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C–H···Y (Y=N, O, π) Hydrogen Bond: A Unique 
Unconventional Hydrogen Bond

1 Introduction
Intermolecular interactions are known to play 
a very important role in governing physical and 
chemical properties of the matter. In this respect, 
hydrogen bond (HB or H-bond) is considered 
as the most important intermolecular interac-
tion, spanning its abundance and functions in 
small molecules like water to biological macro-
molecules as well as inorganic and organic supra-
molecules. The concept of H-bonding interaction 
is centuries old and dates back to 1912 when 
Moore and Winmill first described a weak union 
in trimethylammonium hydroxide to explain its 
weaker basic properties compared to tetrameth-
ylammonium hydroxide1,2. In 1920, Latimer and 
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Abstract | We present a spectroscopic overview of the C–H···Y 
(Y = hydrogen bond acceptors) hydrogen bonded (HB or H-bond) 
complexes in this article. Although C–H···Y interactions have been rec-
ognized as H-bonding interactions for quite some time, they have not 
been investigated spectroscopically until recently. Recent results indi-
cated that unlike the conventional hydrogen bond, C–H···Y H-bond has 
interesting spectroscopic characteristics, i.e. it shows both red as well 
as blue shift in C–H stretching frequency upon H-bond formation. This 
review presents examples of red, blue, and zero shifted C–H···Y H-bonds 
investigated in our laboratory that were characterized using laser-based 
IR and UV spectroscopic techniques applied to the cold isolated molec-
ular complexes formed under supersonic expansion conditions. Along 
with spectroscopic information, ab initio/DFT-predicted geometry opti-
mized structures of various conformers, harmonic frequency calculations 
of the optimized structures, and a number of properties such as electron 
densities at the bond critical points, orbital interaction energies, bind-
ing energies of the C–H···Y bound complexes are also summarized for 
better understanding of this type of H-bond. Not only the spectroscopic 
shift in C–H stretching frequency, but also the role of C–H···O H-bonds 
in microsolvation of several organic molecules has been highlighted. It 
has been found that depending upon activation of C–H moiety, C–H···Y 
H-bonds can provide primary or secondary stabilization for the growth of 
the primary solvation shell around organic molecules.
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Rodebush suggested that the interaction in binary 
complexes such as  (H2O–H2O or  H2O–NH3) is 
due to the fact that ‘the hydrogen nucleus held 
between two octets constitutes a weak ‘bond’3. 
However, none of them referred these weak inter-
actions as H-bonding interactions. Linus Pauling 
for the first time described such interactions as 
H-bonding interactions in his famous book ‘The 
Nature of the Chemical Bond’. Soon after that, a 
lot of work was carried out to understand the role 
and nature of these interactions. Extensive studies 
on this interaction concluded that this interaction 
is ubiquitous in chemistry and biology and plays 
a decisive role in providing a three-dimensional 
structure of large bio-polymers like protein, 
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DNA, other organic and inorganic supramolecu-
lar species. Many physical and chemical processes 
like solvation, proton transfer, crystal growth, 
enzymatic reactions, and molecular recognition 
are all greatly controlled by this interaction.

Hydrogen bond can be depicted as X–H···Y, 
where the three dots indicate H-bond. In most 
of the cases, X and Y are strongly electronega-
tive atoms such as O, N, and halogens and the 
interaction is termed as a conventional H-bond. 
Apart from the conventional hydrogen bond, 
currently a variety of unconventional H-bonds 
have been identified1,4–6. In this respect, C–H···Y 
H-bond has got quite a bit of attention recently, 
because of its significant contribution in chem-
istry and biology. Like the conventional H-bond, 
the C–H···Y H-bond is also a very old concept. 
Kumlar in 1935 explained that HCN is liquid due 
to the weak association of the HCN molecules via 
C–H···N interactions1. Subsequently, Glasstone 
in 1937 and Pauling in 1939 mentioned the exist-
ence of the C–H···Y interaction to explain the 
abnormal physical properties of some of the liq-
uids1. A systematic study of C–H···Y H-bonding 
was reported by Sutor7,8 in 1962, where she ana-
lysed the X-ray crystal structures of several purine 
and pyrimidine bases and found frequent short 
contact distances (shorter than the correspond-
ing van der Waals distances) between C atom 
of C–H moiety and O atom of the neighbour-
ing molecules. Sutor’s work was strongly criti-
cized by other contemporary scientists who had 
reservations about the accuracy of the distances 
reported in the crystal structures. This work was 
followed by Taylor and Kennard in 19829 who 
analysed high-resolution neutron diffraction data 
of 113 organic crystals and found several such 
short contact distances in the crystals confirm-
ing the existence of the C–H···Y interaction. This 
study by Taylor and Kennard made a significant 
impact on the scientific community in believing 
that the C–H···Y interaction is indeed a real sta-
bilizing interaction. Since then, many research-
ers have reported the presence of this interaction 
from the analyses of crystal structures, electronic 
structure calculations, and spectroscopic studies 
in gas phase or in cold matrices. The strength of 
this hydrogen bond was found in general to be 
lesser than the conventional H-bonds; however, 
it is strong enough to provide structural rigidity 
or secondary stabilization in the system. Moreo-
ver, as the strengths of these interactions are not 
high enough, these are easily breakable at RT and 
that brings about the dynamic behaviour of the 
systems associated with the C–H···Y H-bonds.

The critical role of C–H···Y HBs in determin-
ing the structure of several important biological 
molecules cannot be underestimated10–14. For 
example, crystal structure analyses of several 
transmembrane proteins and various DNA struc-
tures showed the presence of these interactions. 
Jiang et al.15 have calculated stabilization ener-
gies of the 469 protein–protein complexes using 
a statistical potential and found that an average of 
17% of the total stabilization of the protein–pro-
tein complexes was contributed by the C–H···O 
H-bonding interactions. Sometimes, this con-
tribution can be as high as 40–50%. Mainly, the 
α-C–H group of the amino acids, which are acti-
vated due to presence of adjacent electron with-
drawing groups (>C=O, –NH–), has been found 
to be participating in the C–H···Y HB interaction. 
It is also found to be playing an important role 
in providing 3D structure to many organic and 
inorganic supramolecular complexes, molecular 
recognition, and enzymatic catalysis16–18. There is 
a lot of literature10,15,19–26 available indicating the 
important role of C–H···Y H-bonds, however, it 
is beyond the scope of this review.

This review focuses on the spectroscopic stud-
ies of C–H···Y H-bond in isolated complexes, 
which were carried out in our laboratory. It is 
well known that conventional H-bonds can be 
characterized using vibrational spectroscopy, 
where a red shift in the X–H stretching frequency 
and enhancement of IR transition intensity are 
used as the indicators of hydrogen bond forma-
tion. In the case of conventional hydrogen bonds, 
the red shift in the X–H stretching frequency 
is of the order of a few hundred wavenumbers. 
In this respect, C–H···Y HB is very peculiar as 
it shows both red shift as well as blue shift in 
the C–H stretching frequency upon H-bond 
formation and the shift is of the order of a few 
tens of wavenumbers27–46. The blue shift in the 
C–H stretching frequency was first reported by 
Hobza et al. based on the computational study 
in benzene dimer47. Subsequently, a year later, 
Hobza et al. have experimentally shown that the 
C–H stretching frequency in fluoroform–ben-
zene and chloroform–benzene complexes get 
blue shifted by 14 cm−1 in both the cases48. A 
blue shift of 7.7 cm−1 has been observed in the 
complex of halomethane with benzene in the 
gas phase34. In all these cases, the C–H moie-
ties form CH···π interaction with the benzene 
π-cloud. A series of blue shifted H-bonds have 
been studied in cold matrices by van der Veken 
et al. For example, dimethyl ether–CHF3 complex 
showed a blue shift of 17.7 cm−132, and a blue 
shift as high as 26.7 cm−1 was observed in the 
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fluoroform–acetone complex which has C–H···O 
interaction33. Over the time, many more experi-
mental studies in the gas phase, liquid phase, and 
cold matrices have shown the existence of the 
blue shifted H-bond28,29,43,46,47,49. For example, 
fluoroform–fluorobenzene complexes which have 
either C–H···F or C–H···π interactions showed 
12 and 21 cm−1 blue shift, respectively29. Mikami 
et al. reported a 2 cm−1 blue shift in benzoni-
trile–CHCl3 complex which has C–H···N inter-
action49. The blue shifted H-bonds were initially 
termed as ‘anti-hydrogen bonds’47, but later the 
term was dropped as the term ‘anti’ evokes desta-
bilization of the system whereas the blue shifted 
H-bonds provide stabilization to the systems. 
They were later renamed as ‘improper, blue shift-
ing’ H-bonds50. Various theories have been put 
forward to explain the blue shifting nature of 
C–H···Y H-bonds. Among them, the dispersion 
interactions47,50, redistribution of electron densi-
ties35,51,52, electrostatic field effect53,54 and rehy-
bridization55 have been proposed to explain the 
blue shifting H-bonds. However, a unified expla-
nation is sparse in the literature. Jemmis et al.56 
have calculated electron densities of several 
H-bonded complexes and concluded that there 
was nothing improper in blue shifted H-bond. 
Red, blue and zero shifts are interplay of the 
polarity of X–H bond and HB acceptor ability of 
acceptor.

Combination of IR spectroscopy with super-
sonic expansion technique is a very powerful 
technique to obtain the microscopic details of the 
weakly bound H-bonded complexes. Since super-
sonic expansion can prepare molecular complexes 
in their internally cold state and under collision-
free conditions, the intrinsic interactions present 
in the system can be monitored in absence of 
any perturbation. Moreover, spectral congestion 
is also greatly reduced and therefore the spectral 
assignments are much easier. The other advan-
tage is that the experimentally measured quanti-
ties for these complexes can be directly compared 
with the ab initio calculations. Therefore, more 
insights into these types of H-bonding interac-
tions such as change in electron densities on HB 
donor and acceptor, HB strength, HB length and 
other geometrical parameters can be obtained. 
In the following subsections, a brief overview of 
the work on C–H···Y HBs that has been carried 
out in our laboratory is presented. The review 
is organized in the following order. First the 
experimental and computational methods will 
be discussed and then in the subsequent sec-
tions, red, blue, and zero shifted H-bonded sys-
tems will be presented. In the later sections, the 

role of C–H···Y H-bonds in microsolvation will 
be discussed. Figure 1 depicts all the molecules 
reported in this work.

2  Experimental Methods
All the complexes discussed in the following sec-
tions were prepared using supersonic free molec-
ular jet and probed using a variety of UV and IR 
laser-based spectroscopic techniques. Advantages 
of using supersonic jet have been discussed elabo-
rately in the literature57,58. Briefly, it can generate 
internally cold molecular species and therefore 
weakly bound complexes which are unstable at 
room temperature can be stabilized or synthe-
sized and studied under collision-free condi-
tions. Due to very low internal temperatures, 
very few ro-vibronic levels are populated and this 
greatly simplifies the spectral congestion nor-
mally observed in the room temperature samples. 
It also helps in categorical assignments of the 
observed spectral transitions.

The experimental setup consists of two dif-
ferentially pumped cylindrical vacuum chambers 
connected by a 2 mm skimmer. The first cham-
ber housed a sample compartment connected to a 
pulsed nozzle (300–500 μm diameter) that works 
at 10 Hz repetition rate. This chamber was dedi-
cated to fluorescence-based measurements such 
as laser-induced fluorescence (LIF) and fluo-
rescence dip IR (FDIR) spectroscopy. The fluo-
rescence was detected by a photomultiplier tube 
(Hamamatsu 1P28) positioned along the axis 
perpendicular to the molecular beam that prop-
agates along the cylindrical chamber axis. The 
molecular beam generated in the first chamber is 
skimmed into the second chamber that housed a 
time-of-flight mass spectrometer (TOFMS) with 
a flight tube in the direction perpendicular to the 
molecular beam. The complexes were laser ion-
ized in this chamber and detected by a channel-
tron (Sjuts KBL25RS). One-colour or two-colour 
resonant two photon ionization (1c/2c-R2PI) was 
carried out to record mass selective electronic 
excitation or IR spectra.

The molecular complexes mentioned in 
this review involve aromatic chromophores 
whose  S1–S0 excitation falls in the UV range. To 
investigate  S1–S0 resonances, excitation spectra 
of these molecular complexes were recorded 
via LIF or R2PI spectroscopy59–62. The latter 
technique can provide mass selective spectral 
information. In the case of LIF spectroscopy, 
molecular complexes were excited by a tuneable 
UV laser and the total fluorescence from the 
excited state was recorded as a function of the 
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excitation laser frequency. On the other hand, 
in case of 1c/2c-R2PI spectroscopy, the molec-
ular complexes were excited to its  S1 state by a 
tuneable UV laser and subsequently ionized 
using either the same laser source (1c-R2PI) or 
a different UV laser source (2c-R2PI) which was 
temporally and spatially overlapped with the 
first UV laser at the molecular beam. The R2PI 
spectra were recorded by plotting the total ion 
current as a function of frequency of the exci-
tation laser. In order to record vibrational spec-
tra of the molecular complexes, FDIR or RIDIR 
spectroscopy was employed. To record a FDIR/
RIDIR spectrum, a tuneable IR laser was spa-
tially overlapped with the UV laser whose fre-
quency was set to a particular  S1–S0 transition. 
The IR pulses were synchronized to arrive 50 ns 
prior to the UV pulses. Whenever the IR laser 

frequency is in resonance with a vibrational 
level of the ground electronic state, the popula-
tion in the zero point level decreases either due 
to the vibrational excitation or IR predissocia-
tion. This leads to the depletion in either total 
fluorescence or ion current. Therefore, the dips 
in the plot of total fluorescence/ion current vs 
IR frequency indicate vibrational resonances of 
the probed species.

The UV laser used for the above-mentioned 
spectroscopies was a frequency doubled output 
of tuneable dye laser which was pumped by the 
second harmonic (532 nm) of  Nd3+:YAG laser 
(Quantel YG-781C + TDL70). The tuneable IR 
source was a  LiNbO3-based optical parametric 
oscillator (OPO; LaserVision) with a line nar-
rowing etalon. The OPO was also pumped by 
1064 nm output of a  Nd3+:YAG laser (Quan-
tel Brilliant-B). Both the lasers worked at 10 Hz 
repetition rate. Temporal synchronization of the 
lasers and gas pulses was controlled by an elec-
tronic delay generator (SRS-DG535). TOF–MS 
used in all the cases was of the Wiley–McLaren 
type63. The calibration of the IR-OPO laser was 
done by recording photoacoustic spectra of 
water,  CH4, and  NH3 and comparing them with 
the standard spectra provided by the HITRAN 
database64. The samples of the molecules of inter-
est were heated to requisite temperatures to get 
sufficient vapour pressure which were then co-
expanded with either pure helium or a pre-mix-
ture of helium with different solvents of interest 
to prepare molecular complexes in the free jet.

3  Computational Methods
To get more insight into the interaction, ab initio 
and DFT quantum chemical calculations were 
performed. Geometry optimizations of several 
intuitionally predicted conformers of the com-
plexes were carried out using different DFT func-
tionals such as M06-2X, ωB97X-D, LC-ωPBE, 
PW1Pw91, and post Hartree–Fock MP2 levels of 
theory. The computations were performed using 
both Pople type 6-311 ++G** and Dunning type 
aug-cc-pVDZ basis sets. The harmonic frequency 
calculations of the optimized structures were 
performed at the same level of theory to get IR 
spectra of the optimized conformers, which were 
scaled with appropriate scaling factors to compare 
computed spectra with the experimental spectra. 
The optimizations of the global minimum energy 
conformers were mostly carried out on the coun-
terpoise corrected surfaces (denoted by a prefix 
‘cp’ to the respective computational level) to min-
imize the basis set superposition error (BSSE). 
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Figure 1: a p-Cresol; b p-cyanophenol; c indole; 
d 3-methylindole; e benzimidazole; f N-methylb-
enzimidazole; g benzoxazole; h 1,2,4,5-tetracy-
anobenzene.
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Wherever the geometry optimizations were car-
ried out using normal gradient surfaces, the 
BSSE calculation were carried out separately on 
the optimized geometries of the complexes. The 
binding energies (BEs) of the complexes reported 
here are all zero point energy (ZPE) and BSSE 
corrected. All the calculations were performed 
using Gaussian 03/09 suite of programs65. To get 
further insight into the C–H···Y H-bonds, the 
wave functions of the complexes obtained from 
ab initio/DFT calculations were further analysed 
using the quantum theory of atoms in molecules 
(QTAIM) and natural bond orbital (NBO) analy-
ses. QTAIM characterizes covalent and nonco-
valent bonds in terms of topological parameters 
such as electron density (ρ) and Laplacian of the 
electron density (∇2ρ) at the bond critical points 
(BCP). The QTAIM was performed using AIM 
2000 suite of programs66. The values of ρ in the 
range of 0.002–0.034 au and ∇2ρ of 0.024–0.139 
au at the bond critical point were taken as the 
criteria for the hydrogen bond formation as pro-
posed by Popelier67. On the other hand, the NBO 
method was used to transform the delocalized 
molecular orbitals to localized molecular orbitals 
by unitary transformation. This approach helps a 
chemist to understand the electron distribution 
in terms of occupancy of the bonding and anti-
bonding orbitals. The extent of interaction can be 
viewed as an orbital overlap and the correspond-
ing second-order perturbation energy. The NBO 
analyses were performed using NBO 5.0/NBO 6.0 
linked with the Gaussian 9 suite of programs68,69. 
Since H-bond is an admixture of many inter-
actions, different components of the binding 
energies were calculated using natural energy 
decomposition analysis (NEDA). It provides the 
components of the of H-bonding interaction 
energy such as charge transfer (Ect), static (Ees), 
exchange (Eex), polarization (Epol), and repulsive 
core (Ecore) energy. It also provides NEDA energy 
which is basically interaction energy without dis-
persion interaction (Eint). Dispersion energy is 
deduced by subtracting (Eint) from the electronic 
BE calculated by MP2 or dispersion-corrected 
ωB97X-D method. NEDA was performed by 
incorporating NBO 5.0/NBO 6.0 in GAMESS, 
USA70.

4  Red, Blue, and Zero Shifted C–H···Y 
Hydrogen Bond

It has been found that the C–H moiety activated 
by adjacent electronegative/electron withdraw-
ing atom/groups is prone to hydrogen bond 

formation with HB acceptors. In this review, 
three different classes of activated C–H contain-
ing HB donors and their H-bonded complexes 
will be discussed, such as, (1) haloform molecules 
 (CHCl3,  CHF3), (2) imidazole or oxazole deriva-
tives, and (3) 1,2,4,5-tetracyanobenzene (TCNB). 
In all these cases, the adjacent electronegative 
atoms or electron withdrawing groups make C–H 
more polar and help in stabilizing complexes 
with C–H···Y HBs. In the case of haloform mol-
ecules, three highly electronegative halogen atoms 
pull electron density away from C–H group and 
make it active towards H-bond formation. On the 
other hand, in imidazole or oxazole, the C(2)–H 
bond of these molecules is flanked between two 
electronegative elements (either two N atoms or 
one N and one O atom) that withdraw electron 
density from C(2)–H moiety to make it prone 
towards H-bond formation. In the third case, 
the presence of four electron withdrawing cyano 
groups makes the phenyl ring electron deficient 
that activates the CH groups and makes them 
potential H-bond donor. The extent of activa-
tion in haloforms, however, is more compared to 
that of imidazole or oxazole, because in the for-
mer case the electronegative elements are bound 
directly to the carbon atom of the C–H moi-
ety. On the other hand, the four –CN groups in 
TCNB make two para C–H groups highly acti-
vated towards formation of C–H···Y H-bond. 
These examples present C–H···Y interaction that 
exhibit red, blue, and zero red shifted H-bonds.

5  Haloform Complexes with Aromatic 
Substrates

In this section, a set of haloform complexes with 
various aromatic substrates are presented. The 
substrates were chosen such that each one of them 
offers multiple acceptor sites for the C–H H-bond 
donor. The acceptor properties were modulated 
by selecting the substituents on the aromatic ring. 
The p-cresol (PCR) and p-cyanophenol (PCNP) 
(Fig. 1) were two phenol derivatives that have the 
para substituents of opposite nature. The methyl 
group at the para position in PCR increases 
π-electron density on the phenyl ring due to 
+I effect, while the CN group at the para posi-
tion decreases π-electron density in the phenyl 
ring due to −I effect. In addition, both PCR and 
PCNP offer multiple HB acceptor sites, such as 
oxygen atom in the former molecule, oxygen and 
nitrogen atoms in the latter and the π-electron 
density in both the molecules which provides an 
opportunity to probe the propensity of CH···Y 
H-bond formation. In another set, the CH···Y 
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H-bonded complexes of haloforms with hetero-
cyclic polyaromatic compounds were investigated 
to study the effect of polyaromaticity vs nitrogen 
centres as the H-bond acceptors.

5.1  p‑Cresol and p‑Cyanophenol 
Complexes

These complexes were investigated by Shirhatti 
et al.30. The LIF and R2PI spectra showed that the 
 S1–S0 band origin transitions of the PCR com-
plexes of  CHCl3 and  CHF3 of were blue shifted by 
45 and 101 cm−1, respectively, with respect to that 
of PCR monomer. The FDIR spectra recorded 
while probing the BO transitions of PCR mono-
mer and its complexes are shown in Fig. 2. The 
FDIR spectrum of PCR–CHCl3 complex (trace 
c) showed a strong transition in the C–H stretch 
region at 3044 cm−1. This transition was assigned 
as the C–H stretch of  CHCl3 moiety in PCR–
CHCl3 complex, because this transition disap-
peared when the experiments were carried out 
with  CDCl3 (not shown in the figure). The C–H 
stretch was blue shifted by 11 cm−1 from the C–H 
stretch of  CHCl3 monomer which is known to 
be at 3033 cm−1. The PCR–CHF3 complex (trace 
b) showed a new transition at 3052 cm−1. This 
weak C–H stretch transition was found to be blue 
shifted by 17 cm−1 from C–H stretch of the  CHF3 
monomer.

The BO transitions for the complexes of 
PCNP with chloroform and fluoroform were 
found to be blue shifted by 112 and 110 cm−1, 
respectively30. The FDIR spectra of the com-
plexes of  CHCl3 and  CHF3 are also shown in 
Fig. 2. The FDIR spectrum of PCNP–CHCl3 
complex (trace f) showed intensity-enhanced 
strong transition at 3033 cm−1, assigned as 
the C–H stretch of  CHCl3 moiety. The shift 
observed in the C–H stretching frequency with 
respect to the  CHCl3 monomer was zero, i.e. 
this is an example of zero shifted H-bond. The 
FDIR spectrum of PCNP–CHF3 complex (trace 
e) showed the C–H stretch of  CHF3 moiety at 
3062 cm−1 which was blue shifted by 27 cm−1 
compared to the same in  CHF3 monomer.

Although a single conformer was observed 
experimentally in the above cases, computa-
tionally multiple conformers were predicted 
to be stable for each of them at various DFT 
levels of computations. However, at the MP2/
aug-cc-pVDZ level, only the C–H···π bound 
conformers were found to be stable for the 
PCR–haloform complexes. The BSSE- and ZPE-
corrected binding energies computed at the 

MP2 as well as the cp-MP2/aug-cc-pVDZ level 
are given in Table 1. As far as the CH stretch-
ing frequency prediction was concerned, the 
best agreement was observed for the conform-
ers optimized using counterpoise corrected gra-
dients (cp-MP2). The C–H stretching frequency 
computed at the cp-MP2 level for the PCR–
CHCl3 complex gave a blue shift of 19.6 cm−1 
which was a significant improvement over that 
computed at the MP2 level and was in excel-
lent agreement with the observed blue shift of 
11 cm−1. The computed blue shift in the CH 
frequency for the PCR–CHF3 complex was 
24.8 cm−1 which agrees well with the observed 
blue shift of 17 cm−1. AIM calculations of these 
complexes suggest the presence of BCP at the 
bond path of C–H–π interaction. The magni-
tude of the electron densities at the BCPs were 
0.0152 and 0.0104 for  CHCl3 and  CHF3 com-
plexes, respectively, (Table 1) which are within 
the specified range for the H-bonding interac-
tion. It also showed an increase in electron den-
sity (Table 1) at the BCP corresponding to C–H 
bond that acts as a HB donor consistent with 
the observed blue shift in C–H stretching fre-
quencies in these complexes.

Figure 2: FDIR spectra of a PCR monomer and 
its b  CHF3 and c  CHCl3 complexes; FDIR spec-
tra of d PCNP monomer and its e  CHF3 and f 
 CHCl3 complexes. The shifts in the C–H and O–H 
stretching frequencies in the complexes com-
pared to those in the monomers are mentioned in 
parentheses.
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In the case of PCNP complexes, three different 
conformers were predicted at the MP2/aug-cc-
pVDZ level in each of the cases. These conform-
ers are C–H···N, C–H–π, and C–H···O type. 
Although all the conformers showed blue shift 
in C–H stretch frequency (Table 1), the predicted 
frequencies were quite off from the observed ones 
for the  CHCl3 complexes. When the harmonic 
frequencies were computed for the conformers 
optimized using counterpoise corrected gradients 
(cp-MP2), significant improvement was noted 
in the corresponding frequency calculations. For 
example, a red shift of 2.1 and 0.7 cm−1 for the 
C–H···N and C–H···O bound complexes, respec-
tively, and a blue shift of 11.3 cm−1 C–H–π bound 
complex were predicted. The BSSE-corrected BEs 
of these conformers (Table 1) indicated that the 
C–H···N bound conformer was the global mini-
mum structure. Based on the relative BE, the 
C–H···N bound conformer was assigned as the 
observed conformer for PCNP–CHCl3 complex 
which is a zero shifted complex, i.e. CH stretch-
ing frequency showed a zero shift. Similar results 
were reported by Mikami et al. in the case of 
benzonitrile–CHCl3 complex49. The report also 
emphasised that counterpoise gradient calcula-
tion is important for good prediction of vibra-
tional frequency in such complexes. Similarly, 
for PCNP–CHF3 complex, the C–H···N bound 
conformer was predicted to be the global mini-
mum. The harmonic frequency calculation pre-
dicted the blue shift of 20.2 cm−1 for the global 
minimum structure, in good agreement with the 

observed blue shift of 27 cm−1. Based on relative 
BEs of the conformers, C–H···N HB bound struc-
ture was assigned as the observed conformer.

These results illustrated the effect of p-substi-
tution on the mode of interactions in substituted 
phenol–haloform complexes. The methyl group 
in PCR enhances the electron density on the 
π-cloud of the aromatic ring and facilitates the 
formation of C–H–π HB instead of other type of 
HBs. A strong electron withdrawing group causes 
depletion of electron density in the aromatic 
π-electron density thereby destabilizing C–H–π 
interaction with respect to the C–H···N HB in the 
complexes of PCNP–haloform complexes.

5.2  3‑Methylindole (MI) Complexes
3-Methylindole (Fig. 1) presents an example of 
heterocyclic polyaromatic compound. The bicy-
clic aromatic substrate provides a large surface 
with π electron density. The NH group in the 
five-member ring provides an alternative H-bond 
donor group. The LIF as well as the 2c-R2PI 
spectra confirmed that the BO transition of MI–
CHCl3 showed a red shift of 23 cm−1 compared 
to that of the BO transition of the monomer31. 
The BO transition of the complex was probed by 
FDIR spectroscopy to interrogate the binding site 
for the haloform CH donor molecule. The FDIR 
spectra of the MI monomer, MI–CHCl3, and MI–
CHF3 complexes are shown in Fig. 3. The strong 
transition observed at 3035 cm−1 in the FDIR 
spectrum of MI–CHCl3 complex was assigned 

Table 1: Dissociation energies (D0) of the conformers of PCR and PCNP complexes with  CHCl3 and  CHF3 
computed at the MP2/aug-cc-pVDZ level. Other parameters such as C–H stretch frequency shift (Δν), 
intensity enhancement ratio, change in the C–H bond length (Δr), electron density (ρ) at the H-bond critical 
points, and change in electron density (Δρ) at the C–H bond critical points are also tabulated.

a The numbers in parentheses in each row correspond to the results of the calculations at the cp-MP2/aug-cc-pVDZ level
b Experimental observed frequency shift
c Two BCPs were observed for these structures

Parametersa

PCR–CHCl3 PCR–CHF3 PCNP–
CHCl3

PCNP–
CHCl3

PCNP–
CHCl3

PCNP–
CHF3

PCNP–
CHF3

PCNP–
CHF3

CH···π CH···π CH···N CH···π CH···O CH···N CH···π CH···O

D0/kcal/mol 5.9 (6.8) 3.5 3.9 (5.4) 4.2 (5.2) 3.7 (4.2) 3.5 (3.7) 1.7 1.8

Δν (C–H)/cm−1 57.3 (19.6)
11b

24.8
N.A.
17b

16.8 
(− 2.1)

Zerob

65.0  
(11.3)

23.2 
(− 0.7)

22.1 (20.2)
27b

17.2
N.A.

18.7
N.A.

Intensity 
enhancement 
ratio

0.1 70.5 231.8 
(25.6)

44.3  
(22.3)

16.5 
(10.6)

1.2 0.3 0.1

Δr(C–H)/mÅ −2.9 −1.7 −0.5 −3.7 −1.2 −1.4 −1.2 −1.2

ρ (BCP)/au 0.0152 0.0104 0.0135 0.0090, 
0.0088c

0.012 0.0185 0.0139 0.0109, 
0.0107c

Δρ (C–H)/au 0.0041 0.0032 0.0032 0.0026 0.0027 0.0027 0.0044 0.0021
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as the CH stretching frequency of  CHCl3 in the 
complex, as it was absent both in MI monomer 
as well as MI–CDCl3 complex (not shown in the 
figure). The C–H stretch transition of  CHCl3 
moiety in MI–CHCl3 was blue shifted by 2 cm−1. 
Similarly, MI–CHF3 complex was also probed 
using LIF and FDIR spectroscopy. The electronic 
BO transition for this complex was found to be 
blue shifted by 7 cm−1. The FDIR spectrum of 
MI–CHF3 complex (Fig. 3b) shows the C–H 
stretch transition of  CHF3 moiety. The transition 
observed at 3051 cm−1 which was blue shifted 
by 16 cm−1 compared to C–H stretch in  CHF3 
monomer.

Computationally two different conformers 
were predicted for the MI–CHCl3 complex at the 
MP2/6-311 ++G** level out of which the C–H–π 
bound conformer was the global minimum. In 
the other conformer, CH pointed away from the 
aromatic surface. For the MI–CHF3 complex, 
only a single conformer, i.e. the C–H–π bound 
conformer was optimized. In both the cases, the 
C–H group points toward the π-cloud of the phe-
nyl ring. BSSE- and ZPE-corrected binding ener-
gies of the global minimum energy conformers 
are given in Table 2. Comparison of the IR spec-
tra and BE calculations of the conformers sug-
gests that both  CHCl3 and  CHF3 complexes form 
C–H–π type conformer in the molecular beam. 
As far as the predicted CH stretching frequen-
cies of the complexes were concerned, the agree-
ment with the observed frequencies was not so 

good but the IR transition probabilities agreed 
very well. The computation of frequencies needs 
to be carried out for the structures optimized 
on the counterpoise corrected surface for better 
agreement.

Dispersion interaction was considered ini-
tially as one of the key factors for blue shifted 
H-bonds47,50. It was explained that due to attrac-
tive nature of dispersion interaction, HB donor 
and acceptor came very close to each other within 
the repulsive regime which causes blue shift of 
C–H stretch. The extent of dispersion contribu-
tion in the MI–haloform (C–H–π bound com-
plexes) has also been reported and compared 
with the existing literature data as shown in 
Table 2. It can be seen that in general the C–H–π 
bound complexes are dominated by the disper-
sion interaction and the contribution of the dis-
persion interaction to the total interaction is at 
times more than 100%71–73. However, the disper-
sion effect cannot solely explain the blue shift-
ing nature of the C–H···Y H-bond. There are 
reports which showed that blue shifting can be 
shown even with Hatree–Fock level of calculation 
which does not take into account the dispersion 
interaction54,74.

Insofar, in the complexes presented above, it 
is observed that the extent of blue shift is always 
higher for  CHF3 complex than that the  CHCl3 
complex. This is similar to the trend reported 
by van der Veken et al.32,33 who found that the 
blue shift in the C–H stretch frequency progres-
sively increases with the number of F atoms 
in  CHFnCl(3-n) moiety in the  CHFnCl(3-n)–X 
(X=O-containing solvents) complexes. They 
also observed that the IR intensity also decreased 
with the number of F atoms and IR intensity is 
minimum for  CHF3 complex and maximum for 
 CHCl3 complex. This is consistent with the inten-
sity trend observed in the results presented above.

5.3  7‑Azaindole Complexes
As another example of heterocyclic polyaromatic 
compound, the haloform complexes of 7-azain-
dole (Fig. 1) were investigated by Shirhatti et al.75. 
The reports on the C–H···O or C–H···π systems 
in cold matrices, cryo solutions, and in cold 
molecular beams are quite abundant32–35,48,76–79, 
but the studies of C–H···N interaction in the lit-
erature are rare, barring a few examples investi-
gated using IR absorption spectroscopy80–86. In 
addition, 7-azaindole also offers multiple pos-
sibilities for the formation of complexes with 
haloforms. For example, π electrons of both the 
rings and N atoms of 7-azaindole can act as a HB 

Figure 3: FDIR spectra of a MI, b MI–CHF3, and 
c MI–CHCl3 complexes in the CH and N–H stretch 
regions. The arrows indicate the positions of the 
hydrogen bonded C–H stretch transition of the 
haloform moieties in the complexes. The shifts in 
the C–H and N–H stretching frequencies in the 
complexes compared to those in the monomers 
are mentioned in parentheses.
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acceptors. On the other hand, N–H site can act as 
a HB donor for the halogen atoms.

Mass selective 1c-R2PI spectra of the AI mon-
omer and its haloform complexes showed that the 
BO transitions were red shifted upon complex 
formation for both the complexes. The red shift 
in electronic BO for  CHCl3 complex was found 
to be 309 cm−1, whereas the same for the  CHF3 
complex was 243 cm−1. The BO transitions of the 
AI–CHCl3 and AI–CHF3 complexes were probed 
by FDIR spectroscopy as shown in Fig. 4. An unu-
sually broad and strong transition was observed 
at 2951 cm−1 in the case of the  CHCl3 complex 
(trace b) and it was assigned as the C–H stretch 
transition  CHCl3 in the complex. This assignment 
was confirmed by performing FDIR experiments 
of AI–CDCl3 complex wherein this feature disap-
peared (trace c). The C–H stretching frequency 

of  CHCl3 moiety in the AI–CHCl3 complex 
showed a red shift of 82 cm−1 with respect to that 
of  CHCl3 monomer. On the other hand, FDIR 
spectrum of AI–CHF3 (trace d) showed that 
C–H stretch of  CHF3 in this complex appeared at 
3039 cm−1 which was blue shifted by 4 cm−1 with 
respect to that for  CHF3 monomer. The FDIR 
spectra were also recorded in the NH stretching 
region. It was reported that the NH stretching 
frequency was also affected in the complexes sig-
nificantly, i.e. in the  CHCl3 and  CHF3 complexes, 
the NH stretching frequency was red shifted by 56 
and 22 cm−1, respectively. This indicates that in 
the AI–haloform complexes both CH as well as 
NH are involved in the complex formation.

Computationally four different conform-
ers have been optimized for the AI–CHCl3 com-
plex. The respective zero point energy corrected 

Table 2: Dissociation energies (D0), dispersion energy (Ecorr), % dispersion component for the complexes 
of MI with  CHCl3 and  CHF3 at MP2/6–311 ++G** level. Other parameters such as C–H frequency shift (Δν), 
IR intensity enhancement ratio, change in C–H bond length (Δr), electron density (ρ) at the H-bond critical 
point, change in electron density (Δρ) at the C–H bond critical point are also tabulated. Ecorr = (D0−D

HF

0
 ), % 

dispersion = (Ecorr/D0) × 100, DHF

0
 = D0 estimated at HF level. The table also includes % dispersion of some 

other reported C–H–π bound complexes.

a Experimentally observed frequency shift
b D0 estimated at the CCSD(T), basis set limit (ref.71)
c D0 estimated at the MP2, basis set limit (ref.72)
d D0 estimated at the CCSD(T), basis set limit (ref.73)

Parameters 3-Methylindole–CHF3

3-Meth-
ylindole–
CHCl3

D0/kcal/mol 4.17 5.91

Ecorr/kcal/mol 1.76 3.81

% Dispersion 42 64

Δν (C–H)/cm−1 22 39

16a 2a

Intensity enhancement ratio 0.2 7000

Δr(CH)/mÅ − 1.93 − 1.71

ρ (BCP at H···Y)/au 0.0095 0.0132

Δρ (BCP at C–H)/au 0.0033 0.0037

Parameters Benzene–methaneb
Indole–
methanec

D0/kcal/mol 1.52 2.29

Ecorr/kcal/mol 2.67 5.49

% dispersion 176 240

Parameters Benzene–chloroformd

Benzene–
fluoro-
formd

D0/kcal/mol 5.60 4.20

Ecorr/kcal/mol 7.90 3.40

% dispersion 141 81
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binding energies are given in Table 3. In all 
these conformers, C–H of  CHCl3 acts as a HB 
donor, however, among these four conformers, 
C–H···N bound planar conformer was found to 
be the global minimum energy conformer at the 
MP2/aug-cc-pVDZ level of theory. On the other 
hand, geometry optimization of the AI–CHF3 
complexes suggested three different conformers 

(Table 3). Even in this case, the C–H···N bound 
planar conformer was the global minimum 
energy conformer. Computed harmonic fre-
quency calculations of the AI–CHCl3 complexes 
suggested red shifts of 102.5 cm−1 for planar con-
former. From both BE viewpoint and frequency 
agreement with the experimental IR spectrum, it 
was quite straightforward to assign the C–H···N 
HB bound planar conformer to be the observed 
conformer for AI–CHCl3 complex. However, the 
calculated IR spectra of the AI–CHF3 complexes 
predicts a red shift of 25.6 cm−1 for C–H···N 
HB bound planar conformer and blue shifts 
of 17.2 and 0.1 cm−1 for C–H···π pyridyl, and 
C–H···π pyrrole complexes, respectively. In this 
case, there was a bit of dichotomy in the relative 
binding energies and the agreement between the 
observed and computed CH stretching frequency 
shifts. Once again, the frequency calculations 
were refined using the counterpoise corrected 
surface. The counterpoise gradient corrected 
CH and NH frequency red shifts for the  CHCl3 
complex were 94 and 44 cm−1, respectively, in 
excellent agreement with the observed frequency 
shifts while those for the N-bound planar  CHF3 
complex were 9 and 22 cm−1, respectively. For 
the  CHF3 complex, computations at various 
DFT levels were also tried to reproduce the blue 
shift in the CH stretching frequency without any 
avail. Assigning the observed conformer to the 
π-bound conformer in this case based on the 
computed blue shifted CH frequency, however, 
was not consistent with the observed large red 

Figure 4: FDIR spectra a 7-AI, b 7-AI:CHCl3, c 
7-AI:CDCl3, and d 7-AI:CHF3 in the C–H stretch 
region. The C–H transition of the  CHX3 moiety in 
the complexes has been marked by arrows. The 
magnitudes of shifts in the C–H stretch frequency 
upon complex formation are given in the paren-
theses. Reprinted with permission from Ref.75. 
Copyright © 2014 WILEY–VCH Verlag GmbH & 
Co. KGaA, Weinheim.

Table 3: Dissociation energies (D0) for AI–CHCl3 and AI–CHF3 conformers computed at the MP2/aug-cc-pVDZ 
level. Other parameters such as frequency shift (Δν (C–H)), frequency shift (Δν (N–H)), change in C–H bond 
length (Δr), and electron density (ρ) at the H-bond critical point are also tabulated.

a Calculated at cp-MP2/aug-cc-pVDZ level
b Experimentally observed frequency shift
c Two BCPs were observed

Parameters

AI–CHCl3 AI–CHF3

C–H···N 
(planar)

C–H···N 
(perp.lar)

C–H···π 
(pyridyl)

C–H···π (pyr-
role)

C–H···N 
(planar)

C–H···π 
(pyridyl)

C–H···π 
(pyrrole)

D0/kcal/mol 6.46 6.27 5.69 5.41 5.06 3.34 2.88

Δν (C–H)/
cm−1

− 102.1 − 48.5 53.9 42.9 − 25.6 17.2 0.1 

− 94.4a − 42.9a N.A. N.A. − 8.5a N.A. N.A.

− 82b – – – 4b – –

Δν (N–H)/
cm−1

− 54.4 − 17.0 − 5.1 − 11.1 − 23.1 − − 2.9 − 10.0 

− 43.8a − 15.4a N.A. N.A. − 21.6a N.A. N.A.

− 56b – – – − 22b – –

Δr(CH)/mÅ 6.5 3.1 − 2.7 − 2.3 1.4 − 1.1 − 0.1

ρ (BCP at 
H···Y)/au

0.0252 0.0210 0.0131, 
0.0132c

0.0161 0.0175 0.0092, 
0.0093c

0.0105
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shift in the electronic BO of the observed con-
former. It is well documented in the literature 
that the π-bound conformers invariably show 
large blue shifts in the electronic band origin. 
For example, Zwier et al.87 have reported blue 
shifts of 52 and 152 cm−1 for the transition 60

1 
in the π-bound complexes of benzene with  H2O 
and HCl, respectively. Fujii et al.88 have reported 
that the C–H–π bound complexes of benzene 
with  CHCl3 and  CH2Cl2 showed blue shifts of 
178 and 105 cm−1, respectively, in the 60

1  (S1–
S0) transitions. Based on these arguments, the 
observed conformer for AI–CHF3 was assigned 
as the CH···N bound planar conformer based on 
the computed binding energy and the observed 
large red shift in the electronic band origin tran-
sition. The discrepancy of 4 cm−1 blue shift was 
explained as shifting in energy levels due to Fermi 
resonance between the C–H stretching vibra-
tion with the overtones of C–H bend vibrations 
in analogy with the reported pseudo-blue shift in 
the case of the  CHF3–pyridine complex82.

The observed large red shift in the CH stretch-
ing frequency in the case of AI–CHCl3 complex 
is consistent with those reported in the literature 
for the other CH···N bound complexes as given 
in Table 4. It can be seen that the C–H···N bound 
 CHCl3 complexes always showed red shifts in 
C–H stretch transition. However, C–H···N bound 
 CHF3 complexes can show either a red shift or 
blue shift depending upon the experimental 
conditions or the systems studied. Although the 
calculated BE at the MP2 level for AI–CHCl3 
(6.46 kcal/mol) and large CH stretch red shift 
(82 cm−1) indicate that the C–H···N H-bond 
in this complex is quite comparable to the con-
ventional H-bonds, it is pointed out that the net 
binding energy in this case may not be solely due 
to the CH···N interaction, i.e. it must also have 
the contribution from the NH···Cl/F interaction. 
On the other hand, AI–CHF3 complex showed 
a small blue shift (4 cm−1) unlike conventional 
H-bonds, but the BE (5.06 kcal/mol) of this com-
plex was also found to be quite high and compa-
rable to the AI–CHCl3 complex.

In all the cases, the extent of observed blue 
shifts was more in the fluoroform complexes than 
the corresponding chloroform complexes. It can 
be noted that C–H stretch of  CHCl3 showed red, 
zero, and blue shifts in the complex of AI–CHCl3, 
PCNP–CHCl3 complex, and (MI–CHCl3 and 
PCR–CHCl3), respectively. These results empha-
sised the role of HB acceptors in determining the 
direction of the C–H stretch shifts.

6  Imidazole/Oxazole Complexes
In this section, spectroscopic behaviour and role 
of the moderately activated C–H moieties will 
be discussed. Imidazole moiety is an important 
biological entity that is not only an integral part 
of many crucial biological molecules such as 
amino acids, nucleobases, and alkaloids,89 but it 
is also actively involved in controlling functions 
of these biological molecules. Imidazole group 
is an interesting system to investigate the role of 
the C–H···Y H-bonds in biological systems, as it 
possesses a moderately activated C(2)–H bond 
along with inherent conventional HB donor 
(N–H bond) and acceptor [lone pair (lp) of N] 
sites. Active participation of this activated C(2)–
H bond in C–H···O H-bond is known in the lit-
erature. For example, C(2)–H of imidazole group 
forms C–H···O H-bond with adjacent >C=O 
group of peptide backbone in a catalytic triad 
that plays a crucial role in certain enzymatic reac-
tions18. It is also found as a potential HB donor in 
molecular crystals90 and ionic liquids91, Bhattach-
erjee et al.92–95 have cleverly chosen imidazole 
containing organic systems such as benzimidazole 
(BIM)/1-methylbenzimidazole (MBIM) (Fig. 1) 
where the C(2)–H of imidazole moiety is decou-
pled from rest of the C–H stretch of the systems. 
Therefore, C(2)–H of imidazole acts as a local 
oscillator and hence finds it easy to distinguish its 
stretching transition in the respective vibrational 
spectra. The other system of interest is O-ana-
logue of BIM which is benzoxazole (BOX). Like 
imidazole, oxazole is another natural constituent 
of alkaloids, oligosaccharides, and vitamins89.

Mass gated electronic excitation spectrum of 
1:1 complex of BIM–W1 (W = water) showed 
three transitions in the electronic excitation 
spectrum92. One of them was red shifted by 
68 cm−1 compared to the BO of BIM monomer, 
whereas the other two showed blue shifts of 104 
and 149 cm−1. On the other hand, electronic 
excitation spectrum of mass gated MBIM–W1 
showed only two transitions which were blue 
shifted by 117 and 193 cm−1. Similar to MBIM–
W1, BOX–W1 also showed only two transitions 
in the electronic excitation spectrum94. One of 
them was red shifted by 27 cm−1, whereas the 
other transition was blue shifted by 91 cm−1. 
Structural information of the complexes cor-
responding to these transitions was envisaged 
with the help of experimental and computed IR 
spectra. The C(2)–H stretch of BIM appeared at 
3095 cm−1, and the same for MBIM appeared 
at 3103 cm−1. The intensities of the C(2)–H 
stretch transitions were very weak. The C(2)–
H transition for BOX was so weak that it could 
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not be observed in the respective IR spectrum. 
The IR spectra of all the conformers also did 
not show any significant activity in the CH 
stretching frequency, but the NH stretching fre-
quency of BIM and the OH stretching frequen-
cies of the solvent molecule, viz., water showed 
significant shifts. Comparison of FDIR spec-
tra and computed IR spectra of the complexes 
suggested that the red shifted electronic tran-
sition for BIM–W1 corresponds to a N–H···O 
bound conformer, whereas the blue shifted elec-
tronic transitions of all the complexes (BIM–
W1, MBIM–W1 and BOX–W1) correspond to 
O–H···N bound conformers where water mol-
ecule was tilted to either the phenyl ring or the 
imidazole ring as shown in Fig. 5. The absence 
of any activity in the C–H region of the spectra 
of all these conformers compared to the same 
for the respective monomers indicated that the 
C(2)–H does not play any role in stabilizing the 
1:1 complexes.

6.1  BIM/MBIM/BOX–Wn (n > 1) Complexes
Although C(2)–H group was not found to play 
any role in the 1:1 complexes of BIM/MBIM/
BOX with water, it was found that the CH group 
actively participates in H-bonding in higher water 
complexes95. The electronic excitation spectra of 
the higher complexes of BIM/MBIM with water 
(1:n where n > 1) showed a single conformer for 
each of the cases. Figure 6 shows the FDIR spec-
tra of BIM–Wn (n = 2–4) complexes along with 
closely matched computed IR spectra. FDIR spec-
trum of BIM–W2 complex showed that the N–H 
stretch transition position remains unchanged, 
i.e. N–H of BIM does not participate in the 
H-bonding. Interestingly, C(2)–H stretch tran-
sition was found to be blue shifted by 14 cm−1 
and the IR intensity enhancement of the order of 
sixfold over that of the monomer was observed 
which clearly suggests that C(2)–H of BIM 
actively participates in H-bonding to stabilize 
this 1:2 complex. The transitions observed above 
3200 cm−1 were due to the bound and free O–H 

Table 4: A summary of reported experimental frequency shifts of the C–H stretch transition in various 
C–H···N bound complexes.

a Reference85

b Reference84

c Reference86

d Reference82

e Reference81

f Reference80

g Reference75

Complex
Shift in C–H stretch of HB 
donor  (cm−1) Experimental method Remarks

CHCl3: NH3
a − 38 Supersonic Jet FTIR Jet temperature

CHCl3: NH3
b − 17.5 Gas phase FTIR Room temperature

CHCl3: NH3
c − 45 Ar matrix 20 K

CHCl3: NH3
c − 94 N2 matrix 20 K; broad peak

CHF3: NH3
d + 7.6 Liq Xe 188 K

CHF3: NH3
d − 21 Ar matrix 20 K

CHF3: NH3
c − 45 N2 matrix 20 K

CHCl3: NMe3
e − 105 Liq Kr 120 K

F2ClCH: NMe3
e − 32 Liq Kr 120 K

CHF3: NMe3
d − 22.8 Liq Ar 90 K

CDCl3:NH3
f − 12 Gas phase IR Room temperature

CDCl3:MeNH2
f − 26 Gas phase IR Room temperature

CDCl3:Me2NHf − 45 Gas phase IR Room temperature

CDCl3: NMe3
f − 53 Gas phase IR Room temperature

CHF3:Pyridined + 3 Liq Xe 188 K

CHCl3:7-Azaindoleg − 82 IR-UV jet Jet temperature

CHF3:7-Azaindoleg + 4 IR-UV jet Jet temperature
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stretches of water. Experimental IR spectrum was 
best reproduced by the calculated IR spectrum 
of the conformer that has two water molecules 
forming a hydrogen bonded water chain bound 
to the imidazole moiety via O–H···N HB with the 
N centre of imidazole and a C(2)−H · · ·OH2O

 
HB in a seven-membered cyclic ring structure as 
shown in Fig. 7. This result clearly highlights that 
C(2)–H···O HB does play an active role in build-
ing up the water complexes around BIM. This 
conformer was also found to be the global mini-
mum structure at various levels of theory95. In an 
earlier report, Simons et al.96 have reported that 
in the case of dihydrated complex of 4-phenylim-
idazole (another derivative of imidazole), water 
molecules form a hydrogen bonded bridge struc-
ture between N–H site and the π-aromatic cloud 
of the imidazole ring. However, such a structure 
was not observed for BIM–W2 by Bhattarcher-
jee et al.95. In case of BIM–W3,4, FDIR spectra 

did not show any IR intensity enhancement for 
C(2)–H stretch transition and the experimen-
tal FDIR spectra were nicely reproduced by the 
calculated IR spectra of the conformers hav-
ing a water bridge structure between N centre 
and N–H centre of BIM and indicated that the 
C(2)−H · · ·OH2O

 H-bond cannot compete ener-
getically with the NH···O interaction in stabiliz-
ing these higher complexes. However, when the 
NH site in BIM is methylated as in MBIM, the 
role C(2)–H···O HB in stabilizing higher water 
complexes was evident. The FDIR spectrum of 
MBIM–W2 (Fig. 8) also showed that IR inten-
sity enhancement for C(2)–H stretch mode was 
almost tenfold. The conformer whose calculated 
IR spectrum agreed with the experimental spec-
trum was a structure in which a hydrogen bonded 
water chain was anchored between N centre 
and C(2)–H of MBIM via the O–H···N and 
C(2)−H · · ·OH2O

 H-bonds, respectively (Fig. 7). 
This conformer was also found to be the global 

Figure 5: Optimized global minimum energy conformers whose IR spectra closely matched with the 
observed FDIR spectra of BIM–W1 and MBIM–W1 complexes at the cp-MP2/aug-cc-pVDZ level. The 
number in the parentheses indicate the computed BE in kcal  mole−1. The conformer A’ of BIM-W1 corre-
sponds to the red shifted BO band and the A, B conformers for BIM–W1 and MBIM–W1 correspond to the 
blue shifted BO band in the respective LIF spectra. Reference92—reproduced by permission of the PCCP 
Owner Societies.
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Figure 6: FDIR spectra of BIM monomer and its  Wn (n = 2–4) clusters and corresponding closely 
matched scaled computed (cp-MP2/aug-cc-pVDZ) IR spectra are shown for comparison. The red dot-
ted lines indicate the position of the symmetric and antisymmetric stretch mode of free water monomer. 
The blue and grey shaded bars indicate the position of N–H stretch and C(2)–H stretch of BIM monomer, 
respectively. The asterisk in the computed spectra of BIM–W2 indicates the intensity enhancement of the 
C(2)–H stretch transition in this complex. The black dotted lines indicate the correspondence between 
experimental and computed transitions. Reference95—reproduced by permission of the PCCP Owner 
Societies.

Figure 7: Optimized global minimum energy structures for BIM-Wn (n = 2–4) and MBIM–Wn (n = 2–4) at 
cp-MP2/aug-cc-pVDZ. The numbers in the parentheses indicate their calculated BE in kcal  mole−1. Refer-
ence95—reproduced by permission of the PCCP Owner Societies.
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minimum energy structure according to vari-
ous dispersion-corrected DFT functionals as well 
as MP2 level of theory. Not only the MBIM–W2 
complex but MBIM–W3,4 was also found to have 
a water bridge structure between N centre and 
the C(2)–H moiety unlike BIM–W3,4 complexes. 
These results clearly indicate that whenever the 
N centres of the imidazole are unavailable for 
interaction, the activated C(2)–H participates 
in H-bonding. The BEs of the MBIM–W3,4 were 
comparable to that of the BIM–W3,4 complexes 
suggesting that the stabilization provided by the 
C(2)−H · · ·OH2O

 H-bond in the MBIM–W3,4 
must be comparable to the N−H · · ·OH2O

 HB in 
the BIM–W3,4 complexes.

In case of BOX, the highest water com-
plex consisted of only two water molecules and 
only single conformer of BOX–W2 complex 
was observed in the LIF and 2c-R2PI spectra94. 
The FDIR spectrum showed an enhancement 
of the IR transition intensity for the transition 
at 3120 cm−1 which has been assigned as the 
C(2)–H stretch transition of BOX indicating its 

involvement in H-bonding. Comparison between 
the experimental spectrum and the computed 
spectra indicated that the observed conformer 
corresponds to the one that has hydrogen bonded 
water bridge between N centre and C(2)–H 
moiety of BOX molecule, very similar to BIM/
MBIM–W2 complexes.

The interaction of C(2)–H group of BIM/
MBIM/BOX was also probed in the complexes 
of other oxygen containing protic solvents with 
higher proton affinities than water, namely, meth-
anol and ethanol by Bhattacherjee et al.93 using 
LIF, 2c-R2PI, and FDIR spectroscopy. With the 
help of calculated IR spectra and experimental 
FDIR spectra, it was found that the 1:1 complexes 
with alcohols did not show any activity in the 
C–H region, i.e. the C(2)–H did not participate 
in any interactions to stabilize these conformers, 
similar to BIM/MBIM–W1 complexes92. FDIR 
spectrum of BIM–M2 (M = methanol), however, 
showed that the intensity of the C(2)–H stretch 
transition was enhanced by sevenfold indicating 
the involvement of the C(2)–H in H-bonding 

Figure 8: FDIR spectra of MBIM monomer and MBIM–Wn (n = 2–4) clusters and corresponding closely 
matched scaled computed (cp-MP2/aug-cc-pVDZ) IR spectra are shown for comparison. The red dotted 
lines indicate the position of the symmetric and antisymmetric stretch mode of free water monomer. The 
grey shaded bar indicates the position of C(2)–H stretch of MBIM monomer. The transitions marked by 
asterisks are assigned as the C(2)–H stretch transition. The black dotted lines indicate the correspond-
ence between experimental and computed transitions. Reference95—reproduced by permission of the 
PCCP Owner Societies.
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interaction. The computed IR spectrum of the 
optimized global minimum energy conformer 
reproduced the observed IR spectrum where the 
hydrogen bonded methanol chain was bound 
between N centre and C(2)–H of BIM molecule 
via O–H···N and C(2)−H · · ·OCH3OH H-bond-
ing interactions, respectively. LIF spectrum and 
2c-R2PI spectra identified MBIM–methanol 
complexes with up to three methanol molecules. 
Except 1:1 complex, IR spectra of other two 
complexes showed enhancement in IR intensity 
for C(2)–H stretching transitions. Like in the 
MBIM–W(2–4) complexes, methanol molecules 
form H-bonded chain between N centre and 
C(2)–H of MBIM in MBIM–M(2-3) complexes. It 
was apparent from these studies that both water 
and methanol have very similar structural pat-
terns in the complexes of BIM and MBIM.

In summary, the CH group in the BIM/
MBIM/BOX is not sufficiently activated so as 
to compete with the conventional H-bonding 
donor/acceptor sites. However, ample evidence 
was provided that underscores the secondary role 
played by the C–H···O H-bonding interaction in 
facilitating the hydration or solvation shell of the 
substrate. Further, it also supports the role played 
by the C–H···O H-bond in anchoring the imida-
zole side chain in certain enzymatic reactions. The 
BEs of all the complexes are tabulated in Table 5. 
It can be seen that with increase in number of 
solvent molecules, the BE increases non-linearly. 
The increased red shifts and broadening of the 
H-bonded O–H stretch transitions with increased 
number of solvent molecules suggest the presence 
of cooperativity in these complexes93,95.

7  TCNB/TFB Complexes
This section presents the complexes of highly 
activated C–H group, such as 1,2,4,5-tetracy-
anobenzene (TCNB) (Fig. 1) and 1,2,4,5-tetra-
fluorobenzene (TFB). In both these molecules, 
four strong electron withdrawing groups make the 
two C–H groups at the para position with respect 
to each other very active or polar and there-
fore can participate in C–H···Y (Y = HB accep-
tor) H-bonding. Ghosh et al.39 recently reported 
the complexes of water with TCNB. The TFB 
complexes were reported by Mikami et al.36–38.  
In case of TCNB, the adjacent –CN groups can 
also act as HB acceptors. Therefore, relative pro-
pensity of C–H···Y H-bonding in the presence 
of conventional HB site was monitored for this 
system.

The combination of LIF and FDIR spec-
tra showed that TCNB–water complexes with 
up to three water molecules were observed. The 
BO transitions of TCNB–W1, TCNB–W2, and 
TCNB–W3 complexes were red shifted by 12, 38, 
and 50 cm−1, respectively, with respect to that of 
the TCNB monomer. Figure 9 shows the FDIR 
spectra of TCNB monomer as well as its water 
complexes. In case of TCNB monomer, FDIR 
spectrum shows a weak transition at 3062 cm−1 
that was assigned as the antisymmetric C–H 
stretch of TCNB. FDIR spectrum of TCNB–W1 
showed a strong transition at 3054 cm−1 that was 
assigned as the C–H stretch transition of the com-
plex. The C–H stretch transition was red shifted 
by 8 cm−1 compared to that in the TCNB mon-
omer and IR intensity was also highly enhanced 
indicating that C–H of TCNB in TCNB–W1 com-
plex was involved in the H-bonding interaction. 
Geometry optimizations of TCNB–W1 complex 
at the cp-ωB97X-D/6-311 ++G** level predicted 

Table 5: Computed dissociation energies (D0) of the experimentally observed conformers of BIM, MBIM, 
and BOX complexes in kcal/mol.

Level/basis set BIM–W1 BIM–W2 BIM–W3 BIM–W4

cp-MP2/aug-cc-pVDZ 5.04, 5.08, 5.02 12.0 19.9 28.1

cp-MP2/aug-cc-pVDZ MBIM–W1 MBIM–W2 MBIM–W3 MBIM–
W4

5.28, 5.25 12.4 19.4 25.0

MP2/aug-cc-pVDZ BIM–M1 BIM–M2 – –

5.87 14.48 – –

MP2/aug-cc-pVDZ MBIM–M1 MBIM–M2 MBIM–M3 –

6.14 14.85 23.30 –

cp-MP2/aug-cc-pVDZ BOX-W1 BOX-W2 – –

3.99 10.63 – –
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four different conformers with the C–H···O HB 
bound conformer as the global minimum struc-
ture. The other conformers were OH···N bound 
and two π bound conformers. Based on the agree-
ment between the experimental and computed 
IR spectra and the relative binding energies, it 
was suggested that the observed conformer was 
a C–H···O bound conformer, i.e. conformer ‘a’ as 
shown in Fig. 10. A point to be noted here is that 

the CH···O HB was the preferred mode of com-
plex formation in preference to the conventional 
OH···N HB. Mikami et al.36 have shown that in 
the 1:1 complex of 1,2,4,5-tetrafluorobenzene 
(TFB) with water, the C–H stretch frequency of 
TFB was also red shifted by 8 cm−1 and the IR 
intensity of the C–H stretch was significantly 
enhanced compared to that of TFB monomer. 
They concluded that one of the C–H group of 
TFB participated in H-bonding with water to 
form C–H···O H-bond to stabilize the complex. 
Similarly, C–H···O H-bond was also found in 
the complex of TFB with methanol where a red 
shift of 12 cm−1 was observed in the aromatic 
C–H stretch37. In all of the above cases, C–H···O 
H-bond played a primary role in the complex 
formation.

FDIR spectra of TCNB–W2,3 showed inten-
sity-enhanced transitions at 3032 and 3020 cm−1, 
respectively, in the CH stretching region that 
were assigned as the C–H stretch transition in 
the respective complexes. The relative red shifts 
with respect to that in the monomer were 30 and 
42 cm−1, respectively. In addition, the FDIR spec-
trum of the TCNB–W2 complex showed two red 
shifted O–H transitions at 3594 and 3495 cm−1 
and two free O–H stretch transitions at 3730, 
3718 cm−1. With the help of computed IR spectra, 
the observed conformer to TCNB–W2 complex 
was assigned to a conformer that has C–H···O 
bound hydrogen bonded water chain that bridges 
the C–H site with the N atom of adjacent –CN 
group as shown in Fig. 10. This result suggests 
that C–H moiety of TCNB plays a primary role in 
the building a water chain around the molecule, 
unlike the water complexes of BIM, MBIM, and 
BOX. The FDIR spectrum of TCNB–W3 (Fig. 9d) 

Figure 9: FDIR spectra of a TCNB monomer, 
b TCNB–W1, c TCNB–W2, and d TCNB–W3. 
FDIR spectrum of TCNB–W2 is an overlay of two 
traces, blue and green. Blue and green traces 
were recorded with  LiNbO3–OPO and KTP–OPO, 
respectively, as  LiNbO3–OPO does not have 
power in the green trace region. Green dotted 
line indicates the position of C–H stretch of TCNB 
monomer. Adapted with permission from Ref.39. 
Copyright © 2019 American Chemical Society.

Figure 10: Observed conformers of TCNB–Wn (n = 1–3) calculated at cp-ωB97X-D/6-311 ++G** level of 
theory. H-bond-related geometrical parameters such as bond lengths in Å and bond angles are also men-
tioned. Reprinted with permission from Ref.39. Copyright © 2019 American Chemical Society.
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showed five O–H stretch transitions with a few 
of them being greatly red shifted, besides the 
intensity-enhanced CH stretch at 3020 cm−1. The 
number of other features that appear in the CH 
region of the FDIR spectra of TCNB–Wn (n = 2, 
3) were due to Fermi resonance of the CH bend-
ing overtones with the CH stretching mode of 
TCNB. With the help of BE calculation and com-
puted IR spectra, it was confirmed that TCNB–
W3 also has the C–H···O bound H-bonded water 
bridge structure as shown in Fig. 10.

Above studies show that the first water mol-
ecule binds to the C–H site of TCNB/TFB in pref-
erence to the other sites. Addition of second water 
molecule in TCNB forms a hydrogen bonded 
water chain that bridges C–H site and –CN site 
via C–H···O HB and O–H···N HB, respectively. 
In case of TCNB–W3 complex, the water mole-
cules form an extended water chain. These results 
clearly suggest that C–H···O HB plays a primary 
role in developing hydration shell around TCNB. 
The H-bonded water/solvent chains bridging the 
HB donor and acceptor sites are common for 
conventional H-bonded systems97–101 and are 
known to play s crucial role in proton shuttling 
across the chain102–107. H-bonded water chain 
growing on C–H site is very rare. We believe that 
H-bonded water chain at the activated C–H site 
can help in proton transfer from C–H site as well 
like conventional HB donor sites. Figure 10 also 
shows the geometrical parameters of TCNB–
Wn (n = 1–3) complexes. It can be seen that 
C–H···O H-bond length gradually decreases and 
∠CHO becomes more linear (149°, 164°, 173°) 
in the TCNB–Wn complexes with increase in the 
number of water molecules. In other words, the 
C–H···O H-bond strength increases with increase 
in number of water molecules in the complex. 
Table 6 gives the computed binding energies of 
the observed conformers along with the AIM 
parameters. The increase in C–H···O H-bond 
strength is also reflected in the concomitant 
increase in the red shift in C–H stretch transition 
of TCNB that increases from 8 cm−1 in TCNB–
W1 complex to 42 cm−1 in TCNB–W3 complex. 
Electron density at the BCP on C–H···O bond 
path and the second-order perturbation energy 
of the orbital overlap corresponding to lone pair 
of water oxygen and the antibonding orbital of 
C–H bond were also found to increase with the 
number of water molecules in the complex as 
shown in Table 6. AIM calculation suggested that 
significant changes in charge densities were found 
on the atoms which are involved in the hydrogen 
bonded cyclic ring structure of the TCNB–Wn 
complexes. This change in charge densities also 

brought cooperativity in the complexes. The 
cooperativity in case of TCNB–W2 was found 
to be 2.43 kcal/mol and that of TCNB–W3 was 
5.21 kcal/mol. The increase in cooperativity with 
increase in number of water molecules in the 
complexes was also reflected in the H-bonded 
C–H and O–H stretching frequencies, as the red 
shifts of these transitions were found to increase 
with the number of water molecules.

8  Summary
The review summarizes the recent results on 
C–H···Y (Y = HB acceptor) H-bond in terms 
of spectroscopic characteristics and its role in 
molecular solvation that was carried out in our 
laboratory. Spectroscopic characterizations of 
red, blue, and zero shifted C–H···Y H-bonds were 
summarized for complexes of haloform with 
organic molecules such as 7-azaindole, 3-meth-
ylindole, p-cresol, and p-cyanophenol. The pri-
mary and secondary stabilization provided by 
C–H···Y H-bonds in molecular solvation for vari-
ous organic molecules in water and alcohols were 
also discussed with the light of spectroscopy and 
ab initio/DFT calculations.

A summary of the electronic BO transitions 
of all the complexes and their corresponding 
C(2)–H stretch positions is tabulated in Table 7. 
The effect of para-substitution has nicely been 
brought out in the mode of interactions for the 
complexes of PCR and PCNP with haloforms. 
PCR forms C–H···π bound complexes with 
both  CHCl3 and  CHF3, whereas PCNP forms 
C–H···N bound complexes. In case of PCNP, 
the –CN group at the para position withdraws 
electron density from the π-electron cloud and 
destabilizes the C–H–π H-bond. In contrast, the 
π-electron density of the phenyl ring is enriched 
in PCR due to +I effect of the methyl group at 
the para position that enhances the stability of 
the C–H–π H-bond. Like most of the C–H–π 
bound complexes, PCR–haloform complexes 
also showed blue shifts in C–H stretch transition. 
In the C–H stretch frequency in PCNP–CHF3 
complex, however, a zero frequency shift was 
observed for PCNP–CHCl3 complex. A consid-
erably high blue shift of 27 cm−1 was observed 
for the C–H stretch frequency in PCNP–CHF3 
complex. Another important finding of these 
studies is that the normal mode frequencies are 
predicted well when calculations are performed 
using counterpoise corrected gradients. In the 
case of MI, C–H–π type complexes were observed 
with  CHCl3 and  CHF3. Even in the case of these 
heterocyclic polyaromatic molecules, the C–H–π 
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bound complexes showed a blue shift in the C–H 
stretch transition. In all the cases, the blue shift in 
the C–H stretching frequency was always higher 
for  CHF3 relative to that for  CHCl3 complexes.

The complexes of 7-azaindole with haloforms 
 (CHCl3,  CHF3) were exceptions. These complexes 
were found to be stabilized by coplanar C–H···N 
H-bonds. The C–H stretch frequency was greatly 
red shifted by 82 cm−1 compared to that in  CHCl3 
monomer. Computationally even the  CHF3 com-
plex was predicted to be red shifted, however, a 
blue shift 4 cm−1 in C–H stretch frequency was 
observed for AI–CHF3 complex. The discrepancy 
in experimental and computational observa-
tions was reconciled by invoking Fermi mixing 
of the C–H stretch transition with the overtones 
of the C–H bend transition that caused shift in 
vibrational levels. This is an example of pseudo-
blue shifted H-bonded complex. This C–H···N 
bound complex can be contrasted with the zero 
frequency shifted complex observed in the case of 
PCNP–CHCl3 complex. It is conjectured that the 

hybridization of the nonbonding orbital on the 
N centre controls the interaction of the lone pair 
orbital with the antibonding orbital of the C–H 
bond that determines the red shift in the H-bond 
donor stretching frequency. It may be interesting 
to investigate the haloform complexes of another 
heterocyclic compounds, for example, benzimi-
dazole that has the N centre as an acceptor.

Role of C–H···Y H-bond in the microsolva-
tion of few organic molecules has been explored. 
It was found that in the 1:1 complexes of BIM, 
MBIM, and BOX with water and alcohols, the 
solvent molecules do not bind to the C(2)–H site 
of imidazole or oxazole moiety. However, the 1:2 
complexes of these molecules showed formation 
of water bridge structure between N site of the 
imidazole/oxazole moiety and the C(2)–H site 
via O–H···N and C(2)−H · · ·OH2O

 H-bonds, 
respectively. In BIM–W3–4 complexes, water 
molecules form water bridge between the N cen-
tre and the N–H site of imidazole moiety and it 
was apparent that the C(2)−H · · ·OH2O

 H-bond 

Table 6: Dissociation energies (D0), electron density (ρ) at the H-bond critical points, and Laplacian 
of electron density (∇2ρ) at the H-BCPs as shown in figure below. The numbers mentioned in the table 
refer to the BCPs shown in the figure. Corresponding second-order perturbation energies of overlapping 
orbitals (E2) are also tabulated.

Complexa D0 (kcal/mol) ρ at H-bond 
BCP (au)

∆2ρ at H-bond 
BCP (au) E2 (kcal/mol)

Conf ‘a’, TCNB(H2O)1
5.74b

4.65c
1) 0.0159,
2) 0.0077

1) -0.0148,
2) -0.0072

1) 4.36,
2) 0.06

Conf ‘e’, TCNB(H2O)2
13.42b

10.88 c

1) 0.0211,
2) 0.0298,
3) 0.0182

1) -0.0199,
2) -0.0171,
3) -0.0271

1) 8.57,
2) 13.30,
3) 3.50

Conf ‘h’, TCNB(H2O)3 20.72b

1) 0.0235,
2) 0.0338,
3) 0.0331,
4) 0.0227

1) -0.0224,
2) -0.0299,
3) -0.0296,
4) -0.0208

1) 10.70,
2) 16.53,
3) 15.89,
4) 7.57

a Reference39

b Calculated at cp-ωB97X-D/6-311 ++G** level
c Calculated at cp-MP2/6-311 ++G** level
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was not able to compete with the conventional 
H-bond donor. However, in MBIM where the 
N–H was methylated, the water chain was held by 
the N centre and the C(2)–H site of imidazole via 

O–H···N and C(2)−H · · ·OH2O
 H-bonds, respec-

tively. The binding energies of MBIM–W3–4 com-
plexes were also found to be comparable to the 
BIM–W3–4 complexes, i.e. stabilization provided 

Table 7: Summary of electronic transitions and C(2)–H stretch transitions.

a Calculated at cp-MP2/aug-cc-pVDZ level
b Calculated at MP2/aug-cc-pVDZ level
c Calculated at MP2/6-311 ++G** level
d Calculated at cp-ωB97X-D/6-311 ++G** level

Complex
S1–S0 band origin shift 
 (cm−1)

Shift in C–H stretch 
 (cm−1) D0 in kcal/mol

Type 
of inter-
action

PCR–CHCl3 + 45 + 11 6.80a C–H···π

PCR–CHF3 + 101 + 17 3.50b

MI–CHCl3 − 22 + 2 5.91c

MI–CHF3 + 7 + 16 4.17c

PCNP–CHCl3 + 112 0 5.40a CH···N
PCNP–CHF3 + 110 + 27 3.70a

AI–CHCl3 − 309 − 82 6.46a

AI–CHF3 − 243 + 4 5.06a

BIM complexes

BIM–W1 (A′) ˗68 0 5.04a N–H···O

BIM–W1 (A) + 104 0 5.08a O–H···N
BIM–W1 (B) + 149 0 5.02a O–H···N
BIM–W2 (C) + 217 + 14 12.02a Multiple

BIM–W3 (D) + 174 – 19.93a Multiple

BIM–W4 (E) + 185 – 28.07a Multiple

BIM–M1 (A′) − 103 – 6.11b N–H···O

BIM–M1 (A) + 108 – 5.87b O–H···N
BIM–M2 (B) + 223 + 1 14.48b Multiple

MBIM complexes

MBIM–W1 (A) + 117 0 5.28a O–H···N
MBIM–W1 (B) + 193 0 5.25a O–H···N
MBIM–W2 (C) + 286 − 3 12.38a Multiple

MBIM–W3 (D) + 310 – 19.40a Multiple

MBIM–W4 (E) + 298 + 14 25.04a Multiple

MBIM–M1 + 130 6.14b O–H···N
MBIM–M2 + 294 − 12 14.85b Multiple

MBIM–M3 + 313 + 18 23.30b Multiple

BOX complexes

BOX–W1 (A) − 27 – 4.37a O–H···N
BOX–W1 (B) 91 – 3.99a O–H···N
BOX–W2 (C) 149 – 10.63a Multiple

TCNB complexes

TCNB–W1 − 12 − 8 5.74d CH···O
TCNB–W2 − 38 − 30 13.42d

TCNB–W3 − 50 − 42 20.72d
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by C(2)−H · · ·OH2O
 H-bond in MBIM–W3–4 

complexes is comparable to the N−H · · ·OH2O
 

H-bonds in BIM–W3–4 complexes. Similarly, it 
was also observed that in the MBIM–M2–3 com-
plexes the methanol molecules form a hydrogen 
bonded methanol bridge between the N centre 
and the C(2)–H site of MBIM. These studies con-
clusively suggest that C(2)–H···O H-bond plays 
an active role in molecular solvation by providing 
secondary stabilization to the H-bonded water 
network. In these complexes, the shift of C(2)–
H stretch transitions was found to be mostly 
blue shifted except in the case of MBIM–W2 or 
MBIM–M2 complexes, but in all the IR intensity 
enhancement is noticeable. The shifts were also 
below 20 cm−1.

In TCNB complexes with water, the C–H···O 
H-bonds were found to play a primary role in 
the molecular solvation of TCNB–Wn (n = 1–3) 
complexes. It has been found that first water mol-
ecule binds to the C–H site of TCNB instead of 
N atoms of CN groups. Subsequent addition of 
water molecules forms a H-bonded water chain 
between C–H site and N atom of CN group form-
ing ring structures. Enhancement of IR transition 
intensity and red shift in C–H stretch transition 
in these complexes are indicative of C–H···O 
H-bond formations in these complexes. The CH 
group was sufficiently activated in this molecule 
that in some sense it almost behaved like a con-
ventional H-bond donor. A significant extent 
of cooperative effect was observed in all the 
H-bonded bridge structures in the TCNB com-
plexes as well as BMI/MBIM/BOX complexes.
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