Open Access Article. Published on 13 October 2022. Downloaded on 11/15/2025 7:09:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2022, 12, 29137

Received 11th August 2022
Accepted 2nd October 2022

DOI: 10.1039/d2ra05029¢

Hydrogen bond networks in gas-phase complex
anionst

Zhisheng Lai,® Minhui Shen,? Yong Shen,? Yu-Xin Ye,? Fang Zhu, ©? Jiangiao Xu @ *2
and Gangfeng Ouyang [ *ab<

Hydrogen bond networks (HBNs) have piqued the interest of the scientific community due to their crucial
roles in nature. However, HBNs that are isolated from complicated backgrounds for unraveling their
characteristics are still scarce. Herein, we propose that HBNs exist in complex anions formed between
a-cyclodextrin (¢-CD) and four benzoic acids (RBAs) in the gas phase. The complex anions are facilely
extracted from solutions via the electrospray ionization technique, and subsequently activated through
collision for the investigation of their transition dynamics. It is revealed that the generation of
deprotonated a-CD and neutral RBAs is the unexpected dominant dissociation pathway for all the four
complex anions, and the complex anions formed from more acidic RBAs exhibit higher stabilities. These
dissociation results are successfully explained by the cooperative stretching dynamics of the proposed
HBNs that are formed involving the intramolecular HBN of a-CD and the intermolecular hydrogen bonds
(HBs) between a-CD and RBAs. Furthermore, the rarely observed low barrier HBs (LBHBs) are suggested
to be present in the HBNs. It is believed that the present complex anions can serve as a facilely
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1 Introduction

Hydrogen bond networks (HBNs) continue to attract wide-
spread attention since their discovery more than one hundred
years ago.' They play eminent roles in determining the func-
tions of receptors,” enzymes,®> and proton channels,* and are
also responsible for the unexpected high mass transfer rates of
protons and hydroxide ions in water.> However, it remains
challenging to elucidate the HBNs in natural systems like
proteins and bulk water. Although vibrational spectroscopy has
long been used to study the structures and dynamics of the
HBNs in bulk water and water-air interphases,® the diffuse
nature of the key absorption bands in water requires applica-
tion of isotope labelling method or multiple-dimension spec-
troscopy to resolve the characteristic signatures.”® As for the
characterization of the HBNs in protein pockets, the widely
used X-ray diffraction methods could not visualize protons. The
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accessible and informative model for studying HBNs in the future.

subtle characteristics of HBNs are always predicted highly
dependent on the high-resolution distances between two
heteroatoms.® Besides, the X-ray diffraction methods could only
detect the steady states other than tracing the dynamic transi-
tions of HBNs." Although ultraviolet-visible (UV-vis) spectros-
copy is applicable in characterizing proton transfer processes of
HBNs in the catalytic cavities of enzymes," the background
interferences may obstruct the analysis.

To get deep insights into HBNS, isolated models at molecular
levels have been established, as they are small enough for
accurate spectroscopic characterization and quantum calcula-
tions.”” Water clusters are the most studied HBN models.
Remarkable progress has been made in resolving their geome-
tries and cooperative dynamics."*™ And they have thrown
valuable light upon many-body physics."*** However, equivalent
HBN models that are facilely accessible are still extremely
scarce. Some putative models seem difficult to be studied in any
experiment frames, as they may not be maintained after being
isolated from the surrounding environment.”* On the other
hand, the studies focused on single hydrogen bonds (HBs) are
much more abundant.'**® For example, it is pioneered by Jiang
and co-authors using scanning tunneling microscope (STM) to
reveal the nuclear quantum effects (NQEs) embedded in HBs.*
Nonetheless, unraveling the cooperative characteristics of
HBN s is still one of the upper-most interests among the scien-
tific community.

The scientific community has long been conscious that the
hydroxyl groups fixed on the primary rim of a single cyclodextrin
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(CD) molecule are stereochemically possible to form an intra-
molecular HBN,*® which is inspiring for seeking isolated HBN
models alternative to the water clusters. However, the intra-
molecular HBNs formed on the primary rims of CD molecules
have seldom been studied in depth previously. In fact, the
flexible primary hydroxyl groups of CDs prefer to form inter-
molecular HBs with guest molecules and crystal water in
condensed phases.” Thus, it is only expectable that the large
intramolecular HBNs on the primary rims come into being by
extracting CD molecules from condensed phases.

Herein, we attach benzoic acids containing different para-
substituent groups (RBAs) to a-CD to prepare complex anions
in gas phase. The complex anions are activated via collision for
the investigation of their transition dynamics. The unexpected
dominant collision-induced dissociation (CID) pathways and
the stabilities of the complex anions are successfully explained
by the adaptive stretching of the intramolecular HBN of a-CD
along with the allocation of the bridging protons. What's more,
the existence of low barrier HBs (LBHBs) is suggested here. This
study provides a new model besides the water clusters for
studying HBNs in depth in the future.

2 Methods

2.1 Chemicals and reagents

a-Cyclodextrin (o-CD) was purchased from Macklin Inc.
(Shanghai, China). Benzoic acid (denoted as BA, possesses no
substitute groups), p-nitrobenzoic acid (pNBA) and p-cyn-
obenzoic acid (pCBA) were purchased from Aladdin Industrial
Corporation (Shanghai, China). p-methylbenzoic acid (pMBA)
was purchased from Tokyo Chemical Industry Co. Ltd (Tokyo,
Japan). HPLC grade methanol was purchased from Thermo
Fisher Scientific Ltd (Shanghai, China). Ultrapure water was
prepared from a water purification system (Millipore Direct-Q
30UV, Merck, Germany).

2.2 Sample preparation

Each benzoic acid together with o-CD was prepared into
a sample solution by using the mixed solvent of methanol and
water (v/v =1 : 1). The concentrations of the RBA and «-CD were
10 uM in the sample solutions.

2.3 Collision induced dissociation of cluster anions

All the instrumental analysis was run on a triple quadrupole
mass spectrometer (Applied Biosystems/MDS Sciex, MA, USA).
An electrospray ionization (ESI) source was used in the triple
quadrupole mass spectrometer. Tandem mass spectrometry
was performed with nitrogen gas as the collision gas.

The sample solutions were injected by a syringe pump at
a flow rate of 5 uL min~'. The complex anions were formed in
the ESI source under negative mode. For the study of the
dissociation manners of the complex anions, the parameters
determining the abundances of the [0-CD + RBA-H]™, i.e. the
declustering potential and the entrance potential, were first
optimized. Then, the target complex anions were selected and
dissociated under different collision energies. The abundances
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of the survived parent ions and the daughter ions were subse-
quently monitored. The kinetic energies of the complex anions
in the mass spectrometer were transformed into collision
energies in the center-of-mass frame, as shown in eqn (1),?

Eem = Ek[m/(m + ZW)] (1)

where E., is the center-of-mass collision energy, Ej is the
kinetic energy of the complex anions in the collision cell. m and
M are the molecular weights of N, and precursor ions.

2.4 Computation details

2.4.1 Quantum chemistry. All quantum-mechanical
calculations were carried out using the Gaussian 09 quantum
mechanical package.” The initial geometry of a-CD was
extracted from the crystal structures in the Protein Data Bank
(access numbers: 2XFY?*). The initial geometry of the depro-
tonated o-CD was constructed by removing the proton of one
hydroxyl group on the primary rim in the GaussView06.>® The
geometries of RBAs were obtained from the PubChem website
(U.S. National Library of Medicine). The deprotonated form
[RBA-H]  were constructed by removing the proton of the
carboxyl groups in the GaussView06. Conformations of all
these neutral molecules and anions were optimized to the
global minimum energy conformations at the M062X/6-311G**
level of theory with D3 empirical dispersion correction.>*->*
Meanwhile, the frequency calculations were performed using
the same method and basis set. The single-point energies were
computed at the M062X/def2TZVP level of theory with D3
empirical dispersion correction.***® According to Table S2,}
Gibbs free energy values of all monomers were used to calculate
the AG values of deprotonation reactions in Table 1. These
optimized structures were used to construct the complex
anions below.

The docking conformers shown in Fig. 2 were proposed
according to our experiments and reasonable assumption. They
were optimized using the B3LYP exchange-correlation func-
tional with Grimme's DFT-D3(B]) empirical dispersion correc-
tion and 6-311G** basis set, abbreviated as B3LYP-D3(BJ)/6-
311G**.3% Subsequently, the counterpoise corrected energies
were calculated at the M062X/def2TZVP level of theory with D3
empirical dispersion correction. The Boys and Bernardi's
counterpoise (CP) technique was employed to correct the basis
set superposition error (BSSE) problem.**** These energies of

Table 1 Gas-phase acidities of «-CD and RBAs (kcal mol™?)

Deprotonation AGea® AG,?
0-CD — [o-CD-H]” + H' 321.83 —
PNBA — [pNBA-H| + H' 320.67 320.98
pCBA — [pCBA-H| + H" 321.84 320.75
BA — [BA-H] +H' 332.92 333.17
PMBA — [pMBA-H| + H* 334.06 333.65

“ Data were calculated for the deprotonation reactions. ” Data were
obtained from the NIST website.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Tandem mass spectra of the (A) [«-CD + pNBA-H] ", (B) [«-CD
+ pCBA-HI", (C) [@-CD + BA-H]” and (D) [¢-CD + pMBA-H]~
complex anions with increasing Ecm.

Fig.2 Hypothetical conformations of (A and E) [-CD + pNBA-H] ", (B
and F) [a-CD + pCBA-H]", (C and G) [#-CD + BA-H]™ and (D and H)
[a-CD + pMBA-H]". (A to D) Top views and (E to H) side views.

complex anions were used to elucidate the potential energy
diagram of two competitive dissociation pathways of complex
anion [o-CD + RBA-H]|™ (Scheme 1 and Table 2).

2.4.2 Wave function analysis. Bond critical points (BCPs) of
[¢-CD + RBA-H] ", o-CD and [«-CD—H]~ were calculated under
AIM theory analysis in Multiwfn.**?*¢ All the wave functions were
obtained from the Gaussian 09 quantum mechanical package
mentioned above after single point energy calculations. Prop-
erties of BCPs were listed in Table S4.f What's more, the specific
HB energies were calculated using the electron density values of
BCPs according to the reported research.*”

2.4.3 Visualization. HBs of [o-CD + RBA-H], «-CD and [o-
CD—H] were visualized using the reported IGMH method. The
coloring method of sign (4,)p is given in the literature.*® Sign (4,)
p colored isosurfaces of dginter = 0.007 a.u. Bond paths (BPs)
were visualized to connect adjacent BCPs. All the structures
were constructed in the VMD 1.9.3 program® based on Mul-
tiwfn output files.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Potential energy diagram of two competitive dissociation
pathways of complex anion [¢-CD + RBA-H]".

Table 2 Energy barriers of the dissociation pathways (kcal mol™)

Pathway A Pathway B
Complex anions AEp, AEp, AEg AAE®
[oc CD + pNBA- H]7 22.73 39.31 25.79 13.52
[4-CD + pCBA-H]|~ 23.67 40.25 25.50 14.75
[ o-CD + BA- H] 27.34 43.92 17.98 25.94
[2-CD + pMBA-H]~ 27.66 44.24 17.16 27.08

“ AAE = |AEg — AE,,)|.

3 Results and discussion

Four RBAs were selected for preparing the complex anions
together with «-CD via the electrospray ionization technique,
i.e. p-nitrobenzoic acid (pNBA) and p-cyanobenzoic acid (pCBA)
that contained electron-withdrawing groups, p-methylbenzoic
acid (pMBA) that contained an electron-donating group, and the
benzoic acid that contained no substitute groups (BA). The
complex anions were dissociated through collision with
nitrogen gas in a tandem mass spectrometer. Fig. 1 shows the
superimposed tandem mass spectra of the mass-selected
complex anions [¢-CD + RBA-H| under gradient-increasing
center-of-mass energy (Ecy). In the low E., stage (0.20 eV to
1.40 eV), the intensity of [a-CD—H]™ initially grew while that of
[¢-CD + RBA-H]  declined. With further increasing E.n, [o-
CD—H] tended to dissociate into fragments. It is notable that
[¢-CD + RBA-H] dominantly yielded daughter ion [a-CD—H] "
under low E_,. The rest moieties of the complex anions should
be present as neutral molecules, i.e. neutral RBAs (Fig. S17).
Thus, they were not detected in the mass spectrometer under
low E.n,. It could be concluded from these dissociation results
that a-CD showed apparently higher gas-phase acidity than all
the four RBAs. [RBA-H]| could be detected only when the
complex anions were activated with higher collision energies. In
the high E.,, stage (1.40 eV to 3.00 eV), the anions of the more
acidic RBAs, [pNBA-H] and [pCBA-H] , were visible in the
spectra together with their decarboxylated forms, i.e. [pNBA-
COOH] ™ and [pCBA—COOH] ™ (Fig. 1). The suspected [pMBA-

RSC Adv, 2022, 12, 29137-29142 | 29139
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H| and [BA-H]™ were also detected, if the corresponding mass-
to-charge ratios were focused for detecting these daughter
anions in the tandem mass spectrometer (Fig. S2t). However,
the signal-to-noise ratios of [pMBA-H]~ and [BA-H|™ were much
lower than that of [pNBA-H]~ and [pCBA-H] . Furthermore, it
was observed that [a-CD + pNBA-H]™ and [a-CD + pCBA-H]~
were more stable than [¢-CD + BA-H] ™ and [o-CD + pMBA-H]~
(Fig. S2 and Table S17).

Any complex anions formed involving additional solvent
molecules were not detected in the mass spectra, which was
probably owing to the low stabilities of such complex anions.
They were also not presented in previous studies.**** Moreover,
the fragmentation pathways of deprotonated CDs have not been
reported. At the high E.,, stage, a-CD might also be fragmented
via an open chain structure, as supposed to be present in the
fragmentation processes of protonated CDs.** However, a-CD
was believed to be in its intrinsic cyclic structure in the complex
anions before they were activated via collision, since the ether
bonds in a-CD are much stronger than the intermolecular HBs.

For illustrating the apparently high gas-phase acidity of a-
CD, the free energy changes of the deprotonation reactions in
gas phase were first calculated to evaluate the intrinsic acidities
of «-CD and RBAs. The pristine results of the theoretical
calculations are presented in the ESI (Table S2).t The theoret-
ical calculations presented that a closed cyclic HBN and an open
cyclic HBN were located on the primary rims of the structurally
optimized o-CD and [a-CD—H]~ (Fig. S3t), which were never
observed in condensed phases. The open cyclic HBN in [o-
CD—H]  stabilized the deprotonated primary hydroxyl group
through intramolecular HBs. As shown in Table 1, although the
lower intrinsic acidities of BA and pMBA were observed as ex-
pected, the intrinsic acidities of a-CD, pNBA and pCBA were
close, which were inconsistent with the observed apparently
higher gas-phase acidity of a-CD. In other words, the dominant
dissociation pathways of [¢-CD + pNBA-H| ™ and [a-CD + pCBA-
H]™ could not be well explained based on these thermodynamic
values. Thus, it became necessary to analyze the dissociation
procedures at molecular level other than solely analyzing the
intrinsic acidities. It is notable that the dissociation pathways
were well consistent with the intrinsic acidities in the previous
study,* in which more acidic benzoic acids were not consid-
ered. Herein, by taking the RBAs possessing electron-
withdrawing groups (pNBA and pCBA) into consideration,
more information behind the dissociation pathways was
indicated.

Subsequently, molecular dynamics (MD) simulations and
quantum-mechanical calculations were carried out to figure out
the structures of the complex anions (for more details, see the
ESIt), which were inevitable for inspecting the dissociation
procedures. As shown in Fig. S5, the low-energy conformers of
the complex anions possessed inclusion conformations. The
primary hydroxyl groups of neutral «-CD mainly formed inter-
molecular HBs with [RBA-H]™ in the complex anions, and the
major part of [RBA-H]|~ was presented inside the cavity of a-CD.
If supposing these conformers really presented prior to colli-
sion, there must exist multiple conformation adjustment steps
for these complex anions to produce the stable [¢-CD—H] ",
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which should contain the rupture of intermolecular HBs and
formation of intramolecular HBs. Multiple intermediates and
transient states should be present on the potential energy
surfaces, which were too complicated to be fully figured out.

Thus, learnt from the CID results, a similar docking struc-
ture with a single proton bridge between two anionic moieties
was proposed for all the four complex anions (Fig. 2). The
rupture at the two sides of the proton bridge could lead to two
dissociation pathways for each complex anion, which produced
[2-CD—H]™ and neutral RBA, or reversely [RBA-H] ™~ and neutral
a-CD. These structures were supposed to be the stable
conformers that were closest to the detected dissociation
products. Potential energy diagram was depicted for the two
competitive dissociation pathways (Scheme 1). The interme-
diate a-CD_IM, resulted from the approaching of the bridging
proton to [a-CD—H] ", was introduced to elaborate the dissoci-
ation in Pathway A. At this state, the other moiety [RBA-H]~
completely left the complex anion, while the intramolecular
HBs of the obtained «-CD_IM remained similar to [¢-CD—H]".
Owing to the approaching of the bridging proton, the lengths of
the intramolecular HBs of a-CD_IM were elongated in
comparison to [a-CD—H] . In comparison, the approaching of
the bridging protons to the other moieties ultimately produce
[0-CD—H] and neutral RBAs, as shown in Pathway B. As the
bridging proton left, the lengths of intramolecular HBs of [a-
CD—H] ™ were shortened in comparison to the intramolecular
HBs in the complex anions.

The energy diagram of the two competitive pathways is
shown in Table 2. The accuracy of the calculated energies was
thoroughly validated as shown in Table S3.7 Pathway B was
preferred over Pathway A due to the much lower energy barriers.
By comparing the AEg values for different complex anions, the
calculated stabilities of the complex anions in gas phase were in
excellent agreement with the CID results (Fig. S2 and Table S17).
Moreover, the fact that [pNBA-H]|  and [pCBA-H]  were more
facilely detected than [pMBA-H| and [BA-H] in the CID
experiment could also be successfully explained by the smaller
differences between the energy barriers of the two pathways
(AAE, Table 2). The success in well explaining the experimental
results strongly suggested the existence of the proposed
conformations shown in Fig. 2. Furthermore, it is notable that
the adaptive stretching of the HBN on the primary rim of [o-
CD—H]™ along with the allocation of the bridging proton was
observed, which highlighted the cooperative characteristics of
extended HBNs in the complex anions in determining the
energy landscapes of the dissociation pathways.

For further illustrating the cooperative dynamics of the
HBNs during dissociation with more details, wave function
analysis was performed in Multiwfn.***¢ Then, HB interactions,
bond paths (BPs) and bond critical points (BCPs) were visual-
ized in the VMD program (Fig. 3A and B and S67). The different
colors in the isosurfaces represent the compositions of the HBs.
Meanwhile, the bond energies of the HBs were calculated (Fig.
3D). The lengths and energies of HB1 to HB5 in the complex
anions were between that of a-CD_IM and [a-CD—H]~ (Fig. 3C
and D, Table S51), which clearly showed that the adaptive
stretching of the HBN on the primary rim of [¢-CD—H]  was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Detailed view and (B) overview of the visualized HBs in [o.-
CD—H]". HBs are labeled counterclockwise. (C) The HB lengths and
(D) the HB energies. HBO and HBs1-5 denote the inter- and intra- HBs,
respectively. The HB lengths and the average HB energy of the
structurally optimized a-CD were within the pink band and shown by
the blue dashed line, respectively.

associated with the allocation of the bridging proton. Besides, it
also indicated that a-CD_IM was not stable enough and needed
to transform into the stable conformer of «-CD via multiple
conformation adjustment steps (Pathway A in Scheme 1).

Furthermore, it is highly remarkable that the intermolecular
HBO of the four complex anions and the intramolecular HB1 of
[¢-CD—H] ™ were LBHBs, which were characterized by the O-O
distances smaller than 2.5 A.* LBHBs were rarely observed
before. The present five LBHBs in the anions could be roughly
divided into three groups by cursory inspection of the O-O
distances and the functional groups involved, which repre-
sented a valuable library for revealing the embedded charac-
teristics of LBHBs.

The possible existence of the aforementioned inclusion
conformers of the complex anions was reinspected. The inclu-
sion conformers were obtained from MD simulations, which
were termed as MD-conformers below. The conformers in
Scheme 1 well explained the CID results, thus, they were termed
as CID-conformers. The single point energies of the two
conformers were compared (Table S67). It was observed that the
MD-conformers were more stable than the corresponding CID-
conformers. It was thermodynamically possible that the rela-
tively stable MD-conformers were the precursors of the CID-
conformers. Then, the collision energies needed to convert
the MD-conformers into the CID-conformers and subsequently
dissociate the CID-conformers (Fig. S71). As the CID-
conformers become the intermediates in this circumstance,
each complex anion would still be dominantly dissociated into
[0-CD—H]™ and neutral RBA. However, the relative stabilities of
the complex anions were difficult to be compared, since it was
difficult to figure out the energy barriers between the MD-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conformers and the CID-conformers. The transition of the
MD-conformers into the CID-conformers should also contain
many currently unknown HB rupture and rebuilding steps,
which might involve the conformation adaption of a-CD that
was similar to the description in ref. 20. On the other hand, it
was also possible that the formation of the complex anions was
mainly governed by the docking kinetics.*® That is, a-CD formed
intramolecular HBs during the ESI processes, and simulta-
neously formed the CID-conformers together with the benzoic
acids. Then, the CID-conformers were the dominant species,
while the MD-conformers were negligible before the collision
activation. Advanced hyphenated techniques integrating ion
mobility spectrometry, ultraviolet spectroscopy and infrared
spectroscopy*® are expected to resolve the conformers of the
complex anions in the future.

4 Conclusions

In conclusion, by illustrating the proton allocation during the
dissociation of the [¢-CD + RBA-H]|~ complex anions, it was
proposed that the [¢-CD + RBA-H]~ complex anions contained
HBNSs. The cooperative characteristics of the extended HBNs
well explained the dissociation pathways and stabilities of the
complex anions. Compared with the water clusters, the geom-
etries of the present HBNs are easier for illumination, as the
primary hydroxyl groups are fixed on the scaffold of a-CD, while
the positions of the water molecules in the water clusters are
variable. The phenomena previously observed in the water
clusters are awaited for exploration in the present HBNs in the
future. Moreover, five LBHBs came into being in the HBNs. As
LBHBs were rarely observed before, the present LBHBs repre-
sented a valuable library for revealing the embedded charac-
teristics of LBHBs. Besides a valuable model for studying HBN's
proposed herein, this study also indicates that polyhydroxy
compounds own the potential to donate protons in gaseous
environments or aprotic solvents, which may be inspiring in
atmospheric chemistry and synthetic chemistry. It is notable
that vibrational spectra are possible to be recorded in gas phase
to provide structural information at molecular levels, which
might be useable to reveal the structures of the complex anions.
The in-depth investigation is now ongoing in our group.
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