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The hydrogen bond is a fundamental non-covalent interaction that underpins the structure and function
of chemical and biological systems. While the nature of conventional hydrogen bonding is predomin-
antly electrostatic, accurately describing the atomic charge distribution within molecules remains a
significant challenge, as atomic charges are not physically observable quantities. In this work, we present
a systematic experimental investigation of hydrogen bonding in the gas phase using mass-selective IR
spectroscopy of jet-cooled p-cresol-acceptor dimers. The redshift of the p-cresol OH stretching
frequency (Avop) serves as a direct measure of hydrogen-bond strength. We analysed two series of
acceptors, acyclic alcohols and ethers, which demonstrate increasing inductive effects, and cyclic
ethers, which reveal the influence of resonance. The gas-phase spectroscopy results provide a dataset
that serves as a benchmark for validating computational chemistry models used for atomic charge
calculation. It was demonstrated that while standard hydrogen-bonding descriptors correlate well with
the experimental data, many popular partial atomic charge models fail to reproduce the observed
chemical trends. This failure could be due to the over-reliance of the models on the electronegativity of
directly bonded atoms. By highlighting this discrepancy, this work serves as a valuable cautionary
example regarding the use of atomic charges and underscores the need for better theoretical
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Introduction

The hydrogen bond (H-bond) is one of the most important non-
covalent interactions in chemistry and biology.»* Its strength
and directionality govern molecular recognition, drive protein
folding, and dictate the structure of liquid water.>”> The nature
of conventional H-bonds, such as O-H---O, O-H-- N, is pre-
dominantly electrostatic,” meaning that their strengths are
highly dependent on the charge distribution of the interacting
molecules.*® For this reason, computational models of H-
bonded systems, such as force fields for molecular dynamics
simulations, heavily rely on the concept of partial atomic
charges (PAC).'°" While indispensable for modelling, PACs
are not physically observable.® Their calculation from a
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frameworks for atomic charge estimation.

quantum-mechanical wavefunction is a fundamentally ambig-
uous process, and over 50 different methodologies have been
proposed since Mulliken’s pioneering work in 1955."*7'® This
proliferation of methods highlights the lack of a universal,
physically rigorous approach. For computational chemists, this
raises a crucial question: which method best reproduces experi-
mental reality? Extensive efforts have been made to validate
PAC models using theoretical parameters.'®>* Direct experi-
mental benchmarks remain rare. One notable example is the
work of R. J. Lovelock in 2018.>° Lovelock employed X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy to investigate atomic
charges on nitrogen atoms in nine ionic liquids. However, the
relationship between computed charges and experimentally
measurable properties remains poorly established.

Gas-phase spectroscopy of isolated, jet-cooled complexes
provides an ideal experimental method to address this ques-
tion. The absence of a solvent enables a direct study of the
intrinsic properties of a H-bond, free from external
influence.?*° In this study, we use resonance-ion-dip infrared
(RIDIR) spectroscopy to measure the OH stretching frequency
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redshift (Avoy) of H-bonded p-cresol (pCR) dimers. The magni-
tude of this redshift serves as a direct, sensitive probe of the H-
bond strength, which is itself proportional to the electron-
donating ability (or the electron density) of the acceptor mole-
cule, making this interaction an ideal testbed for evaluating
PAC models.***?

Herein, this experimental technique has been used to inves-
tigate two distinct series of hydrogen-bond acceptors: (I) cyclic
ethers: this series includes furan (FRN), 2,3-dihydrofuran (2,3-
DHF), 2,5-dihydrofuran (2,5-DHF), and tetrahydrofuran (THF).
These molecules allow us to investigate the role of resonance
and conjugation on the electron density of the acceptor oxygen
within a five-membered ring structure. (II) Acyclic alcohols and
ethers: This series includes water (H,O), methanol (MeOH),
ethanol (EtOH), iso-propanol (‘PrOH), t-butanol (tBuOH),
dimethyl ether (DME), diethyl ether (DEE), and di-isopropyl
ether (DIE). We chose these molecules to systematically probe
how increasing alkyl substitution, which is a well-documented
source of inductive electron-donating effects, influences elec-
tron density at the oxygen and thus the H-bond strength.?*** By
combining these two experimental series, we build a compre-
hensive dataset that serves as a benchmark for evaluating
computational PAC models.

In this work, we systematically evaluate 18 widely used
charge assignment schemes, including Hirshfeld,>® Voronoi
deformation density (VDD),*® Mulliken,"*™® Lowdin,*”
Modified Mulliken by Ros & Schuit (SCPA),*® Modified Mulliken
by Stout & Politzer (SP),*° Modified Mulliken by Bickel-
haupt (Bickel),*® Becke,”" Atomic Dipole Corrected Hirshfeld
(ADCH),** CHELPG,* Merz-Kollmann (M-K),** Charge Model-
5 (CM5),*> RESP,*® electronegativity equalization method
(EEM),"” vpartial equalization of orbital electronegativity
(PEOE),*®*° minimal basis iterative stockholder (MBIS),*® nat-
ural population analysis (NPA),”" and Bader’s atoms in mole-
cules (AIM).> While the experimental data provide clear,
chemically intuitive trends, it can be shown that many widely
used computational charge models fail to reproduce these
same trends. This work does not aim to propose a new charge
model; instead, it uses the experimental data to clearly demon-
strate the limitations of existing charge methodologies and
serves as a cautionary example for non-experts.

Results and discussion
Experimental trends in hydrogen-bonding strength

To probe the strength of H-bonding, we employed supersonic
jet-cooled, mass-selective IR (RIDIR) spectroscopy. RIDIR spec-
tra were obtained by introducing IR photons 50-100 ns prior to
UV excitation and ionisation. The UV excitation frequency was
fixed at 35331 cm ™' for the pCR monomer, while for the pCR
dimers with cyclic ethers, the frequencies were 35119 cm ™'
(pPCR-FRN), 34925 cm ™' (pCR-2,3-DHF), 34 756 cm ™ * (pCR-2,5-
DHF), and 34 849 cm™ ' (pCR-THF). For the alcohol dimers, the
corresponding excitation frequencies were 34974, 34906,
34909, 34952, and 345935 cm™* for H,0, MeOH, EtOH, ‘PrOH,
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and tBuOH, respectively. For the acyclic ethers, the excitation
frequencies were 34871 cm ™" (DME), 34880 cm ™' (DEE), and
34839 cm ' (DIE). The ionisation frequency for the 2C-R2PI
spectra was fixed at 37700 cm™'. The corresponding mass-
selective REMPI spectra are shown in Fig. S1-S3.

The redshift of the pCR OH stretching frequency (Avon)
from its monomer value of 3658 cm™ ' provides a reliable
measure of H-bond strength. For the cyclic five-membered
ethers (Fig. 1a—e), the observed order of H-bond strength, based
on Avey, is chemically intuitive: FRN (—78 em™ ') < 2,3-DHF
(—188 cm™ ') < 2,5-DHF (—282 cm ') < THF (—318 cm™ ). This
trend directly reflects the degree of conjugation of the oxygen
lone pair. In FRN, the oxygen lone pair is fully conjugated with
two double bonds, which significantly reduces its electron
density and H-bonding ability. In 2,3-DHF, the conjugation
with a single double bond weakens this effect, while in 2,5-
DHF, the double bond is not conjugated with the oxygen,
leaving a higher electron density on the oxygen. Finally, in
THF, the oxygen lone pair is fully localised and available for
bonding, making it the strongest acceptor.

For the acyclic alcohols and ethers, the H-bond strength also
follows a well-established trend that is consistent with the
increasing electron-donating inductive effect of the alkyl
groups. The corresponding Avoy values are —127, —191,
—217, —241, and —257 cm™ " for the alcohol series (H,0, MeOH,
EtOH, 'PrOH, and tBuOH, respectively), as shown in Fig. 1f-k.
For the ether series, the redshifts are —127, —242, —280, and
—303 cm ™ " for the corresponding dimers with H,0O, DME, DEE,
and DIE (Fig. 1l-p). This data confirms that the H-bond
strength increases with the electron-donating ability of the
substituents. It is important to note that previous studies by
some of us have reported the pCR-H,0,>®> pCR-MeOH,**
PCR-EtOH,** and pCR-DEE dimers,>® and our current results
are in excellent agreement with those works, validating our
experimental setup.

Computational analysis of H-bonding strength and atomic
charges

The validation of the experimental data was carried out by
comparing it to established theoretical descriptors of H-bond
strength. Quantum-chemical calculations were performed to
evaluate the OH---O bond length, binding energy, QTAIM
electron density at the bond critical point (p(BCP)), and NBO
donor-acceptor interaction energy (E(2)). The values are given
in Table S1.

For cyclic ethers, all parameters, i.e., the OH---O bond
length, binding energy, BCP electron density, and E(2), show
excellent linear correlations with Avgy, with R* values of 0.963,
0.982, 0.994, and 0.990, respectively (Fig. 2a-d). This confirms
that the experimental frequency shift is a reliable indicator of
H-bond strength. For the alcohols and acyclic ethers, similar
correlations were observed, except in the case of the binding
energy (R* = 0.700); the other parameters gave R* values of 0.916
(bond length), 0.904 (BCP electron density), and 0.816 (E(2))
(Fig. 2g-j). Again, these results validate Avoy as a consistent
probe of H-bonding strength. The molecular graph generated
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Fig. 1 Mass-selected vibrational spectra (RIDIR spectra) of Left Panel: H-bonded dimers of pCR with cyclic ethers, including (b) pPCR—-FRN, (c) pCR-2,3-
DHF, (d) pCR-2,5-DHF, and (e) pCR-THF; Middle Panel: H-bonded dimers of pCR with alcohols, including (g)—(k) pCR with H,O, MeOH, EtOH, 'PrOH,
and tBuOH, respectively; Right Panel: H-bonded dimers of pCR with acyclic ethers, including (m)—(p) pCR with H,O, DME, DEE, and DIE, respectively.
For comparison, the RIDIR spectrum of the pCR monomer is included at the top of each panel. The RIDIR spectra for the pCR-H,O, pCR-MeOH, pCR-

EtOH, and pCR—-DEE dimers have been previously reported in the literature; the experiments were reproduced here, yielding similar results.

from QTAIM analysis and the donor-acceptor natural orbital
generated from NBO analysis are shown in Fig. S4 and S5,
respectively.

To probe the nature of the interactions, SAPT2 energy
decomposition analysis was performed, which confirmed that
the OH: - -O hydrogen bonds were predominantly electrostatic
in nature (Fig. S6). The values of the different components of
SAPT2 analysis are given in Table S2. The strong correlation
between the electrostatic contribution and Avgy, with R? values
of 0.987 for cyclic ethers (Fig. 2e) and 0.955 for alcohols and
acyclic ethers (Fig. 2k), further reinforces the idea that our Avoy
values are a direct measure of the electron density on the
oxygen atom.

The molecular electrostatic potential (MESP) at the oxygen
atom was calculated and compared with the Avgy. The MESP
values are given in Table S1. The MESP maps of the molecules
are shown in Fig. S7. For the cyclic ethers, which share a
common molecular backbone, the MESP values correlated
strongly with the shifts (R*> = 0.988; Fig. 2f). However, a
perplexing anomaly emerged for the acyclic systems: the

22388 | Phys. Chem. Chem. Phys., 2025, 27, 22386-22393
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alcohols exhibited higher MESP values (more negative
potential) on the oxygen than the ethers. This trend is counter-
intuitive given the expected stronger inductive effect from the
alkyl groups in ethers (Fig. 21). The computed PACs on the
oxygen atom for cyclic and acyclic systems, obtained using 18
different population analysis schemes, are given in Tables 1
and 2, respectively. Because different methods yield different
charge trends, we first screened these methods using the cyclic
ether data, which showed consistent H-bonding trends. Among
the tested methods, the ADCH, CM5, and PEOE charges exhib-
ited the most consistent correlations with H-bond strength
(Table S3) and were therefore chosen for further analysis owing
to their robustness and widespread applicability.”*>®

The computed charges were plotted against the experi-
mental Avpy values. As shown in Fig. 3, the cyclic ethers exhibit
strong linear correlations between the IR shifts and the PACs of
oxygen obtained from ADCH, CM5, and PEOE (Fig. 3a-c). In
these systems, a more negative oxygen charge corresponds to a
larger IR redshift, which is expected. This provided an initial
indication that these methods could correctly capture the

This journal is © the Owner Societies 2025
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Fig. 2 Correlation plots between the redshift of the pCR OH stretching frequency (Avop) with various H-bond descriptors such as OH- - -O bond length,
binding energy, p(BCP), NBO interaction energy (E(2)), electrostatic energy contribution, and MESP on oxygen for Top panel: (a)-(f) H-bonded complexes
with cyclic ethers and Bottom panel: (g)—(l) H-bonded complexes with alcohols and acyclic ethers.

charge trends. However, when we applied these same charge
models to the acyclic alcohols and ethers, the correlations
failed. Despite the clear experimental trend of increasing
H-bond strength with increasing alkyl substitution, the com-
puted oxygen charges often became less negative; the ethers
consistently display the least-negative charges, followed by
alcohols, with water exhibiting the most-negative oxygen charge
(Fig. 3d-f). This trend is in stark contradiction to the experi-
mental data, in which the H-bond strength increases from
water to alcohols to ethers. This result serves as a cautionary

This journal is © the Owner Societies 2025

example. It demonstrates that many widely used computational
charge models, while mathematically sound, can produce
charges that are inconsistent with fundamental, experimentally
validated trends. This is particularly problematic for non-
experts who might use these models without fully understand-
ing their limitations.

Inclusion of electronegativity corrections

The ADCH and CM5 charges show different slopes for different
alkyl groups, whereas PEOE yields nearly identical slopes for all

Phys. Chem. Chem. Phys., 2025, 27, 22386-22393 | 22389
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Table 1 Partial atomic charges (PAC) of oxygen for cyclic ethers (FRN,
2,3-DHF, 2,5-DHF, and THF) obtained at the MP2/aug-cc-pVDZ level of
theory

FRN 2,3-DHF 2,5-DHF THF
Hirshfeld —0.142 —0.207 —0.226 —0.228
VDD —0.166 —0.252 —-0.273 —0.275
Mulliken —0.715 —0.897 —0.929 —0.911
Léwdin 0.075 0.020 0.007 0.000
SCPA —0.985 —0.685 —0.860 —1.232
Sp —0.919 —1.039 —0.941 —0.892
Bickel —0.760 —0.837 —0.943 —0.844
Becke —0.338 —0.389 —0.476 —0.476
ADCH —0.164 —0.246 —0.309 —0.324
CHELPG —0.153 —0.311 —0.585 —0.466
MK —-0.114 —0.268 —0.546 —0.425
CM5 —0.220 —0.291 —0.316 —0.323
RESP —-0.114 —0.268 —0.543 —0.423
PEOE —0.326 —0.354 —-0.373 —0.381
MIBS —0.254 —0.400 —0.466 —0.455
EEM —0.550 —0.539 —0.522 —0.528
NPA —0.580 —0.667 —0.689 —0.688
AIM —1.072 —1.055 —1.023 —1.038

three types of alkyl group (Fig. 3d-f). This suggests that
the electronegativity of the atoms bonded to the oxygen atoms
plays some role, as the PEOE methods calculate atomic charges
by partially equalising the orbital electronegativity of the
atoms.*®*® This is again supported by the fact that the average
electronegativity difference (AEN) between oxygen and its
bonded atoms is approximately 1.24 for water (O-H bond),
1.06 for alcohols (O-C and O-H), and 0.89 for ethers (O-C
bonds).

As presented in Table 2, larger AEN values consistently
correspond to more-negative computed oxygen charges, which
explains why water consistently shows the most negative charge
across different models, despite being the weakest H-bond
acceptor in this series.

To further illustrate the dominant influence of electronega-
tivity, empirical adjustments were introduced to the computed
charges. A correction was first applied based on the
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electronegativity difference AEN; between the central oxygen
and the atoms directly bonded to it (eqn (2)-(4)).

P = 0x — dx (1)
¢apcy = —1.46AEN; + 1.13 (2)
Gins = —1.13AEN; + 1.00 3)
dpror = —0.2AEN; +0.17 (4)

where AEN; is the difference between the electronegativity of
the atom and the average electronegativity of the atoms directly
bonded to it (position one) and ¢ is the correction parameter
for X = ADCH, CM5 and PEOE.

This adjustment significantly improved the correlations
with Avoy (Fig. 4a-c); the only significant deviations were
observed for MeOH, DME, and ‘PrOH, DIE and #BuOH, which
may be attributed to the fact that in these molecules, the
central atom is bonded to a -CHj3, -C3H, and -C,H, group,
respectively, whereas EtOH and DEE have a -C,Hs group,
similar to FRN, 2,3-DHF, 2,5-DHF, and THF. To address these
cases, we refined the correction by incorporating the average
electronegativity of more distal substituents (EN,,; Eqn5).

ngn =0x — gx (5)

gapcu = —1.24AEN; — 0.03(EN¢ — EN,,) + 1.11 (6)
goms = —1.04AEN; — 0.01(EN¢ — ENg,) +0.92  (7)
gpror = —0.14AEN; — 0.01(EN¢ — EN,,) + 0.12 (8)

The variable gx in eqn 5 represents the modified charge,
where X = ADCH, CM5 and PEOE, EN( refers to the electro-
negativity of the carbon atom (2.55), and EN,, is the average
electronegativity of the other atoms at all positions other than
position one. The values of EN; and EN,, are provided in
Table S4. Electronegativity (EN) calculations for various

Table 2 Partial atomic charges (PAC) of oxygen for alcohols (MeOH, EtOH, 'PrOH, tBuOH) and acyclic ethers (DME, DEE and DIE) obtained at the MP2/

aug-cc-pVDZ level of theory

H,0 MeOH EtOH 'PrOH tBuOH DME DEE DIE
Hirshfeld —0.312 —0.267 —0.270 —0.271 —0.268 —0.215 —0.211 —0.214
VDD —0.286 —0.292 —0.292 —0.296 —0.288 —0.273 —0.264 —0.267
Mulliken —0.315 —0.611 —0.687 —0.748 —0.679 —0.830 —0.924 —1.052
Lowdin 0.169 0.071 0.097 0.118 0.136 —0.049 0.006 0.044
SCPA —0.383 —0.953 —0.891 —0.708 —0.154 —1.507 —1.444 —0.787
SP —0.621 —0.769 —0.880 —0.899 —1.207 —0.858 —0.683 —0.782
Bickel —0.338 —0.600 —0.696 —0.742 —1.125 —0.785 —0.758 —1.298
Becke —0.707 —0.603 —0.647 —0.689 —0.726 —0.416 —0.525 —0.632
ADCH —0.707 —0.519 —0.515 —0.505 —0.487 —0.317 —0.291 —0.289
CHELPG —0.725 —0.644 —0.694 —0.719 —0.772 —0.379 —0.491 —0.618
MK —0.720 —0.632 —0.689 —0.713 —0.748 —0.314 —0.474 —0.581
CM5 —0.642 —0.486 —0.485 —0.482 —0.476 —0.324 —0.313 —0.307
RESP —0.719 —0.631 —0.687 —0.710 —0.746 —0.314 —0.468 —0.573
PEOE —0.411 —0.400 —0.397 —0.394 —0.391 —0.388 —0.382 —0.376
MIBS —0.897 —0.662 —0.683 —0.693 —0.688 —0.414 —0.438 —0.467
EEM —0.642 —0.591 —0.602 —0.608 —0.613 —0.526 —0.538 —0.544
NPA —0.963 —0.808 —0.812 —0.814 —0.823 —0.686 —0.701 —0.709
AIM —1.203 —1.120 —1.124 —1.122 —1.122 —1.063 —1.070 —1.064
22390 | Phys. Chem. Chem. Phys., 2025, 27, 22386-22393 This journal is © the Owner Societies 2025
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Fig. 3 Correlation plots between the atomic charges and the redshift of the pCR OH stretching frequency (Avop). Top panel: (a)-(c) Avony vs.
uncorrected ADCH, CM5, and PEOE charges for H-bonded dimers with cyclic ethers (FRN, 2,3-DHF, 2,5-DHF, and THF); Bottom panel: (d)—(f) Avop vs.
uncorrected ADCH, CM5, and PEOE charges for H-bonded dimers with alcohols and acyclic ethers.
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Fig. 4 Correlation plots between corrected atomic charges and redshift of the pCR OH stretching frequency (Avop) of H-bonded dimers. Top panel:
(al~(c) Avon vs. AEN;-corrected charges obtained from ADCH (0535, ). CM5 (&Y ). and PEOE (Qggg;), Bottom panel: (d)—(f) Avop vs. AEN,,-
corrected charges obtained from ADCH (Q5S%), CM5 (QERT), and PEOE (QSESE).
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molecules were carried out using the molecular structures
shown in Fig. S9. The molecule DEE was chosen as the
reference, as FRN, 2,3-DHF, 2,5-DHF, and THF all share the
same backbone. This molecule contains three distinct posi-
tions. At position 1, the central oxygen atom is bonded to two
carbon atoms, giving EN; = 2.55. At position 2, six atoms
(two carbons and four hydrogens) are present, resulting in
EN, = 2.32. At position 3, six hydrogen atoms are present,
giving EN; = 2.20 (Fig. S9a). The average electronegativity is
therefore EN,, = 2.26. A more detailed explanation of the other
molecules, the determination of these quantities, and the
procedure used to derive the equations (eqn 2-4 and 6-8) are
provided in the SI.

This refined, multi-parameter adjustment incorporating
both AEN; and the average electronegativity of the surrounding
atoms (EN,,) yielded a marked improvement in the correlation
between the computed atomic charges and the experimental
Avoy shifts (Fig. 3d-f), achieving R” values of 0.976, 0.943, and
0.949 for ADCH, CM5, and PEOE, respectively. The unadjusted,
AEN;-adjusted, and EN,,-adjusted charges for ADCH, CM5, and
PEOE are summarised in Tables S5-S7. Among these, the
ADCH method shows the strongest linear correlation after
adjustment.

To demonstrate the generality of this effect, we extended the
analysis to nitrogen-containing systems (NHj, diethylamine
(DEA), triethylamine (TEA)) for which the gas-phase IR spectra
were available.®® Experimental gas-phase basicity trends and
Avey shifts for the H-bonded complexes of these compounds
with phenol reveal that TEA is a stronger hydrogen-bond
acceptor and more basic than DEA, while NH; is the
weakest.® However, the unadjusted ADCH charges predicted
the opposite trend. When the influence of AEN was incorpo-
rated using the empirical relation given in eqn (S5), the
corrected ADCH charges agreed with the experimental observa-
tions (Fig. S8), reinforcing the consistent impact of electrone-
gativity across different classes of H-bond acceptors. This result
is also consistent with the observations of Snurr et al.,** who
found that the PAC model is more dependent on directly
bonded atoms, with a secondary yet significant contribution
from distal atoms.

The ability to “fix” the models by accounting for a simple,
fundamental property, such as electronegativity, highlights that
the underlying algorithms of these models are not correctly
capturing the electronic distribution in a chemically intuitive
manner.

Conclusions

In this work, a comprehensive experimental dataset of H-
bonding in the gas phase has been presented, which provides
a benchmark for evaluating quantum chemical models. The
systematic investigation of both cyclic and acyclic acceptors
reveals clear, intuitive H-bonding strength trends. However,
comparing these data with 18 popular charge calculation
methods reveals a poor correlation between the computed

22392 | Phys. Chem. Chem. Phys., 2025, 27, 22386-22393
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atomic charges of the H-bond acceptors and the corresponding
H-bond strengths, particularly for systems such as the OH: - -O
H-bonding examples studied in the present work, which involve
various substituents. These findings serve as a critical warning:
many widely used charge models are inherently biased by the
electronegativity of bonded atoms, leading them to produce
results that contradict well-established chemical principles and
experimental observations. This highlights the need for caution
when using these models and underscores the importance of
experimental validation. This manuscript offers a high-quality
dataset that can be used to develop and test new theoretical
frameworks, which will ultimately contribute to the creation of
more physically meaningful atomic charges, which will be
essential for accurately modelling a vast range of chemical
phenomena.
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