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Abstract

The eleven monohydrates of 1, 2, 3, 4-tetrahydroisoquinoline (THIQ) are analyzed through natural bond orbital (NBO)
analysis and QTAIM methods employing M06-2X functional in DFT and MP2 methods. Here, the role of OH bonds as an
acceptor and donor is critically analyzed. The role of lone pairs of O is critically monitored in two of the complexes, where
N-H:--O hydrogen bonds are present. The relative contributions of rehybridisation and hyperconjugation are compared in
detail. Popelier criteria are satisfied in all the complexes barring a few exceptions involving weak hydrogen bonds. At the bond
critical points (BCP), four monohydrates show higher values of electron density (p.-) and negative values of total electron
energy density (H.), while Laplacian (V2 pc) remains positive. These complexes satisfy the criteria of partial covalency. All
these are O—H:--N-type bonds. Remaining h-bonds are weaker in nature. These are also confirmed by the smaller values of
pc at the respective BCP. The variation of potential energy density (V) among the complexes seems to be the most important
factor in determining the nature of non-covalent interactions.

Keywords Ab-initio calculations - 1,2,3,4 tetrahydroisoquinoline-water complex - Potential energy surface - Non-covalent
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Introduction

Various kinds of non-covalent interactions play a major role in
controlling a multitude of physical and chemical phenomena.
The covalent interactions are conventionally represented by
Lewis structures [1], which most of us experienced in our high
school texts. Weaker non-covalent interactions on the other hand
might arise from a variety of sources. Dispersion, dipole—dipole
interactions, steric repulsions, and hydrogen bondings are a
few of the prominent ones. The classic review by Kolman [2]
discusses these parameters in great detail. Dispersive interac-
tions play an important role from a wide range of microscopic
to macroscopic phenomena. This weak attractive interaction is
responsible for the “physiosorption” of gases in solids and is an
important marker for characterizing bulk solids to nanomaterials
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[3]. This interaction is also responsible in explaining the adhe-
sion of lizards on various surfaces [4] increasing its importance,
although this is a weak interaction in nature. Dipole—dipole
interactions are comparatively stronger than the dispersive
ones, but among the non-covalent interactions, hydrogen bond-
ing had stolen the limelight for the last few decades. Its variety
and the range of applications from the microscopic world [5] to
the extreme environments in interstellar media [6] continue to
fascinate scientists and people in general.

On the per-atom basis, hydrogen bonding is the strong-
est among all the non-covalent interactions. The structure
of proteins [7] and DNA [8] can only be explained by this
non-covalent interaction. The hydrogen bonding is defined as
X—H:-"Y, where the hydrogen atom (H) is placed in between
the two electronegative atoms (X and Y). Y atom should have
one or multiple lone pairs or appropriate electron distribution
to form the H:*-Y bond. This bonding involves the physical
transfer of electronic charge from the lone pair of Y atom
(Lewis base) to the o * orbital of the X—H bond (Lewis acid)
changing the atomic characteristics of the individual atoms on
the formation of the bond. One may also view this as a transfer
of a proton from a hydrogen bond donor (X) to the acceptor
(Y) site. Since the bonding characteristics of the H atom are
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different with these two atoms X and Y, even if X and Y
are identical, we will observe some interesting phenomenon.
The problem of understanding the non-covalent interactions
becomes complicated if there are multiple sites of hydrogen
bonding, mainly with the variation of Y. The strength of
hydrogen bonding can vary over a large range with the vari-
ation of atomic properties of X and Y and also the neighbor-
hoods of them. Numerous reviews [9-14] dealing with and
comparing the strength of this h-bonding are available. The
strength is also connected with the directionality of this bond
mainly defined by the angle «XHY. The more linearity in
orientation favors the strongest bonds. The covalency of the
strongest of the hydrogen bonds arouses a lot of interest [9].
The nature of hydrogen bonds (HB) can be explored from
various perspectives. Mere comparison of binding energies
might not be the best idea to get hold of the problem. Natu-
ral bond orbital (NBO) analysis [15] deals with the wave-
functions of the optimized structures having HBs. It pictori-
ally shows the different molecular orbitals involved in the
intramolecular or intermolecular hydrogen bonding. This is
mainly done in following ny — oy« orbital overlap energy.
The beauty of this analysis is one can follow all the bonds of
the participating molecules individually to understand how
this bonding affects even those regions of a molecule which
are not directly involved in this non-covalent interaction. One
can also follow the characteristics of the atoms taking part
in this bonding in an elegant way. This paved the way for a
facile observation of charge transfer and the formation and
breaking of hydrogen bonds. This analysis also gives us the
changes occurring in the hybridization characteristics in the
hydrogen bond donor during the whole process. A number of
problems were successfully solved by this analysis [16—18].
Quantum Theory of Atoms in Molecules [QTAIM] [9,
18-21] is another approach which provides us with geometri-
cal, topological, and energetic characteristics of various kinds
of hydrogen bonds [22, 23]. According to this theory [18, 19],
nuclei are considered as attractors defined as the gradient vec-
tor field of charge distributions. These are denoted as (3,—3)
critical points having maxima of charge density. An atom is
looked upon as a union of an attractor (nucleus) and its associ-
ated basin (electron density distribution). Here, the electron
density (p) is plotted in the region occupied by the atoms in
the molecules; consequently one can visualize the bond path
connecting the atoms. At the bond critical point (BCP) Hessian
matrix of the charge density has two negative and one positive
eigenvalues. These are denoted as (3,— 1). At these points, Vp
vanishes. The respective value of p at these points is termed p.
Similarly, for a ring, we get ring critical points (RCP) denoted
as (3,4 1). The nature of the bonds is characterized by the val-
ues of p and its second derivative or Laplacian (V?p). The cor-
responding eigenvalues of the Hessian matrix and the sign of
Laplacian indicate the nature of the non-covalent interactions
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[9]. For non-covalent interactions between two atoms, if the
electron density reduces in the interatomic region, Laplacian
will be positive which indicates dipole—dipole, van der Waals,
and conventional hydrogen bonds in general. But, if Laplacian
becomes negative, it hints at an accumulation of charges and
consequent electron density in that region. It implies sharing
of electron charges and points to a covalent nature of the corre-
sponding non-covalent interaction [9]. It needs to be mentioned
that the characteristics of energy at the BCP are connected with
the Laplacian through the following relations:

He= Ge + Ve

where Hc, G, and V- are the total electron energy density,
the kinetic electron energy density, and the potential elec-
tron energy density, respectively. Here, G is always positive
and V(. is negative, making the sign and value of H. as an
indicator of the nature of bonding. Strong hydrogen bonds
are characterized by positive values of V2p. and negative
values of H. When both of them appear with positive values
then it is a moderate to weak h-bonding [9]. On the other
hand, extreme negative values of both V2p. and H indicate
very strong hydrogen bonding. This can also be looked at as
h-bonding with covalent characteristics [9]. According to the
AIM approach, the topological criteria for the existence of
hydrogen bonding were put forward by Popelier [24]. These
criteria include (i) the correct topological pattern for bond
path and BCP, (ii) a relatively high value ( 0.002-0.034 a.u.)
of py vy (at the H atom of the H--Y hydrogen bond) at the
BCP, (iii) V?py_y should be within the range 0.024-0.139
a.u. at BCP, (iv) the formation of hydrogen bonding will be
revealed by the mutual penetration of H atom and acceptor
atoms, (v) evidence of loss of charge on H atom on hydrogen
bond formation, (vi) destabilization in the energy of H atom
on bonding, (vii) decrease in dipolar polarization of H atom
on the formation of cluster, and (viii) decrease in the volume
of hydrogen atom due to intermolecular interaction.

THIQ
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In this paper, we will find out the non-covalent inter-
molecular interactions present in the monohydrated
complexes of 1, 2, 3, 4-tetrahydroisoquinoline (THIQ).
TA, TE, and BA are the conformers of bare THIQ
molecule [25], where T stands for “twisted” and B for
“bent” conformations of the saturated ring. “Axial” and
“Equatorial” orientations of the NH bonds in the above
conformations are indicated by A and E, respectively.
Recently, we explored the different conformations of
the THIQ:(H,O) [26] and THIQ: (NH;) [27] complexes
in S;. We also succeeded in reassigning the IR-UV and
UV-UV double resonance spectra [28] of the monohy-
drated complex [25]. Bare THIQ poses different con-
formations in S,;. TA and TE are the two close-lying
structures [25, 29] in S;,. There is some ambiguity [25]
in the determination of the global minimum in S,. But,
when conformer selective water complexes were stud-
ied [28], it is unambiguously observed and corroborated
experimentally that the monohydrates with the twisted
equatorial (TE) configuration of THIQ are the global
minimum. The other close-lying monohydrated com-
plex with the twisted axial (TA) conformer lies about
200 cm™! higher than the corresponding complex in the
TE form. In the former, both the OH bonds of water
participate in the h-bonding as O-H:-*N and O-H:-'=#
type,while in the latter O—H---N type is only present.
Although the H bond length is not shorter in the TE
form, the overall contribution from the two HBs energet-
ically separates the conformer selective water complexes
and (THIQ) p,: (H,0) becomes the global minimum in
the potential energy surface (PES) [26] of the cluster
study. Apart from TE and TA forms, the bare THIQ [25]
also shows a bent conformation of the saturated ring in
the axial configuration of the N atom, termed as bent
axial (BA) form. This is located about 700 cm™! higher
in energy. The other bent form bent equatorial (BE) is
interestingly a transition state (TS) in the bare mole-
cule [25]. In monohydrates of THIQ, the BE conformer
forms the complex with the largest binding energy [26],
even larger than the TE and TA forms. This raises a
lot of questions and we feel it necessary to distinguish
the nature of hydrogen bonding on the basis of QTAIM
theory to enquire about the possibility of covalency
[9] in any of the conformer selective monohydrates of
THIQ. We also observed that the behavior of the two OH
bonds in the complexes was different. Out of the two OH
bonds of water, the one not participating in the H bond-
ing behaves quite differently from the participating one
in the TE conformer of THIQ. As, we focused mainly on
the identification of different conformers and reassign-
ing the vibrational spectrum in our earlier work, here
we will try to explore these monohydrated complexes
in greater detail.

The questions this paper will try to address are:

1. Is there any of the monohydrates of THIQ that show
covalency character as classified by QTAIM computa-
tions and aptly described by Grabowski et al. [22]?

2. Do all the monohydrates follow the criteria proposed by
Popelier [24]?

3. Inour earlier article [26] we observed a difference in the
behavior of two OH bonds of water on hydrogen bond-
ing. Will the behavior of free (not participating in hydro-
gen bonding) OH bonds remains identical irrespective
of the behavior of the O atom as an acceptor or donor of
H bonds?

4. Does the hydrogen bonding behavior change identically
as that observed [26] in TA and TE forms of THIQ when
the role of donor and acceptors are interchanged?

5. How far can we distinguish different kinds of hydrogen
bonding interactions on the basis of different properties
at BCP?

Computational methods

We will use both Density Functional theory (DFT) [30]
as well as 2nd order Moller—Plesset perturbation theory,
MP2 [31] methods. Within the DFT framework, M06-2X
functional [32] will be utilized here for describing these
non-covalent interactions. The suitability of this func-
tional over other functionals in these types of cases was
well documented and also observed in our earlier works
[26]. The basis set 6-311G + + (2d, 3p) [33] is used in
both these methods. All the different structures of these
complexes are computed in Gaussian 09 [34] suits of the
program. The wavefunctions of different optimized com-
plexes were used in natural bond orbital (NBO) analy-
ses. This is achieved through NBO 3.1 associated with
Gaussian09. AIM analysis has been done with the help of
Multiwfn [35].

Results and discussions

In our previous work, [26] we observed 11 distinct mono-
hydrated complexes of THIQ. There are multiple centers
of h-bondings in THIQ. We had classified [26] these dif-
ferent HBs according to the primary HB centers. There are
three different types of HBs where the primary HB cent-
ers are—(a) O—H:--N, (b) N-H---O, and (c) O-H:--n. Apart
from these primary centers, we observed secondary HBs in
some of the complexes. The nomenclature of the different
complexes will remain identical as earlier [26]. Respective
monohydrates for TE conformation of THIQ were coined as
TEW1a, TEW1b, TEW Ic, and respectively so for TA, BA,
and BE conformers of bare THIQ.
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Fig. 1 The important complexes
of THIQ: H,0 a TAW1b, b
BAWI1Db, ¢c TEWla, and d

TAW 1a. Computations are
performed at M06-2X/aug-cc-
pVDZ level of theory

Fig.2 Correlations of charge
transfer, change in O-H bond
length, and the change of
s-character (%) of O-H bond
at O due to np/mc c— 6% o g,
interactions with O---H-N
H-bond length of two com-
plexes a TAW1b and b BAW1b.
The vertical line indicates the
H-bond length at the equilib-
rium geometry and horizontal
lines indicate % of s-character
and O-H bond length of bare
H,0. Computations are per-
formed with M06-2X/aug-cc-
pVDZ level

NBO analysis

The different intra- and intermolecular interactions within a
pair of covalent bonds (A-H---X-B) related through hydrogen
bonding were conveniently probed by NBO analysis [18].
Here the X usually has one or multiple lone pairs. This is
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an important analytical tool for understanding non-covalent
interactions. This analysis assesses the relative contribution

of two different factors involved in hydrogen bonding—- (i)
hyperconjugation following the electronic charge trans-
fer (Qcr) from the filled lone pair orbitals (ny) in X to the
empty anti-bonding orbital (¢ AH*) of the HB donor (A-H)
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Table 1 Comparison of the change of NBO charges (a.u), bond lengths (A), and angle (degree) of involved atoms due to the formation of
H-bond from its bare molecules for all the monohydrates of THIQ. Computations are performed at M06-2X/aug-cc-pVDZ level of theory

Complexes Change of O-H, Change of O-H, Change of Change of Change of charge at O Change of
charge at H, charge at Hy H,-O-H,
angle
TEWla 0.01229 0.00102 0.01600 —0.00432 —0.03539 —0.785
TAWla 0.01606 —0.00167 0.02278 —0.00307 —0.04946 1.186
BAWIla 0.01671 -0.00167 0.02401 —0.00285 —0.05066 1.183
BAWIa"* 0.01665 —0.00169 0.02466 —0.00033 —0.05104 1.363
BEWla 0.01360 0.00097 0.01792 —0.00513 —0.03767 -0.722
TEW1b 0.00082 0.00042 0.01023 0.00878 —0.01228 0.469
TAW1b 0.00400 0.00035 0.01574 0.01040 —0.02079 0.653
BAWI1b 0.00437 0.00021 0.01546 0.00966 —0.01943 0.519
TEWlc 0.00256 0.00134 0.00322 0.00123 —0.00464 —2.136
TAWIc 0.00301 0.00070 0.00427 0.00220 —0.00596 —1.790
BAWIlc 0.00217 0.00154 0.00285 0.00192 —0.00439 —2.054

and (ii) rehybridization depicting the change in hybridization
characteristics in the donor. In our previous publication on
this complex [26], we analyzed the NBOs in the two low-
est energy complexes, TEW1la and TAW1a only. It is to be
noted that both the studied complexes are of “a” type, where
O-H---N is the primary HB. Hyperconjugation was the pre-
dominant mechanism. The behavior of individual OH bonds
of water was thoroughly probed. If any of the two OH bonds
of water remains “free” (non-participation in h-bonding),
it behaved differently from the other one. The former OH
bond was found to shorten on HB. It was observed only
in the TAW1la complex. We also looked at bond-specific
non-covalent interactions in those complexes. We observed
that energy associated with NBO (Eypq) accounts for this
quite well.

Apart from the above-mentioned two complexes, we
found that TAW1b, TAW1c, TEW1b, BAW1a, and BAW1b
complexes have at least one “free” OH bond in water. We
will study these in greater detail and try to verify and con-
clude on the behavior of “free” OH bonds in the monohy-
drates of THIQ. The bonded H atom in water is termed H,
and the “free” one H,. Some common features observed
earlier in TAW1a and TEW1a complexes were —(i) The
O-H, bond length (BL) decreases when Hj, is free, (ii) the
O-H, BL increases in all cases including the case when Hy
is not “free”, and (iii) charges on H, (when free) increases
and Hy, decreases on complexation. The changes were more
pronounced in TAW 1a than TEW 1a, (iv) Charge on O atom
decreases and the change was more in TAW 1a. In both these
complexes, the OH bonds behave as HB donor while N lone
pair as acceptor. But within the above-mentioned complexes,
TAW1b, BAWI1b, and TEW1b complexes show N-H:--O
type h-bond signifying the reversal of the role of N and O
atoms in this HB. Then, NH bond will behave as a donor and
lone pair of O atom as HB acceptor. The C-H:--O bonds are

weakest among all the h-bonds here and we left out those
complexes where they appear as a primary or secondary
HBs. Since BAW1a and BAW 1a" bear the same signature of
H bonding as TAW 1a, we will leave them out of this discus-
sion here. Similarly, TEW1a has its identical counterparts
as BEWla, TEWlc, and BAW1c and we will not explore
the behavior of OH bonds in these complexes. Consider-
ing all these aspects we will thoroughly investigate the HBs
in TAW1b and BAW1b only shown in Fig. 1 computed at
MO06-2X/aug-cc-pVDZ level. Corresponding results with
MO06-2X/6-311+ + G (2d, 3p) level and respective coor-
dinates are given in figures. F1 and F2 respectively in the
supplementary file. Consistency in the results is noteworthy.

In both cases, the primary HB is N-H:--O type [26] as
clearly evident from the values of equilibrium H-bond
lengths. In both TAW 1b and BAW 1b, there is an additional
O-H:--n bond. We follow both the O—H bonds in these two
complexes as we vary the N-H---O bond lengths. The H:--O
hydrogen bond lengths are varied from a value smaller than
the equilibrium bond lengths and extended up to the point
where H-bond disappears. We also closely watch the lone
pairs on the O atom, whether they are forming any new H
bonds or not. The change in the s-character of the O atom
on h-bonding is also calculated to ascertain which interac-
tion among rehybridization and hyperconjugation dominates
here. These plots are shown in Fig. 2.

Figure 2 shows the variation of O---H-N hydrogen bond
lengths in TAW1b and BAW1b complexes over a range
of 1.50 A to 3.50 A. The corresponding equilibrium bond
lengths are around 2.30 A. Due to hyperconjugative interac-
tion electronic charge is transferred to the N-H bond from O.
On the other hand, weak O—H:--x bond signifies a transfer of
charge from & electrons to an O—-H bond. So, some competi-
tive processes are going on here as we change the O---H-N
bond lengths. In TAW1a and TEW 1a, NH bonds do not form
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any h-bonds with lone pairs of O atom. So, charge transfer
from O was not feasible [26].

For TAW1b (Fig. la), as the N-H---:O bond length
is increased the charge transfer to the N-H bond also
decreases, consequently, the charge on O decreases and
charge on N increases from the equilibrium value. Interest-
ingly with this increase in this BL, O-H,---x bond length
decreases and charge is transferred to O-H, bond. So, after
the initial decrease charge on the O atom increases.

Change of charges (AQ) at H, and H, is decreasing con-
tinuously with the increase of N-H--O length, but the rate of
change is different. Sudden change of charge at H, and O is
observed close to 3.40 A. This is due to the development of
a weak C2-H---O bond with the increase of H:--O BL. This
effect is prominently observed in O-H, bonds signifying the
difference in H, and H, atoms. Consequently, hybridization
character changes. The change in % of the s-character at O
and its charge changes consistently. In case of the N—H bond,
the s-character at N continuously decreases which is natural
as the h-bond length increases. The % of the s-character
at the electronegative atom involving HB should decrease
according to Bent’s rule [36].

In BAW1b (Fig. 1b), similar phenomena are observed
apart from some sudden change. With the increase in
N-H-:--O bond lengths, water shifts more towards the pi-
electron cloud, and the C2-H---O bond is formed much more

easily than in TAW1b. O-H, increases more than O-H, when
N-H---O is about 2.10 A as it comes closer to m-electrons
cloud and the orientation of H,O changes. As N-H---O is
shifted to a BL around 3.20 A, H,0 is shifted towards C2-H
and C2-H---O HB is formed. Interestingly, as the shifts pro-
gress the O-H, shifts to the side of the benzene ring, and
O-H,--m become more prominent than O-H,---x which was
more in earlier case. All these things are clearly and consist-
ently indicated by the change of charge, O-H lengths, and
% of s-character.

In “a” type complexes (e.g., TAW1a and TEW1a), OH
bonds acted [26] as HB donors, while in “b” type one like
TAW1b and BAW1b these bonds act both as a donor and
acceptor. The relative strength of HBs changes with the type
of complex formed. With the increase in N-H---O BLs the
O-H, bonds showed an increase in the “a” types [26], while
this is not observed here. The involvement of that bond at
higher N-H---O BLs might also be a reason to be probed
later. The different kind of trend is also observed for “a”
and “b” types of complexes in the changes in charges (AQ)
over H, and Hy atoms. AQ and change in % s-character at
O atom in “a” type complexes were discussed [26] in detail
and it was concluded that hyperconjugation predominates
rehybridisation. Here, in these “b” type complexes AQ over
both the H atoms decrease with the increase in N-H:--O
BLs, but as O-H bond length decreases % of s-character at

Table 2 The NBOs which are

involved in hydrogen bonding ;2?5:52:8/ Interacting orbitals Exgo Z&t oof/ Ii}—character Bond polarization Qcr
interactions in all monohydrates
of THIQ and their Eyp (keal/ TEWla Ny — 6% 0.1 10.27 27.92 76.33 ~0.0237
1), s-character, and bond *
mol), s-ct > ! Tcs.c10) = O™ (0-Hb) 0.34 22.79 74.07
polarization (%) associated TAW la ny— 0% o 1360 2859 76.83 ~0.0259
with O atom and corresponding N (O-Ha)
values of bare H,O molecule H,0 23.57 74.31
and total charge transfer (a.u). BAWla NN — 6% 0 1 14.25 28.66 76.88 —-0.0295
Analysis has been performed at BAWIa" ny— 0%, 13.76 28.60 76.86 -0.0267
M06-2Xaug-cc-pVDZ level N o
BEWla ny— 6% 0 1) 11.88 28.01 76.41 —-0.0249
Tco-c10) = O (0-Hb) 0.33 2222 74.05
TEWI1b N5 — 6% N 2.56 22.82(N) 70.99 0.0067
no—6*cp 0.01
TAW1b ng— 6% g 3.31 22.93(N) 70.67 0.0054
Tcs.c10) = O (0-Ha) 1.60 25.45 75.25
BAW1b no— 6% g 3.01 23.32(N) 70.91 0.0057
Tcs.c6) = O (0-mb) 1.09 25.51 75.23
TEWIc T c6.c7)— O (0-Hb) 0.72 24.01 74.54 0.0005
Tc8.c9)— O (0-Hb) 0.35 23.40 74.37
TAWIc Tcs-c10) ™ O (0-Hb) 0.74 24.46 74.66 -0.0002
ng—6*cp 0.23
BAWIc Tcs.c6) = O (0-Hb) 0.66 23.80 74.49 0.0004
Tco-c10) = O (0-Hb) 0.68 23.60 74.42
TE* 21.92(N) 69.68
TA* 21.80(N) 69.28
BA* 21.95(N) 69.44
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“Bare H,0 molecule. The first two rows are reproduced from Ref[26]
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Fig.3 Natural bond orbitals
displaying the overlap between
donor and acceptor orbitals of
TAW1b complex for a N-H---O
and b O-H---n hydrogen bond-
ing interactions. Corresponding
orbitals for the BAW1b complex
are in ¢ N-H---O and d O-H---x.
Analysis has been performed
with M06-2X/6-311+ +G (2d,
3p) level for an isovalue of 0.02

©

O increases. At 2.10 A in BAW1b complex, there is a change
in orientation of water molecules, which is displayed as a
sudden change in all the quantities in this complex. These
indicate that rehybridisation predominates hyperconjugation
in these complexes.

Table 1 lists the change in O-H, and O-H, bond lengths of
water for all the monohydrates of THIQ computed at M06-2X/
aug-cc-pVDZ level. The corresponding computations with
MO06-2X/6-311 G+ +(2d, 3p) are in Table T1 in the supplemen-
tary file. The results are quite consistent. These tables also contain
changes on NBO charges and the H,-O-H,, angles. Changes are
measured with respect to the values in bare water molecule. The
O-H, bond lengths always decreased for all “a” type complexes
when O-H, was free and O-H, forming strong O-H--N HB [26].
The H,-O-H, angles increase for all “a” and “b” types of com-
plexes other than two complexes [TEW 1a and BEW1a] where
a w-bond is associated with O—-H---N h-bond. These changes in
O-H, BLs and H,-O-H, angles in these complexes are quite dif-
ferent from other complexes. These changes are also reflected in
the atomic properties of involved individual atoms.

In these monohydrates of THIQ, we have lone pairs of
N/O atoms as well as & electron clouds of the unsaturated
rings interacting with various anti-bonding orbitals of the
O-H/N-H/C-H bonds. The interaction energy is measured
through Eyg(. It is calculated as a second-order perturbation
energy [18]. If we consider the lone pairs from the N atom
and the anti-bonding orbital (") of the OH bond, then it can
be expressed as.

x;&
9 9
(a)

“E! !)

J
9
(b)
& “d
J
J
(d)

. (Wy|Flws:)
Exgo(ny = 6y) = —-q—
ech - €I1N

where q is the donor orbital occupancy and generally con-
sidered to be close to two, F is the Fock operator and
€2, ande, are the energy eigenstates corresponding to the
molecular orbitals y,, of nitrogen atom and W, » respec-
tively. This expression is suitably applied for other combina-
tions of lone pairs and anti-bonding orbitals, respectively.
Complexes having multiple HBs will have multiple contribu-
tions. Table 2 lists the computed values of Eyg for all the
complexes detailing each individual contributions. This table
also includes bond polarization, the amount of charge trans-
fer, and values of the s-character of O atoms. According to
this table, the s-character of the O atom increases in the
respective complexes. Similarly, the s-character of the N
atom increases in the respective complexes, where N-H:--O
h-bonds are involved, which validates Bent’s rule [36].
Table T2 in the supplementary file computes these param-
eters with 6-311+ + G (2d, 3p) basis. Results remained
consistent as earlier.

If Exgo of these complexes is compared with binding
energies (BE) [26], a discernible pattern is noticed. The
maximum in both BE and Eypq appeared for “a” type of
complexes. But, among the complexes within this category,
the ones connected with the equatorial conformation of
THIQ have the highest value in BE which might be arising
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Fig.4 Molecular topography
analysis of THIQ: H,O com-
plexes as obtained from theo-
retical electron density. Bond
critical point and ring critical
point are denoted by orange dots
and yellow dots, respectively

from the multiple HBs associated with these kinds of struc-
tures. On the contrary, the axial conformations of bare mol-
ecule possess the highest values of Eyp. This might be due
to the shorter HB lengths in these complexes producing larg-
est amount of charge transfer.

The plots of the involved atomic orbitals in these two
complexes are shown in Fig. 3. The participating atomic
orbitals in TAW 1b cluster are shown in Figs. 3a and b. The
overlap is more pronounced in O-:-H HBs shown in Fig. 3a.
While a close look at the weak HB involving & electron
clouds of unsaturated ring displays the involvement of only
CS5 and C10 in TAW1b and C9 and C10 in BAW 1b. Charge
on both carbon atoms is found to decrease and the respec-
tive C—C BLs increase, as it is observed in O—H bonds in the
acceptor site for both complexes. The change of charges and
bond lengths are provided in Table T3 in the supplementary
material. The H-bond distances for this category will hence-
forth be measured from the midpoint of that specific C—C
bond of the ring. The respective plots in BAW1b complex

@ Springer

are shown in Fig. 3c and d, where the O atom simultaneously
acts as a donor as well as an acceptor.

AIM results

This approach is successfully applied in numerous prob-
lems [9, 19-21, 37] to recognize the topological features of
hydrogen bonding. In our earlier work [26] we had identified
the presence of single and multiple h-bonds in TAW 1a and
TEW 1a, respectively. Apart from computational works, the
IR-UV double resonance experiments [28] also amply show
a shift in NH stretching modes in these two complexes. The
analysis of the shifts [26] clearly indicated the presence of
additional hydrogen bonding in TEW1a cluster, which was
later confirmed as O—H:--x type. With this nice corrobora-
tion of our computational works, we are now in a position to
apply these works for the entire set of monohydrates. Earlier,
we had listed all the hydrogen bonds in all the complexes
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Table 3 N-H covalent and

H.-N non-covalent bond Complexes  Involved atoms ~ N-H(H--N)  p, V2p, Gc Ve Hc

lengths (both are in A) and TEWla N-H 1.0107 03505 —1.6447 00666 —0.5443  —04777

;ﬁgﬁiﬁerﬁfe‘ggggéziny O-H--N 1.9963 00272 00816 00198 —0.0193  0.0006
pe) at BCP, its Laplacian TAW1a N-H 1.0137 03476  —1.5990  0.0671 —0.5339  —0.4668
V2pc ) kinetic electron energy O-H---N 1.8960 0.0334  0.0938 0.0251 —0.0267 —0.0016
density (Gc), potential electron BAWIla N-H 1.0113 03512  —1.6443 00671 —0.5453 —0.4782
Z{‘gjﬁgfgi‘gyﬂ‘g;i?;‘i;loctfl O-H--N 1.8827 00344 00948  0.0258 —0.0279 —0.0021
(all are in a.u) for all THIQ: BAWIa*  N-H 1.0091 03524  —1.66 00677 —0.5504  —0.4827
H,0 complexes calculated at O-H--N 1.8942 0.0334 00966 00256 —0.0271 —0.0015
MO06-2X/6-311+ +G(2d.3p) BEWIa N-H 1.0091 03515 —1.6563 00649 —05491 —0.4816
level O-H--N 1.9590 0.0293  0.0867 00217 —0.0218  —0.0001
TEW1b N-H 1.0113 03511 —1.7000 0.0645 —0.5540  —0.4895

N-H--O 2.2757 00130 0.048 00105 —0.0089 0.0016
TAW1b N-H 1.0145 03475 —1.6510 00649 —0.5426 —0.4777

N-H--O 2.3383 00116  0.0407 0.0089  —0.0077  0.0012
BAW1b N-H 1.0130 03502 —1.6841 0.0650 —0.5512 —0.4861

N-H--O 2.4467 00119  0.0381 0.0085 —0.0074  0.0011
TEWIc N-H 1.0103 03506 —1.6324 0.0678 —0.5436 —0.4760
TAWlc N-H 1.0129 03476  —1.5856 0.0685 —0.5334  —0.4649
BAWIc N-H 10112 03509 —1.6288 0.0684 —0.5441 —0.4756

just from the optimized geometries of the quantum chemi-
cal computations. We were confident about the moderate to
strong h-bonds, but not so for the weak ones and particularly
those bonding with the & electron clouds of the unsaturated
ring of THIQ. So, it becomes necessary to extend our work
for all the complexes of THIQ to explore the quantitative
nature of all the hydrogen bonds. In this respect, the AIM
method comes handy and expects to ascertain our earlier
observations.

The topography of all the complexes is shown in Fig. 4.
The existence of multiple HBs is distinguished by the
presence of multiple BCPs and their respective associ-
ated parameters. In these cases, all the bond critical points
(3,—1) and ring critical points (3, + 1) are easily identifiable.
The O-H---x interactions are also identified in the respec-
tive complexes. The presence and location of BCPs indi-
cate the nature of this kind of intermolecular interactions
as hydrogen bonding. The values of electron density(pc),
its Laplacian(V2pc), total electron energy density (Hc),
kinetic electron energy density (G.), and potential electron
energy density (V) are shown in Table 3 for the H---N pair
of interatomic atoms for all the complexes. This include (i)
NH covalent bonds for N-H-:-O hydrogen bridges involv-
ing lone pair of O atom in the hydrogen bonding and (ii)
O-H:-N in hydrogen-bonded systems involving nitrogen
lone pair. Table 4 includes the corresponding values involv-
ing O---H pairs of atoms. In the case of covalent NH bonds,
shorter bond lengths in the range of 1.0091-1.0145 A a high
value of electron density at BCP along with negative values

of Laplacian are noted. In all the N-H and O-H bonds both
Hc and V?pc is negative, satisfying the ideas put forward
earlier. On the other hand, in all the hydrogen bonds V2p.
although remains positive, we find a difference in the nature
of H¢. Apart from the TEW1a cluster, in all other O-H---N
hydrogen bonds, H remains negative, indicating strong
hydrogen bonding. But H remains negative for all O-H---N
hydrogen bonds in MP2 computation. H-bonds remain weak
in all O-H---x bonds, confirmed by the positive nature of H.
One can also guess about the strength through the respec-
tive values of p.. Although TEW 1a is one of the most stable
monohydrates, its strength is enhanced through the presence
of an additional O—H:--x bond. Another interesting complex
is BEW1a. Although BE is a transition state in bare THIQ,
this complex has one of the largest binding energy among
all the monohydrates, making it somewhat special [26]. In
this case, O—H:---N h-bond length is slightly smaller than
TEW1a, which makes H negative through the increase of
pc- The variation of V2pc and H¢ with pc is shown in Fig. 5.
Strong and weak h-bonds are clearly separated out in this
plot. At a value of p- = 0.0285 we can observe a change
over from weak to strong h-bonding with the transforma-
tion of the sign of He. Considering primary bond lengths
only, p is linearly proportional to bond lengths. This can
also be inferred from Figure F3 in the supplementary file.
Here, we can assume that strong non-covalent interactions
are expected to appear for hydrogen bond lengths approxi-
mately shorter than 1.96 A. Lower than this value of BL as
well as the corresponding value of p-, H- becomes negative,
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Table4 O-H covalent and

H.-O non-covalent bond Complexes  Involved atoms  O-H(H--O) p, V2p, Gc Ve Hc

lengths (both are in A) and TEWla O-H, 0.9711 03590 —2.7944 00751 —0.8488 —0.7737
gﬁ;ﬁéﬁfgfggggg&zilw 0-H, 0.9597 03747 —2.8044 00826 —08663 —0.7837

pc) at BCP, its Laplacian O-Hy-m 3.14918 0.0071 00220 00047 —0.0038 0.0008
V2pc), kinetic electron energy  TAW1a O-H, 0.9748 03534 —27502 00747 —08369 —0.7623
density (Gc), potential electron O-H, 0.9576 03773 —2.8180 00842 —08729 —0.7887
Z{‘e‘fggfzgz‘gy(gg’s i;d(;;’gl BAWIa  OH, 0.97564 03523  —27403 00747 —0.8345 —0.7598
(all are in a.u) for all THIQ: 0-H, 0.95749 03775 —2.8196 00842 —08733 —0.7891
H,0 complexes calculated at BAWIa*  O-H, 0.97515 03531 —27445 00746 —08353 —0.7607
M06-2X/6-311 + +G(2d.3p) O-H, 0.95759 03772 —2.8253 00837 —0.8738 —0.7901
level BEWIla O-H, 097211 03578 —27792 00753 —08453 —0.7701
0-H, 0.95986 03746 —2.8069 00824 —08666 —0.7842

O-Hy-m 2.9470 00072 00226 00048 —0.0039  0.0009
TEW1b O-H, 0.9596 03755 —24667 00794 —08755 —0.7962

C-H,O 2.8657 0.0063 00254 00053 —0.0042 0.0011
O-H, 0.9591 03743 —2.8554 00791 —08721  —0.7929
TAW1b O-H, 0.9590 03688 —2.8496 00763 —08649 —0.7887
O-H, 0.9633 03756  —2.8547 00803 —08743 —0.7939

O-H, - 2.7059 00119 00404 00083 —0.0065 0.0018
BAWIb O-H, 0.96255 03712 —2.8302 00782 —08640 —0.7858
O-H, 0.96110 03732 —2.8299 00796 —08667 —0.7871

O-H, - 2.6238 00099 00325 00066 —0.0050 0.0016
TEWIc 0-H, 0.9615 03725 —2.8341 00791 —08667 —0.7876
O-H, 0.9603 03742  —2.8346 00802 —08691 —0.7889

O-H, - 2.5044 0.0087 00269 00056 —0.0046 0.0011

O-H, 2.7626 00075 00229 00049 —0.0040 0.0008
TAWIc 0-H, 0.9586 03754 —2.8372 00809 —08712 —0.7903
0-H, 0.9631 03715 —2.8337 00782 —08659 —0.7876

C-H,O 27248 0.0050 00195 00041 —0.0034 0.0007

O-H, 2.4598 00138 00474 00099 —0.0079  0.0020
BAWIc O-H, 0.9605 03741  —2.8394 00800 —08697 —0.7898
O-H, 0.9612 03730  —2.8327 00794 —08670 —0.7867

O-H, - 2.7581 0.0080  0.0248 00053 —0.0044 0.0009

O-Hy-n 2.6579 0.0083 00257 00054 —00045 0.0010

clearly indicating the predominance of V. over G. For fur-
ther verification of this statement, we plotted the different
(G¢ and V() contributions of H separately with p. in Fig. 6.
Comparing Figs. 5 and 6, we can clearly identify that both
V2pcandG show a linear variation with pc. He and Vi on
the other hand cannot be ascribed to a linear plot. H¢ in
particular shows a strong deviation in the weak h-bonds.
The negative values of H signify the accumulation of elec-
tron density in the inter-nuclear region displayed also by the
increase in the value ofp., which corresponds to the covalent
nature [9] of the respective non-covalent O—H:--N bonds. For
further verification and removing any doubts on the methods
of computations, we plot the same graphs with the AIM
outputs from MP2 computations. This is also included in
Figs. 5 and 6.

@ Springer

Some topological descriptors are shown in Table 5 com-

puted with the help of the DFT method. Corresponding
table with computations involving the MP2 method is in
Table T4 in the supplementary file. The core valence bifur-
cation (CVB) indices [38] for N-H---O bonded complexes
are positive and for O-H---N bonded complexes are negative
indicating stronger interaction in the latter case. The ratio
of —G/V at BCP for O-H---N bonded complexes ranges
between 0.5 and 1 indicating partial covalent character [39].
Exception is being the TEW 1a complex for computations
at the DFT level. On the other hand, this ratio strongly
correlates with the ordering of Eyp( of those bonds. Simi-
lar pattern is observed in H /p, ratio and more negative
value indicates the stronger h-bonding with more covalent
character.
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Fig.5 Variation of Laplacian (V?p,) and Total electron Energy Den-
sity (He) with electron density (p.) at Bond Critical Point (BCP)
for all the hydrogen-bonded monohydrates of THIQ. QTAIM com-
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Bond Critical Point (BCP) for all the hydrogen-bonded mono-

We want to know how the different interactions change
with the variation in BLs. TEW1a and TAW1b are consid-
ered where O-H---N, and N-H---O are the primary HBs. In
both cases, a weak O—H---w interaction is also present. Then
variations of HB bond lengths and associated bond angle as
well as Vzpc, Hc, G, and V- with p, at BCP of O-H---N and
N-H:--O h-bonds are presented in Fig. F3 in the supplemen-
tary file. Figure F4(a), (b), and (c) correspond to the strong
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putations are performed at a) M06-2X/6-3114+ +G (2d, 3p) and
b) MP2/6-311+ +G (2d, 3p) level of theory. All quantities are in
atomic units (a.u.)
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hydrates of THIQ. QTAIM computations are performed at (a)
M06-2X/6-311+ +G (2d, 3p) and (b) MP2/6-311+ +G (2d, 3p)
level of theory. All quantities are in atomic units (a.u.)

N-H---O and O-H---N interactions while Figure F4(d), (e),
and (f) for the weak O-H---& interactions.

Figure F4(a) shows that with the increase in p, the H-bond
length decreases rapidly for both types of interactions iden-
tically which might hint at identical strength in HBs in
TAW 1b and TEW 1a. But the bond angles show a large vari-
ation amongst the two different HBs, where the latter shows
more linearity in the participating atoms and amply indicates
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Table 5 Some important QTAIM topological descriptors other than
H to determine the covalency of primary hydrogen bonds of THIQ:
H,0 complexes calculated at M06-2X/ 6-311 + + G(2d,3p) level

Complexes H-Bond —-G/Ve H¢ /p. CVB (a.u)
BAWIla O-H--N 0.92501 —0.06072 —0.04273
TAW la O-H--N 0.94001 —0.04807 —0.03787
BAW la* O-H--N 0.94541 —0.04414 —0.03402
BEWIla O-H--N 0.99725 —0.00215 —0.02267
TEWla O-H--N 1.02958 0.02099 —0.01489
BAWIb N-H:---O 1.11476 0.07174 0.051759
TAW1b N-H--O 1.16282 0.10796 0.05212
TEW1b N-H---O 1.1861 0.12673 0.051247
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Electron energy densities (G, V. & H ) in a.u.

-0.6

Fig. 7 Variation of three electron energy densities ( G, Ve,
and — He) at BCP (in a.u) with the change of N-H/(N---H) length
(in A) of different complexes

the latter has a higher binding energy. Here, the variation
in bond angles provides a much clearer picture about their
differences in bond strength. Figure F4(b) indicates that
as the p, increases, the variation of V2p_ and H¢ becomes
prominent. The rate of change of V2p, with p, for N-H:--O
interaction is faster than that of O—H---N interaction. The
corresponding variation of H. with p, of N-H---O interac-
tion is slower than that of O-H---N interaction although H
became negative for approximately same value of p.. At a
lower value of p_, similar variation is observed for G and
V¢ given in Figure F4(c). But as p, increases the variation
of G- become much more than V. and the variation is faster
for N-H---O interaction for both cases.

The change h-bond length with the change of p, is greatly
affected by the n-bonding angle in the O—H---x interaction.
The change of V2p,, G and V. with p, are almost linear in
these types of HBs. But due to the formation of an additional
C2-H---O in the TAW1b complex, the O—H---n bond angle
changes and we find the change till p, = 0.0136 a.u. But the
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Fig.8 Variation of three electron energy densities (=== G, mmm V¢
and — Hc) at BCP (in a.u) with the change of O-H/(O---H) length
(in A) of different complexes

variation of H. is quite different for n-bond and it seems to
affect significantly with bond angle.

We also plot the variation of these energy densities (Gg,
V¢, and Hc) with all the NH and OH bond lengths includ-
ing covalent and non-covalent interactions in Figs. 7 and 8,
respectively. Here, covalent interactions are clearly identified
over the non-covalent interactions through the values of the
respective energies. A close look at the figures indicates that
NH covalent bonds are weaker than the OH covalent bonds.
On the contrary, if we consider non-covalent interactions
N---H bonds show larger strength than the O---H bonds. This
can also be concluded from the respective bond lengths as
shown in Table 3. We leave out the H---x bonds from this
discussion as it is much weaker than the above ones.

In AIM theory, the strength of hydrogen bonding is fur-
ther verified through the properties of hydrogen atoms in the
complexes. In this way, the different types of hydrogen bond-
ing were also identified [40] apart from the conventional
ones. The topological criteria for the existence of hydrogen
bonding were put forward by Popelier [24] which are already
stated earlier. The criteria (i) to (iii) are already verified in
the earlier discussions.

We computed the charges on hydrogen atoms in isolated
THIQ and water molecules and in the monohydrated com-
plexes by integrating the electron density in the appropriate
hydrogen atom regions partitioned by the AIM theory. All
these results are listed in Table TS in the supplementary mate-
rial. It shows clearly that the hydrogen nuclei are deshielded
on hydrogen bond formation. The amount of change ranges
between 0.030 and 0.052 a.u. in all the monohydrates for
O-H:--N and N-H---O type of HBs. This is consistent with
earlier studies on different hydrated complexes [40, 41]. The
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Fig. 9 Relationship between binding energy and a total electron den-
sity (p.), b total Laplacian of electron density (V2p,), at hydrogen
bonds critical points for all THIQ:H,O complexes. All computations

weak HBs involving pi electron clouds and C-H---O HBs
show some discrepancies. The range of change in the mag-
nitude of charge, first moment, volume, and energy depends
on the involvement of the hydrogen atom with the h-bond
acceptor. Similar variations were also observed in previous
studies on hydrogen-bonded complexes [40, 41]. This table
also includes the destabilization energy of the H atom. This
value ranges between 0.001 and 0.162 a.u. indicating the
changes in energy of H atoms participating in the complex
formation. Here, also the stronger HBs show consistent data,
but the weaker ones again show some unusual variations. The
dipolar polarization is measured by the first moment of H
atoms taking part in h-bonding. This table shows a decrease
in this value, verifying the validity of the seventh criterion
put forward by Popelier. In the same table, we also insert the
changes observed in the computed values of hydrogen atom
volume during the formation of complex from the values in
bare THIQ and in the monohydrates. Interestingly, this also
satisfies the criteria (vii), validating our earlier observations.
In all the cases some complexes belonging to the weaker HBs
show some discrepancies.

The strength of hydrogen bonds is also related through
electron density and its Laplacian [41-43]. In Fig. 9, the
sum of all the electron densities Xp and ZVzpC are plot-
ted with the corresponding BEs. The plots show a linear
relationship. The correlation coefficient is also shown in the
respective plots. The linear regressional analysis yields the
following relation. Binding energy =251.57 ). p. and Bind-
ing energy =82.87 Y V?p, for DFT computations and the
respective values for MP2 methods yield 217.29 )’ p, and
69.18 3 V2p,
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are performed with M06-2X/6-311+ +G(2d,3p) (black circle @)
and MP2/6-311 4 4+ G(2d,3p) (red circle @) basis sets

Conclusions

The intermolecular non-covalent interactions in all the
eleven monohydrates of THIQ are critically analyzed
in this article. We successfully identified a variety of
hydrogen bonds in the different complexes. The energy
densities in the different complexes were partitioned by
QTAIM approaches. Some of the hydrogen bonds show
partial covalent character through the negative values of
Hc as well as the ratio of -G/V.. All these are O-H---N
type. The value of H in the O-H:--N bond of TAW1a
has a value very close to zero. Corresponding value of
p. = 0.0285 and bond length of around 1.96 A may be con-
sidered as a turnover point to the partial covalent nature of
H-bonds and vice versa. Poppeliar criteria are found to be
satisfied in all the complexes. Although some of the weak
HBs show some inconsistencies, rehybridization is found
to be the dominant interaction in the “b” type complexes
rather than hyperconjugation to determine the change of
different properties of O-H, and O-H, bonds, Eyg, and
binding energies [26] are compared in all the complexes
and their dependence with conformations of bare mole-
cules are discussed. When an OH bond of water remained
free in a complex then its bond length decreases from its
value in bare water. This is observed in all cases when the
OH bond acts as an HB donor only.
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