonic nature, and by the typical complexity
of the extended supramolecular frameworks that sustain the
process. Since this is commonly beyond the reach of first-

“ Center for Nanoscience and Sustainable Technologies (CNATS), Universidad Pablo
de Olavide, E-41013 Seville, Spain. E-mail: bmarhay@upo.es

b Department of Applied Physical Chemistry, Universidad Auténoma de Madrid,
E-28049, Madrid, Spain

¢ Departamento de Quimica Fisica, Universidad Complutense, E-28040 Madrid,
Spain

4 Institute for Molecules and Materials, FELIX Laboratory, Radboud University,
Toernooiveld 7, 6525ED Nijmegen, The Netherlands

t Electronic supplementary information (ESI) available: Video animations of

BOMD trajectories, illustrating intermolecular proton motions and changes in

hydroxyglutaric backbone dihedral angles. Atomic coordinates of low energy

conformers. Additional BOMD IR spectra. See DOI: https://doi.org/10.1039/

d3cp04514e

198 | Phys. Chem. Chem. Phys., 2024, 26, 198-208

their vibrational spectra. These features are accurately reproduced by the BOMD computations.

principles quantum chemistry, cost-effective modeling strate-
gies are sought that capture the essential features of H-bonding
and proton dynamics, eventually leading to fair, intuitive
approximations to the actual mesoscopic behavior. A variety
of quantum-chemical and molecular dynamics approaches
have been devised to gain insights into proton sharing
and eventual transfer between neighboring electronegative
centers.”"" The application of these methodologies to well-
defined molecular systems of limited size provides a valuable
route towards the screening of efficient and scalable modeling
schemes.">™°

This study focuses on the proton dynamics taking place
within neighbouring intramolecular H bonds. 3-Hydroxy-
glutaric acid is chosen as case study, as it provides an out-
standing framework in which both protonation and deprotona-
tion trigger a nearly symmetric intramolecular H-bonding that
promotes a concerted motion of the two H nuclei in the
adjacent bonds. Fig. 1 illustrates this scenario by depicting
the lowest-energy configurations adopted by (isolated) neutral
3-hydroxyglutaric acid and by its protonated and deprotonated
forms (henceforth denoted M°, [M+H]" and [M-H]~, respec-
tively). Protonation of the molecule induces a strongly
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Fig. 1 Most stable gas-phase conformations of neutral 3-hydroxyglutaric
acid (M?) and of the most stable tautomers of its protonated and depro-
tonated forms (C?, C,* and C;~, respectively, see Fig. 4 for additional low-
energy configurations). Both protonation or deprotonation trigger an H-
bonding network with active proton dynamics, as discussed throughout
this work. The more rigid electrostatic Li* complex is included in the
investigation as reference.

H-bonded configuration in which a central [HOH]’" moiety
retains the proton and interacts with the oxygen atoms of the
two C—O carboxylic groups. Interestingly, this leads to a
roughly symmetric distribution of electronic density in the
two H-bonds, which makes the location of the proton in either
bond indistinguishable. Deprotonation of the acid also leads to a
configuration that can be similarly visualized, although in terms
of carboxylate end groups, in this case resulting in an asymmetric
H-bonding tautomeric arrangement. In both [M+H]" and [M-H] ",
the motion of the H-nuclei along the two H-bonds is modulated
by the relative proton affinities of the central hydroxyl group and
of the carboxylic or carboxylate moieties. Fig. 1 also depicts the
complex of 3-hydroxyglutaric acid with Li" (henceforth, [M+Li]"),
which is included in this work as a reference system featuring
more rigid electrostatic interactions.

The structural properties and the dynamical behavior of the
three ionic systems, [M+H]", [M-H]~ and [M+Li[", are probed in
this study through the vibrational signatures exposed in infra-
red action ion spectroscopy measurements under isolated con-
ditions at room temperature. It will be shown that the
electrostatic Li* complex can be described fairly accurately with
static quantum chemical approaches. In contrast, the spectral
positions and broadenings of the vibrational bands in the H-
bonded systems demand a modeling framework that captures
proton delocalization effects. Born-Oppenheimer molecular
dynamics is found to perform remarkably well in this scenario,
thus providing a valuable link between the dynamic structural
features of H-bonded networks and the associated experi-
mental observables.

2 Materials and methods
2.1 IRMPD experiments

Infrared multiple photon dissociation (IRMPD) spectra
were recorded for lithiated, protonated and deprotonated
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3-hydroxyglutaric acid (m/z= 155, 149 and 147, respectively).
The complexes were produced by electrospray ionization
of 100 pM solutions of the 3-hydroxyglutaric acid in 1:1 metha-
nol : water. Trifluoroacetic acid or LiOH were added to stabilize
the cationic complexes. Ions were isolated in a quadrupole
ion trap mass spectrometer (Bruker AmaZon Speed) at room
temperature for spectroscopic interrogation, as described
elsewhere."’

The IRMPD experiments covered a broad spectral range,
700-3800 cm ', in order to probe vibrational modes of the
hydroxyglutaric/glutarate backbone, along with those asso-
ciated with the intramolecular H-bonding network. The free
electron laser FELIX was operated with two different electron
beam energies (35 MeV and 46 MeV), to generate infrared
radiation in partially overlapping spectral regions, namely
700-2000 cm ™' and 1200-3800 cm ™ '. The ions were irradiated
with a single FELIX pulse, which consists of a 5 microsecond
long train of micropulses at a repetition rate of 1 GHz. The
spectral bandwidth was ~0.5% of the central IR frequency.
Pulse energies were typically between 20-100 mJ pulse
although they dropped to values of ~5 m] pulse " in the high
energy end of the spectrum (>3700 cm™ ).

When the laser frequency is in resonance with a vibrational
transition of the isolated ion, multiple photon absorption
occurs, resulting in fragmentation. The main fragmentation
product detected in the mass spectra were as follows: m/z 131
and 113 for [M+H]" (water losses); m/z 85 for [M-H]~ (loss of
water and CO,); m/z 95 for [M+Li]" (loss of CH,~COOH). Each
IRMPD spectrum was produced from the corresponding pre-
cursor intensity (I,) and the product ion intensities (Ir) by
plotting the photofragmentation yield In(I,/[I,+ZI]) as a func-
tion of the IR frequency. The yield was linearly corrected for the
laser pulse energy."®

2.2 Computations

The low-energy conformational and tautomeric landscapes of
the M° [M+H]", [M-H]  and [M+Li]" systems were explored
with density functional theory (DFT), ab initio MP2 and
coupled-cluster CCSD(T) computations. Geometric optimiza-
tions were sequentially performed with the 6-311++G(d,p)
and aug-cc-pVTZ basis sets. A broad range of functionals
were tested. The B3LYP-D3(B])"® functional (including
the D3 empirical dispersion correction with Becke-Johnson
damping®®) was employed in static DFT and in the Born-
Oppenheimer molecular dynamics computations (BOMD)
described below. Additional DFT computations were perfomed
for all conformers/tautomers with the range-separated func-
tional ®B97xD,>" the global hybrid functional MN15%> and
the double-hybrid functional B2PLYP-D3(B]).>> In view of
apparent discrepancies of the computations with experiment
for the deprotonated 3-hydroxyglutarate system (see below),
an extended series of double-hybrid functionals were
tested, namely B2GP-PLYP-D3(B]),>* DSD-BLYP-D3(BJ),>>?°
PWPBS5-D3(BJ),>® DSD-PBEP86-D3(BJ)*” and PBE-QIDH-D3(BJ).”**
These double-hybrid functionals range among the most
accurate approaches for the description of inter- and
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intramolecular non-covalent interactions within the framework
of extensive databases of molecular properties (e.g,
GMTKN55).263031

The effect of solvation was assessed for particular cases by
means of the implicit solvent polarizable continuum model
(PCM),*? for water (& = 78.355) and methanol (& = 32.688). Free
energies under solvation were calculated using the thermo-
dynamic cycle outlined in previous studies.***

Born-Oppenheimer molecular dynamics (BOMD) computa-
tions were performed for the ionic system, within the frame-
work of the CP2K code.*> The BOMD computations employed
the B3LYP functional with the double-{ DZVP basis set, the
D3(BJ) dispersion correction and the Goedecker, Teter and
Hutter pseudopotentials.®® The cut-off radius for the pair
potential was set to 12.5 A and a cubic cell of side length
25 A was employed for the isolated complex. The plane wave
cutoff was set to 400 Ry while the relative cutoff for the
Gaussian grid to 50 Ry. The electrostatic contribution was
calculated by solving the Poisson equation with cluster bound-
ary conditions from the translational invariant Martyna-Tuck-
erman scheme.?” The initial angular velocity was set to zero and
the center-of-mass was fixed. The complexes were equilibrated
in the NVT ensemble at 350 K, with the CSVR thermostat
(canonical sampling through velocity rescaling) for 5 ps. Sub-
sequently, a computation in the NVE ensemble was performed
to monitor the dynamics of the complexes over 200 ps, with a
timestep of 0.5 fs. During this latter NVE stage, the temperature
fluctuated with a standard deviation of 40-50 K in all computa-
tions. Additional BOMD computations were performed for
deuterated variants of the systems under study and also at
low temperature (20 K) to aid in the assignment of spectral
signatures and in the assessment of homogeneous brodening
effects.

Infrared spectra were produced from the BOMD trajectories
with the TRAVIS analyzer package,®® based on the Fourier
transform of the time correlation function of the molecular
dipole moment evaluated from the maximally localized Wan-
nier functions.?® For comparison with experiment, the BOMD
spectra shown throughout the paper include scaling factors
of 0.985 and 0.965 for the wavenumbers below and above
2000 cm ', respectively. Similarly, the fundamental frequencies
predicted by the DFT B3LYP computations were scaled by 0.975
and 0.955 in the same spectral ranges. Such scaling factors were
chosen as to match the position of the narrow bands observed
experimentally for the [M+Li]" system and are consistent with
common recommendations.*’

Relaxed potential energy surfaces (PES) were computed
at the B3LYP-D3(BJ)/6-311++G(d,p) level to aid in the rationali-
zation of the intramolecular dynamics. In these calculations,
the structural parameter of interest is scanned while all
other degrees of freedom of the molecular system are allowed
to equilibrate to their configuration of minimum energy.
Specifically, two parameters were scanned in separate compu-
tations: (i) the proton positions along the intramolecular
H-bonds and (ii) the dihedral angles of the 3-hydroxy glutaric
backbone.

200 | Phys. Chem. Chem. Phys., 2024, 26, 198-208
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3 Results and discussion
3.1 General features of the IRMPD spectra
The IRMPD spectra measured for the [M+Li]*, [M+H]" and

[M-H]™ systems are represented in Fig. 2. The spectrum of
the [M+Li]" complex displays an ensemble of narrow bands
(labelled A-G) that can be assigned to vibrational modes of the
3-hydroxyglutaric acid backbone: O-H stretching of the central
hydroxyl (A) and the terminal carboxylic acid groups (B), C=0
stretching (C), CH, scissoring (D), C-C stretching, mixed with
CH/CH, wagging and C-O-H bending (E), C-OH stretching and
bending in the carboxylic group (F), and C-C stretching mixed
with C-O stretching in the central hydroxyl moiety (G). Fig. 3
illustrates how these assignments are supported by the good
agreement between the IRMPD measurement and the IR spec-
tra predicted for the [M+Li]" system by the DFT and the BOMD
computations (both with the B3LYP functional). It can be
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Fig. 2 IRMPD spectra measured for 3-hydroxyglutaric acid in lithiated,
[M+Lil*, protonated, [M+H]*, and deprotonated, [M—H]~, forms. See text
for an assignment of the backbone vibrational modes associated to bands
A-G in the reference spectrum of the [M+Li]* complex. In the spectra of
[M+H]* and [M-H]~ the backbone vibrational bands are appreciably
broadened. In addition, the stretching modes of the H-bonding network
give rise to specific diffuse bands covering an ample spectral range
(denoted S and magnified for better visual appreciation).
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Fig. 3 Experimental IRMPD spectrum measured for the [M+Li]* complex
and corresponding vibrational spectrum produced from the BOMD com-
putation. The fundamental frequencies predicted by the B3LYP-D3(BJ)/6-
311++G(d,p) computation are depicted as a bar diagram for reference. See

the lowest energy conformation in Fig. 1. Frequency scaling factors have
been applied to the computational spectra as described in Section 2.

concluded that the two computational methodologies repro-
duce accurately the intrinsic bond strengths and vibrational
modes of 3-hydroxyglutaric acid in structurally static com-
plexes, such as [M+Li]".

The inspection of the time evolution of the BOMD trajectory
computed for the [M+Li]" system corroborates the static nature
of the robust three-fold coordinated arrangement induced by
the strong electrostatic interactions between Li* and the oxygen
atoms of the molecular substrate. The distributions of O-Li"
distances and of dihedral angles of the glutaric backbone
derived from the BOMD computation (not shown) are narrow,
with standard deviations of around 0.1 A and 15°, respectively.

The IRMPD spectra of the H-bonded systems [M+H]" and
[M-H]™ display vibrational bands with significantly broadened
envelopes. Whereas bands C-G described above can be partly
recognized, the vibrational signatures of these two systems are
clearly spread over broader spectral ranges, suggesting a more
fluxional structural behavior. It will be argued that the observed
band broadenings are caused by perturbation of the bond
strengths across the 3-hydroxyglutaric/glutarate backbone,
induced by the dynamic H-bonding network. In addition,
proton delocalization along the H-bonds leads to characteristic
very diffuse bands associated with O-H°" stretching, which for
the present systems extend over the entire 2000-3500 cm *
spectral range (bands S, magnified x4 in Fig. 2). These features
are discussed in depth below, in the light of the active proton
dynamics exposed by the BOMD computations. It is also worth
remarking that band B, associated with the stretching of the
non-interacting O-H bond of the carboxylic groups is apparent
in the IRMPD spectrum of [M+H]" at 3500-3600 cm™ ', as a
sharp non-diffuse peak. In contrast, the spectrum of [M-H]~
displays no peaks in that region, indicating that all of its OH
groups are dominantly involved in intramolecular bonding, as
illustrated in Fig. 1.

This journal is © the Owner Societies 2024
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3.2 The concerted proton sharing scenario

As a first step towards the rationalization of the diffuse vibra-
tional band structures and the underlying proton dynamics, the
configurational landscape of 3-hydroxyglutaric acid and of its
protonated and deprotonated forms are mapped. Static com-
putations at different levels of theory were performed to assess
the relative stability of the low-energy conformers and tauto-
mers and the potential energy barriers between them. The
computations include optimizations with DFT employing an
ample variety of hybrib and double-hybrid functionals, as well
as with ab initio MP2. In addition, single-point coupled-cluster
CCSD(T) computations on the equilibrium MP2 configurations
were performed. Such variety of methods was applied with the
aim of screening the level of theory required to describe the
benchmark H-bonding network under study.

Fig. 4 shows the lowest energy configurations of 3-
hydroxyglutaric acid in neutral, protonated and deprotonated
configurations. The corresponding relative energies at the
different levels of theory explored are provided in Table 1.
Atomic coordinates of the different configurations are included
in the ESIL.{ Fig. 5 depicts relaxed potential energy surfaces
(PES) associated with the motion of one proton along the
H-bond, connecting different tautomers (such as C," < Cs’, or
C, < C;7). Proton positions are described in terms of the
asymmetric stretching coordinate, denoted x and defined from
the O-H’"-0 distances as described in Fig. 5. In addition, PESs
are also shown for continuous changes in one dihedral angle,
connecting linear and bent backbone conformations. The PES
were in all cases computed at the B3LYP/6-311++G(d,p) level in
order to provide a close link with the BOMD computations
described below, which were performed with the same
functional.

The neutral molecule in its lowest energy conformer (C9)
displays an intramolecular H-bond with the central hydroxyl
group as donor. Fig. 5 shows that proton motion within this
bond is hindered by a deep and narrow potential energy well
that keeps the proton close to its equilibrium position in the
covalent O-H hydroxyl bond. In a close lying conformation, C9,
a second comparably weaker H-bond is formed with a car-
boxylic acid group in anti configuration as donor. The Cj
conformation features a roughly linear backbone (dihedral
angles Q4534 = 2543, & 175°% see atom numbering in Fig. 5).
The similar H-bonding arrangement C3, with a bent backbone
(R1234 & 65° and Qs43, & 175°) lies higher in energy, despite
the improved orientation of the CH, groups to avoid mutual
repulsions. Finally, it is found that the direct H-bonding of the
two carboxylic acid groups (conformer C3) is not favoured at any
level of theory.

The structural features just described for the neutral 3-
hydroxyglutaric acid change qualitatively upon protonation or
deprotonation, as illustrated in Fig. 4. The bent backbone
configurations of [M+H]" and [M-H]™ (C," and C,”, respec-
tively) are favoured with respect to the linear ones (C," and C, ™)
at most levels of theory and the barrier between the bent and
linear configurations is significantly lower than in the neutral
molecule. In addition, the effective potential energy surface for

Phys. Chem. Chem. Phys., 2024, 26,198-208 | 201


https://doi.org/10.1039/d3cp04514e

Published on 28 November 2023. Downloaded on 12/31/2025 11:25:48 AM.

PCCP

Fig. 4 Lowest-energy configurations and prototypical higher energy ones of neutral 3-hydroxyglutaric acid (M®) and of its protonated (IM+H]*) and
deprotonated ([M—H] ™) forms. Relative energies of the tautomers and conformers at different levels of theory are listed in Table 1.
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Table 1 Relative free energies (electronic energies in parenthesis, in kJ mol™?) of the most stable configurations of the M®, [M+H]*, [M=H]~ 3-hydroxy
glutaric systems (see Fig. 4), computed at different levels of theory, in all cases with the aug-cc-pVTZ basis set. The bottom row provides the relative
energies of the C4~ configuration for the double-hybrid functionals tested in this study (in all cases with D3(BJ) dispersion correction). (C4 )sow indicates
the relative free energy in aqueous solution (methanol solution in brackets), as calculated from the thermodynamic cycle within the PCM method

Method B3LYP-D3(BJ) ®B97xD MN15 B2PLYP MP2 CCSD(T)
c? 0 0 0 0 0 0

(¢33 +3.1 (—2.2) +3.4 (—1.6) +3.1 (—1.7) +4.3 (+1.8) +4.5 (—0.6) (—0.6)

c +7.5 (+0.8) +8.3 (+1.4) +7.8 (+1.3) +9.2 (+2.8) +8.8 (+2.4) (+2.7)

c +12 (+3.4) +12 (+3.9) +11 (+1.7) +15 (+5.4) +13 (+3.9) (+5.0)

(o 0 0 0 0 0 0

Cy' +2.1 (+3.4) +2.9 (+3.4) +0.0 (+1.7) +1.7 (+2.8) +2.5 (+3.6) (+3.0)

C, +20 (+21) +16 (+18) +20 (+22) +22 (+24) +23 (+27) (+24)

(o 0 0 0 0 0 0

Cy~ +0.4 (+2.2) +0.4 (+2.2) —0.2 (+2.3) +0.3 (+2.2) +1.3 (+3.4) (+2.9)

Cs~ +1.8 (+2.4) +2.2 (+2.6) +2.4 (+3.2) +2.2 (+2.6) +1.7 (+2.7) (+3.1)

Cy™ —5.2 (—10) —6.8 (—12) —10 (—15) —-7.6 (—11) —6.1 (—12) (—13)

(C4 )solv +2.9 [+2.5] +2.2 [+1.7] —0.1 [-0.5]

Method B2PLYP B2GP-PLYP DSD-BLYP PWPB95 DSD-PBEP86 PBE-QIDH
Cs~ —-7.6 (—11) —9.5 (—12) —10 (—12) —8.3 (—13) —7.4 (—12) —6.3 (—10)

the motion of the proton along the H-bonds flattens appreci-
ably. It will be shown that this constitutes a particularly relevant
feature, as it triggers an active concerted proton difussion along
the two H bonds. In the most stable configuration of [M+H]",
C,", both protons are bound to the central O atom and the

202 | Phys. Chem. Chem. Phys., 2024, 26, 198-208

transfer of either one of them to an end carbonyl group, while
facilitated by the shallow potential energy surface, does not
lead to a stable configuration with a pronounced energy well on
the PES (e.g. configuration C;'). The analogous configuration
C; of the anionic [M-H]~ system features two-fold H-bonding:

This journal is © the Owner Societies 2024
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Fig. 5 Relaxed potential electronic energy surfaces (PES) computed at the B3LYP-D3(BJ)/6-311++G(d,p) level for neutral 3-hydroxyglutaric acid (M°)
and for its protonated ([IM+H]*) and deprotonated (IM-H]~) forms. The PES are associated with the scan of the asymmetric stretching coordinate x; (left-
hand panels), or of the dihedral angle Q234 (right-hand panels). See labelling of the H-bond distances and numbering of the C atoms in the

representation of the corresponding molecular configurations.

a weaker H-bond between one carboxylic acid in anti configu-
ration with the O atom of the hydroxyl group, and a stronger
one between the hydroxyl proton and the carboxylate terminal.
There is a relatively low barrier for a concerted motion of the
two H nuclei, transforming conformation C,~ into C;,
although the latter one is higher in energy by ca. 2 kJ mol™*
at all levels of theory.

A remarkable finding for the deprotonated [M-H] ™ system
is that the most stable configuration predicted at all levels
of theory is actually C, , which features a shared proton
bond between the two carboxylate end groups, complemen-
ted by a weaker H-bonding interaction of the hydroxyl group.
This configuration resembles qualitatively the one adopted
by deprotonated glutaric acid.*' From Table 1, it can be noted
that the analogous configurations C§ in M® and C,* in [M+H]"
are in contrast appreciably high in energy. We argue below
that the experimental results do not support a dominant
contribution of the C,  conformation to the recorded
spectra.

3.3 Spectral signatures of proton delocalization

The infrared spectra derived from the BOMD computations
for the [M+H]" and [M-H]  systems are depicted in Fig. 6

This journal is © the Owner Societies 2024

along with the corresponding IRMPD spectra. The fundamental
frequencies predicted by the static B3LYP computation for
relevant conformers are also included for reference.

For [M+H]', the BOMD computation was initated from the
C," configuration. Nevertheless, the system ocassionally trans-
ited to the C," and C;" tautomeric conformations during the
200 ps trajectory, as discussed below in detail. The BOMD
spectrum resembles accurately the position of the backbone
vibrational bands in the fingerprint region (800-2000 cm '), as
well as the OH stretching band at 3550 cm ™" of the free acid
groups. Moreover, the BOMD computation reproduces correctly
the diffuse band covering 1800-3500 cm™ "', produced by the
stretching vibrational modes associated with the H-bonding
network. The B3LYP computation predicts harmonic frequen-
cies for the asymmetric and symmetric stretching modes of
the central HOH moiety of conformer C;" at ca. 2400 and
2600 cm ', respectively, matching the central region of the
band. The close agreement between the BOMD and IRMPD
spectra is certainly remarkable and provides strong support for
the conformational dynamics discussed below, which show
that the loose distribution of the protons within the OHOHO
network blurs the stretching vibrational energies, leading to the
diffuse band observed experimentally.

Phys. Chem. Chem. Phys., 2024, 26,198-208 | 203
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Fig. 6 Experimental IRMPD spectra measured for the [M+H]* cation and
the [M—H]™ anion, and corresponding spectra produced from the BOMD
computations seeded with the C;*, C;~ and C;~ conformers, as indicated.
The diffuse band in the central part of the spectra are amplified by the
indicated factors for better visualization. The fundamental frequencies
predicted by the B3LYP-D3(BJ)/6-311++G(d,p) computations for the same
conformers are depicted as bar diagrams for reference. Frequency scaling
factors have been applied to the computational spectra as described in
Secttion 2.

A complementary BOMD computation was performed for
the d,-deuterated variant of [M+H]', in order to explore isotopic
effects on the vibrational signatures and confirm band assign-
ments. The BOMD spectrum derived from this computation is
shown in Fig. S1b of the ESI.{ Even though the d,-isotopologue
was not measured experimentally, the BOMD computation
serves to expose isotopic effects on band positions and broad-
enings. It is observed that the carboxylic acid CO-D stretching
and angle bending bands (bands B and F) are consistently red-
shifted with respect to the analogous CO-H bands, by ca.
1000 cm ' and 150 cm ', respectively. Band S (shaded in
Fig. S1a and b for a better visualization, ESIt) is predicted by
BOMD to shift to lower frequencies by ca. 800 cm™* upon
deuteration of the protonated moiety. This band remains
appreciably broad in the deuterated isotopologue; nevertheless
the slower dynamics of the proton bond for [D-O-D]" in
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comparison to [H-O-H]', due to the heavier deuteron, reduces
the bandwidth by a factor of roughly 2.

An additional prospective BOMD computation was carried
out for [M+H]" at low temperature (20 K), seeking to assess the
roles of inhomogenous or intrinsic homogeneous band broad-
enings in this type of proton-bonded systems. The BOMD
spectrum derived from this low temperature computation
appears to converge to the harmonic spectrum from static
DFT, as shown in Fig. Slc (ESIt). It features band envelopes
for the main backbone vibrational modes that are roughly a
factor of three narrower than their counteparts in the computa-
tion at 350 K. The reduced broadening indicates that the three-
band structure observed in the fingerprint region at room
temperature (bands C, D, F at 1100-1800 cm ™ ') receives con-
tribution from at least five narrower bands, associated with
contributions from COH, CH, bending and C-C and C=O
stretching vibrations. Remarkably, the 20 K BOMD spectrum
displays two sharp bands centered at 2360 and 2650 cm ™'
(denoted S,, Sp), that are associated with the stretching modes
of each of the two O-H’" bonds in the [H-O-H]" proton
bonding moiety. These bands resemble nicely the two harmo-
nic frequencies predicted by static DFT, with a red-shift of ca.
100 cm™". The contrast between the sharp bands S, and S, at
20 K with the broad band S at 350 K suggests that band
broadenings at room temperature are related with dynamic
proton motions along the intramolecular bonds, resulting in an
indefinition of the stretching frequency (inhomogeneous braod-
ening). The actual behavior of the system at low temperature
should be confirmed in experiments conducted at cryogenic
temperatures, as quantum nuclear effects (e.g., zero-point energy
and tunneling) not accounted for in the BOMD computation may
lead to substantial homogeneous band broadening effects as
observed for related systems.*?

We now focus on the BOMD computations for the deproto-
nated system [M-H] . In this case, separate computations were
seeded with either the C;~ or the C,  configuration. The
electronic energy of C,~ during the BOMD trajectory was on
average ~10 kJ mol " lower than C,~, which agrees with the
static DFT prediction using the B3LYP functional. The C;~
conformation was found to be connected dynamically with
the C,~ conformation (through dihedral angle bending) and
with the C;~ tautomer (through proton motions along the
intramolecular H-bond), but not to C, . The C,” conformation
was robustly isolated from the rest, so that the main structural
changes during the dynamics were in this case related to proton
motion between the two carboxylate groups and to rotation of
the COH hydroxyl moiety. Fig. 6 shows that the C, -seeded
BOMD computation yields an excellent agreement with the
IRMPD spectrum over the entire spectral region explored. In
the fingerprint region, the band at 1120 cm™" observed for
[M+H]" (C-OH stretching and bending in the carboxylic group)
is replaced by a band at 1320 cm ™' (assigned to stretching of
the H-bonded C—0, mixed with CH, wagging). The high energy
spectral region features a broad diffuse band extending over
1800-3300 cm ™, overlapping with a comparably narrower band

centered at 2920 cm ‘. These experimental signatures are
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accurately reproduced in the BOMD computation and correlate
with the position of the fundamental frequencies predicted by
the B3LYP DFT computation. The combined computational
information allows to assign the broader and more diffuse
band to the stretching of the H bond between the hydroxyl
group (donor) and the carboxylate group (acceptor), and the
narrower band to the similar stretching vibrations in the
complementary and weaker H bond between the anti carboxylic
acid group (donor) and the O atom of the hydroxyl group
(acceptor), on top of lower-intensity C-H streching transitions.

Somewhat unexpectedly, Fig. 6 shows the C, -seeded BOMD
computation produces an IR spectrum with band structures at
odds with the most intense features of the experimental IRMPD
spectrum. For instance, the intense BOMD band with a max-
imum at 1600 cm ™" does not correspond to any of the main
experimental bands. The computations assign this band to the
asymmetric streching mode of the COO™ carboxylate moiety.
The analogous vibrational mode in conformer C, " is located at
1700 cm™ ', in good agrement with experiment. Moreover, the
weakly H-bonded hydroxyl group in C, results in an O-H
stretching transition at ca. 3450 cm™', where the experiment
shows negligible vibrational activity. This suggests that the C,~
configuration does not have a dominant contribution to the ion
population formed in the trap, although a marginal population
cannot be ruled out. A minor contribution from C,~ would be
for instance consistent with the IRMPD intensity observed
between peaks at 1600 cm™ ', which seems to be underesti-
mated by the C;~ computation. Also, a marginal participation
of C,~ could preclude the detection of the OH stretching band
at 3450 cm ™, due to the dynamic broadening predicted for this
band by the BOMD computation.

This apparent contradiction between the low relative energy
of the C, configuration and its minor presence in the experi-
ment could be attributed to inaccuracies in the computational
approaches tested in this work, that would overestimate the
relative stability of this conformer. Motivated by this discre-
pancy, the stability of C,~ relative to C;~ was investigated with
an ample varity of hybrid and double-hybrid functionals, along
with the MP2 and CCSD(T), leading to the energies listed in
Table 1. It is found that all computational approaches are
coincident in the greater stability of the C,~ configuration by
6-10 kJ mol .

An alternative plausible explanation for a low relative abun-
dance of C,  in the experiments would be that this configu-
ration of the isolated [M-H]™ anion is not produced efficiently
under the electrospray ionization conditions presently
employed. In the electrospray ionization method, species in
solution (here water/methanol) are brought into the gas phase
through rapid evaporative desolvation of charged droplets.
Depending on the molecular system under study, conforma-
tions that are stable in solution may be kinetically trapped and
retained in the gas phase within the ~100 ms timescale of the
IRMPD experiment.*? The deprotonation of the neutral acid in
a preformed C{ or CJ configuration can be expected to result in
the similar C,~ configuration of the [M-H]| anion, eventually
relaxing to C; . Interestingly, the implicit solvent computations
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indicate that the C;~ conformation becomes roughly isoener-
getic to the C,~ one in water and methanol solution in the MP2
computation (see Table 1). At the B3LYP and oB97xD levels,
C,” is even more stable by ca. +2-3 k] mol . If the [M-H]~
anion is transferred to the gas phase dominantly in the C;~
conformation, it is likely that it will be probed in that con-
formation in the IRMPD measurement. Relaxation of C,~ to the
lower energy C,  configuration would be prevented by a sub-
stantial barrier; indeed, we remark that such relaxation process
was not observed in the C; -seeded BOMD computation,
despite the fluxional features displayed by the anion.

3.4 BOMD conformational dynamics

The conformational dynamics of the [M+H]" and [M-H]~
systems assessed by the BOMD computations are illustrated
in Fig. 7, which shows the probability distribution of the
positions of the protons involved in H-bonding (top panels)
and of that of the dihedral angles of the hydroxyglutaric acid
backbone (bottom panels). The proton distribution is depicted
as a contour plot confronting the asymmetric O-H-O stretching
coordinates along the two adjacent H-bonds, x; and x,. A
similar contour plot represents the distribution of backbone
configurations in terms of the dihedral angles ©;,3, and Q5,35
(2 ~ 180° for a linear backbone configuration). Only BOMD
computations seeded with the C,;" and C,;~ conformations are
considered in this discussion as they appear to be most relevant
to rationalize the present experiments. Relevant types of
dynamic structural changes undegone by the two systems are
illustrated by means of video animations of time windows of
the computed BOMD trajectories, included in the ESL ¥

For [M+H]', the proton distribution shows a probability
distribution for proton location with a maximum at x; & x,
~ +0.3 A, which correlates with the structures of the two lowest
energy conformations C, " and C," (recall that a positive value of
x indicates a proton closer to the central O atom than to an O
atom of any of the terminal groups). Interestingly, the overall
envelope of the probability distribution is oriented along an
axis of slope —1, as indicated by the dash line in the contour
plot. This feature is indicative of a concerted asymmetric
motions of the two protons: when one of the protons departs
from the central O atom to approach a carboxylic group,
thereby moving toward negative x values, the other proton
binds tighter to the central atom reaching more positive values
of x (see animation ‘p-proton.mp4’ in the ESI¥).

The [M-H]|™ system displays a qualitatively different proton
distribution. In this case, two asymmetric probability maxima
are observed, a dominant one at (x;,x;) ~ (+0.3 A, —0.4 A)
associated with conformations C;~ and C, and a less promi-
nent one at (—0.4 A, +0.3 A) related to C;~. Both maxima are
again connected by an axis of slope —1, indicating a concerted
motion of the protons. In this case the transfer of the proton to
the carboxylate group induces the deprotonation of the oppo-
site carboxylic acid group, so that the central hydroxyl moiety
keeps its entity (see animation ‘m-proton.mp4’ in the ESIY).

As for the hydroxyglutaric backbone configuration, the
dihedral angle distributions of both the [M+H]|" and [M-H|~
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Fig. 7 Probability distributions for the position of the protons along the H-bonding network (top panels) and for the dihedral angles Q1534/Q543 of the
hydroxyglutaric backbone (bottom panels) produced from the BOMD computation for the [M+H]* cation and the [M—H]~ anion. The shaded quadrants
and the dashed line (slope —1) are meant to guide the eye in observing the proton locations and motions in the x; — x, diagram. The asymmetric O-H-O
bond stretching coordinate x is defined in the inset. See labelling of the H-bond distances and numbering of the C atoms in the upper molecular

representations.

systems display two maxima related to the bent and the linear
conformations, with 4,3, =~ 75° and 175° respectively.
Whereas the bent configuration is clearly dominant, the
presence of the two types of conformations in the BOMD
trajectory indicates that they are connected through thermal
fluctuations at room temperature (see animation ‘p-angle.mp4’
in the ESIY).

The active internal dynamics of the [M+H]" and [M-H] " ions
provide a plausible framework to rationalize the broadened and
diffuse band structures observed in the experimental IRMPD
spectra. On the one hand, the stretching and bending vibra-
tional modes of the hydroxyglutaric acid backbone, mainly
observed in the fingerprint spectral region (<2000 cm™") are
perturbed by the configurational changes that take place recur-
rently at room temperature. On the other hand, proton deloca-
lization along the intramolecular bonds produces the diffuse
band structures that extend over the central part of the spectral
window investigated (ca. 1800-3200 cm ™).

4 Conclusions

Protonated and deprotonated 3-hydroxyglutaric acid, [M+H]"
and [M-H]~, have been investigated as benchmarks of fluxional
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molecular systems with neighboring intramolecular proton
bonds. Under isolated room temperature conditions of the
ions, vibrational signatures of proton and backbone dynamics
are observed in terms of broadened and diffuse band structures
over the spectral range 700-3800 cm ™. In general terms, the
observed band broadenings arise from the distortion of the
bond strengths in the 3-hydroxyglutaric/glutarate backbone
induced by the dynamic H-bonding network. Moreover, the
o-H"* stretching modes produce particularly broad diffuse
bands extending over the entire 2000-3500 cm™ ' range, as a
consequence of proton delocalization along the H-bonds.
Whereas the average position of most bands is well
accounted for by DFT and MP2 computations, ab initio mole-
cular dynamics reproduce with remarkable accuracy their
complex precise envelopes. This provides mutual support to
the IRMPD and BOMD approaches in that they are reliable
methods to probe the inherently anharmonic vibrational
features associated with proton bonding at room temperature.
IRMPD is a sequential one-photon process that benefits from
laser pulse trains appropriately matching the time scale of
internal energy redistribution. Nevertheless, IRMPD relies on
molecular fragmentation processes that may be complex and
affect the spectral response. This and recent investigations>"®
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suggest that band broadenings observed in IRMPD spectra are
intrinsinsic to proton-bonded systems. BOMD relies on the
accurate description of the relevant energetics by DFT and
management of the dipole autocorrelation function, which is
here described in terms of maximally localized Wannier
functions.>® Alternative approaches have been outlined to
elucidate anharmonicity and band broadenings intrinsic to
proton bonding at cryogenic temperatures, that are based on
the determination of vibrational frequencies with hamiltonians
of reduced dimensionality.*’

The C;-C;* and C, -C;~ configurational landscapes
probed by the present experiments lay out a two-fold H-
bonded molecular framework featuring concerted proton
motions along the bonds. As a consequence of the symmetry
of 3-hydroxyglutaric acid, the two intramolecular H-bonds
adopt a dynamically changing ‘proton character’, depending
on the relative proximity of the H nuclei to the carboxylic/
carboxylate and hydroxyl moieties and the associated rearran-
gement of electronic density. Protonation of the 3-hydroxy-
glutaric acid prompts two roughly indistinguishable
intramolecular bonds, with properties midway between those
of a proton bond and those of a conventional H-bond. Hence,
the question of where the added proton is in the molecule
becomes meaningless. The two bonds are actually not equiva-
lent because the symmetry is broken by the bent backbone
configuration. Such breaking of symmetry has a moderate impact
in [M+H]" but it induces a significant configurational bias in
[M-H] ", favoring a particular H-bonding orientation (x; > 0, x, < 0;
configuration C; ) over its reverse counterpart (C;").

In the light of the present study, it can be concluded that
proton dynamics in 3-hydroxyglutaric acid and its protonated
and deprotonated variants captures fundamental features of
proton bonded molecular materials. The concerted proton
dynamics exposed by the associated vibrational signatures are
expected to resemble those of key stages of Grotthus-like proton
transfer processes in extended molecular networks. Loose-
proton bonding remains as a structural motif of great chemical
relevance to be further elucidated in well-defined molecular
benchmark systems under controlled conditions.
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