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This work studies the underlying nature of H-bonds (HBs) of differ-
ent types and strengths and tries to predict binding energies (BEs)
based on the properties derived from wave function analysis. A
total of 42 HB complexes constructed from 28 neutral and
14 charged monomers were considered. This set was designed to
sample a wide range of HB strengths to obtain a complete view
about HBs. BEs were derived with the accurate coupled cluster sin-
gles and doubles with perturbative triples correction (CCSD(T))
(T) method and the physical components of the BE were investi-
gated by symmetry-adapted perturbation theory (SAPT). Quantum
theory of atoms-in-molecules (QTAIM) descriptors and other HB
indices were calculated based on high-quality density functional
theory wave functions. We propose a new and rigorous classifica-
tion of H-bonds (HBs) based on the SAPT decomposition. Neutral
complexes are either classified as “very weak” HBs with a BE ≥

−2.5 kcal/mol that are mainly dominated by both dispersion and
electrostatic interactions or as “weak-to-medium” HBs with a BE
varying between −2.5 and −14.0 kcal/mol that are only dominated

by electrostatic interactions. On the other hand, charged complexes
are divided into “medium” HBs with a BE in the range of −11.0 to
−15.0 kcal/mol, which are mainly dominated by electrostatic inter-
actions, or into “strong” HBs whose BE is more negative than
−15.0 kcal/mol, which are mainly dominated by electrostatic
together with induction interactions. Among various explored cor-
relations between BEs and wave function-based HB descriptors, a
fairly satisfactory correlation was found for the electron density at
the bond critical point (BCP; ρBCP) of HBs. The fitted equation for
neutral complexes is BE/kcal/mol = − 223.08 × ρBCP/a. u. + 0.7423
with a mean absolute percentage error (MAPE) of 14.7%, while that
for charged complexes is BE/kcal/mol = − 332.34 × ρBCP/a. u.
− 1.0661 with a MAPE of 10.0%. In practice, these equations may
be used for a quick estimation of HB BEs, for example, for intramo-
lecular HBs or large HB networks in biomolecules. © 2019 Wiley
Periodicals, Inc.

DOI: 10.1002/jcc.26068

Introduction

While the hydrogen bond (HB) was first discovered more than
100 years ago, it is still the topic of vital researches.[1] Such a
long-lasting interest is due to the eminent significance of HB in
enzymatic catalysis,[2,3] proton transfer reactions,[4] arrangement
of molecules in crystals,[5,6] and also its highly important role in
the life processes.[7,8] According to IUPAC definition,[9] a typical
hydrogen bond can be depicted as X─H� � �Y–Z and defined as
“an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment X–H in which X is more elec-
tronegative than H, and an atom or a group of atoms in the
same or a different molecule, in which there is evidence of
bond formation.” The nature and strength of HB interaction are
particularly sensitive to the character of the X, which is known
as HB donor (D), and that of the Y, which is usually referred to
as HB acceptor (A).

HB interactions could be characterized by various aspects,
among which, binding energy (BE) is one of the most important
quantities. The BE, as used herein, is equivalent with “interaction
energy” between the two monomers in complex geometry, that
is, no structural relaxation of the monomers is taken into account.
Quantum chemistry has become a routine and reliable way of
estimating BE for various kinds of HBs.[10–12] For example, the

coupled cluster of singles and doubles with perturbative triples
correction, such as CCSD(T),[13] is able to calculate very accurate
BE values with mean absolute deviation (MAE) of chemical accu-
racy (1 kcal/mol) or even better.[10,14] In addition, the symmetry-
adapted perturbation theory (SAPT)[12,15–17] is not only able to
evaluate BE but also capable of decomposing the BE into various
physical components to facilitate the understanding of the nature
of the interactions.
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Aside from BEs, there are numerous analysis methods in the
field of wave function analysis that are able to characterize
weak interactions, including HBs. One of the most well-known
theoretical tools to reveal inter- and intramolecular interactions
together with their strengths is Bader’s quantum theory of
atoms in molecules (QTAIM).[18] Within QTAIM, the electron
density as well as other real space functions such as energy
density and the Laplacian of electron density at the so-called
bond critical point (BCP) of the HB interaction of interest can be
comprehensively analyzed.[19–25] For fully characterizing HB
interactions, many other indices or descriptors have also been
proposed, for instance, the core-valence bifurcation (CVB)
index[26] defined based on the electron localization function
(ELF)[27,28] and the ΔΔVn index defined by the molecular elec-
trostatic potential (MEP) at nuclear positions.[29]

Despite existence of enormous amount of excellent research
papers and reviews regarding the topic of HBs, we believe that
there are still some points worthy of systematically exploring
further. For example, is it possible to employ QTAIM descriptors
or other HB indices to reliably predict BE of any kind or certain
type of HBs? We note that some papers have already
established a few useful relationships between QTAIM descrip-
tors and BEs,[23] such as the well-known BE ≈ VBCP/2 expression
proposed by Espinosa and co-workers[30]; however, the quality
of the reference BE values employed in their computational
study is poor with respect to modern computational methodol-
ogies, and only very limited types of HBs have been considered,
thus this relationship should be revisited. In addition, although
there have been some works employing SAPT and QTAIM theo-
ries to attempt to shed light on nature of certain types of
HB,[19,23] a comprehensive correlation analysis between the
SAPT components and various QTAIM descriptors for a wide set
of carefully curated HB systems is still lacking.

In this work, we focus on revealing the underlying nature
of HBs of different types and strengths and on finding the
best correlation for predicting BE based on the properties
that can be easily derived from wave function analysis. To
realize this purpose, we will first employ the SAPT method to
derive the physical components of the BEs to try to reveal the
roles played by different physical sources in HB interactions
and then perform a detailed correlation analysis between the
easily reachable QTAIM topological parameters as well as
some other HB indices and the BEs evaluated at very accurate
CCSD(T) level. There is no doubt that such a relationship will
be extremely useful in practical researches of HB systems.
Finally, the covalency of HB interaction will be briefly exam-
ined based on correlation analysis between QTAIM descrip-
tors and SAPT induction term. Although some of the findings
and conclusions in the present work may already be explored,
we believe such a study should be able to provide a more
comprehensive view than ever for understanding characteris-
tics of HB interactions.

For conducting above-mentioned studies, we carefully
selected 42 intermolecular hydrogen-bonded dimer complexes
with a diverse set of monomers (Table 1). It is of great impor-
tance to note that using BE to characterize strength of HB inter-
action is reasonable just for sufficiently small interacting

monomers. In other words, in the case of relatively large mono-
mers, contribution of other parts of the monomers (particularly
if these parts are polar or charged) will contribute prominently
to the overall BE; as a result, the evaluated BE value cannot
solely be pinpointed to the particular HB interaction. Taking this
point into consideration, all of our selected monomers are rea-
sonably small, so that secondary interaction (interaction
between other parts of two interacting monomers) can safely
be ignored and thus the BE only reflects the character of
HB. The considered set covers a wide range of intermolecular
HB interactions whose BE values vary from −0.6 to ca.
−66.0 kcal/mol, both neutral and positively or negatively
charged interacting monomers are included.

Computational Details

Geometries of all 42 hydrogen-bonded dimer complexes were
fully optimized using the B3LYP exchange-correlation functional
with Grimme’s DFT-D3(BJ) empirical dispersion correction,
abbreviated as B3LYP-D3(BJ).[31] The ma-TZVPP basis set was
adapted, which is the “minimally augmented” version of the
def2-TZVPP basis set[32,33] for which s and p type diffuse basis
functions are added to the non-hydrogen atoms. A further fre-
quency calculation at the same level of theory was also per-
formed at the optimized geometries to ensure that located
stationary points do not have any imaginary frequency.

For the optimized geometries, the BEs were evaluated
through single-point energy calculations using the CCSD(T)
method[34] together with Truhlar’s “calendar” basis set jul-cc-
pVTZ,[35] which is a reduced version of the well-known aug-
cc-pVTZ basis[36,37] with removal of the less important diffuse
functions on hydrogen atoms to reduce computational cost.
The Boys and Bernardi’s counterpoise (CP) technique[38] was
employed to correct the basis set superposition error (BSSE)
problem. It has been demonstrated that when the aug-
(or jul-)cc-pVTZ basis set is used in conjunction with CP cor-
rection, best results are obtained if only half of BSSE correc-
tion energy (EBSSE) is taken into account.[39] In consequence,
our BEs were evaluated as BE(corrected) = BE(raw)
+ 0.5 × EBSSE. All above-mentioned computations were car-
ried out using Gaussian 16 revision A.03.[40] The deformation
energy, which is related to the monomer geometry distortion
due to the formation of complexes, was not taken into
account in the BE evaluations, because BE is best to exhibit
intrinsic binding strength of the monomers in a complex
without this component. Note that all the monomers consid-
ered in present HB set are rather rigid; hence the deforma-
tion energy is essentially negligible.

The high-order SAPT analyses were performed at the
SAPT2 + (3)δMP2/aug-cc-pVTZ level of theory also on the opti-
mized geometries. It has been denoted as “gold” level SAPT in
reminiscence of the “gold standard CCSD(T)” and is able to
generate highly accurate BE values.[15] The PSI4 code[41] was
employed for the SAPT analyses. Since SAPT is essentially free
of BSSE problem,[10] no additional correction for BSSE is
needed.
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The wave function-based quantities including QTAIM
descriptors, ΔΔVn[29] and CVB indices[26] were all calculated
based on the B3LYP-D3(BJ)/ma-TZVPP wave function at the
optimized geometries by means of the Multiwfn version 3.6
code.[42] Although it was pointed out that the quality of wave
function of commonly used DFT functionals, including B3LYP,
is somewhat poorer than that of post-HF ones such as
MP2,[43,44] B3LYP is still one of the most employed functionals
and B3LYP wave functions have been successfully adapted in
numerous QTAIM studies[45–47] providing chemically mean-
ingful results[48] even for noncovalent interactions.[25,49]

Therefore, we chose B3LYP to generate wave function in the
present investigation.

In the current study, we will provide linear regressions
between many parameters describing the strength and nature
of investigated HB interactions and, thus, using a quantity as a
metric of error is unavoidable. The commonly employed quanti-
ties used to exhibit magnitude of error are mean squared error
(MSE) and root mean squared error (RMSE); however both of
which are evidently dependent on the absolute difference
between the two set of data. It should be emphasized that the
magnitude of the data involved in current study often spans a
large range, for example, the magnitude of BEs of most neutral
complexes and charged complexes are remarkably different,
thus MSE and RMSE can hardly be employed as useful metrics
in this work. Instead, we employ the mean absolute percentage
error (MAPE), in which the aforementioned problem does not

exist. MAPE is defined as
P Yact −Ypre

Yact

�� ��
n × 100%, where Yact and Ypre

are actually observed (calculated) data and predicted data,
respectively, while n is the number of samples. In the current
study, we use MAPE to portray the magnitude of error in the
established linear regressions.

Results and Discussion

Evaluation of BEs

In order to rigorously compare strength of the HB interactions,
values of BE obtained at very accurate computational levels
should first be at hand. Table 1 represents values of BEs calcu-
lated based on the CCSD(T)/jul-cc-pVTZ level (BE-1) including a
half counterpoise correction and on the SAPT2 + (3)δMP2/aug-
cc-pVTZ level (BE-2) for the fully optimized 42 HB complexes.
The set comprises 28 neutral complexes (1–28) and 14 charged
ones (29–42). For each subset, the dimers are sorted in an incre-
ment order according to their values of BE-1. It is already well
known that high-level SAPT method such as the SAPT2 + (3)δ
MP2 is able to well reproduce the BE computed at very reliable
CCSD(T) level for neutral HB complexes,[15] the data in Table 1
also demonstrate that even for charged HB complexes, whose
BEs are commonly much larger than those of the neutral ones,
the SAPT2 + (3)δMP2 result is still able to approximately reach
the CCSD(T) quality. In addition, as shown in section S1 of the
Supporting Information, linear correlation coefficient R2

between the BEs evaluated at the two different methods for
both the neutral and charged sets is almost 1.0 with a very low
MAPE of 3.0% and 1.4%, respectively. Therefore, using the phys-
ical components obtained from the SAPT2 + (3)δMP2 approach
to further discuss the nature of the HBs for all presently consid-
ered complexes should be reliable and meaningful.

Although the actual complete basis set (CBS) limit is compu-
tationally inaccessible, it can approximately be approached
using basis set extrapolation techniques employing sufficiently
extended but still finite basis sets. The CBS extrapolation has
been frequently adapted in estimation of extremely high qual-
ity of BE.[10,11] In the Supporting Information section S2, via a

Table 1. BE of the studied complexes computed at the CCSD(T)/jul-cc-pVTZ level with half counterpoise correction (indicated as BE-1) as well as SAPT2
+ (3)δMP2/aug-cc-pVTZ level (indicated as BE-2).

Complex Structure BE-1 BE-2 Complex Structure BE-1 BE-2

1 H3CH� � �NCH −0.60 −0.56 22 FH� � �SH2 −5.06 −5.13
2 H3CH� � �OH2 −0.62 −0.61 23 N3H� � �OH2 −5.43 −5.56
3 MeCCH� � �OC −0.68 −0.64 24 HOH� � �NH3 −6.41 −6.47
4 H3CH� � �NH3 −0.71 −0.69 25 FH� � �N3H −7.09 −7.98
5 HCCH� � �OC −0.73 −0.70 26 N3H� � �NH3 −7.54 −7.73
6 FCCH� � �OC −0.78 −0.73 27 FH� � �OH2 −8.89 −9.10
7 HOH� � �OC −0.97 −0.98 28 FH� � �NH3 −13.36 −13.65
8 HSH� � �SH2 −1.51 −1.57 29 [H2SH� � �FH]+ −11.27 −11.62
9 HCCH� � �SH2 −1.54 −1.54 30 [H3NH� � �FH]+ −12.24 −12.49
10 HSH� � �N3H −2.10 −2.42 31 [HOH� � �SH]− −15.14 −15.36
11 HSH� � �OH2 −2.58 −2.66 32 [H2NH� � �OH]− −16.94 −17.18
12 HOH� � �SH2 −2.78 −2.82 33 [H2NH� � �F]− −17.34 −17.74
13 HCCH� � �OH2 −2.83 −2.85 34 [H2OH� � �FH]+ −19.29 −19.68
14 N3H� � �FH −2.94 −2.97 35 [H3NH� � �OH2]

+ −20.91 −21.25
15 H2NH� � �NH3 −3.03 −3.02 36 [H3NH� � �NH3]

+ −31.46 −31.73
16 N3H� � �SH2 −3.16 −3.29 37 [HOH� � �F]− −31.67 −33.05
17 HSH� � �NH3 −3.34 −3.43 38 [HOH� � �OH]− −37.17 −39.12
18 HCCH� � �NH3 −3.56 −3.57 39 [H2OH� � �SH2]

+ −37.73 −37.83
19 HOH� � �N3H −3.73 −4.09 40 [Cl� � �H� � �Cl]− −42.70 −43.98
20 FH� � �FH −4.52 −4.56 41 [H2O� � �H� � �OH2]

+ −52.74 −53.86
21 HOH� � �OH2 −4.93 −4.96 42 [F� � �H� � �F]− −65.47 −69.38

Values are given in kcal/mol.
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few selected complexes, we examined the potential improve-
ment of the aug-cc-pV(T ! Q)Z type of extrapolation on the
BEs estimated at CCSD(T)/jul-cc-pVTZ level (Table 1). The data
show that the improvement is marginal, therefore, the BE
directly calculated using the relatively economical jul-cc-pVTZ
basis set is already fully satisfactory and accurate enough for
the present study. By means of regression analysis, in the
Supporting Information section S2, we also showed that
CCSD(T)/CBS data can be roughly estimated using a fitted equa-
tion based on the BEs produced by CCSD(T)/jul-cc-pVTZ
calculation.

Revealing dominating factors in the HB interactions via SAPT
analysis

In the framework of SAPT approach, the BE can be
decomposed into various physically meaningful components
and can be expressed as BE = Eelst + Eexch + Eind + Edis,

[12,15]

by which the nature of a given HB interaction can be probed.
The Eelst term mainly reflects the classical electrostatic inter-
action between the monomers. The Eexch term denotes the
exchange-repulsion contribution caused by the overlap of
monomer wave function as well as the antisymmetric
requirements due to the fermionic behavior of the electrons
in the dimer. The Eind term portrays the induction contribu-
tion, which comprises polarization as the response of each
monomer to the electric field of the other one as well as
charge transfer between two monomers. Note, however, that
polarization and charge-transfer (CT) effects are not easily
separable in the SAPT framework although recently some
techniques have made the separation feasible.[50] Finally,
the Edis term is the dispersion contribution due to the Cou-
lomb correlation between electrons in one monomer with
those in another one. Within the formation of an HB, while
electrostatic, induction, and dispersion terms contribute as

attractive forces (displaying negative values), the exchange
component behaves as a repulsive force (representing a pos-
itive value).

In order to shed light on the electronic nature of the HB
interactions and probe which factor(s) play the main stabilizing
role, the different components in the SAPT-derived BEs were
computed and summarized in Table 2. From the data in this
table, it is quite obvious that the sum of attractive electrostatics,
induction, and dispersion terms outweighs the repulsive
exchange-repulsion contribution, leading to the negative values
of BE-2 as presented in Table 1. On the other hand, if values
given in Table 2 are converted into the contribution percentage
for each attractive component, a more intuitive and deeper
understanding could be obtained about the nature of the stud-
ied HB interactions. In this sense, the contribution percentage
of each SAPT-derived attractive component was calculated for

all of the studied complexes as EX
Eelst + Eind + Edis

� �
× 100%, where EX

signifies Eelst, Eind, or Edis, the corresponding results are graphi-
cally portrayed in Figure 1. From Table 2 and more obviously
Figure 1, one can find that electrostatic contribution always
plays a major role, while the stabilization of the dimers is also
effectively assisted by induction or dispersion interactions.

As portrayed in Figure 1, in the vast majority of the first
10 complexes, the main role within the HB formation is equally
played by dispersion and electrostatic interactions and, mean-
while, the contribution of the induction interaction can safely
be ignored. From complexes 11–31, as HBs become stronger,
participation of dispersion interaction significantly decreases
while that of induction interaction somewhat increases. Note,
however, that in the complexes 22 and 25, both induction and
electrostatic interactions are equally important, just as for the
complexes 32–42, that comprise strong HB interactions. In
some cases, such as complexes 39–41, the induction interaction
even exceeds the electrostatic one.

Table 2. Physical components of the BEs calculated at the SAPT2 + (3)δMP2/aug-cc-pVTZ level for complexes 1 through 42.

Complex Eelst Eexch Eind Edis Complex Eelst Eexch Eind Edis

1 −0.51 0.82 −0.14 −0.73 22 −7.42 9.95 −4.89 −2.77
2 −0.79 1.25 −0.22 −0.84 23 −8.59 8.95 −3.16 −2.76
3 −0.54 0.77 −0.100 −0.77 24 −11.70 12.63 −4.16 −3.23
4 −1.09 1.76 −0.33 −1.03 25 −11.27 13.65 −6.69 −3.67
5 −0.63 0.86 −0.13 −0.78 26 −13.51 15.72 −6.01 −3.94
6 −0.64 0.84 −0.14 −0.78 27 −14.32 15.28 −6.68 −3.37
7 −1.05 1.48 −0.42 −0.99 28 −22.55 25.36 −11.67 −4.78
8 −2.69 4.23 −1.09 −2.00 29 −13.41 11.05 −6.47 −2.79
9 −2.22 2.76 −0.65 −1.43 30 −12.92 8.28 −5.62 −2.23
10 −3.51 4.84 −1.33 −2.42 31 −21.11 18.82 −8.27 −4.79
11 −4.40 5.17 −1.42 −2.00 32 −27.28 35.16 −17.60 −7.47
12 −4.42 5.56 −1.81 −2.15 33 −25.95 32.45 −17.71 −6.53
13 −4.19 3.95 −0.99 −1.62 34 −19.43 18.93 −15.66 −3.51
14 −4.04 3.76 −1.15 −1.53 35 −24.80 20.51 −12.98 −3.99
15 −5.32 5.78 −1.37 −2.09 36 −39.47 42.64 −28.32 −6.57
16 −4.78 6.53 −2.45 −2.58 37 −45.35 50.80 −29.83 −8.67
17 −7.10 9.50 −2.91 −2.92 38 −55.38 70.31 −41.90 −12.14
18 −6.11 6.25 −1.63 −2.08 39 −20.14 38.69 −49.86 −6.52
19 −6.14 7.11 −2.39 −2.67 40 −46.18 74.86 −59.54 −13.11
20 −6.75 6.89 −2.78 −1.92 41 −43.67 57.14 −59.15 −8.16
21 −8.26 8.39 −2.62 −2.46 42 −73.35 79.96 −63.84 −12.15

Values are in kcal/mol.
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The average contribution percentages of the SAPT-derived
attractive components were calculated for the neutral and
charged complexes and results are collected in Table 3. As
shown, electrostatic is the main interaction in both neutral, with
an average value of 52.2%, and charged complexes, with an
average value of 50.6%, revealing that the importance of

electrostatic interaction is universal. The average value of induc-
tion interactions for the charged complexes, 38.8%, is more
than two times larger than that of neutral complexes, 19.1%.
This observation clearly exhibits that induction interaction plays
a much more significant role for charged HBs than the
neutral HBs.

It is instructive to further examine the variation of the SAPT
terms with respect to the total SAPT-derived BEs, so that we
can gain a deeper insight into the role played by different phys-
ical sources in HBs of different strengths, the plots exhibiting
this point are given in Figure 2. Due to the very different char-
acters of HB interaction in neutral and charged complexes, the
map is, respectively plotted, for the two kinds of complexes.
From Figure 2a, it can be seen that for neutral complexes, all
the four SAPT terms have good linear relationships with the BE,
thus the four fitted equations may be used to approximately

Table 3. Average contribution percentage of the SAPT-derived
constructive components for the neutral and charged complexes
considered in this study.

Type of
complex

Average of
electrostatic

contribution (%)

Average of
induction

contribution (%)

Average of
dispersion

contribution (%)

Neutral 52.2 19.1 28.6
Charged 50.6 38.8 10.6

Figure 1. Contribution percentage plot of the
SAPT-derived constructive electrostatic (Elst),
induction (Ind), and dispersion (Dis) interactions
within the intermolecular HB formation for the
complexes 1–42. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 2. Variation of SAPT terms with respect to BE estimated at the SAPT2 + (3)δMP2/aug-cc-pVTZ level for all the 28 neutral complexes (a) and 14 charged
complexes (b). Since distribution of the points in Figure 2b is rather scattered, therefore linear fittings are only given in Figure 2a. [Color figure can be viewed
at wileyonlinelibrary.com]
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estimate SAPT components in HB interactions without explicitly
carrying out SAPT calculation. It is worth to note that when the
HB strength is very low, for example, BE > −2.5 kcal/mol, the
magnitude of Edis is larger than the magnitude of Eind. In con-
trast, since the slope of Eind (0.873) is by far steeper than that of
Edis (0.329), showing that Eind varies faster with respect to the
change of BE, for HBs of medium strength, the induction com-
ponent has even notably higher contribution to BE than the
dispersion component. A similar observation has also been
reported in ref. [24], in which it was found that the ratio
between dispersion term and delocalization term (which has
analogous nature as the induction term in SAPT) is higher than
1.0 when electron density at the BCP (ρBCP) is very low, while
the ratio is lower than 1.0 when the ρBCP is not quite small. As
will be demonstrated later, the ρBCP mentioned here is a good
measure of strength of HB interactions. For charged complexes,
as shown in Figure 2b, the relationship between SAPT terms
and BE is quite complicated. Except for the dispersion term, all
other three SAPT terms fluctuate strongly with respect to
change of BE; therefore, it is impossible to correlate any of
these terms with the BE or directly roughly estimate their
values according to BE by means of fitted equations as we have
done for neutral HB systems. What we can conclude for the
charged complexes from Figure 2b is that induction and elec-
trostatic effects play comparable roles irrespective of the HB
strength, and both of them are commonly much stronger than
the dispersion effect.

The BE and its physical components reported above only
characterize HBs at equilibrium distance, while variation of the
values versus the HB distance is able to fully display the contri-
bution of various physical natures, resulting in a more complete
understanding on how various factors stabilize HB complexes.
In section S3 of the Supporting Information, variation of the
SAPT interaction terms with respect to the molecular dimer
separation is analyzed for three representative complexes, 2,
14, and 37, which are dispersion + electrostatics and pure elec-
trostatics dominated neutral complexes as well as an
electrostatics + induction dominated negatively charged com-
plex, respectively. The figure in this section evidently displays
that the dominating factor(s) at equilibrium separation also fully
dominate the interaction over the entire interaction range, but
induction interaction is attenuated faster than electrostatic
interaction with increase in intermolecular spacing.

At the end of this section, it is worth to mention that SAPT or
other kinds of energy decomposition methods have also been
applied in many HB studies by other authors, interested readers
are suggested to pay attention to these studies. For example, in
the paper of the well-known S66 test set for measuring accu-
racy of weak interaction calculation,[51] 66 complexes including

HB dimers were subjected to DFT-SAPT analysis, the ratio Edisp/
Eelec was employed to determine the category of the interac-
tions. Palusiak and coworkers characterized a series of charge-
assisted hydrogen bonds (CAHBs) of N─H� � �Cl, N─H� � �Br, and
P─H� � �Cl types by means of SAPT analysis.[19] Grabowski and
Lipkowski utilized the hybrid variational-perturbational
approach to study many HB systems of X─H� � �π type and dis-
cussed the role played by different physical interactions.[24]

New classification of H-bonds

Classifying HBs facilitates researchers to recognize and identify
HBs. However, obviously, the classification of HB is necessarily
ambiguous and there does not exist a unique standard for clas-
sification. Currently, several HB classifications have already
existed. The classification given by Kaplan[52] argued that weak
HB interactions represent a BE value between −0.5 and
−4.0 kcal/mol, moderate HB interactions are distinguished with
a BE value varying in the range −4.0 to −15.0 kcal/mol, and
strong HB interactions have BE values fall in the range of −15.0
to −60.0 kcal/mol. Another classification has been proposed by
Alkorta and co-workers[53] indicating that HB interactions with a
BE magnitude up to −5.0 kcal/mol portray a weak interaction,
HB interactions whose BE magnitudes are larger than
−5.0 kcal/mol but lower than −10.0 kcal/mol should be inter-
preted as medium interactions, and a BE magnitude greater
than −10.0 kcal/mol characterizes a strong or a very strong HB
interaction. While in the classification proposed by
Grabowski,[54] weak, medium, and strong HB interactions are
characterized with the BE values fall within the range of −1.0 to
−4.0, −4.0 to −15.0, and −15.0 to −40.0 kcal/mol, respectively.
In addition, it is worth mentioning that the classification given
by Rozas and co-workers not only considers BE but also takes
wave function properties (energy density and Laplacian of elec-
tron density at BCP) into account.[55]

The highly physically meaningful SAPT2 + (3)δMP2/aug-cc-
pVTZ terms together with fairly accurate CCSD(T)/jul-cc-pVTZ BE
values enable us to propose a new classification for the inter-
molecular HBs in a rigorous manner, see Table 4. As shown,
neutral HB complexes are divided into “very weak” HBs whose
BE magnitude is below 2.5 kcal/mol and “weak-to-medium”

HBs, for which BE magnitude is larger than 2.5 kcal/mol but
lower than 15.0 kcal/mol. The main sources of the HB binding
for the former cases are dispersion and electrostatic interac-
tions, while the latter ones are mainly driven by electrostatic
attraction. On the other hand, charged HBs require their own
classification and complexes are classified as “medium” HBs
with a BE magnitude between 11.0 and 15.0 kcal/mol and
“strong” HBs with a BE magnitude greater than 15.0 kcal/mol.

Table 4. Proposed classification of intermolecular hydrogen bonds.

Type of complex Strength BE Major nature

Neutral Very weak > −2.5 kcal/mol Dispersion + Electrostatics
Weak to medium −2.5 to −14.0 kcal/mol Electrostatics

Charged Medium −11.0 to −15.0 kcal/mol Electrostatics
Strong < −15.0 kcal/mol Electrostatics + Induction
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The former ones are mainly dominated by electrostatic interac-
tion while for the latter ones both electrostatic and induction
interactions play a key role. Compared to existing classifications,
a unique advantage of our new classification is that the correla-
tion between class and major nature is explicitly given, there-
fore by comparing the value of BE for a certain HB interaction
with BE values given in Table 4, one can quickly capture the
physical component(s) that dominate the interaction.

Exploring correlation between various descriptors of HB
and BEs

In this section, we will study the correlation between various
well-known HB descriptors and BE values estimated at CCSD(T)/
jul-cc-pVTZ level (BE-1, Table 1), each of these descriptors has
its own ability to characterize nature and strength of HB inter-
actions. We focus on finding the best relationship that could be
used for a reliably prediction of BEs so that its value can easily
be estimated via a descriptor derived by a negligible cost

approach. Moreover, such a valuable relationship would also
allow to conveniently evaluate intramolecular HB BEs, which is
often much more difficult to be estimated. Furthermore, when
there are multiple HBs formed between two monomers, such a
relationship could be used to individually estimate BE value of
each HB interaction and thus revealing the main contribution
to the binding if nonadditive effects are absent or marginal. In
addition, correlation analysis between BE and HB descriptors
enables us to understand characteristics of HBs from other per-
spectives rather than just from energetics consideration. All HB
descriptors calculated using B3LYP-D3(BJ)/ma-TZVPP wave func-
tion are collected in Table 5. It may be surprising that why
Table 5 does not include a column corresponding to the widely
employed second-order perturbation interaction energy (E(2))
defined in the natural bond orbital (NBO) framework.[56] This is
because the E(2) energy essentially corresponds to charge trans-
fer energy, while charge transfer is never the major source of
most HBs, this point has already been largely implicitly reflected

Table 5. B3LYP-D3(BJ)/ma-TZVPP calculated QTAIM topological descriptors at the BCP of HB and other HB indices for the studied complexes.

Complex ρ(r) (a.u) H(r) (a.u.) H rð Þ
ρ rð Þ r2ρ(r) (a.u.) V rð Þj j

G rð Þ V(r)/2 (kcal/mol) CVB (a.u.) ΔΔVn (a.u.)

1 0.0047 0.0010 0.2127 0.0163 0.677 −0.66 0.072 0.0214
2 0.0064 0.0012 0.1875 0.0227 0.727 −1.00 0.067 0.0203
3 0.0054 0.0015 0.2778 0.0242 0.666 −0.94 0.085 0.0092
4 0.0069 0.0009 0.1304 0.0198 0.750 −0.94 0.056 0.0240
5 0.0059 0.0016 0.2712 0.0261 0.673 −1.03 0.086 0.0136
6 0.0059 0.0016 0.2712 0.0261 0.673 −1.03 0.081 0.0146
7 0.0088 0.0020 0.2273 0.0393 0.743 −1.82 0.071 0.0195
8 0.0113 0.0008 0.0708 0.0267 0.847 −1.57 0.019 0.0214
9 0.0087 0.0009 0.1034 0.0229 0.812 −1.22 0.056 0.0205
10 0.0146 0.0012 0.0822 0.0431 0.875 −2.63 0.026 0.0237
11 0.0161 0.0016 0.0994 0.0555 0.869 −3.32 0.034 0.0368
12 0.0157 0.0001 0.0064 0.0359 0.988 −2.73 0.004 0.0346
13 0.0144 0.0020 0.1389 0.0546 0.827 −3.01 0.058 0.0397
14 0.0157 0.0025 0.1592 0.0681 0.827 −3.76 0.052 0.0445
15 0.0159 0.0011 0.0692 0.0473 0.895 −3.00 0.024 0.0395
16 0.0167 0.0002 0.0120 0.0367 0.978 −2.76 −0.011 0.0399
17 0.0213 0.0001 0.0047 0.0523 0.992 −4.02 −0.025 0.0447
18 0.0165 0.0010 0.0606 0.0467 0.905 −3.01 0.028 0.0437
19 0.0221 −0.0006 −0.0271 0.0598 1.039 −5.05 0.001 0.0413
20 0.0281 −0.0023 −0.0819 0.0916 1.091 −6.63 0.014 0.0722
21 0.0259 −0.0013 −0.0502 0.0767 1.068 −6.87 0.002 0.0595
22 0.0274 −0.0040 −0.1460 0.0392 1.297 −5.62 −0.101 0.0685
23 0.0258 −0.0005 −0.0194 0.0807 1.024 −6.62 0.002 0.0618
24 0.0305 −0.0035 −0.1148 0.0643 1.179 −7.22 −0.060 0.0716
25 0.0399 −0.0087 −0.2180 0.0680 1.338 −10.79 −0.110 0.0778
26 0.0337 −0.0039 −0.1157 0.0677 1.187 −7.75 −0.092 0.0712
27 0.0450 −0.0111 −0.2467 0.0889 1.332 −13.96 −0.092 0.1010
28 0.0585 −0.0201 −0.3436 0.0524 1.605 −16.72 −0.240 0.1235
29 0.0351 −0.0032 −0.0912 0.1121 1.106 −10.82 −0.009 0.2181
30 0.0320 −0.0014 −0.0438 0.1194 1.045 −10.22 0.026 0.2289
31 0.0297 −0.0041 −0.1380 0.0407 1.288 −5.74 −0.135 0.2182
32 0.0538 −0.0142 −0.2639 0.0923 1.380 −16.16 −0.153 0.2469
33 0.0562 −0.0148 −0.2633 0.0127 1.318 −19.23 −0.105 0.2577
34 0.0662 −0.0224 −0.3384 0.1352 1.400 −24.69 −0.121 0.2991
35 0.0545 −0.0137 −0.2514 0.1085 1.338 −17.13 −0.119 0.2604
36 0.0863 −0.0398 −0.4612 0.0073 1.954 −25.51 −0.432 0.2951
37 0.0930 −0.0458 −0.4925 0.1094 1.625 −37.33 −0.249 0.3130
38 0.1164 −0.0728 −0.6254 −0.0154 2.050 −44.24 −0.451 0.3128
39 0.0987 −0.0578 −0.5856 −0.1318 3.325 −25.99 −0.691 0.3402
40 0.1243 −0.0822 −0.6613 −0.1682 3.049 −38.72 −0.742 0.2833
41 0.1705 −0.1939 −1.1372 −0.4438 3.340 −86.88 −0.644 0.3853
42 0.1783 −0.2314 −1.2978 −0.4969 3.160 −106.21 −0.578 0.4131
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in the percentage contribution of induction term in Figure 1. In
fact, E(2) even failed to present meaningful charge transfer
energy for HB interaction, a recent theoretical study by Stone[57]

employing both NBO and SAPT(DFT) approaches has nicely
demonstrated this point. As a consequence, explanation of HBs
based on the E(2) perturbation analysis is omitted in the present
study. In addition, the HB distance, namely the H� � �Y distance
in X─H� � �Y contact, is evidently closely related to strength of
HBs. However, this seemingly important geometric parameter
was also not taken into our regression analyses, because ele-
ments in different rows have remarkably different van der
Waals radii, which heavily influence the magnitude of interac-
tion distance. Consequently, given that our complexes contain
X atoms in both second and third rows, it is in principle impos-
sible to well correlate H� � �Y distances with BEs.

In the QTAIM theory, the BCP is often viewed as the most
representative point along the interaction path between two
interacting atoms. The electron density, ρ(r), is a quantity
directly derived from wave function and experimentally observ-
able; its value at the BCP has a central role in the QTAIM analy-
sis framework. First, we examine the relationship between ρ(r)
at BCP, namely ρBCP, and the calculated BE (i.e., BE-1 in Table 1,
similarly hereinafter). As depicted in Figure 3a, the plot of BE
against ρBCP for the entire set leads to a satisfying linear

correlation (R2 = 0.9716) but a large value of MAPE, 45.18%, is
obviously unacceptable. As depicted in Figure 3b, once the BE
is plotted versus ρBCP for just neutral complexes, not only the
linear dependency is slightly improved to 0.9732 but also the
MAPE is significantly reduced to 14.69%. Figure 3c indicates
that a similar situation exists if BE is plotted against ρBCP for just
charged complexes, while R2 remains basically unchanged,
MAPE experiences a noticeable improvement to 10.03% com-
pared with that of Figure 3a. These results, once again, empha-
size that neutral complexes exhibit an electronically different
behavior from charged ones and therefore dividing the entire
set into neutral and charged complexes is completely reason-
able and even indispensable. Using the linear regression equa-
tions given in Figures 3b and 3c, a satisfactory evaluation of BE
from ρBCP is made feasible in the case of neutral and charged
complexes, respectively. It is also worthy to mention that the
slope of regression equation in the case of charged complexes,
−332.34, is conspicuously larger than that of neutral complexes,
−223.08, implying that the change of BE is more sensitive to
the change of ρBCP for charged complexes compared with the
neutral ones.

It is well known that the larger value of ρBCP, the stronger is
the corresponding HB interaction. This traditional viewpoint is
perfectly verified by our calculated data. A similar situation has

Figure 3. Regression plot of BE versus ρ(r) at the BCP of the HB for a) the entire set, b) the neutral subset, and c) the charged subset. [Color figure can be
viewed at wileyonlinelibrary.com]
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also been confirmed by many other researchers, although the
systems involved in their studies are different to ours. For
example, ref. [24] showed that for C─H� � �Y and X─H� � �π-type
intermolecular HBs, there is a significant negative correlation
between ρBCP and BE.

The potential energy V(r) is another important quantity in the
QTAIM theory, it characterizes the potential energy of electrons
at a given position r.[18] In 1998, Espinosa et al. showed that the
BE can be approximately estimated as the half value of V(r) at
the BCP for HBs of X─O� � �H (X = C, N, O) type,[30] namely
BE ≈ VBCP/2. This equation is popular and has frequently been
employed for estimating HB strengths.[23,25] We thus believe it
is quite important to revisit this and look whether this relation-
ship is really able to predict BE at an acceptable accuracy. In
Figure 4, BEs are plotted against the values of VBCP/2 in Table 5
for the studied complexes. Figure 4a represents a modest linear
correlation (R2 = 0.8893) but a very large MAPE (98.48%), mak-
ing this regression quite worthless. As shown in Figure 4b, the
plot of the BE versus VBCP/2 solely for the neutral complexes
leads to a relatively satisfying linear correlation (R2 = 0.9482)
and the MAPE is noticeably reduced to 23.36%. A similar situa-
tion exists in Figure 4c for the charged complexes, whose R2,
0.8679, is remarkably lower than that of the neutral complexes
and also leads to a more satisfying MAPE value of 19.26%. As
an important result, neither for the charged interacting

monomers nor the neutral ones a sufficiently satisfying estima-
tion of the BE can be achieved via Espinosa’s expression. There
should be two main reasons for the relatively poor prediction
ability of Espinosa’s expression: (1) the data quality of the BEs
involved in Espinosa’s study is low and (2) only very limited HB
types were taken into the regression analysis in Espinosa’s
work. Given the fact that the BE can be predicted based on ρBCP
at a much better accuracy, using the BE ≈ VBCP/2 relationship
for prediction of BEs is no longer recommendable.

Next, we investigate whether good correlations could be
found between other properties at the BCP and the BE. The
electronic energy density H(r) at the BCP position may behave
as a useful index for characterizing the nature of HB interaction,
as it has been involved in many QTAIM studies for HB sys-
tems[23,58] and other kinds of weakly interacting com-
plexes.[59,60] It is expected that HBCP has a somewhat implicit
correlation with HB strength, a stronger HB interaction should

correspond to a more negative HBCP. The
H rð Þ
ρ rð Þ corresponds to

the energy density per electron at a given point, its value at the

BCP is known as bond degree.[58] The V rð Þj j
G rð Þ stands for the ratio

of absolute potential energy density to Lagrangian kinetic
energy density G(r). As will be discussed later, this function at
the BCP can be interpreted as a measure of covalent character
in a given HB interaction.

Figure 4. Regression plots of BE against EH − B = VBCP/2 for a) the entire set, b) the neutral subset, and c) the charged subset. [Color figure can be viewed at
wileyonlinelibrary.com]
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The regression plots of BEs against H(r), H rð Þ
ρ rð Þ, and

V rð Þj j
G rð Þ at the

BCP for the entire set are given in Figure 5. It can be seen that
none of them correlates well with the BE, the distribution of
data points is fairly scattered and MAPE values are rather large.
However, as shown in Table 6, if respective fitting is performed
for neutral and charged sets, some MAPE values could be sig-

nificantly reduced; in particular, the MAPE of HBCP
ρBCP

for the

charged set is now merely 10.04%. Since none of the MAPE
values are smaller than the one yielded by the linear fitting
between BE versus ρBCP (Fig. 3), there is little practical value of
using any of these indices to empirically predict BE via the
fitted equations.

The CVB and ΔΔVn indices are defined beyond the QTAIM
framework and both of them were demonstrated to be able to
reliably reveal the strength of HB. The CVB index was first

introduced by Fuster and Silvi[26] based on the ELF.[27,28] For a
D-H…A HB contact, this descriptor is expressed as CVB = η(CV,
D) − η(DH, A), in which the η(CV, D) is the ELF value at the mini-
mum point where the core and valence basins of D are sepa-
rated from each other, while η(DH, A) is the value of ELF at the
minimum point where the valence basin of D-H moiety is sep-
arated from that of A. A graphical representation of CVB index
is given in the Supporting Information Figure S4. Noteworthy,
an excellent analysis about the correlation between CVB index
and a variety of QTAIM descriptors has been given by Fuster
and Grabowski for intramolecular O─H� � �O HBs, the reader is
referred to ref. [23]. The ΔΔVn was proposed by Mohan and
Suresh based on the molecular electrostatic potential
(MEP).[29] They studied a series of electrostatics dominated
interacting systems including HBs, halogen bonds, and
dihydrogen bond dimers and then defined a new parameter

Figure 5. Regression plots of BE against H(r), H rð Þ
ρ rð Þ , and

V rð Þj j
G rð Þ at the BCP for the entire set of complexes considered in this work. [Color figure can be viewed at

wileyonlinelibrary.com]

Table 6. Summary of MAPE (%) resulted from linear fittings between various QTAIM as well as other HB descriptors and values of BE for the studied
complexes.

Set ρ(r) H(r) H rð Þ
ρ rð Þ

V rð Þj j
G rð Þ V(r)/2 CVB ΔΔVn

Entire 45.18 181.09 134.67 56.43 98.48 51.20 56.42
Neutral 14.69 68.53 48.06 29.18 23.36 32.75 26.26
Charged 10.03 19.34 10.04 16.44 19.26 16.05 15.28
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ΔΔVn = (Vn − D0 − Vn − D) − (Vn − A0 − Vn − A) = ΔVn − D − ΔVn − A,
where D and A stand for electron donor and electron accep-
tor atoms involved in the considered interactions, respec-
tively. ΔVn − X denotes the MEP value at the nuclear position
of atom X without nuclear charge contribution of this atom.
In addition, the primed and unprimed terms stand for the
corresponding quantity in the complex and isolated mono-
mer, respectively. It was found that the ΔΔVn values are
nicely linearly correlated with BEs evaluated at the MP4
(SDQ)/aug-cc-pVTZ level. Notice that the MP4(SDQ) method
is not as accurate as the CCSD(T) employed in our present
work.[61]

The regression plots of BE against CVB index and ΔΔVn for
the entire set of complexes are given in Figure 6. From the scat-
ter map, one can immediately find that both indices poorly cor-
relate with the BE, especially in the region corresponding to
medium and strong HBs. Not only the R2 but also the MAPE
values are unsatisfactory. Individual regression analyses for the
neutral and charged sets were also performed, the results are
given in Table 6. It can be seen that the respective fittings
indeed conspicuously reduce the MAPEs and thus greatly
improve the accuracy of reproducibility. Unfortunately, for both
CVB and ΔΔVn indices, neither in the case of the neutral set
nor in the case of the charged set, the value of MAPE is low
enough to reach a reliable prediction of the BE based on these
indices.

Table 6 summarizes the MAPE of all QTAIM or HB indices for
various sets considered in present work. It can be immediately
found that irrespective of the choice of the index, the charged
set can always be evidently better represented by a linearly
fitted equation than the neutral set, the reason may be that the
magnitude of BEs of the charged set is generally larger than
the neutral set. Therefore, achieving a lower MAPE is relatively
easier, since MAPE is a quantity focusing on reflecting relative
error. In addition, from Table 6, it can be seen that if the neutral
and charged sets are not explicitly distinguished, the MAPE will
be always too high and thus making the fitted equation useless
for predicting BE. This observation also substantially implies
that neutral HBs and charged HBs have essentially very differ-
ent underlying natures.

Out of our expectations, although the electron density at the
BCP is the simplest index considered in this work, it markedly
outperforms all other indices in the correlation with BE. Its
MAPEs for neutral and charged HB systems are only 14.69%
and 10.03%, respectively; which, in our opinion, is acceptable,
at least useful for using corresponding fitted equations to
empirically estimate BE in practical studies when the require-
ment on accuracy is not quite high. Assume that there is a HB
with a BE of −5.0 kcal/mol and the system is neutral, it is
expected that the absolute error using our fitted equation will
be merely 0.7 kcal/mol. This level of accuracy exceeds most
low-level quantum chemical methods, for example, semi-
empirical ones.

On the covalent character of strong HB interaction:
Correlation between QTAIM descriptors and SAPT
induction term

It has been pointed out that the covalent character of strong
HB interactions is significantly greater than that of other types
of HB interactions[22] and can be reflected in the magnitude of
associated SAPT-derived induction term, Eind.

[19] It is expected
that the extent of covalent character of a given HB interaction
can be correlated with the magnitude of corresponding induc-
tion interaction. In this sense, we will try to establish linear cor-
relations between the Eind and some QTAIM topological
descriptors describing the magnitude of covalent character.

In ref. [58], the V rð Þj j
G rð Þ ratio at the BCP is shown to be particu-

larly useful for distinguishing the type of interactions. It is

argued that VBCPj j
GBCP

< 1, 1 < VBCPj j
GBCP

< 2 and VBCPj j
GBCP

> 2 correspond to

closed-shell interaction, intermediate interaction, and covalent

interaction, respectively. Hence, VBCPj j
GBCP

could be served as a mea-

sure of HB covalency and thus will be included in our regres-

sion analysis. In the same paper, the bond degree HBCP
ρBCP

is

proposed, which has been mentioned earlier. For covalent
interactions, which is characterized by the condition HBCP < 0, it

is argued that the more negative the HBCP
ρBCP

, the stronger will be

the interaction. While for noncovalent interactions, which corre-

spond to HBCP > 0, more positive HBCP
ρBCP

implies stronger

Figure 6. Regression plots of BE against CVB index and ΔΔVn for the entire set of complexes considered in this work. [Color figure can be viewed at
wileyonlinelibrary.com]
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interaction. Since HBCP
ρBCP

is closely related to both covalent charac-

ter and interaction strength, it is chosen as another quantity for
regression analysis.

Regression plots of the Eind in Table 2 versus the V rð Þj j
G rð Þ and H rð Þ

ρ rð Þ
at the BCP in Table 5 are sketched in Figure 7. For Figures 7a
and 7c, we employed second-order polynomial fit because the
fitting quality in this case is significantly better than the linear
fitting. We first look at the case of neutral complexes. From Fig-

ures 7a and 7c, it can be seen that both VBCPj j
GBCP

and HBCP
ρBCP

show sat-

isfactory correlation with Eind, their R2 reach as high as 0.971

and 0.959, respectively. The VBCPj j
GBCP

with MAPE = 14.46% has an

evidently better ability for reproducing Eind than HBCP
ρBCP

, whose

MAPE is notably larger (37.79%). This observation implies that

the VBCPj j
GBCP

, which is often employed as a covalency metric, is

indeed valuable and works for broad range of neutral HB
systems.

As mentioned earlier, the character of HB interaction for
charged complexes is very different from that of the neutral
ones, this point is also somewhat reflected in the scatter map

between Eind and VBCPj j
GBCP

, Figure 7b, as well as that between Eind

and HBCP
ρBCP

, Figure 7d, for charged systems. Compared to Figures 7a

and 7c, the most notable feature in Figures 7b and 7d is that
the distribution of points is conspicuously more scattered and
the regularity is not so strong, neither linear fitting nor second-

order polynomial fit could correlate the VBCPj j
GBCP

or HBCP
ρBCP

with Eind

quite satisfactorily, implying that the covalent character in the
charged HB complexes is much more complex to identify and
highly system dependent. One possible reason why the correla-
tion between the Eind and the QTAIM descriptors degrades for
charged complexes is that the Eind includes much stronger CT
effect and polarization effect compared to the neutral systems,
both are not unambiguously separable from the Eind according
to the SAPT theory. If the CT part can be sufficiently excluded
from the Eind, perhaps the correlation could be improved.

Conclusions

In this study, a diverse set of 42 small intermolecular hydrogen-
bonded dimer complexes divided into 28 neutral and 14 posi-
tively or negatively charged interacting monomers were

Figure 7. Regression plot of Eind versus V rð Þj j
G rð Þ at BCP for (a) neutral and (b) charged complexes, and versus H rð Þ

ρ rð Þ at BCP for (c) neutral and (d) charged

complexes. [Color figure can be viewed at wileyonlinelibrary.com]
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theoretically analyzed. Following full optimization of the com-
plexes at the B3LYP-D3(BJ)/ma-TZVPP computational level, the
BEs were evaluated at the very accurate CCSD(T)/jul-cc-pVTZ
level including BSSE correction as well as SAPT2 + (3)δMP2/aug-
cc-pVTZ level, the latter allows the BE to be decomposed into
physically meaningful components to shed light on the elec-
tronic nature of the considered HB interactions. In addition,
some well-known QTAIM and other descriptors related to HBs
are calculated. Through detailed examination and correlation
analyses of these data, many appealing conclusions and valu-
able findings could be pointed out:

1. SAPT analysis fully reveals different nature of HBs of different
types and strengths, finally allowing us to classify HB interac-
tions in a more rigorous manner compared to already pro-
vided classifications, the key advantage of this new
classification is that the magnitude of BE is directly corre-
lated with its dominating physical components. Neutral com-
plexes are classified as “very weak” HBs if its BE magnitude is
<2.5 kcal/mol, which are mainly dominated by dispersion
together with electrostatics interactions, or as “weak-to-
medium” HBs with a BE magnitude varying between 2.5 and
14.0 kcal/mol, which are mostly dominated by electrostatics
interaction. On the other hand, charged complexes require a
separate classification and are divided into “medium” HBs
with BE magnitude in the range of 11.0–15.0 kcal/mol, which
are mainly dominated by electrostatics interaction, or into
“strong” HBs whose BE magnitude is >15.0 kcal/mol, which
are significantly contributed by both electrostatics and
induction interactions.

2. Correlation analyses were performed between various topo-
logical indices and the BE. The indices we considered

include ρ(r), r2ρ(r), H(r), H rð Þ
ρ rð Þ,

V rð Þj j
G rð Þ , and V(r)/2 at the BCP

defined by QTAIM theory, as well as two indices aiming for
revealing HB strength, namely CVB index and ΔΔVn. It is
found that the ρ(r) at the BCP, that is, ρBCP, of our studied
HBs showed the best linear dependency with the BE for both
neutral and charged systems. The corresponding fitted equa-
tions are thus recommended for quickly and reliably
predicting BE, namely BE/kcal/mol = − 223.08× ρBCP/a. u.
+ 0.7423 for neutral complexes with a MAPE of 14.7%, and
BE/kcal/mol = − 332.34× ρBCP/a. u.− 1.0661 for charged
complexes with a MAPE of 10.0%. Our test also showed that
the popular BE≈ VBCP/2 relationship proposed by Espinosa
and co-workers has an evidently larger error and thus cannot
be recommended anymore. It should be noted that our
equations were fitted based on B3LYP-D3(BJ)/ma-TZVP wave
function, if the ρBCP is computed at a level much poorer than
the one we employed, the actual prediction error may be
notably larger than our reported MAPE.

3. The values of H rð Þ
ρ rð Þ and

V rð Þj j
G rð Þ at the BCP are found to be corre-

lated with the induction term derived by SAPT calculation,
whose magnitude may be regarded as a meaningful metric
of covalent character of a given HB interaction if excessive
CT as expected for certain charged systems can be excluded.
Our regression analysis validates the use of these two

descriptors for measuring covalency of HBs, but only for neu-
tral complexes.

In addition, as a byproduct of our study, it is found that all
SAPT energy components correlate well with BE for neutral HB
complexes; therefore, a rough estimation of SAPT terms is fully
possible by directly using our fitted equations (Fig. 2) based on
the BE calculated in usual manner.
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S1 Correlation analysis between binding energies evaluated at CCSD(T) level and SAPT level

As illustrated in Fig. S1, binding energy (BE) values of SAPT2+(3)MP2/aug-cc-pVTZ level (BE-2) are plotted against those of CCSD(T)/jul-cc-pVTZ level including half counterpoise correction (BE-1) for the investigated complexes including the linear regression equation, correlation coefficient (R2), mean absolute percentage error (MAPE), and the number of employed complex (n). From Fig. S1, it can be clearly recognized that for both neutral and charged systems there is a quite satisfying linear correlation between the BEs evaluated via SAPT method and those via CCSD(T) method, the R2 is very close to 1.0 and MAPE is fairly small, implying that the SAPT2+(3)MP2 method is as robust as CCSD(T) irrespective of the type of hydrogen-bonded complex.





Fig. S1. Regression plots of BE-2 versus BE-1 for (a) neutral complexes and (b) charged complexes presented in Table 1 including linear regression equation, , correlation coefficient, , the mean absolute percentage error, (MAPE), and the number of employed complexes, .






S2 Influence of basis set extrapolation on the binding energies evaluated at CCSD(T) level

In order to verify the accuracy of the BEs derived from CCSD(T)/jul-cc-pVTZ, values of BE-1 were estimated at the CCSD(T)/CBS level by means of PSI4 package employing aug-cc-pV(TQ)Z type of extrapolation. Karton-Martin[1] and Halkier-Helgaker[2] schemes were employed for extrapolating self-consistent field (SCF) and correlation energies, respectively. A recent study by Neese and Valeev[3] has disclosed that empirical parameter = 5.79 for SCF energy extrapolation and = 3.05 for correlation energy extrapolation lead to reliable extrapolated total CBS energy (SCF energy + correlation energy) when aug-cc-pVTZ and aug-cc-pVQZ basis sets are used. Therefore, we adapted these values within our CBS energy extrapolations. The CCSD(T)/CBS values of BE-1 including half of CP-correction energy extrapolated at the CBS limit for some of the investigated complexes are collected in Table S1. As can be seen, the CBS extrapolated values of BE-1 are very close to the corresponding values given in Table 1 of the main text, suggesting that CCSD(T) in combination with relatively economical jul-cc-pVTZ basis set is already adequate for the routine BE evaluations.



Table S1. Values of binding energy (BE-1) at CCSD(T)/CBS level for some of the considered complexes (see Table 1 for complex numbering), including corresponding difference from CCSD(T)/jul-cc-pVTZ. Values are given in kcal/mol.

		Complex

		CCSD(T)/CBS BE-1

		BE(CBS  jul-cc-pVTZ)a



		1

		-0.58

		0.02



		5

		-0.71

		0.02



		8

		-1.70

		-0.19



		13

		-2.88

		-0.05



		20

		-4.73

		-0.21



		23

		-5.59

		-0.16



		30

		-12.52

		-0.28



		35

		-21.30

		-0.39



		37

		-32.47

		-0.8



		38

		-37.95

		-0.78



		39

		-38.41

		-0.68



		42

		-66.62

		-1.15





a Difference between BE estimated at CCSD(T)/CBS level and CCSD(T)/jul-cc-pVTZ level.



As portrayed in Fig. S2, a regression plot of CBS extrapolated BE against corresponding values given in Table 1 results in a perfect R2= 1.000 with a quite satisfying MAPE= 3.29%. Thus, not only the validity of jul-cc-pVTZ basis set (which does not include diffuse functions for hydrogen atoms) toward calculation of BEs is proven, but also a highly reliable prediction of CCSD(T)/CBS value of BE is demonstrated to be feasible based on the CCSD(T)/jul-cc-pVTZ calculated value of BE using the presented regression equation.





Fig. S2. Regression plot of CBS-extrapolated values of BE-1 against corresponding values given in Table 1 for some of the considered complexes.






S3 Variation curve of BE and its physical components versus H-bond interaction distance

In order to achieve a deeper and much more rigorous understand that how various factors influence formation of HB, variation of the SAPT interaction terms with respect to the molecular dimer separation is analyzed. To reach this purpose, a code named dimerscan[4] was prepared by one of us (Tian Lu) making it possible to easily compute SAPT terms at each point of the rigid scan task for an arbitrary distance between two monomers. We take neutral complexes 2 and 14 as well as negatively charged complex 37 (Table 1) as representative examples to analyze variation of the SAPT interaction terms with respect to the dimer separation. Note, however, that while complexes 2 and 14 are both neutral species, the former is a dispersion together with electrostatic dominated complex while the latter is an electrostatic dominated complex. The negatively charged complex 37 is a typical electrostatic together with induction dominated complex (Fig. 3). As portrayed in Fig. S3(a), when CH4 and H2O monomers come close together from an infinite separation, in a separation distance of about 5.0 Å both electrostatic and dispersion interactions gradually approach negative values in an almost identical extent, while induction interaction nearly remains close to zero until 3.5 Å where it starts to fall down very smoothly. Notably, around the equilibrium separation, the magnitude of gradient of electrostatic and dispersion interactions is evidently greater than that of induction interaction, showing that induction force is by far weaker than electrostatic and dispersion forces. 

In addition, in Fig. S3(a), the electrostatic and dispersion curves are very close to the total SAPT curve. These evidences allow one to decisively conclude that the neutral complex 2 is mainly dominated by electrostatic together with dispersion interactions. In the case of complex 14, Fig. S3(b), while electrostatic interaction begins to approach negative value since a large separation distance around 4.5 Å, both induction and dispersion interactions do not tend to effectively participate within HB interaction, they approach negative values only in the region very close to the equilibrium position but still in a very small extent. While electrostatic and total SAPT curves match each other in the case of neutral complex 14, an apparent separation between induction as well as dispersion curves and that of total SAPT is clearly observed. In consequence, this complex can be regarded as mainly dominated by electrostatic interactions.

As depicted in Fig. S3(c) for complex 37, in addition to a noticeable contribution of electrostatic interaction which begins to approach negative value in a fairly large separation (around 8 Å), participation of induction interaction as a result of charge transfer and charge polarization between two interacting monomers also makes evident contribution since a much longer distance than the equilibrium separation. As perceptibly shown in Fig. S3(c), the electrostatic interaction curve almost perfectly matches total SAPT curve over a broad separation region while a small deviation takes place at the zone close to the equilibrium position, where induction interaction also remarkably interferes within the HB interaction remarkably. In this complex, participation of dispersion interaction can safely be ignored. Therefore, for such a charged complex, the main role within formation of HB interaction must be played by electrostatic (in a much more extent than neutral complexes 2 and 14) as well as induction interactions.





Fig. S3. Variation of the SAPT interaction terms with respect to the molecular dimer separation for (a) neutral complex 2, , as the representative of dispersion together with electrostatic dominated complex, (b) neutral complex 14, , as the representative of an electrostatic dominated complex, and (c) negatively charged complex 37, , as the representative of an electrostatic together with induction dominated complex. The vertical black dashed arrows signify the equilibrium separation distance.

S4 A graphical representation of CVB index for complex 1



Fig. S4. A graphical illustration of CVB index for complex 1. The curve map portrays ELF value against C1-N6 internuclear positions. C(C1) and C(N6) denote core basin of carbon C1 and nitrogen N6, respectively, while V(C1,H3) and V(N6) signify valence basin of C1-H3 bond and N6 lone electron-pair, respectively. The  index is calculated as. See main text for details.






S5 Cartesian coordinates of B3LYP-D3(BJ)/ma-TZVPP optimized structure of the investigated complexes

Complex 1:



 C                 -2.65287800    0.00025600    0.00000300

 H                 -3.01862900    1.02586900   -0.00082700

 H                 -1.56508800   -0.00012800   -0.00007500

 H                 -3.01865000   -0.51182000    0.88866700

 H                 -3.01878900   -0.51330700   -0.88774500

 N                  1.24647300   -0.00110800   -0.00001600

 C                  2.39241300    0.00058000    0.00000600

 H                  3.45863700    0.00212800    0.00004100



Complex 2:



 C                 -1.89891700   -0.00014100    0.00709800

 H                 -2.22446800   -0.36550600    0.98002700

 H                 -0.81179900   -0.00319400   -0.04174000

 H                 -2.30183900   -0.64472100   -0.77255600

 H                 -2.26944300    1.01349200   -0.13844100

 O                  1.80988500   -0.00027800   -0.08106400

 H                  2.26359300   -0.76198600    0.28980200

 H                  2.25837600    0.76498500    0.28882700



Complex 3:



 C                  1.92253200   -0.00178700    0.00022800

 C                  0.72272200   -0.00794000    0.00066600

 C                  3.37667800    0.00559400   -0.00033800

 H                 -0.33875800   -0.01327700    0.00101000

 H                  3.76346000    0.58978100   -0.83678400

 H                  3.76491100    0.44071000    0.92186800

 H                  3.77183400   -1.00778300   -0.08657100

 O                 -2.88163600   -0.00876200   -0.00053600

 C                 -4.00665700    0.01424500    0.00023700



Complex 4:



 C                 -1.96643100    0.00002100    0.00044100

 H                 -2.32855700    0.26392300   -0.99232200

 H                 -0.87767100    0.00042000    0.00671700

 H                 -2.33862800    0.72577700    0.72229500

 H                 -2.33532700   -0.99007100    0.26496200

 N                  1.85650600    0.00005700    0.00136900

 H                  2.22675200    0.93689700   -0.10445100

 H                  2.21507000   -0.55519200   -0.76615000

 H                  2.24140100   -0.38227300    0.85671900



Complex 5:



 C                  0.06823600    2.92328500    0.00000000

 H                  0.10033200    3.98475600    0.00000000

 C                  0.03197900    1.72675500    0.00000000

 H                  0.00000000    0.66485900    0.00000000

 O                 -0.04997400   -1.84264500    0.00000000

 C                 -0.05030600   -2.96811600    0.00000000



Complex 6:



 C                 -0.12597000   -1.97614600    0.00000000

 C                 -0.05960100   -0.78545300    0.00000000

 F                 -0.19748200   -3.25219900    0.00000000

 H                  0.00000000    0.27357000    0.00000000

 O                  0.16546300    2.77409400    0.00000000

 C                  0.26117700    3.89551000    0.00000000



Complex 7:



 O                 -2.14959900   -0.15587200   -0.00438700

 H                 -1.24432200    0.16623600   -0.02624300

 H                 -2.69604100    0.62975700    0.07860200

 O                  1.05980600    0.20563300   -0.01669500

 C                  2.10978500   -0.19901300    0.01938300



Complex 8:



 S                 -2.06785100   -0.08615900    0.00000400

 H                 -0.73058500    0.06887200   -0.00044300

 H                 -2.28437900    1.23773000   -0.00005600

 H                  2.06835200   -0.81679900    0.97101400

 H                  2.06964000   -0.81776100   -0.97006800

 S                  1.99766200    0.10665700   -0.00003200



Complex 9:



 C                 -3.11657100    0.00029800    0.04314200

 H                 -4.17399800    0.00054100    0.14040900

 C                 -1.92414500   -0.00052500   -0.06869500

 H                 -0.86274500   -0.00103600   -0.16429700

 H                  2.02141300   -0.96818600    0.83390100

 H                  2.01832900    0.97190500    0.82997700

 S                  1.95258100   -0.00011700   -0.09291700



Complex 10:



 S                  2.38559300   -0.15964600   -0.08496200

 H                  2.59340400   -0.07021100    1.23740900

 H                  1.10999100    0.25520800    0.02196800

 N                 -1.09378700    0.88654600    0.05787400

 H                 -1.42803700    1.78700000   -0.27726900

 N                 -1.98835100    0.03493800   -0.00372500

 N                 -2.69569700   -0.83829200   -0.00025300



Complex 11:



 S                 -1.33356600   -0.08644300    0.00013900

 H                  0.00896000    0.01569900    0.00224300

 H                 -1.50145500    1.24432100   -0.00236400

 H                  2.66247800   -0.25980900    0.76417700

 H                  2.65552600   -0.26285000   -0.76692900

 O                  2.18894400    0.08071600    0.00008000



Complex 12:



 O                 -2.22439500    0.11085800   -0.00369100

 H                 -1.28540900   -0.11854300   -0.00090200

 H                 -2.69007000   -0.72881900    0.01980000

 S                  1.21561900   -0.10487900    0.00615800

 H                  1.14419100    0.87086200    0.92493200

 H                  1.17654300    0.76770900   -1.01283100



Complex 13:



 C                  2.24670600   -0.00112000   -0.01841000

 H                  3.30798100   -0.00479400   -0.05001800

 C                  1.04912700    0.00259700    0.02109200

 H                 -0.01828300    0.00590900    0.05244500

 O                 -2.20677400    0.00041800    0.05809500

 H                 -2.69613500   -0.77168100   -0.23875100

 H                 -2.71436700    0.75835600   -0.24452400



Complex 14:



 N                  0.30150900    0.80685900   -0.00667100

 H                 -0.57582000    0.28843400   -0.04260500

 N                  1.26914900    0.04497600   -0.00070500

 N                  2.23952100   -0.52671000    0.01007700

 H                 -3.20849200    0.30112600    0.15316000

 F                 -2.54299300   -0.31838200   -0.01438600



Complex 15:



 N                 -1.67894600    0.00000500    0.10223900

 H                 -2.10781000   -0.81468900   -0.31959700

 H                 -0.69331000   -0.00004900   -0.15080600

 H                 -2.10772000    0.81472400   -0.31964100

 N                  1.56378900    0.00000500   -0.03552900

 H                  1.53945200    0.00015800    0.97741300

 H                  2.08785700    0.81612100   -0.32728700

 H                  2.08763500   -0.81633500   -0.32705800



Complex 16:



 N                 -1.09676200    0.95941000    0.00025600

 H                 -0.13982000    0.59221100   -0.00026400

 N                 -1.91587100    0.04068200    0.00004600

 N                 -2.76632700   -0.69865600   -0.00015300

 H                  2.58502900    0.60967300   -0.96707400

 H                  2.58343700    0.60030600    0.97481600

 S                  2.21400400   -0.24451600   -0.00053300



Complex 17:



 S                  1.34033700   -0.08093000    0.00000600

 H                 -0.01283900    0.00281100   -0.00119300

 H                  1.49424300    1.25155000   -0.00003500

 N                 -2.18223100    0.00830500   -0.00010800

 H                 -2.53145000   -0.53142500   -0.78293800

 H                 -2.58763200    0.93436400   -0.06344000

 H                 -2.53209900   -0.42055000    0.84826100



Complex 18:



 C                 -2.28381500    0.00001700   -0.00020000

 H                 -3.34555700    0.00019100   -0.00056900

 C                 -1.08489900   -0.00006700    0.00043000

 H                 -0.01241800   -0.00019600    0.00093200

 N                  2.24520400   -0.00000100    0.00007000

 H                  2.61686800    0.86096500   -0.38353500

 H                  2.61695000   -0.76183500   -0.55487400

 H                  2.62001000   -0.09881800    0.93617700



Complex 19:



 O                  2.55632000   -0.31451600   -0.12060000

 H                  2.96136400   -0.36132600    0.74872400

 H                  1.66417000    0.02686000    0.03136500

 N                 -0.23619700    0.79492900    0.09491000

 H                 -0.39488700    1.68754700   -0.36668500

 N                 -1.23225800    0.06619500   -0.00405300

 N                 -2.05743100   -0.69497400   -0.01208600



Complex 20:



 F                 -1.42449500    0.02091700    0.00001200

 H                 -0.50659000   -0.12955100   -0.00016500

 F                  1.29600200   -0.09086500    0.00000900

 H                  1.66303200    0.75908500   -0.00002200



Complex 21:



 O                  1.50999300    0.00004300   -0.12085200

 H                  0.55410200   -0.00020200    0.03711100

 H                  1.91258000   -0.00024200    0.75052600

 O                 -1.38149500   -0.00004700    0.10829800

 H                 -1.74757600   -0.76572900   -0.34388800

 H                 -1.74708900    0.76620500   -0.34332100



Complex 22:



 F                 -2.08064600    0.00020200    0.01202800

 H                 -1.14526600    0.00295700   -0.05924300

 H                  1.22616900    0.96687700    0.81712100

 H                  1.21218000   -0.97631800    0.80856200

 S                  1.08954600    0.00029200   -0.10466800



Complex 23:



 N                 -0.32826000    0.91343000   -0.00400400

 H                  0.60695900    0.49142300   -0.00613500

 N                 -1.20602300    0.05353700   -0.00033400

 N                 -2.10417800   -0.62841700    0.00299600

 H                  2.93780600   -0.22006000   -0.76981400

 H                  2.94166500   -0.15794600    0.76279200

 O                  2.37285000   -0.31040800    0.00281900



Complex 24:



 O                 -0.03836200    1.54613400    0.00000000

 H                  0.06356500    0.57566500    0.00000000

 H                  0.85354600    1.90026300    0.00000000

 N                 -0.03836200   -1.37627100    0.00000000

 H                 -1.03728700   -1.54652400    0.00000000

 H                  0.34780000   -1.83229000    0.81779500

 H                  0.34780000   -1.83229000   -0.81779500



Complex 25:



 H                 -1.52874300    0.03664100    0.00019200

 F                 -2.38985500   -0.34300500   -0.00006800

 N                  0.10445200    0.75452700    0.00033100

 H                  0.31346600    1.74935500   -0.00121600

 N                  1.14302800    0.07764200   -0.00005400

 N                  1.99880000   -0.64630500   -0.00004300



Complex 26:



 N                  0.33297100    0.91171000   -0.00003500

 H                 -0.61247900    0.48097100    0.00101700

 N                  1.21470700    0.06125800    0.00006600

 N                  2.11008500   -0.62784100   -0.00001600

 N                 -2.39388700   -0.25422000    0.00019900

 H                 -3.04298800    0.51044400   -0.14491200

 H                 -2.63769400   -0.69632700    0.87872600

 H                 -2.55397100   -0.93143000   -0.73632900



Complex 27:



 F                  1.40367200    0.00006400    0.01458900

 H                  0.46285900    0.00043000   -0.05057500

 O                 -1.22862400    0.00019400   -0.09039500

 H                 -1.63131800   -0.77063200    0.32058100

 H                 -1.63559500    0.76807100    0.32184900



Complex 28:



 F                 -1.41764700   -0.00003700    0.00013900

 H                 -0.45505600   -0.00052000    0.00174500

 N                  1.21213100   -0.00010700    0.00038300

 H                  1.57444700    0.94517700   -0.03976800

 H                  1.57227300   -0.50459200   -0.80102700

 H                  1.58224600   -0.43898500    0.83511700



Complex 29:



 S                  1.14057900    0.00027800   -0.10375600

 H                 -0.23171000    0.00132000   -0.17963000

 H                  1.19588100    0.98914600    0.81971800

 H                  1.19374400   -0.99429800    0.81370700

 F                 -1.95833300   -0.00032900    0.06395000

 H                 -2.78218500    0.00234500   -0.36925300



Complex 30:



 N                 -1.35657200    0.00892900    0.00006400

 H                 -1.60597800   -0.77161400   -0.61118500

 H                 -1.80633200    0.86141200   -0.33939600

 H                 -1.67961600   -0.18976900    0.94923700

 H                 -0.32937200    0.12692000    0.00154300

 F                  1.40476500   -0.04192100   -0.00029700

 H                  2.27441600    0.28783800    0.00203100



Complex 31:



 O                 -2.05796500   -0.01030200   -0.09132100

 H                 -1.07157100    0.01119900   -0.22016500

 H                 -2.12149200    0.01646200    0.86671600

 S                  1.14758800    0.08188000    0.00402600

 H                  1.29537900   -1.25532600    0.01959900



Complex 32:



 N                  1.34309100    0.00005300   -0.13723600

 H                  1.63477300    0.80744300    0.40725400

 H                  1.63517100   -0.80752500    0.40675600

 H                  0.27049800   -0.00016900   -0.09897700

 O                 -1.38823600   -0.00006200    0.12198000

 H                 -1.83618700    0.00037500   -0.73022500



Complex 33:



 N                  1.28647000   -0.00000200   -0.12515700

 H                  1.55867900   -0.80649800    0.43029300

 H                  0.21821200    0.00029700   -0.12188900

 H                  1.55908400    0.80623900    0.43047400

 F                 -1.37125200   -0.00000300    0.01524700



Complex 34:



 O                 -1.22814600    0.00006700    0.09564200

 H                 -0.20766800    0.00009300    0.06414900

 H                 -1.62583300   -0.80628200   -0.28082800

 H                 -1.62605800    0.80589400   -0.28169300

 F                  1.26062800   -0.00011500   -0.09100100

 H                  1.93907600    0.00079100    0.55224700



Complex 35:



 N                 -1.33605900   -0.00018800    0.00032200

 H                 -1.68293900   -0.33859600    0.89878900

 H                 -1.68716400    0.94548200   -0.15577500

 H                 -0.27369900    0.00201900    0.00012300

 H                 -1.68342800   -0.60759200   -0.74285300

 O                  1.35274900    0.00023100   -0.00156000

 H                  1.92729300   -0.77347600    0.00479600

 H                  1.93036200    0.77163100    0.00514400



Complex 36:



 N                  0.00000000    0.00000000   -1.33650300

 H                  0.92231100    0.24592600   -1.69384000

 H                 -0.67413400    0.67578200   -1.69384000

 H                 -0.24817700   -0.92170800   -1.69384000

 H                  0.00000000    0.00000000   -0.19291800

 N                  0.00000000    0.00000000    1.34743600

 H                  0.66424300   -0.66660700    1.73263500

 H                 -0.90942000   -0.24194800    1.73263500

 H                  0.24517700    0.90855400    1.73263500



Complex 37:



 O                  0.04769200   -1.20641300    0.00000000

 H                  0.08344700   -0.14599300    0.00000000

 H                 -0.89421300   -1.38734100    0.00000000

 F                  0.04769200    1.24273700    0.00000000



Complex 38:



 O                  1.23229200   -0.09785900   -0.05356300

 H                  0.11486500   -0.03008900   -0.07121500

 H                  1.48611700    0.65574500    0.48418400

 H                 -1.55232300   -0.59996400    0.52266300

 O                 -1.23837500    0.09464700   -0.06339100



Complex 39:



 O                 -1.81280000   -0.00106600    0.07747900

 H                 -0.64215200    0.00703800   -0.01482700

 H                 -2.25838800   -0.73139700   -0.38137500

 H                 -2.26064600    0.83677300   -0.12004900

 S                  1.06777200   -0.09700900   -0.04482800

 H                  1.31395200    1.10561000   -0.59973300

 H                  1.26528800    0.34264900    1.21340900



Complex 40:



 Cl                 0.00000000    0.00000000    1.57343100

 H                  0.00000000    0.00000000   -0.01191900

 Cl                 0.00000000    0.00000000   -1.57273000



Complex 41:



 O                  1.19798400   -0.03521700   -0.05282500

 H                 -0.00018600    0.02328600   -0.00011400

 H                  1.70003700    0.72820600   -0.37056300

 H                  1.66310500   -0.45795600    0.68327400

 O                 -1.19794900   -0.03543100    0.05276000

 H                 -1.66337600   -0.45558000   -0.68462700

 H                 -1.69986000    0.72722900    0.37254800



Complex 42:



 F                  0.00000000    0.00000000   -1.14876900

 H                  0.00000000    0.00000000   -0.00016700

 F                  0.00000000    0.00000000    1.14878800
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