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The cooperative effect plays a significant role in understanding the intermolecular donor-acceptor inter-
actions of hydrogen bonds (H-bonds, D-H.--A). Here, using the coupled-cluster singles and doubles with
perturbative triple excitations (CCSD(T)) method of high-precision ab initio calculations, we show that the
intermolecular H-bonded systems with different D and A atoms reproduce the structural changes pre-
dicted by the well-known cooperative effect upon intermolecular compression. That is, with decreasing
intermolecular distance, the D-H bond length first increases and then decreases, while the H---A distance
decreases. On the contrary, when D and A are the same, as the intermolecular distance decreases, the D-H
bond length decreases without increasing. This obvious difference means that the cooperative effect may
not be generally characterized by intermolecular compression. Interestingly, further analyses of many in-
termolecular systems confirm that this failure has boundaries, i.e., cooperative systems at their respective
equilibrium positions have a smaller core-valence bifurcation (CVB) index (<0.022) and stronger binding
energies (>0.25eV), showing a clear linear inverse relationship related to H-bond strength. These find-
ings provide an important reference for the comprehensive understanding of H-bonds and its calculation

methods.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The cooperative effect, as one of the most remarkable fea-
tures of hydrogen bonds (H-bonds, referring to D-H---A), has al-
ways been the focus of researches [1-3]. However, how to obtain
the mechanism of this effect is still a formidable challenge. Early,
it was qualitatively postulated that in multiple H-bonded systems,
one H-bond would be strengthened, following by the formation
of neighboring H-bonds, which was further beneficial for accu-
mulating larger clusters [4,5]. Subsequently, the inter-enhancement
of the multiple H-bonds in this effect was described in terms of
frequency shift of infrared spectrum [6] and energy [7]. Accord-
ing to the positive (negative) difference in free energy change
and the number of isolated molecules (monomers) in the stud-
ied systems, anti-cooperative, positive (negative) cooperative and
non-cooperative effects were also proposed [8-10]. It was not un-
til 1990s that the description of the cooperative effect gradually
transferred to the structural changes, that is, as the cluster size
increases, a systematic contraction of the intermolecular distance
(D~A distance) is accompanied by the lengthening of D-H bond,
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and the shortening of H.--A distance [11,12]. Indeed, the impor-
tant reason for noticing the structural changes underlying the co-
operative effect is that it is related to many basic physical prop-
erties, such as site-specific reaction rates for chemical processes
like acid dissociation [13], and vibrational spectrum of stretched
D-H bond [6,14]. Regardless, it is clear that associating coopera-
tive effect with structural changes can lead to subsequent progress.
With the development of studies at the atomic level, the under-
standing of H-bonding interactions has gradually transferred from
molecules as basic structural unit to coupled D-H---A region [15-
17]. Given that coupled D-H.--A region can facilitate a deeper in-
sight into many detectable properties, especially thermodynamic
effects such as Debye temperatures [18], phase transition dynamics
[19,20], and thermal stability [21,22], this brings the promise of a
unified physical model for many phenomena and effects.

Coupled H-bonds have inspired more researches to focus on
the properties of the D-H---A region [15-17,23,24]. In particular, the
calculations using first-principles density functional theory (DFT)
method exhibited that with contraction of the intermolecular D~A
distance, the D-H bond length first elongates and then shortens,
while H.--A distance decreases [17], which is consistent with the
results of early cooperative effect in the multiple H-bonded sys-
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Fig. 1. The structures and contraction properties of intermolecular H-bonded systems. (a) The structures of H-bonded systems. Corresponding D~A distances are displayed.
(b, b’) Changes in D-H bond lengths and binding energies as the D~A distance decreases in H-bonded systems with D # A. With the contraction of the D~A distance, the
D-H bond length first increases and then decreases, as shown in Part 3 in Supporting information. Here, the D~A distances ranging between 0 and —0.24 A are highlighted.
(¢, ¢’) Changes in D-H bond lengths and binding energies as the D~A distance decreases in H-bonded systems with D=A.

tems [11,12]. It can be seen that controlling D~A distance has be-
come an optional practical manipulation in underscoring the prop-
erties of coupled H-bonds. This raises a prospect of relying only
on the intermolecular compression of coupled H-bonds in inter-
molecular H-bonded systems, rather than mutual enhancement of
multiple H-bonds, to describe the cooperative effect [15,17]. How-
ever, when this prospect is highlighted, the fundamental under-
standing for H-bonding interactions still lacks the comprehensive
consideration on electron correlations. This is due to the fact that
most studies of H-bonding interactions are based on the popular
functionals of DFT method, but these functionals may cause poten-
tial problems in the practical calculations for describing electron
correlations [25], especially in the study of intermolecular inter-
actions. It was not until 2021, when the high-precision ab initio
method was employed as the benchmark to test whether the co-
operative effect could be characterized by intermolecular compres-
sion, the different conclusions were drawn in the study of water
intermolecular interaction [26]. As the D~A (i.e., 0~0) distance de-
creases, the O-H bond length always decreases without cooperative
increasing [11,12,17], and the H.--O distance decreases. The phe-
nomenon is referred to as the uncooperative effect. Notably, exper-
iments show that water dimer in vapor phase have a more durable
lifetime without forming more large-size water clusters [27-29],
which cannot be explained by the cooperative effect, but it seems
to be in line with the uncooperative effect. Considering that both
cooperative and uncooperative effects involve the essential under-
standing of H-bonding and even intermolecular interactions, it is
urgent to form a clear grasp.

In this work, we use the well-accepted high-precision ab initio
benchmark method, that is CCSD(T), to explore abundant ubiqui-
tous H-bonded systems. The calculations show that in the inter-
molecular H-bonded systems with different D and A atoms (D #
A), the structural changes predicted by the cooperative effect are
reproduced through intermolecular compression. On the contrary,
in those systems with the same D and A (D=A), there is a fail-
ure to characterize the cooperative effect in terms of intermolec-
ular compression. Meanwhile, if the viewpoint of intermolecular
compression is still considered, it will reflect the uncooperative ef-
fect. Interestingly, through the statistics of these studied H-bonded
systems, we found that the failure has boundaries, which can be
determined by the core-valence bifurcation (CVB) index and bind-

ing energy of the equilibrium intermolecular H-bonded systems.
And the discovery of the boundaries is also applicable to the non-
H-bonded intermolecular systems. Our work not only reveals the
limitations of characterizing cooperative effect in intermolecular H-
bonded systems by intermolecular compression, but also provides
an important perspective for understanding intermolecular interac-
tions and its calculation methods in the future.

We first optimized a series of intermolecular H-bonded systems
(Fig. 1). Those structures with different D and A atoms (D # A) in-
clude F-H...-OH,, F-H.--OCH,, HO-H..-NH3, and F-H.--NH3, and oth-
ers with the same D and A (D=A) include F-H-.-FH, HO-H---OCH,,
HO-H---OH, and H,;N-H---NHj3 in Parts 1 and 2 in Supporting in-
formation. The different D~A distances at the equilibrium posi-
tion are taken as the zero point to further study the structures
(Figs. 1b and c) and energies (Figs. 1b’ and c’) during compres-
sion. Here, to make the results explicit, we focus mainly on the key
representative variation of D~A distances ranging between 0 and
—0.24 A, whose more comprehensive contraction process (from 0
to —0.51A) is given in Part 3 of Supporting information. The cal-
culations indicate that for the intermolecular H-bonded systems
of D # A, as the intermolecular distance is compressed, the D-H
bond length initially lengthens and subsequently shortens, which
reproduces the structural changes predicted by the common coop-
erative effect [17]. And when the D-H---A angle is enforced to re-
main unchanged, this initial lengthening and subsequent shorten-
ing predicted by the cooperative effect is also observed (Table S33
in Supporting information). However, in those systems of D=A,
the D-H bond length decreases without increasing. This implies
a failure to characterize the cooperative effect by intermolecular
compression. Meanwhile, if still considering the viewpoint of in-
termolecular compression, it will manifest the uncooperative ef-
fect [26]. At this point, as the D~A distance gradually decreases by
0.24 A, the D-H bond length elongates by a magnitude of 10~4 A for
the cooperative effect and shortens by a magnitude of 10~4A for
the uncooperative effect. This subtle D-H bond length changes are
consistent with longstanding cooperative effect in the multiple H-
bonded systems [11,12], which remains a necessity for investigat-
ing intermolecular H-bonded systems. Additionally, the binding en-
ergies of the two effects increase monotonically (see Part 4 in Sup-
porting information for detail). Of particular note, the results im-
ply that there it is failure to characterize the cooperative effect by
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Fig. 2. The core-valence bifurcation (CVB) index and binding energies of equilibrium structures. (a) The CVB index and binding energies of H-bonded systems. (b) The
CVB index and binding energies of non-H-bonded systems. Between them, the CVB index, corresponding to the bar, is marked on the left vertical axis, and the binding
energy, corresponding to the scatter, is marked on the right vertical axis. The blue dotted line indicates that the binding energy of HO-H.--OCH, is 0.25eV, and the green
dotted line denotes that the CVB index of H,N-H---NHj is 0.022. (c) Relationship between binding energy and CVB index and corresponding linear fitting formula. The
coefficient a, constant b and goodness R? of fit are —0.19, 0.07 and 0.92 for our simulations, respectively. The values 0.25eV and 0.022 denote the boundary of cooperative
and uncooperative effects. The light yellow and blue areas in the figure represent cooperative and uncooperative effects, respectively.

intermolecular compression in intermolecular H-bonded systems.
In the following, we will analyze their properties and look for ref-
erence laws to determine the failure essence. There are two non-
negligible questions have attracted our attention: Why is the fail-
ure related to whether D and A are the same? Can we predict the
properties of other intermolecular interaction systems?

To explore these questions, the CVB index and binding energy
of equilibrium structures were analysed. As is clear in Fig. 2a and
Part 5 (Supporting information), compared to the D=A systems,
D # A systems have a more negative CVB index and higher re-
leased binding energies. Taking F-H---NH3 as an example, it has
the most negative CVB index and highest released binding en-
ergy, thereby giving rise to the strongest H-bond within the stud-
ied structures. Specifically, the failure boundary can be determined,
i.e., the cooperative H-bonded systems release stronger binding en-
ergies (>0.25eV) and have a smaller CVB index (<0.022). By incor-
porating all data points into the same figure, the horizontal coor-
dinate axis x denotes the binding energy, and the vertical coordi-
nate axis y represents the CVB index. We found that these points
can be fitted linearly as y=ax+b (Fig. 2c), where a=-0.19 and
b=0.07, manifesting the inverse relationship between the CVB in-
dex and binding energy. It has been pointed out that the linearity
is by no accident. The reason is that the CVB index also directly
contains information on the H-bond strength [30,31]. A smaller
CVB index corresponds to more released binding energies, which
also stands for a stronger H-bond [32]. The above results sug-
gest that H-bonded systems (D # A) that reproduce the structural
changes predicted by the cooperative effect perform stronger H-
bonds, while uncooperative systems (D=A) that exhibit the failure
have weaker H-bonds.

Generally speaking, intermolecular non-H-bonding interactions
release lower binding energies. The intermolecular interactions can
be regarded as different levels of electron correlations [33,34].
Based on above discovery of failure boundary, it can be reasonably
speculated that the inter-molecular non-H-bonded systems here
would exhibit the uncooperative effect. As a result, equilibrium
intermolecular non-H-bonded systems were also investigated. In
comparison with intermolecular H-bonded systems, these typical
intermolecular non-H-bonded systems, including H3C-H-.-FH, H3C-
H..-OH,, H3C-H.--OCH,, H3C-H---NH3, F-H..-CH4, HO-H.--CHy4, H,N-

H..-CH4 and H3C-H-.-CHy, have significantly a higher CVB index and
release lower binding energy (Fig. 2b), which indeed means weaker
intermolecular interactions.

Next, the intermolecular non-H-bonded systems are com-
pressed to confirm whether they have the uncooperative effect and
whether they conform to our general judgement. Hence, the struc-
tures and energies of all these intermolecular non-H-bonded sys-
tems during compression were studied. In Fig. 3, the calculations
clearly demonstrate that these intermolecular non-H-bonded sys-
tems conform to the uncooperative effect. Specifically, as the D~A
distance gradually decreases by 0.24A, the D-H bond length de-
creases by a magnitude of 104 A. In addition, prior studies on the
intermolecular non-H-bonded systems exhibited the contraction of
D-H bond and blue-shifted stretching frequency relative to those
in a free D-H molecule, which was referred to as “improper, blue-
shifting” H-bonds by Hobza and Havlas [35]. Recently, the inter-
molecular compression has also used to explore several represen-
tative F3CH---Y (Y=H,0, NH3, CI7) [36], in agreement with here
the uncooperative effect [26] using CCSD(T) method, thus further
testifying the reliability of our conclusions. Comparing the D-H
bond lengths in the systems that exhibit cooperative and unco-
operative effects, the former increases by 104 A magnitude, and
the latter decreases by a magnitude of 104 A. These results fur-
ther show that the two effects are related to the H-bond strength.
Their intermolecular interaction properties can be predicted simply
by analysing the corresponding equilibrium structures.

Based on the above, as a direct characterization of the inter-
molecular interaction strength, the energy is the key to exploiting
the failure mechanism to characterize the cooperative effect by in-
termolecular compression. Therefore, as a supplement, using the
energy decomposition analysis (EDA) method, we further analysed
the components of interaction energy in all intermolecular inter-
action systems of this work. In EDA, the total interaction Ej,; can
be explicitly decomposed into four parts, namely, the exchange re-
pulsion Eex, electrostatic Ee, induced Ejpq and dispersion Egis, in-
teractions, and the details are shown in Part 6 in Supporting infor-
matinon. The latter three terms and their percentage contributions
to the total attractive interaction Euyr are displayed in Figs. 4a-c
and a’-c', respectively. For uncooperative systems, the four compo-
nents all exhibit slightly smaller interaction energies than those for
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cooperative systems. The weaker interaction stands for a weaker
H-bond. In other words, the uncooperative systems can form and
maintain durably intermolecular H-bonded systems, which is in
reasonable accordance with the aforementioned reference laws and
past experimental observations on stable existence water dimer in
the vapor phase [27-29]. The interaction energy values of two ef-
fects have apparent boundaries. However, the boundary disappears
regarding the percentage of the E.j... Meanwhile, the Eex of cooper-
ative systems is greater, which violates cooperative attractive char-
acter [37]. Therefore, E... and Eex are perhaps not the real reason
for the two effects. The Ej,q and Eg;sp, need to be further discussed.

The Ejpq and Eg;p, interaction terms were further analysed, as
epitomized in Figs. 4b’ and c'. The cooperative systems show a
greater E;,q percentage than uncooperative systems. The general
phenomena of Ej,q ensure that cooperative systems display more
attractive interaction [37]. As a matter of fact, E;,q accounts for
charge transfer and polarization [38], and takes advantage in the
stability of systems [39]. And due to the fact that the intermolec-

ular H-bonded systems with D # A also exhibit stronger charge
transfer than those of D=A in other studies [40], i.e., Ej,4, thereby
perhaps providing a possible explanation from the perspective of
interaction mechanism. That is, those systems with D # A ex-
hibit structural changes predicted by the cooperative effect, while
the uncooperative effect is found in those H-bonded systems with
D=A. Again, the SAPT method corrects high-order E;,q and cou-
pling between Ej,q and Eg, to further ensure the reliability of
our conclusions. Further, we also study HO-H---OH, and F-H.--OH,
when D~A distance is constrained at a specific decreased value
and simultaneously D-H bond length relative to the equilibrium
position is stepwise stretched and contracted reversely (see Part 7
in Supporting information for detail). The results show that the in-
duced interaction still plays a unique role. Considering that recent
experimental observations have demonstrated that the unexpected
strong charge-transfer interactions arose from interfacial H-bonds
of C-H---O type [41], where the charge-transfer interactions are in-
cluded in the Ej,q, thus complex interaction systems such as in-
terfacial systems perhaps present the uncooperative effect. These
findings lead us to conclude that the E;,4 has significant implica-
tions for the failure of the prospect.

In addition, we also want to point out again that, as described
in the development process introduced in the introduction, this
work has a clear significance because intermolecular compression
has been used to characterize the cooperative effect of H-bonds.
The purpose of this paper is not to deny the cooperative effect,
but to find the failure boundary of cooperative effect characterized
by intermolecular compression in H-bonds. In other words, the co-
operative effect should be characterized by the mutual enhance-
ment of multiple H-bonds. Therefore, it will have important refer-
ence value for the future related research.

In summary, our work provides a failure boundary for char-
acterizing cooperative effect of hydrogen bonds by intermolecu-
lar compression. The high-precision ab initio calculations show
that the intermolecular H-bonded systems with different D and A
atoms (D # A) reproduce the structural changes predicted by well-
known cooperative effect through intermolecular compression. By
comparison, there is a failure to characterize the cooperative effect
by intermolecular compression when D and A are the same (D=A).
And if the intermolecular compression is still considered, the un-
cooperative effect should be proposed. Further analysis suggests
that the boundary of the failure can be quantitatively distinguished
by the binding energy and CVB index. Accordingly, considering
that the intermolecular interaction in the general non-H-bonded
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interaction systems is weaker, we predict that these systems re-
flect uncooperative characteristics, and confirm this conclusion by
high-precision ab initio calculations. Despite our work focused on
intermolecular H-bonding interactions, it will once again draw at-
tention to the cooperative effect in complex multiple H-bonded
systems. These findings will provide an essential reference for the
future study of more complex intermolecular interactions and its
calculation methods.
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