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The H-bonding cooperativity effects in B-NQ (nitroguanidine)--C,F4--H,O ternary complex are investigated by the
B3LYP and MP2(full) methods with the 6-311++G(2df,2p) basis set. The thermodynamic cooperativity effects are
evaluated at 298.15 K. The result shows that C,F, can be used as a wastewater treatment agent for B-NQ. The influence of
the N-H-*O or O—H-'F H-bonding interaction on the N-H:--F interaction is more pronounced than that of the latter on the
former. The weak cooperativity effect appears in the linear complex while the notable anti-cooperativity effect is seen in the
cyclic system. The enthalpy change is the major factor driving the cooperativity. There is no obvious correlation between the
cooperativity effects evaluated by interaction energies and those from thermodynamic data. The complexation energies
(Eint) correlate well with the local minima of surface electrostatic potentials (Vs min) or internal charge separations (IT). AIM
(atom in molecule) analysis is used to reveal the nature of cooperativity effect. It can be inferred that the wastewater
treatment for explosives can be viewed as a cooperativity process of coexisting intermolecular interactions, and also a

thermodynamic cooperativity process.
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Surface electrostatic potential

Recently, the excessive synthesis, production and
application of explosives, as well as the wanton
discharge of explosive contaminated wastewaters
have caused serious water pollution in many parts of
the world'. Effective treatment of the explosive
wastewater has become an important and urgent issue
for a long time. In order to eliminate explosive
component from wastewater, one of the green,
feasible and effective schemes is to discover a
wastewater treatment agent, which conforms to two
basic features: on the one hand, form strong
intermolecular interaction with the explosive
molecule and on the other, the intermolecular
interaction between treatment agent and H,O should
be weak. Thus, due to the difference of the strengths
of intermolecular interactions, the explosive molecule
can be eliminated from the wastewater. The
effectiveness of this method has been confirmed for
about 20 years”. For example, by using the extractant
acetonitrile, multiple extractions were carried out to
quantify the residual TNT (2,4,6-trinitrotoluene) and
efficiency of each extraction stage for the TNT-
contaminated soil-aggregate mixture in aqueous
solution by the ultrasonic extraction methods’.
Ye et al.* found, after adsorption by resin, the acute
toxicity was greatly reduced for the explosive

wastewaters composed of dinitrotoluene sulfonates

with small amount of TNT, dinitrotoluene,
mononitrotoluene  and  other  derivatives  of
nitrobenzene.

From the perspective of the intermolecular force, in
the process of wastewater treatment, there are at least
three kinds of intermolecular interactions among
explosive, wastewater treatment agent and H,O.
Although the explosive component could be
eliminated from wastewater by the intermolecular
interaction between explosive and wastewater
treatment agent, other intermolecular interactions also
exist, i.e., the interaction between the explosive
molecule and H,O, and that between wastewater
treatment agent and H,O. It has been extensively
shown from many experimental and theoretical results
that the coexistence of the multiple intermolecular
interactions can lead to the cooperativity effect’ ™,
which may influence the intermolecular interaction
between the explosive and wastewater treatment
agent, and influence the wastewater treatment of
explosive. Therefore, in order to explore the physical
nature of wastewater treatment and eliminate
effectively explosive from wastewater, it is very
necessary to investigate the cooperativity effect in the
“explosive-wastewater treatment agent-H,O” system.
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According to Vijay et al.,” the cooperativity or anti-
cooperativity effect can occur when the coexisting
multiple noncovalent interactions in one system
mutually enhance or weaken each others’ strength. It
plays a crucial role in the separation and purification
of compounds, chemical reactions, molecular
aggregation and recognition, etc.'” The cooperativity
effect involving hydrogen bond (H-bond) is currently
a topic of wide ranging interest. A supramolecular
structure based on the cooperativity effect of
intermolecular C-H:--xr, C-H:--Br H-bonds and
Br-+-Br interactions was observed in the compound
[AsPh,Br; 5[ (Br3)++(Bry)-+(Br;)] by X-ray
crystallography''. Baké et al'* analyzed the
cooperativity effects involving the H-bonds in liquid
water by molecular dynamics simulations with the
help of network science, and pointed out that the
energetic criterion was much more rigorous and
reliable than the geometric criterion for the H-bonded
network of liquid water'?. Ahmed et al." evaluated
the effect of the bioisosteric replacement of a —C=0
group with a sulphonyl functionality on the
cooperativity between the H-bonds and hydrophobic
binding. The cooperativity effects involving
hydrogen/lithium/halogen bonds were calculated in
the XH;P" complexes with NCY (X = H, F, CN, NH,,
OH; Y = H, Li, F, Cl) by the MP2/aug-cc-pVTZ
method of theory'®. The role of substituents on
cooperativity between the N---HF and CH:--F
H-bonds in the ternary systems involving aromatic
azine were explored at the MP2/6-311++G(d,p) level.
Hammett constants were used to predict the
cooperativity effects’>. A combination of the
differential Raman spectrometrics and contact-angle
measurements confirmed the molecular-site-resolved
information regarding the O:H-O bond cooperativity
in aqueous solutions'®. McDowell undertook a
theoretical study of the cooperative effects between
the hydrogen-, halogen-, lithium- and beryllium-
bonded interactions in the H;P---YZ (YZ=HF, CIF,
LiF, BeH,) complexes at the MP2/6-311++G(3df,
3pd) level of theory, and found that the strong
cooperative effects led to the bond breakage of the
H-P and/or CI-F bonds'’. The interplay between
hydrogen bond and single-electron tetrel bond in the
H;C--COX,:--HY and H;C---CSX,---HY (X = F,
Cl; Y = CN, NC) complexes was invastigated at the
UMP2/aug-cc-pVTZ level of theory, and many-body
interaction energies were calculated'®. From the
atomic energy perspective, the cooperativity,

anti-cooperativity, and  non-cooperativity = were
analysed in the clusters of water, methanol, and
formaldehyde at the MP2/6-311++G(d,p) and
CCSD(T)/6 311++G(d,p) levels”. The progress in
understanding the phase diagram of water and ice from
the perspective of hydrogen bond (O:H—O) cooperative
relaxation by the interplaying theoretical prediction,
numerical computation, and phonon spectrometric
methods has been reviewed™. Tang er al.*' found that
the positive cooperativity involving the H-bonding
interactions was mainly attributed to the polarization
and dispersion energies in F,SiO---NCH---NCH but to
the polarization energy in F,CO---NCH:---NCH?'. A
spectroscopic and computational study of self-
association of 1, 2-cyclohexanediols indicated that the
H-bonding cooperativity played an important role in
the structure of oligomers™. The cooperative or
anticooperative character of the interrelation between
three types of interactions (H-bonding, halogen-
bonding and N--C interactions) was analysed”. The
experimental evidence of the cooperativity effects of
the H-bonding interactions in water molecules was
obtained from the broadband rotational spectroscopy®”.
The H-bonding cooperativity effects in cyclic and
ladder oligomers of cyanamide were studied in terms
of the H-bonding strength, energy per hydrogen bond,
excess energy and inter- and intra-molecular distances
as well as vibrational frequencies at B3LYP/aug-cc-pvdz
level”. A combined vibrational, energetic and NBO
(natural bond orbitals)/NEDA (natural energy
decomposition analysis) study on the amine—water
interaction revealed the origin of the effect of
H-bonding cooperativity®. Vijay et al.*’ reported the
obvious cooperativity effects between cationw
interaction and H-bonding interactions. Deya et al.>®
have also reported some experimental and theoretical
evidences of the cooperativity effects involving the
H-bonding interactions. Although there have been a
large number of experimental and theoretical works
devoted to the cooperativity effects involving the
H-bonds, however, to our knowledge, no theoretical
investigation into the H-bonding cooperativity effect
involving the process of wastewater treatment of
explosive has been presented.

From the intermolecular interaction point of view,
when the complexation energy (the difference in the
energy of complex and sum of the energies of
monomers) is larger than the sum of the individual
intermolecular interaction energies, the noncovalent
interactions act cooperatively, while the anti-
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cooperativity effect occurs when the former is weaker
than the latter. Besides the intermolecular interaction,
the cooperativity effect can also be evaluated by the
change of the thermodynamic data®™. The positive
cooperativity can be observed when the Gibbs’ free
energy of the overall binding is stronger than the
summation of the Gibbs’ free energies of binding of
individual interactions; the negative cooperativity
indicates that the change in Gibbs free energy of
binding is smaller than what could be achieved® *.
There have also been many studies that address the
enthalpic and entropic origin of the H-bonding
cooperativity>*®. For example, by experimental data,
Ksenia et al’’ found that the enthalpies of the
H-bonding interaction of amines in aliphatic alcohols
were lower than those in 1:1 amine—alcohol
complexes in base media, and the enthalpies of
H-bonding in multi-particle complexes were sensitive
to the influence of cooperative effect’’. Sedov et al.*®
investigated the Gibbs free energy of H-bonding of
aliphatic alcohols with liquid water at 298K by
experiment, and found that the strong cooperative
effects led to huge negative values of the Gibbs
energies. However, the formation of the second and
third H-bonds of an alcohol molecule with water was
much less favorable, accompanied by the
anti-cooperative effect’®. We have evaluated the
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thermodynamic ~ H-bonding  cooperativity  in
CI"-benzonitrile-*"H,O ternary complexes using the
B3LYP and MP2(full) methods with the
6-311++G(2d,p) and aug-cc-pVTZ basis sets™.

Nitroguanidine (NQ), one of the important high
energetic and insensitive explosives as propellant and
explosive charge component, has been extensively used
in civil and military activities. Unfortunately, NQ can
leach into the surface waters, and present an
environmental threat. The wastewater treatment for NQ
explosive is imperative. Although a suitable
wastewater treatment agent for NQ is not available at
present, polytetrafluoroethylene (see Fig. 1) is reported
to desensitize NQ explosive with the moderate
intermolecular interaction’®** as a nonpolar polymer
and bind to the polar H,O very weakly®. This implies
that if polytetrafluoroethylene is added into the
wastewater of NQ explosive, NQ will be extracted
from wastewater by the difference of intermolecular
interactions, and polytetrafluoroethylene could be used
as a wastewater treatment agent of NQ.

Nitroguanidine exists in two forms: o and J,
labeled a-NQ and B-NQ, respectively. -NQ is more
stable than 0-NQ and energetically lower by 28.16 kJ
/mol (corrected with zero point vibrational energy) at
the MP2/6-31G(d,p) level*. Therefore, only B-NQ
has been considered in this study. B-NQ contains two
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Fig. 1 — Polytetrafluoroethylene and the optimized geometries of seven ternary-system conformations at the B3LYP/6-311++G(2df,2p) level.
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—NH, groups and the —F,C—CF,— moiety is the
structural unit of polytetrafluoroethylene. Thus, in the
NQ complex with polytetrafluoroethylene
(or F,C=CF,), the N-H F intermolecular interaction
may be found. In the B-NQ C,F; H,O ternary system,
the N-H F, N-H O, O-H F and O-H O hydrogen
bonds may coexist, giving rise to the cooperativity
effect between them. Therefore, the p-NQ C, F4 HO
complex can serve as a model system to investigate
the cooperativity effect involving the H-bonding
interaction in the “explosive-wastewater treatment
agent-H,O”  system. Herein, the H-bonding
cooperativity effects in the B-NQ C,F; H,O ternary
complexes were investigated by quantum chemistry
theoretical method. The thermodynamic origin of
cooperativity effect were revealed. This investigation
will be useful to explore the physical nature of the
process of wastewater treatment, and further in
selecting the wastewater treatment agent for explosive
and eliminate effectively explosive from wastewater.

Methodology

All calculations were performed with Gaussian 03
programs”. The monomers and complexes were fully
optimized using the DFT-B3LYP method with the
6-311++G(2df,2p) basis set. The structures
corresponding to the minimum energy points at the
molecular energy hypersurface (NImag=0) were
obtained. Single point energy calculations were
carried out using the B3LYP and MP2(full) methods
with the 6-311++G(2df,2p) basis set.

For the binary system, the intermolecular
interaction energy (Eintp-NqQ...CoFg) > Eint(p-NQ...H,0) OF
Eintcpy m0) Wwas calculated by evaluating the
difference between the energy of complex and sum of
energies of individual monomers.

In the ternary system of
Eim.([#NQ.,‘.CzFA;) 5 Eint.(B—NQ4..4H20) or Eint.(C2F4H20 represent
the interaction energy between both the moieties
which directly interact with, i.e., it corresponds to the
B-NQ--CyF4, B-NQ--HyO or C,F4-H,O interaction
energy in the presence of H,O, C,F, or f-NQ (Eq. 1),

linear structure,

E,im.(AwB) = EA--~B~-C — EB--C — EA
or E’int.(B"'C) = EA-~~B~~-C — EA~--B - EC (1)

where A, B, or C refers to f-NQ, C,F4, or H,O. When
the value of E',. is larger than that of Ej., the
stabilization of binary complex is enhanced in the
presence of the third component, and thus the
cooperativity effects occur in ternary system.

E"wa-cy 1s defined as the through-space
interaction energy between both the moieties with
which they do not directly interact. It was calculated
at the ternary geometry by employing Eq. (2),

E"na-c) = E'ac — Ea — Eci ..(2)

where E's..c represents the total energy of the binary
framework (not be optimized) at the optimized ternary
geometry.

The cooperativity (E...,) was calculated as the
difference between the binding energy of ternary
complex (Eina--c) and the sum of all pair
interaction energies as given in Egs (3) or (4).

Ecoop. = Eint(a-B-0) ~Eint.(A-B) ~Eint. @) ~Lint(a-0)
for cyclic structure ...(3)

for linear system .4

where Eint.(A--~B~~-C) =FEp.p-c— Exn—Eg—Ec.

Except for E's..c in Eq. (2), all the energies at the
right side of equations correspond to the systems
optimized separately.

Results and Discussion

Binary system

The most stable binary complexes B-NQ C,F,4 (I, I
and III), B-NQ--H,O (A and B) and C,F, HO were
selected at the B3LYP/6-311++G(2df,2p) level (see
Supplementary Data, Fig. S1). All the binary
complexes have C; symmetry. The H F distances in
the N—H:-F—C contact are 2.444, 2.346, and 2.536 A
in I, 1I, and III at B3LYP/6-311++G(2df,2p) level,
respectively, which are close to the accepted H--F
H-bond distance, suggesting the formation of the
intermolecular N-H F H-bonding interaction. The
N-H--O H-bonding interaction is found in the
B-NQ--H,O system due to the short H---O distances
(1.963 and 2.189 A in A and B, respectively). The
O-H F H-bonding interaction is confirmed in C,F,
H,O with the H F distance of 2.236 A.

The intermolecular interaction energies in the
B-NQ--C,F4 complexes are in the range between —6.8
and —13.5 kJ/mol at the MP2(full)/6-311++G(2df,2p)
level (Supplementary Data, Fig. S1). The interaction
energies obtained at two levels of theory are in the
same order of II > III > I. As mentioned above, the
H-F distance in II is the shortest. The interaction
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energy in CyF,4-H,O is very weak (only —6.9 kJ/mol) at
the MP2(full)/6-311++G(2df,2p) level. The
intermolecular interactions between C,F, and B-NQ are
stronger than those between C,F; and H,O, and the
strongest interaction between C,F, and B-NQ is about
twice as large as that between C,F, and H,O is,
suggesting that C,F, can be used as a wastewater
treatment agent to remove B-NQ from wastewater. For
B-NQ--H,0, the conformation A is more stable than B
(-49.6 versus -37.2 kJ/mol at the MP2(full)/
6-311++G(2df,2p) level), is in agreement with the
increase of the N—H---O distances.

Ternary systems
Structure of ternary system

The optimizations of the complexes from H,O and
the B-NQ C,F, binary systems I, 11, and III result in three
((I-D)~1-3)), two (1I-1~2), two (III-1~2) ternary
complexes at the B3LYP/6-311++G(2df2p) level,
respectively (Fig. 1). The complexes I-1, 1-2, III-1 and
HI-2 can be regarded as linear structures, while the
complexes I-3, II-1 and II-2 can be described as cyclic,
in which three monomers are arranged in a ring with the
intermolecular H-bond between every two molecules.
Both the N-H---O and N-H:-F H-bonds coexist in the
ternary complexes I-1, II-1, III-1 and III-2. In I-2, I-3
and II-1, the coexistence of N-H-O and N-H-F
H-bonds are suggested. The O—H-*N H-bond between
the H atom of H,O and lone pair electrons of N atom in
I-1, II-1, 1I-2 and III-2 is confirmed by the short H---N
distances (no more than 2.1 A) and large second-order
perturbation delocalization interactions with the
E‘Z)LP(N)_,G*(H@) in the range of 27.8~39.5 kJ/mol based
on the natural bond orbital analysis® at the B3LYP/
6-311++G(2df,2p) level. In the complex of nitro
explosive, the intermolecular H-bond involving the
oxygen atom of the —-NO, group is often present’ .

INDIAN J CHEM, SEC A, FEBRUARY 2018

found in the title complex, or else the complexes with
it were more unstable than the title systems.

For the linear ternary complexes I-1, I-2, IlI-1 and
II-2, when compared to the corresponding binary
systems, some of the H-bonded distances are shortened
and some are elongated (Fig. 1 and Fig. S1), although
the changes are very slight. For example, the largest
difference of the N-H- F H-bonded distances between
the binary complex I and ternary system I-1 is not
more than 0.05 A. The intermolecular H-bonded
distance is almost unaffected when the third molecule
is added, suggesting that the cooperativity effect
might be weak in the linear ternary complexes.

However, when compared to the binary systems, in
the cyclic ternary complexes the changes in the
intermolecular H-bonded distances are notable. For
instance, the difference between the N-H--F
H-bonded distances of the binary complex II and
ternary system II-1 is up to 0.385 A. Furthermore,
most of the H-bonded distances are increased in
comparison with those in binary complexes. In
particular, some of the H-bonds are broken upon the
formation of ternary complexes. These results suggest
that the anti-cooperativity effect may be found in the
cyclic ternary complexes.

Interaction energy and cooperativity effect

Table 1 summarizes the intermolecular
interaction energies of ternary complexes using the
B3LYP and MP2(full) methods with the

6-311++G(2df,2p) basis set. There is an obvious
trend that the MP2(full) interaction energies are
more negative than the corresponding B3LYP
results, which is in agreement with those of
previous investigations™. It is well known that
B3LYP does not include dispersion energy, while
MP2(full) can predict reliable binding energies of

However, despite considerable efforts, it was not  the complexes. Therefore, in most cases, the
Table 1 — Interaction energy (E'yy", E". O Eiy, kJ/mol) and cooperativity energy (E.,,,., kI/mol) at the
B3LYP/6-311++G(2df,2p) and MP2(full)/6-311++G(2df,2p) (in parantheses) levels

System 'y (p-NQ--C2F4) E'in(pNQ-H20) E'inic2r4--120) E. Eint (p-NQ-C2F4--1120) Ecoop.
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
I-1 5.1 (-6.9) —41.3 (-50.1) 0.2 (-1.1) —46.0 (-58.6) -0.7 (-1.1)
I-2 -32.5(-38.6) 6.1 (-7.1) 0.2 (-0.9) —37.3 (-46.3) 0.1 (-1.3)
I-3 —6.4(-6.5) -33.0 (-35.1) ~5.5(-6.3) —38.7 (-51.7) 5.1(11.6)
1I-1 7.0 (-8.9) -36.8 (-37.0) -5.0 (-6.6) —47.8 (-57.5) 9.9 (12.5)
11-2 7.1 (-8.6) -36.9 (-39.2) -5.1(-5.9) —47.9 (-60.8) 9.7(9.2)
I-1 -8.0(-9.2) -32.9 (-38.6) -0.5(-1.3) —40.2 (-50.0) -0.3(-2.4)
1I-2 -7.2(-9.3) —41.7 (-51.0) —0.3 (-1.1) —48.0 (-61.1) -0.4 (-1.3)

*The computational method of E';,;. for the cyclic structure is similar to that for the linear structure.
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MP2(full) method will be used to predict the
cooperativity effect.

For the linear ternary-complexes I-1 and III-2, the
values of £’y g-Ng-cory) are slightly lower than those

of the corresponding B-NQ C,F4 complexes at the
B3LYP/6-311++G(2df,2p) level (Fig. 2 and Fig. S2).
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Except for the above cases, the values of
E'intpNg-CoF ) E'int-NQ-1,0) and E'iyi coF4-H,y0) 1 four
linear ternary-complexes I-1, 1-2, III-1 and III-2 are
all larger than those in the corresponding B-NQ--CyFy,
B-NQ-H,O and C,F4-H,O binary complexes at two
levels of theory. These results show that the N-H--'F,
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=0.0488 a.u.

Prep(ote-tis-Na-cs-n7-Hs--018)

pRCP(018—H19---N4—C6—NT—H5---O18)

s at B3LYP/6-311++G(2df,2p) level. (Contd.)
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(m-1)

Pacegit-Fig) = 00045 8.
Pacetr-u) = 00209 8.U.

'(;BCP(HE"'O‘IB) =0.0148 a.u.
v pHCp(Hs_,_Om) =0.0539 a.u.

=0.0152 a.u.

=0.0543 a.u.

=0.0043 a.u.
=0.0205a.u.
=0.0075 a.u.
)= 0.0332 a.u.

Paceiiio-ote)
vp
BCP(HIO-O8)
'[;RCF(OS-‘-C1&F14~-H11~‘03)
V Prop(03-C1a-Fia-Hit-03)
F;RCP(NT—CS—N&HW‘-'018wHBAN7]
¥ PRCP(NT-Ca-Na-H10- 018 HB-NT

(m-2)

Pecpi03--Fia) = 00050 2L
Pacp(03- i)~ 00239 L.
Pacrpt-fa) = 000528,
Y acrt- 14 = 002372
Pacea-Hig) = 002508,

pBCP(N4-»-H19) =0.0784au.
=0.0240 a.u.

=0.0846 a.u.

Paceys-omm)
Paceis-ore)
Prep(03-cro-fu-0) = 00048 2L

Prep(03-cla-Fu-03) = 002458,
=0.0047 a.u.

=0.0220 a.u.
=0.0109 a.u.
=0.0482 a.u.

Prep(o3-Fa-Ht--03)
pRCP(oa---F14---H11-~03)
pRCP(N4-C6-N7-H5---o1s-H19---N4)
pRCP(Nd—CB—NLHS'-*OWBervr-Nd)

Fig. 2 (Contd.) — AIM results of seven ternary systems at B3LYP/6-311++G(2df,2p) level.

N-H--O, O-HF H-bonding interactions are
strengthened upon the ternary-complex formations.
Thus, the possible cooperativity effects occur in the
linear ternary-complexes. However, similar to the
H-bonded distances, the changes of all the
interactions upon the formation of ternary systems are
very slight. For example, the difference of the
N-H F interactions between B-NQ H,O (III) and III-1
is only 0.1 kJ/mol at the MP2(full)/6-311++G(2df,2p)
level. This indicates that the cooperativity effect may
be weak. For three cyclic complexes I-3, II-1 and 1I-2,
the values of E'ngno-cyyr E'nu@No-m0) and
E'nicypy-np0) are all lower than those in the
corresponding  B-NQ--CoFy  B-NQ-H,O  and
C,F4+-H,O binary complexes at two levels of theory.
These results show that the N-H---F, N-H--O,

O-H-F H-bonding interactions are weakened upon
the cyclic ternary-complex formations. Thus, the
possible anti-cooperativity effects occurs in the cyclic
ternary-complexes.

When several noncovalent interactions coexist, it is
interesting to see how they influence each other. Hence,
the proportion of change of the interaction energy to the
corresponding value in binary system was investigated.
At the MP2(full)/6-311++G(2df,2p) level, for the
linear ternary complexes, the proportion of the
increment of N-H F interaction energy to Eiy.-Ng-CyFy)

(F[E nt.-NQCoF g Eint.(3-NQ-CoF )V Eint.(3-NQCoFy) 18 1O
more than 2.2%, and that of the N-H--O or O-H F H-
bonding energy to Ejn@-Ng--1,0) OF Eint.(CyF4-H,0) 1S also
very small, with the largest value of 1.61% or 2.90%
respectively. These results show that the strengths of
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the noncovalent interactions are almost not affected
by each other upon the formation of the linear ternary
complex, suggesting the weak cooperativity effect.
However, the influence between the H-bonding
interactions is remarkable upon the cyclic ternary-
complex formations, as can be shown from the larger
proportion of the decrement of the N-H--F, N-H---O
or O—H:-'F interaction energy in the ternary complex
to that of the corresponding binary system. For
example, the proportion is up to 36.3%, 29.2% or
14.5% for the N-H-F, N-H--O or O-H-F
H-bonding interaction, suggesting the large
cooperativity effect. These results show that the
N-H:--F H-bonding interaction is changed more
remarkable than the N-H O or O-H F H-bonding
interaction upon the ternary-complex formation. In
other words, the influence of the N-H---O or O-H F
H-bonding interaction on the N-H-F interaction is
more pronounced than that of the N-H---F interaction
on the N-H--O or O-H F interaction upon the cyclic
ternary-complex formations.

Table 1 shows that at two levels of theory, the
linear ternary systems have the negative E.,,, values,
while the values of cooperativity effect are positive in
the cyclic complexes. Thus, the cooperativity effects
occur in the linear structures, while the cyclic
complex suffers the anti-cooperativity effect, as is
consistent with the analysis of structure and energy.
The cooperativity effects are weak while the
anti-cooperativity — effects are large. At the
MP2(full)/6-311++G(2df,2p) level, the values of
cooperativity effect are in the range of —1.1 and
—2.4 kJ/mol. In the cyclic complexes, they are within
a range of 9.2 to 12.5 kJ/mol. In the previous
investigations, the values of the cooperativity effect in
acetonitrile trimer were found to be in the range
of —0.33 to -3.76 kJ/mol at the MP2/6-311G* level®,
and those in F;CCI(Br)-"NCH(CNH)--HMgH
complex were within a range of —1.02 to —2.31 kJ/mol
at MP2/cc-pVTZ level®.

At two levels of theory, in most cases, the
complexation energies of three cyclic ternary
complexes are stronger than four linear complexes,
indicating that the stability of the cyclic structure with
the anti-cooperativity effect is higher than that of the
linear structure with the cooperativity effect, as was
also found in our previous investigations”. Note that
there is no notable correlation between the
cooperativity effects and stabilities™” °'. The number
of H-bonds in cyclic ternary complex is more than

that of linear structure. This is perhas one of reasons
that the cyclic system is more stable than the linear
complex. The cooperativity/anti-cooperativity reveals
how the noncovalent interactions influence each
other. It is mainly attributed to the induced
polarization®® and charge transfer”® in each subunit.
The favourable polarization and charge transfer can
lead to the strengthened intermolecular interaction
formed between/among subunits, accompanied by the
cooperativity  effect. On the contrary, the
unfavourable polarization and charge transfer can lead
to the weakened intermolecular interaction with the
anti-cooperativity effect™.

Based on above discussion, it can be inferred from
the perspective of intermolecular force that the
wastewater treatment for explosive can be as a
process in which the coexisted intermolecular
interactions mutually influence each others. In this
process, the cooperativity effect plays an important
role. When the cooperativity effect leads to an
enhanced intermolecular interaction between the
wastewater treatment agent and explosive, and
simultaneously a weakened interaction between H,O
and explosive or wastewater treatment agent, the
purpose of the wastewater treatment will be achieved.

Thermodynamic origin of cooperativity

As mentioned above, one of the aims in this
work is to find out a wastewater treatment agent
that can take P-NQ out of wastewater. Thus, the
ternary complex C,F4---B-NQ---H,O can be regarded
as the initial formation of the binary B-NQ--H,O
complex followed by addition of C,F4, i.e.,
wastewater treatment agent C,F, binding to the
explosive B-NQ in the presence of H,O. In order to
further examine the origin of cooperativity effect of
this process, the thermodynamic cooperativity was
investigated by the statistical thermodynamic
method at 298.15 K. According to James et al.**,
the values of AG,,,, (Gibbs’ free energy change of
cooperative effect), AAH (enthalpic contribution of
cooperative  effect) and —TAAS (entropic
contribution of cooperative effect) were calculated
at the B3LYP/6-311++G(2df,2p) level as follows:

AG o = AG(cr, png-11,00 ~ A0 ng-1,0)

AAH = AH AH

5FyB-NQ--H,0) (B-NQ---H,0)

—-TAAS = (_TAS(CZF4---B—NQ---HZO)) - (_TAS(B—NQ---HZO))
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where the values of AG, AH, and AS of the binary or
ternary system were calculated as the difference
between the thermodynamical quantities of complex
and individual monomers. The results of AG.,,,, AAH
and —TAAS are presented in Table 2. AG.,p < 0
indicates thermodynamical cooperativity effect, i.e.,
the ligand is bound more strongly®’. AAH < 0 or
—TAAS < 0 mean the favorable enthalpic or entropic
contribution to cooperativity effect™.

Except for I-2, the values of AG,,,,. are negative in
the ternary systems, showing the thermodynamic
cooperativity effects (Table 2). This indicates that
C,F, binding to B-NQ is easier to take place in the
presence of H,O. For example, from the binding
constant K coop. (AGeoop= fRTana,coop‘”), for II-1,
C,F, binding to B-NQ is 6.03x10° times tightER in the
presence of H,O. However, for I-2, the value of
AGeoop 18 positive, accompanied by  the
thermodynamic anti-cooperativity effect. This result
shows that C,F, binding to B-NQ is more difficult to
occur in the presence of H,O. Indeed, the value of
K coop. decreases to 0.123 in the presence of H,O. It
should be mentioned that in 1-2, C,F, does not bind to
B-NQ but only to H,O, with the very weak C,F,--H,0O
intermolecular interaction (-7.1 kJ/mol, see Table 1).

As mentioned above, from the perspective of
intermolecular interaction, the cooperativity effects
are found in linear complexes I-1, I-2, III-1 and III-
2, while the anti-cooperativity effects are suggested
in the cyclic ternary complexes I-3, II-1 and II-2.
However, the large negative AG.op. in I-1, I-3, 1I-1,
II-2 or III-2 indicates the notable thermodynamic
cooperativity. In other words, the cooperativity
effects evaluated by the interaction energy are not
always in accordance with those from the
thermodynamic data, as is also found in the previous
investigations®. In fact, there is no certain
correlation between the cooperativity effects
evaluated by interaction energy and those from
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AG¢oop.. The former reveals how the noncovalent
interactions influence each other, while the latter
indicates the characteristics of thermodynamic
process: the favorable cooperativity effect leads to
the easier and tighter binding to binary complex,
while the unfavorable cooperativity effect leads to
the more difficult and looser binding.

Table 2 shows that the values of AAH are negative
in all the ternary systems, showing that in the
process of forming the ternary complexes from the
B-NQ--H,O binary systems followed by addition of
C,F4, the enthalpy changes support the cooperativity
effect. Similar to AAH, the values of —-TAAS are also
negative in three cyclic ternary complexes,
indicating that in the process of forming the cyclic
structures, the enthalpy changes also support the
cooperativity effects. Thus, the binding of the cyclic
ternary complexes can be achieved with favorable
enthalpic and entropic contributions, leading to large
negative AGc.p and thus the notable favorable
thermodynamic cooperativities. For the linear
structural complexes, except for III-2, the others
have the positive values of —TAAS, showing that the
entropy changes oppose cooperativity in the
formation of the linear structural complexes.

Except for I-2 and II-2, the absolute values of
AAH are larger than those of -TAAS, suggesting that
the enthalpy change is the major factor driving the
thermodynamic cooperativity. For I-2, the absolute
values of —TAAS are larger than those of AAH,
suggesting that the entropy change is the major
factor driving the thermodynamic process, and due
to the positive values of —TAAS, the thermodynamic
anti-cooperativity occurs. For II-2, although the
entropy change is the major factor, both the values of
entropy change and enthalpy change are negative,
leading to the negative AGq.p. and thus the favorable
thermodynamic cooperativities. It should be noted
that, as mentioned in previous investigation®®, for the

Table 2 — Thermodynamic data (AAH, “TAAS and AG.,,) at 298.15 K and binding constant (K, co0p.) at the BALYP/6-311++G(2df,2p) level

System AAH
(kJ/mol)
I-1 —-18.2
I-2 -11.3
I-3 -16.5
II-1 —28.9
-2 -13.7
II-1 -10.8
111-2 -15.6

~TAAS AGeop, K coop.
(kJ/mol) (kJ/mol) (kJ/mol)
3.1 -15.1 4.42x107
16.6 5.2 1.23x107"
-12.5 -29.0 1.20x10°
-9.7 —-38.7 6.03x10°
-15.8 -29.5 1.47x10°
5.3 -5.5 9.19x10°
-2.2 -17.8 1.31x10°
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H-bonded complex, harmonic approximation usually
leads to a more negative AS and thus a more positive
AG than the experimental result. Therefore, the
calculated AG and K, .0p. are more qualitative than
quantitative.

It can be inferred that the wastewater treatment
for explosive can be as a thermodynamic
cooperativity process. When the thermodynamic
cooperativity effect leads to a certain process or
direction in which wastewater treatment agent can
bind tighter to the explosive, the purpose of the
wastewater treatment will be achieved. In this
process, for the inorganic reaction between small
molecules, the enthalpy change is usually the major
factor driving the thermodynamic cooperativity”>,
while for the organic reaction between
macromolecules, in particular biological
macromolecules, the entropy change is often the
major factor’®.

AIM analysis

To further invesitigate into the origin of
cooperativity effect, AIM (atom in molecule)’’
analysis was carried out. The topological charge
density was displayed by AIMPAC program™ at the
B3LYP/6-311++G(2df,2p) level. The results of the
ternary and binary systems were presented in Fig. 2
and Fig. S2, respectively.

According to the AIM results, for each of the
C,F,4+-B-NQ binary system, there is a bond path linking
the H atom of the H-N group of B-NQ with the F atom
of C,F,, accompanied by a bond critical point (BCP)
(3, —1). The values of ppcpu.-r) are within the range
between 0.0051 and 0.0079 a.u. and the Laplacians
V2pgep are all positive, suggesting the typical closed-
shell kind of interactions. Thus, the N-H--‘F H-bonding
interaction in the N—H F—C contact is confirmed again.
Similarly, the N-H--O and O-H N H-bonds in
H,0--B-NQ and O-H-F H-bond in C,F4; H,O binary
complexes are also suggested according to their values
of pgcp and the correspondingV *pgcp. In HO-++B-NQ,
the values of pgcpo-n--0) are within the range between
0.0230 and 0.0241 a.u., and the value of pgcpo-n--n) 1S
0.0237 a.u.. In C,F4-H,0, the value of ppcpon-r) 1S
0.0057 a.u.. Similar to binary systems, the N-H F,
N-H O, O-H--N and O-H--F H-bonds are also
confirmed by the AIM results, with several distinct
(3, —1) BCPs in the corresponding regions.

The electron density p at the bond saddle point
indicates the bond strength. The larger the p is, the

stronger the interaction is’’. For I-3, the bond path
linking the H atom of the H-N group of f-NQ with
the F atom of C,F, is not found, showing that the
N-H:-‘F H-bonds is broken, as is in agreement with
the analysis of structure. For II-1 and II-2, the values
of pecp(v-n--F) decrease in comparison with those in the
binary system II, suggesting that the N-H--F
interactions are weakened upon the formation of the
ternary complex. The value of pgcpon.-r in II-2 is
lower than that in C,F4;--H,O, and the values of
pecpn-H--0) and pgepo-n-ny 1n 1-3 and II-1 are lower
than those in B-NQ--H,0, indicating the weakened
N-H--O and O-H:N H-bonding interactions upon
the formation of the ternary complex. Thus, the
anti-cooperativity effects in I-3, II-1 and II-1 are
confirmed again.

For I-1 and III-2, there is no obvious change of
the pecp(N-H--F)s PBCP(N-H--0) OF PBCP(O-H-N) Value with
the formation of ternary complex from the
corresponding binary systems. Therefore, the
cooperativity effects in them are not obvious. For
I-2, the value of ppcpn-n-0y is lower than that in
B-NQ:---H,O, while the that of pgcpo-n.-r) is larger
than that in H,O---B-NQ, indicating the weakened
N-H--O while strengthened O-H--F H-bonding
interactions upon the formation of ternary complex,
leading to a little cooperativity effect, too. For III-1,
although the values of ppcpn-mi-F), PBCP(N-H-0) and
pecpo-n-N) are all lower than those in the
corresponding binary systems, as mentioned above,
it has the negative E.,,, values. It should be noted
that, the BCP criterion of AIM theory is too
stringent, and the absence of a BCP should not
necessarily be considered evidence as to the absence
of a intermolecular interaction™.

Surface electrostatic potential

The electrostatic potentials on the 0.001 a.u.
molecular surfaces of the complexes are computed by
the Multiwfn programs®, utilizing the B3LYP/
6-311++G(2df,2p) optimized geometries. The results
are shown in Table 3 (see also Supplementary Data,
Fig. S3).

Each of the ternary complexes has several surface
minima, which are mainly associated with the lone
pairs of the N, O and F, and the strongest is that of F
(Fig. S3). The most negative values, i.e., the local
minima (Vsmin), are in the range between —37.1 and
—48.4 kcal/mol. There are also several surface maxima
(Vsmax) With the H atom of the OH and —NH groups
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Table 3 — Electrostatic potentials on the 0.001 au molecular surfaces of the ternary complexes at the B3LYP/6-311++G(2df,2p) level

2

2 v

System Vinax Vimin T4 7- 1
(kcal/mol) (kcal/mol) (keal/mol)>? (kcal/mol)? (kcal/mol)
1-1 49.8 —40.5 122.8 137.5 0.2492 16.7
1-2 64.3 —48.4 134.3 235.9 0.2312 20.8
1-3 67.2 —46.3 178.1 2352 0.2452 18.9
1I-1 62.3 —38.3 2353 131.0 0.2297 14.5
1I-2 63.6 -37.4 274.8 83.8 0.1790 15.1
1II-1 69.7 —45.3 315.0 174.9 0.2296 18.9
111-2 62.6 —37.1 249.8 99.7 0.2039 14.6
-35 -35
E, =-1.0075V_ -81.9405 E,. = 1.869011-75.5980
= . = [}
g i Rz = 0.9844 g R2= 0.9433
3 3 )
= -40 . = -404 .
Wi Wi
= >
S S
@ L]
c [ =
@ @
§ 451 § 45
: . E :
@ @
E " . E L " |
-50 T T -50 i . .
-50 -45 -40 -35 15 18 21
V_.. (kcal/mol) IT (kcal/mol)

Fig. 3 — Correlation between the complexation energies (Ej,.)
and local minima of electrostatic potentials (Vs ni,) of ternary
complexes.

for each system. The highest is involved with the
—NH (I-1, I-3, II-2 and III-2) or —OH group (I-2, 1I-1
and III-1) in the range of 49.8—69.7 kcal/mol.

The most positive or negative values of Vs.x or
Vsmin correlate well with empirical measures of
H-bond-donating and  -accepting  tendencies®.
Therefore, in general, the most positive or negative
values Of Vsmax O Vsmin are often related to
intermolecular interaction energies. Indeed, the
correlation between the Vs, and complexation
energies (Ej) of ternary complexes is found
(see Fig. 3) (correlation coefficient (R?) = 0.9844) and
fit the following equation,

Ein. = —1.0075 Vg min — 81.9405

where Vs min 18 in kcal'mol™, and E,, is obtained at

the B3LYP/6-311++G(2df,2p) level (in kJ'mol ™).
The relationship between the FEj, and internal

charge separation (IT) was also investigated (see Fig. 4).

Fig. 4 — Correlation between the complexation energies (Eiy)
and internal charge separation of electrostatic potentials (IT) of
ternary complexes.

The correlation coefficient (R%) was found to be 0.9438
and fitted the following equation,

Ei. = 1.8690 IT—75.5980

Further, a poor relationship (R*=0.8906) is found
between the F;, and negative variances of
electrostatic potentials (52).

While in previous literature®®, the relationship
between the synergetic energies and electrostatic
potentials has been observed, in this work, a good
relationship between the cooperativity effects and
surface electrostatic potentials was not found.

Conclusions

The  H-bonding  cooperativity  effects in
B-NQ--CyF4-H,0 ternary complex are investigated by
the B3LYP and MP2(full) methods. The

thermodynamic cooperativity effects are also evaluated
at 298.15 K. The result shows that C,F, can be
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effective as a wastewater treatment agent to remove
B-NQ from wastewater. Weak cooperativity effect
appears in the linear complex while notable
anti-cooperativity effect is found in the cyclic system.
The strengths of the H-bonding interactions are almost
unaffected by each other upon the formation of the
linear ternary complex. On the other hand, upon the
cyclic ternary-complex formation, the influence of the
N-H O or O-H F H-bonding interaction on the
N-H F interaction is more pronounced than that of the
N-H F interaction on the N-H+-O or O-H F
interaction. The enthalpy change is the major factor
driving the cooperativity. There is no obvious
correlation between the cooperativity effects evaluated
by interaction energies and those from thermodynamic
data. The complexation energies (Fiy) correlate well
with the local minima of the surface electrostatic
potential (Vsmin) or internal charge separation (IT).

It can be inferred from the perspective of
intermolecular force that the wastewater treatment
for explosive can be a process in which the
coexisting intermolecular interactions mutually
influence each other. In this process, the
cooperativity effect plays an important role. When
the cooperativity effect leads to an enhanced
intermolecular interaction between the wastewater
treatment agent and explosive, and simultaneously a
weakened interaction between H,O and explosive or
wastewater treatment agent, the purpose of the
wastewater treatment will be achieved. The
wastewater treatment for explosive can also be a
thermodynamic cooperativity process. When the
thermodynamic cooperativity effect leads to a
direction in which wastewater treatment agent can
bind tighter to explosive, the purpose of the
wastewater treatment will be achieved. This
investigation will be useful to further select the
wastewater treatment agent for explosive and
eliminate effectively explosive from wastewater.

Supplementary Data

Supplementary data associated with this article
are available in the electronic form at
http://www .niscair.res.in/jinfo/ijca/IJCA_57A(02) 150-
162_SupplData.pdf.
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