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ABSTRACT: Understanding chemical bond variations is the soul
of chemistry as it is essential for any chemical process. The
evolution of hydrogen bonds is one of the most fundamental and
emblematic events during proton transfer; however, its exper-
imental visualization remains a formidable challenge because of the
transient timescales. Herein, by subtly regulating the proton-
donating ability of distinct proton donors (zeolites or tungsto-
phosphoric acid), a series of different hydrogen-bonding
configurations were precisely manipulated. Then, an advanced
two-dimensional (2D) heteronuclear correlation nuclear magnetic
resonance (NMR) spectroscopic technique was utilized to
simultaneously monitor the electronic properties of proton donors
and acceptors (2-13C-acetone or trimethylphosphine oxide)
through chemical shifts. Parabolic 1H−13C NMR relationships combined with single-well and double-well potential energy surfaces
derived from theoretical simulations quantitatively identified the hydrogen bond types and allowed the evolution of hydrogen bonds
to be visualized in diverse acid−base interaction complexes during proton transfer. Our findings provide a new perspective to reveal
the nature and evolution of hydrogen bonds and confirm the superiority of 2D NMR techniques in identifying the subtle distinctions
of various hydrogen-bonding configurations.

■ INTRODUCTION
As a magical and unique interaction in nature, the ubiquitous
hydrogen bond (H-bond) is of great importance and is
extensively involved in various chemical, biochemical, and
material systems.1−9 For example, the complex H-bond
network in water governs its miraculous physicochemical
properties.1−3 The double helical structures of DNA are closely
related to H-bonds.4 Furthermore, the adsorption, activation,
and conversion of various reactant molecules and the
sequential formation of diverse intermediates and products
during many important Brønsted acid-catalyzed reactions are
accompanied by the dynamic variation of H-bonds as well.6−9

Numerous experimental and theoretical techniques have been
devoted to the investigation of the origins, definitions, and
types of H-bonds;10−14 however, obtaining a precise molecular
description of the detailed characteristics of H-bonds is still a
rather challenging task. Recently, Tokmakoff et al. carried out
highly groundbreaking experiments to distinguish H-bonds and
covalent bonds.15 By using femtosecond two-dimensional
(2D) infrared spectroscopy in combination with high-level
quantum calculations, they demonstrated a distinct crossover
in the spectroscopic signatures from conventional to strong H-
bonds in aqueous FHF−. These results touch on the
foundations of chemistry and challenge our current under-
standing of what a chemical bond exactly is.16 These findings

also have direct implications for proton transfer processes and
strongly inspire us to carry out relevant research.

Typically, an H-bond is an attractive electrostatic interaction
between a proton acceptor (A) and a hydrogen atom
covalently bonded to a donor (D). When the proton-donating
ability of the donor is low, a weak H-bond will be formed
(Scheme 1A). Upon an increase in the proton-donating ability
of the donor, an increasingly stronger H-bonding interaction
(intermediate H-bond; Scheme 1B) is expected, and the
hydrogen atom becomes increasingly delocalized between its
covalent partner and the H-bond acceptor. When the proton-
donating ability of the donor is exactly comparable to that of
the acceptor, the proton is precisely centered and equally
shared between the donor and acceptor. This results in the
formation of a strong H-bonding interaction (Scheme 1C),
accompanied by the emergence of a highly delocalized proton.
Upon further increasing the proton-donating ability of the
donor, the proton will gradually transfer to couple with the
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acceptor (Scheme 1D,E). Thus, the proton transfer process is
achieved along with the dynamic variation of various H-
bonding interactions. This is a textbook property of proton
transfer. Nevertheless, to date, rare experimental evidence has
been collected to clearly describe the evolution of these H-
bonds because of their transient timescales during this
fundamental chemical process.17

In response to this key issue, the primary challenge is the
accurate regulation and long-term retention of various different
H-bonding configurations during the proton transfer process,
as illustrated in Scheme 1. Fortunately, a series of typical acidic
materials (e.g., zeolites or heteropolyacids)9,18 could be
undoubtedly regarded as proton donors, whereas basic
adsorbate molecules (e.g., acetone19,20 or trimethylphosphine
oxide (TMPO)21−23) can be certainly considered to be proton
acceptors. In particular, the difference in the proton-donating
abilities of various acidic materials renders the formation of
diverse H-bonding configurations with subtle distinctions. This
kind of ingenious host−guest interaction further plays a crucial
role in maintaining their long-term stability, thus providing a
feasible opportunity to precisely identify the types of H-
bonding interactions and visualize their evolution by employ-
ing various analytical and spectroscopic techniques.

■ RESULTS AND DISCUSSION
Chemical States of Proton Donors and Acceptors in

Hydrogen-Bonding Interactions. Nuclear magnetic reso-
nance (NMR) spectroscopy has emerged as a useful and
reliable tool for probing the detailed structures of various
complexes. The chemical shift is an important NMR parameter
reflecting the electronic properties of a specific atom in a
compound, and the variation of the chemical shift is directly
related to the chemical state of the involved atom.24−33 Among
these methods, 1H magic angle spinning (MAS) NMR is a
direct approach to identify the subtle chemical environments
of hydrogen atoms in various hydrogen-containing spe-
cies.24−29 Therefore, it is anticipated that 1H MAS NMR
results can provide important information about the various

types of H-bonding interactions between basic proton
acceptors (e.g., acetone and TMPO in this work) and diverse
proton donors (e.g., Brønsted acidic materials with different
proton-donating abilities). The structural properties of these
materials with typical acidic protons used in this study are
shown in Figures S1−S3 in the Supporting Information.
Among them, the 1H MAS NMR spectra of dehydrated
samples clearly showed the 1H signals at around 4.0 ppm for
zeolites and at 9.1 ppm for tungstophosphoric acid
(H3PW12O40, abbreviated as HPW), which can be undoubt-
edly ascribed to acidic protons24,25 (Figure S3).

Notably, the coupling of 2-13C-acetone with these protons in
H-SAPO-34, H-SSZ-13, H-MOR, H-ZSM-5, and H-Beta
zeolites gave rise to broad 1H resonance at ca. 12.4, 14.0,
14.6, 16.2, and 16.7 ppm, respectively, whereas two relevant 1H
signals at ca. 15.9 and 21.8 ppm were visible when 2-13C-
acetone interacted with strongly acidic HPW (Figure 1A). It
should be noted that the 1H NMR signal at 21.8 ppm
corresponds to a highly delocalized hydrogen nucleus due to
the ultrastrong deshielding effect in the strong H-bonding
interaction configuration. To the best of our knowledge, this
may be the largest 1H NMR chemical shift reported to date.
Nevertheless, although all these resonances with a larger 1H
NMR chemical shift can be undoubtedly ascribed to the H-
bonding interactions between adsorbed 2-13C-acetone and
acidic protons, the relationship between the observed 1H NMR
signal and the H-bonding type and the precise location of
hydrogen atoms in various H-bonding configurations remain to
be established. For example, it is unclear how to identify the
15.9 and 21.8 ppm 1H signals in the 2-13C-acetone-loaded
HPW and determine whether these H-bonding protons are
much closer to the donor (i.e., HPW) or the acceptor (i.e.,
2-13C-acetone). Apparently, this important structural informa-
tion cannot be obtained only through conventional 1H NMR
experiments.

Alternatively, the strength of the H-bonding interactions
may also be featured through the electronic properties of the
acceptors, as indicated by the 13C NMR signals of adsorbed
2-13C-acetone.19,20 As shown in Figure 1B, the 13C cross-

Scheme 1. Evolution of H-Bonding Interactions during a Typical Proton Transfer Process: (A,E) a Weak H-Bond, (B,D) an
Intermediate H-Bond, and (C) a Strong H-Bond.
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polarization (CP)/MAS NMR spectra of 2-13C-acetone
interacting with H-SAPO-34, H-SSZ-13, H-MOR, H-ZSM-5,
and H-Beta zeolites revealed the main 13C resonances at ca.
218, 220, 221, 223, and 224 ppm, respectively. Meanwhile, for
the 2-13C-acetone-loaded HPW, three characteristic peaks with

δ13C at 211, 235, and 246 ppm were observed. The resonances
at 235 and 246 ppm can be assigned to 2-13C-acetone bound
to two different kinds of acidic protons with distinct proton-
donating abilities, whereas the signal at 211 ppm likely arose
from the products of the bimolecular and trimolecular

Figure 1. NMR results of various hydrogen-bonding interactions between acetone and distinct proton donors. 1D (A) 1H MAS and (B) 13C CP/
MAS NMR spectra and 2D (C−I) 1H−13C heteronuclear correlation NMR spectra of various dehydrated acidic materials with 2-13C-acetone
adsorption: (D) H-SAPO-34, (E) H-SSZ-13, (F) H-MOR, (G) H-ZSM-5, (H) H-Beta, and (I) H3PW12O40 (HPW). The Larmor frequencies for
the 1H and 13C nucleus are 399.33 and 100.43 MHz, respectively. The MAS frequency is 12 kHz, and the CP contact time for the 2D heteronuclear
correlation NMR experiments is 4 ms.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c08723
J. Am. Chem. Soc. 2023, 145, 27471−27479

27473

https://pubs.acs.org/doi/10.1021/jacs.3c08723?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08723?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08723?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08723?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reactions (Aldol reaction) of 2-13C-acetone,34,35 similar to the
215 ppm 13C resonance in H-SSZ-13. Furthermore, the minor
13C signals at 225 ppm in H-SAPO-34 and at 235 ppm in H-
SSZ-13, H-MOR, H-ZSM-5, and H-Beta may be originated
from the coupling of 2-13C-acetone with the Lewis acidic
framework or extra-framework aluminum species35 due to the
dehydration treatment at an elevated temperature (673 K;
Figure S1), vide inf ra. Thus, the proton-donating abilities of
these typical proton donors were determined to be in the
following order: HPW (δ13C = 235, 246 ppm) > H-Beta (δ13C
= 224 ppm) > H-ZSM-5 (δ13C = 223 ppm) > H-MOR (δ13C =
221 ppm) > H-SSZ-13 (δ13C = 220 ppm) > H-SAPO-34 (δ13C
= 218 ppm). However, the dependence of the 13C signal of
2-13C-acetone and the corresponding 1H resonance of the H-
bonding proton in a specific interaction configuration is still
unclear. For example, it is unknown how to correlate the two
13C signals (i.e., 235 and 246 ppm) and two 1H resonances
(i.e., 15.9 and 21.8 ppm) in the 2-13C-acetone-loaded HPW.
Apparently, the type and evolution of H-bonding interaction
cannot be accurately identified through individual one-
dimensional (1D) 1H or 13C NMR approaches using 2-13C-
acetone as a proton acceptor. A similar conclusion can also be
obtained from the 1D NMR experiments with a basic TMPO
acceptor (Figures S4 and S5).

Simultaneous Detection of the Chemical States of
Proton Donors and Acceptors in Hydrogen-Bonding

Interactions. Simultaneous observation of the electronic
properties (i.e., NMR signals) of proton donors and acceptors
is necessary, which would greatly facilitate the identification of
the H-bonding types and the precise location of H atoms in
various H-bonding configurations at the same time. Herein, a
2D 1H−13C heteronuclear correlation NMR technique36 was
employed to synchronously monitor the chemical shift
variations of protons in the donors (1H NMR signal) and
carbonyl carbon atoms in the acceptors (13C NMR signal) for
various H-bonding interaction species (Figure 1C). This was
achieved by simultaneously obtaining the isotropic chemical
shift and spatial proximity information of 1H and 13C nuclei via
1H→13C CP relying on their through-space dipolar couplings36

(Figure S6). We envisage that such a promising approach can
provide invaluable information about the detailed local
structures of various H-bonding configurations and thus
overcome the unsolved issue of molecular visualization of H-
bonding evolution.

As shown in Figure 1D, the correlation peaks at (225, 2.0)
and (218, 2.0) ppm in the 2D 1H−13C heteronuclear
correlation NMR spectrum of H-SAPO-34 with 2-13C-acetone
adsorption could be assigned to 2-13C-acetone associated with
the methyl protons. Furthermore, the correlation peak at (218,
12.4) ppm should originate from the H-bonding interaction
complexes between adsorbed 2-13C-acetone and H-bonding
protons, which corresponded to the carbonyl carbon 13C signal
(F2 dimension) with a δ13C of 218 ppm and the 1H signal (F1

Figure 2. Correlations of proton donors and acceptors in various acetone hydrogen-bonding interactions. (A) Assorted 2D 1H−13C heteronuclear
correlation NMR spectra of dehydrated H-SAPO-34, H-SSZ-13, H-MOR, H-ZSM-5, H-Beta, and HPW with 2-13C-acetone adsorption. (B)
Comparison between experimental and theoretically calculated 13C and 1H NMR chemical shifts of various H-bonding configurations with acetone
adsorption. The 1H and 13C NMR chemical shifts were calculated using the gauge-independent atomic orbital method at the B3LYP/DZVP2 level.
(C) Curves of the calculated relative energy and the relevant OA−H distance between the H-bonding proton and the O atom of acetone in various
H-bonding configurations via scanning the OA−H spatial distance based on each optimized acetone adsorption geometry. (D) Enlarged view of the
local region (marked with a black dotted line in C).
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dimension) with a δ1H of 12.4 ppm. Note that no correlation
peak was observed between the 13C signal at 225 ppm and the
proton in the H-bonding complexes. This was because the 225
ppm 13C resonance originated from the 2-13C-acetone directly
adsorbed on the Lewis acidic framework or extra-framework
aluminum species.35 Other H-bonding complexes could also be
identified in 2-13C-acetone-loaded H-SSZ-13, H-MOR, H-
ZSM-5, and H-Beta zeolites, as evidenced by the appearance of
correlation peak signals at (220, 14.0), (221, 14.6), (223,
16.2), and (224, 16.7) ppm, respectively, in their correspond-
ing 2D 1H−13C heteronuclear correlation NMR spectra
(Figure 1E−H). Furthermore, two different kinds of H-
bonding interaction complexes were observed when 2-13C-
acetone interacted with strongly acidic HPW, which
corresponded to correlation peaks at (235, 21.8) and (246,
15.9) ppm (Figure 1I).

In particular, based on the 2D 1H−13C correlation NMR
experimental results, it is fascinating to note that a parabola-
shaped contour can be derived. As shown in Figure 2A, the
δ13C of the carbonyl group in the adsorbed 2-13C-acetone
gradually increased upon increasing the proton-donating ability
of the various acidic materials (i.e., 218 ppm for H-SAPO-34,

220 ppm for H-SSZ-13, 221 ppm for H-MOR, 223 ppm for H-
ZSM-5, 224 ppm for H-Beta, and 235 and 246 ppm for HPW).
However, the corresponding δ1H of the H-bonding proton first
increased from 12.4 ppm in H-SAPO-34 to 14.0 ppm in H-
SSZ-13, 14.6 ppm in H-MOR, 16.2 ppm in H-ZSM-5, 16.7
ppm in H-Beta, and 21.8 ppm in HPW, and then, it
dramatically decreased to 15.9 ppm in HPW. Undoubtedly,
compared to conventional 1D 1H and 13C NMR, the 2D
1H−13C heteronuclear correlation technique manifested its
unique advantage for simultaneously monitoring the electronic
properties of protons in the donors and carbonyl carbon atoms
in the acceptors through their chemical shifts. Thus, more
detailed structural information on various H-bonding config-
urations with subtle distinctions may be obtained.

Owing to the weaker proton-donating ability, H-SAPO-34,
H-SSZ-13, H-MOR, H-ZSM-5, and H-Beta zeolites are
conventionally impotent in protonating weakly basic acetone.
Therefore, the corresponding acetone adsorption configura-
tions in these acidic materials can be classified as weak H-
bonding interactions in which the protons are still linked to
donors (Scheme 1A). Nevertheless, due to the stronger
proton-donating ability of HPW, a strong H-bonding

Figure 3. NMR results of various hydrogen-bonding interactions between TMPO and distinct proton donors. 2D 1H−31P heteronuclear
correlation NMR spectra of various dehydrated acidic materials with TMPO adsorption: (A) H-MOR, (B) H-ZSM-5, (C) H-Beta, and (D) HPW.
The Larmor frequencies for the 1H and 31P nucleus are 399.33 and 161.90 MHz, respectively. The MAS frequency is 12 kHz, and the CP contact
time for the 2D heteronuclear correlation NMR experiments is 4 ms.
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configuration was formed with the 2D 1H−13C correlation
signal at (235, 21.8) ppm, where the proton was almost located
right in the middle between HPW (i.e., proton donor) and
acetone (i.e., proton acceptor) (Scheme 1C). Note that this
kind of ultrastrong H-bonding interaction resulted in a
significant deshielding effect of the hydrogen nuclei, leading
to a highly ionized proton with an unprecedented large 1H
chemical shift at 21.8 ppm. Meanwhile, HPW also possesses
another kind of acidic proton with a superstrong proton-
donating ability, enabling it to protonate weakly basic acetone
(δ13C = 246 ppm), resulting in an ion-pair adsorption
configuration, which indicated a weak H-bonding interaction
as well (Scheme 1E). It is noted that the proton was now
transferred to link with acetone. As a consequence, the detailed
types and relevant evolution of various H-bonding config-
urations during the acetone protonation process have been
clearly identified by using advanced 2D heteronuclear
correlation NMR experiments, which are far superior to
conventional characterization techniques and 1D NMR
methods.

To verify the universality of 2D NMR approaches in
identifying the H-bonding types during proton transfer, 2D
1H−31P heteronuclear correlation NMR experiments in
combination with a TMPO acceptor were also performed, as
shown in Figures 3 and 4. Herein, it should be noted that due

to the stronger basicity and larger molecular size of TMPO
compared to 2-13C-acetone, it is generally difficult for the
adsorbed TMPO complexes to do fast exchange among
different adsorption sites inside zeolites (e.g., H-ZSM-5); thus,
the distribution of Brønsted acidic protons with different
proton-donating abilities can be detected, rendering more
complicated H-bonding interaction signals. Nevertheless, a
similar parabola-shaped correlation was obtained as well,
demonstrating again that the 2D heteronuclear correlation
NMR techniques are powerful and sensitive in identifying the

detailed local fine structures with subtle distinctions in various
molecular configurations.

Dynamic Evolution Processes of Hydrogen-Bonding
Interactions. Quantum chemical calculations were further
conducted to render more fundamental insights into the
diverse H-bonding interactions and their evolution at the
atomic level. Figure 2B illustrates the relationship between the
calculated 13C and 1H chemical shifts of various acetone
adsorption configurations with subtle distinctions over a series
of donors with different proton-donating abilities (Figures S7
and S8), which revealed excellent agreement with our 2D
NMR experimental data and further elucidated the availability,
sensitivity, and potentiality of advanced 2D heteronuclear
correlation NMR approaches for precise structural identifica-
tion. Furthermore, by theoretically scanning the OA−H spatial
distance between the H-bonding proton and the O atom of
acetone, we also plotted the curves of their calculated relative
energies based on each optimized H-bonding configuration. As
shown in Figure 2C and enlarged in Figure 2D, the potential
energy surface (PES) of the acetone adsorption complexes
over donors with weaker proton-donating abilities only gave
rise to a single-well PES. With an increase in the proton-
donating ability of the donor, a double-well PES gradually
emerged. In particular, an approximately flat-bottom double-
well PES with a nearly negligible energy barrier was observed
when the proton-donating ability of the donor exactly
increased to a certain extent, corresponding to a strong H-
bonding interaction, in which the H-bonding proton was
precisely centered and equally shared between the donor and
acceptor. Upon further increasing the proton-donating ability,
the H-bonding proton tended to protonate acetone, and
eventually, a single-well PES reappeared.

In general, the single-well PES suggests that there is only one
energy minimum point, indicating that the H-bonding proton
is exclusively bonded to the donor or the acceptor and that the
proton transfer is almost irreversible. In contrast, the double-
well PES suggests that there are two energy minimum points,
indicating that the proton transfer from the donor to the
acceptor or from the acceptor to the donor is comparable and
reversible. Herein, note that the electronegativity of the O
atom in the proton donor was precisely manipulated through
theoretically adjusting the acidic models (Figures S7 and S8).
Meanwhile, the electronegativity of the O atom in the proton
acceptor (i.e., acetone) remains actually unchanged. Then,
when the electronegativity difference between the O atom in
the proton donor and acceptor is large enough, the PES for
proton transfer will be an insurmountable single well.
Otherwise, when the electronegativity of the O atom in the
proton donor is comparable to that in the acceptor, a
competitive attractive interaction with the H-bonding proton
will occur, as anticipated, rendering a double-well PES for
proton transfer. Obviously, these theoretical results were in
good agreement with our experimental conjecture in Scheme
1.

To monitor the H-bonding evolution from the perspective
of the electronic level, we further theoretically traced the
acetone protonation process over a given proton donor with a
deprotonation energy (DPE) of 280 kcal/mol. Accordingly,
five specific states (i.e., I’ and local minimum I: the proton is
linked to the donor; II: transition state configuration; III’ and
local minimum III: the proton is linked to the acceptor; Figure
5A) on the potential energy surface were selected to analyze
their electronic properties based on the electron localization

Figure 4. Assorted 2D 1H−31P heteronuclear correlation NMR
spectra of dehydrated H-MOR, H-ZSM-5, H-Beta, and HPW with
TMPO adsorption.
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function (ELF),37,38 intrinsic bond orbital (IBO),39,40 relevant
atomic charge, and adaptive natural density partitioning
(AdNDP) methods.41 Thereinto, 2D ELF analysis was used
to identify the covalent characteristics of the chemical bonds in
various H-bonding configurations. A larger ELF value normally
indicates a more covalent chemical bond.37,38 The 2D ELF
images in Figure 5B clearly revealed the gradual transformation
of the covalent OD−H bond between the H-bonding proton
and donor (I’ and I) to the transition state (II) and then to the
covalent OA−H bond between the H-bonding proton and
acceptor (III and III’). The proton transfer process can also be
interpreted as the variation of two IBOs (i.e., the σ orbital of
the OD−H bond in the proton donor and the σ orbital of the
OA−H bond in the acceptor). Figure 5C illustrates the
synchronous evolution of these two IBOs during the acetone
protonation process, that is, the σ orbital of the OD−H bond in
the proton donor → the p lone pair of the O atom and the p
lone pair of the O atom → the σ orbital of the OA−H bond in
the acceptor. Thus, the evolution of the H-bonding
interactions has been accurately identified and visualized at
the electronic level.

Moreover, it is well-accepted that the hydrogen atomic
charge is closely associated with its detailed electronic
characteristics, which is therefore of great relevance to the
involved NMR shielding of the 1H nucleus. Generally, a larger
hydrogen atomic charge corresponds to a larger 1H NMR
chemical shift.42,43 Herein, it was found that the atomic charge
of the H-bonding proton (QH

+) contributed from the OD atom
in the donor gradually decreased with the shortening of the
OA−H spatial distance, in contrast to that from the OA atom in
acetone. In particular, the total QH

+ increased to the maximum
exactly at transition state II; then, it began to decrease when
the proton was closer to acetone (Figure 5D). This may be
caused by the typical electron delocalization characteristic of
transition state II, as indicated by the remarkable three-center
two-electron (3c-2e) orbital with an occupation number of
1.979 |e| through AdNDP analysis (Figure 5A). Thus, the
hydrogen atomic charge variation during the acetone
protonation process also functioned as a parabola-shaped
correlation, which is in excellent agreement with our NMR
experimental results (Figure 2A). Undoubtedly, compared to
conventional analytical methods to characterize the electronic

Figure 5. Theoretical results of the dynamic evolution of hydrogen-bonding interactions during the acetone protonation process. (A) Potential
energy surface of proton transfer from a given proton donor with the DPE of 280 kcal/mol to acetone; the inset image is the AdNDP analysis result
of state II (ON: occupation number). (B) ELF and (C) IBO graphs of states I’, I, II, III, and III’ in A. Purple and blue balls: the σ orbital of the
OD−H bond in the proton donor → the p lone pair of the O atom; green and yellow balls: the p lone pair of the O atom → the σ orbital of the
OA−H bond in the acceptor. (D) Total charge of the H-bonding proton and that respectively originating from the donor and acceptor along the
proton transfer process.
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properties (e.g., X-ray photoelectron spectroscopy),44,45 the
2D heteronuclear correlation NMR technique manifests its
advantage on simultaneously monitoring the variations of the
NMR shielding for the proton donor and the acceptor, which
are closely related to the corresponding atomic charge as well,
thus enabling them to largely facilitate the direct molecular
description of the types and evolution processes of various H-
bonding interactions.

■ CONCLUSIONS
In summary, our work sheds light on the precise molecular
description of the types and dynamic evolution of various H-
bonding interactions during proton transfer processes. For the
first time, a highly ionized hydrogen with an unprecedented
large 1H chemical shift at 21.8 ppm due to the high electron
delocalization of ultrastrong H-bonding interactions has been
clearly revealed by using a combined NMR experiment and
quantum calculation approach. These results should provide
new insights toward our fundamental understanding of the
origins, definitions, and types of H-bonding interactions and
confirm the superiority of advanced 2D heteronuclear
correlation NMR techniques in identifying the subtle
distinctions of local fine structures in various molecular
configurations in the H-bonding systems.
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