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FTIR spectroscopic studies on the binary solutions of formamide with methanol reveal the presence of “free”
O − H in methanol. These “free” O − H groups are found in methanol tetramers which is confirmed from the
DFT calculations. DFT calculations on the formamide dimers of five different geometries encompassing one or
more of the N− H⋯O, C− H⋯O and N− H⋯N hydrogen bonds tell that N− H⋯N bonds are the strongest. Dis-
sociation of the.
N− H⋯N bonds of formamide in the binary solutions with methanol has a major impact on the NH2 symmetric
stretchingmode of formamide in the FTIR spectra. In these solutions the formation of 1:4 (formamide:methanol),
1:5 and 2:4 complexes are possible. These complexes are more stable than the formamide dimers, methanol tet-
ramer and pentamer investigated in the present work. Methanol methyl group plays no role in either the self-
association or heterointeraction with formamide.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The role ofN−H⋯O= C interactions is very important in the struc-
ture and properties of biologically important molecules like DNA, RNA,
proteins etc., [1,2]. Considering their significance, a deep understanding
of this type of interactions may be extremely helpful in obtaining more
information about the structure and properties of the biomolecules like
DNA, RNA, proteins etc., But the large size of thesemolecules is a big bar-
rier for carrying out highly accurate ab initio quantum chemical calcula-
tions on thesemolecules - an approachwhich can provide good amount
of information about theN−H⋯O= C interactions [1]. Therefore, these
interactionswere investigated by some researchers in detail by subject-
ing the comparatively smaller formamide (FMD) molecules to ab initio
calculations [1–5]. Since there is a possibility for the FMD molecules to
involve in dimeric associations not only through the N − H⋯O = C in-
teractions but also the C− H⋯O= C interactions, five different geome-
tries of the dimers with these interactions were investigated by
researchers [1,2]. Among all these dimers, the one with two
N − H⋯O = C interactions is the most stable whereas the dimer with
two C− H⋯O= C interactions is the least stable. Earlier works dealing
i 625009, Tamil Nadu, India.
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with the H-bond interactions of FMD with various solvents including
methanol (MeOH) can be found in the research article by Ojha et al.
[6]. In a recentwork, Abdelmoulahi et al. [7] have studied theH-bond in-
teraction of the equimolar mixture of FMD with MeOH using neutron
scattering experiment combined with DFT calculations and concluded
that 2:1 (FMD:MeOH) and 2:2 complexes have been formed. In these
complexes, the FMD dimer has been reported remaining intact.

MeOH, the simplest alcohol molecule, is highly self associative with
strong O− H⋯O interactions [8–10]. But in methanol there is a methyl
group which may also act as a proton donor. The possibility for this
methyl group to contribute either to the self association or the
heterointeractions was investigated by Keefe et al. [11] through Fourier
Transform Infra Red (FTIR) and Raman spectroscopy. For this work the
researchers [11] used the solutions of methanol in water, acetonitrile,
carbon tetrachloride, deuterium oxide, and deuterated acetonitile. This
investigation led Keefe et al. [11] to conclude that the blue shifts in the
vibrational modes of methanol methyl group may not mandatorily be
due to the involvement of the group in self association/
heterointeraction. Instead, the blue shift may be the manifestation of
the O − H⋯O interactions happening in methanol. So, the research
work carried out by Keefe et al. [11] presented an inconclusive picture
of the ability of methanol methyl group to participate in molecular in-
teractions. A recent report [12] by our research group shows that
MeOH methyl hydrogens participate neither in homo interaction nor
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in heterointeraction. In that study, it has been reported that neat MeOH
is a mixture of more than one type of closedmultimers, with the excep-
tion of tetramer which is a open multimer. The binary solutions of
dibutyl ether and MeOH also consists of closed structures of H-bonded
heteronetworks. These findings may be taken as to signify that MeOH
prefers to form closed structures rather than open geometries in neat
form as well as in solutions with other molecules.

Using Raman Spectroscopy and ab initio calculations, Ojha et al. [6]
have investigated the H-bonding and self-association in neat FMD and
its binary solutions with MeOH by varying the mole fraction from 0.1
to 0.9 insteps of 0.1. From the analysis of the change in thewavenumber
position of the bands due to C = O stretching, N − H bending, C − H
bending and C − N stretching vibrations of only FMD molecule, they
have concluded that the binary mixtures consist of 1:1 (FMD:MeOH)
and 1:2 (in which the two MeOH molecules are on either side of
FMD) H-bonded complexes. Only the bond length profile obtained
form ab initio calculations has been given as confirmative results.
Stangret et al. [13] have also investigated the molecular interactions in
FMD-MeOH binary mixtures, but using FTIR Spectroscopy. By the factor
analysis and difference spectra method, they have proposed that 1:1
(FMD:MeOH), 2:1, 3:1, 1:3 and 1:5 complexes have been formed in
the FMD-MeOH binary solutions and all these complexes, except 1:1,
are open. Here, it should be noted that the MeOH molecules of the
FMD-MeOH complexes proposed either by Ojha et al. or Stangret et al.
interact with FMDmolecules as separate units with no H-bond interac-
tion among themselves as in the work by Abdelmoulahi et al. [7]. This
possibility is certainly questionable at the concentration employed
becuase MeOH is highly self-associative in nature. Therefore, in the
presentwork we have decided to investigate again the nature of molec-
ular interactions as well as the homo and heteroassociated networks
using FTIR studies and DFT calculations. FTIR spectroscopy studies can
give clue about the molecular interactions happening in any binary so-
lution through the shifts in the vibrational modes of various functional
groups present in the constituent compounds [14–16]. These experi-
mental shifts can be coupledwith the theoretical frequency calculations
on themost probable structures and the existence of these structures in
liquid state can be confirmed if the experimental and theoretical fre-
quency shifts agree with each other [17,18].

2. Materials and methods

Formamide-puriss. p. a., (ACS reagent,≥99.5%) of GC/T grade and
Methanol–anhydrous (99.8%) were procured from Sigma Aldrich, U. S.
A. These chemicals were used as such without any purification.

2.1. FTIR spectroscopic studies

Sample Solutions (SS1, SS2, SS3 and SS4) of Formamide (FMD)with
Methanol (MeOH) were prepared in the following composition: FMD
0.2 + MeOH 0.8 (SS1), FMD 0.4 + MeOH 0.6 (SS2), FMD 0.6 + MeOH
0.4 (SS3) and FMD 0.8 + MeOH 0.2 (SS4). In these solutions, the num-
bers 0.2, 0.4, 0.6 and 0.8 adjacent to FMD/MeOH refer to the mole frac-
tion of respective component in the solutions. The FTIR spectra of pure
FMD, MeOH and the solutions SS1,…,SS4 were recorded using a Perkin
Elmer FTIR spectrophotometer (model: SpectrumTwo)with the resolu-
tion of 1 cm−1 at room temperature.

2.2. DFT calculations

Geometry optimization, frequency calculation and Natural Bonding
Orbital (NBO) analysis for the structures investigated in the present
work were done using the B3LYP functional [19] with the basis set 6-
311++G (d, p). Gaussian 09W programme package [20] bought from
Scube Scientific Software Solutions Pvt., Ltd.- New Delhi was utilized
for these DFT calculations. All the calculations have been carried out
on gas phase structures and the reason for not using the Polarizable
ContinuumModel (PCM) has been given in our earlier article [12].

3. Results and discussion

3.1. FTIR spectroscopic studies

The peaks at 3402.4, 2886.6, 1686.7 and 1309.6 cm−1 in the FTIR
spectrum of pure FMD are assigned to the stretching modes of NH2

(symmetric), C − H, C = O and C − N, respectively (Fig. 1a, Table 1).
As far as pure MeOH is concerned, two peaks at 3653.5 and
3383.3 cm−1 are observed for the O − H stretching mode in the FTIR
spectrum (Fig. 1b, Table 1). The former peak can be attributed to the vi-
brations corresponding to the freeO−Hwhereas the latter is due to the
hydrogen bonded O−H inMeOH. This could be the consequence of the
presence of self associated MeOH structures of various orders of cyclic
geometry, except the open tetramer, in neat form as reported in our ear-
lier article [12]. This phenomenon can be held responsible for the ap-
pearance of three peaks for the C − O stretching mode of MeOH at
1053.2, 1032.6 and 1019.1 cm−1. The methyl asymmetric and symmet-
ric stretching vibrations of MeOH produce a peak at 2966.7 and
2866.4 cm−1, respectively.

In the FTIR spectrum of solution SS1 (Fig. 1c, Table 1), the free and
bonded O − H stretching modes of MeOH undergo blue and red shifts,
respectively. Since MeOH is self associative in nature [21], the shifts in
the O − H stretching modes in the solution may be reasoned out to
the perturbations in the O − H⋯O contacts that exist among the
MeOHmolecules and the heterointeractions involving the hydroxyl hy-
drogen. These inferences in the present work are based on the explana-
tions given by Elangovan et al. [17] and Zhou et al. [22] for the blue shifts
observed in the bonded O− H stretchingmode of ethanol in the binary
solutions with acetonitrile. The investigators [17,22] concluded that
these blue shifts are the evidence for the domination of (ethanol)
O − H⋯O (ethanol) interactions over the (ethanol)O − H⋯N
(acetonitrile) interactions. In other words, the ethanol O− H stretching
mode shifts to higherwavenumberswhen the heterointeraction involv-
ing the hydroxyl hydrogen is weaker than the homointeractions
existing among the ethanol networks. In the present work, the forces
that are operative in the (MeOH)O − H⋯O (MeOH) contacts may be
weakened by the presence of FMD in the solution SS1. And the hydroxyl
hydrogen of MeOHmay involve in interaction with the nitrogen and/or
the oxygen of FMD. The contribution from these heterointeractionsmay
outweigh that of the (MeOH)O − H⋯O (MeOH) interactions, therein
resulting in the red shift in the bonded O − H stretching mode of
MeOH in the solution SS1. The possibility for these heterointeractions
is well supported by the shifts in the C = O and C − N stretching
modes of FMD in the solution SS1. These shifts could also happen if
the oxygen and nitrogen in FMD prefer to interact with the methyl hy-
drogen of MeOH in the solution. Chances for the (MeOH methyl)
C − H⋯O (FMD) and (MeOH methyl)C − H⋯N (FMD) interactions are
strongly supported by the red shift in themethyl asymmetric stretching
mode of MeOH in the solution SS1. The disturbances in the (MeOH)
O − H⋯O (MeOH) contacts and the heterointeractions involving the
MeOH hydroxyl hydrogen in the solution SS1 may also be correlated
to the shifts in the C − O stretching modes of MeOH.

While discussing the shifts in the MeOH vibrational bands in solu-
tion SS1 it has been mentioned that the disturbances in self association
among the MeOH- MeOH molecules may be one among the factors re-
sponsible for the shifts. The same analogy may be used to explain the
shifts in the vibrationalmodes of FMD, inwhich the self association hap-
pens through the N − H⋯O interactions [1–5,23,24]. The molecular
forces that are operative in these interactions may be affected by the
majority of MeOH in the solution SS1. These perturbations may be ac-
countable for the shifts in the NH2 symmetric, C = O and C − N
stretching modes of FMD in the solution SS1, as observed in Table 1.
The shifts have been discussed based on the notion that the presence



Fig. 1. FTIR spectrumof a) pure FMD, b) pureMeOH, c) binary solution SS1 (FMD0.2+MeOH0.8), d) binary solution SS2 (FMD0.4+MeOH0.6), e) binary solution SS3 (FMD0.6+MeOH
0.4) and f) binary solution SS4 (FMD 0.8 + MeOH 0.2). In the binary solutions the numbers 0.2, 0.4, 0.6 and 0.8 adjacent to FMD and MeOH indicate their mole fraction in the solutions.
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of MeOH affects theN−H⋯O interactions. It is also possible that MeOH
affects the C−H⋯O contacts [1,2] existing in FMD dimers which can be
inferred from the shift in the C−H stretchingmode of FMD in the solu-
tion SS1. The red shifts in the C − H and NH2 (symmetric) stretching
modes of FMD may be attributed to the dominance of
heterointeractions (FMD)C − H⋯O (MeOH) and (FMD)N − H⋯O
(MeOH) over the N − H⋯O and C − H⋯O interactions in FMD dimers.
The heterointeractions (FMD)C − H⋯O (MeOH) and (FMD)N − H⋯O
(MeOH) could be an another factor in inducing the shifts in the C − O
stretching modes of MeOH in SS1 (Fig. 1c, Table 1). All the homo/
heterointeractions prevailing in the solution SS1may result in the crea-
tion of molecular structures that consist MeOH with both free and
bonded O − H groups. This prediction is substantiated by the appear-
ance of peaks separately for the stretching modes of both types of
O − H in the solution SS1. In the previous paragraphs, the possible
Table 1
FTIR spectral band assignments for FMD, MeOH and their binary solutions SS1,…,SS4.

Vibrational
modes

Wavenumber (cm−1)

Pure
liquid

FMD 0.2
+ MeOH
0.8
(SS1)

FMD 0.4
+ MeOH
0.6
(SS2)

FMD 0.6
+ MeOH
0.4
(SS3)

FMD 0.8
+ MeOH 0.2
(SS4)

FMD
NH2 s str 3402.4 3381.5 3398.2 3400.2 3406.1
C − H str 2886.6 2882.1 2886.7 2886.2 2886.1
C = O str 1686.7 1694.5 1687.6 1687.3 1687.1
C − N str 1309.6 1312.1 1310.9 1310.1 1309.6

MeOH
O − H str 3653.5 3680.9 3694.8 3680.7 Not

observed
3383.3 3373.1 3388.5 3396.3 3396.9

CH3 as str 2966.7 2948.5 2948.3 2948.4 2946.8
C − O str 1053.2 1051.6 1051.2 1051.5 1050.1

1032.6 1031.7 1030.7 1030.3 Not
observed

1019.1 1023.7 1023.2 1022.5 1024.1

as- asymmetric; s- symmetric; str- stretch.
factors for the shifts in the bonded O − H vibrational modes of MeOH
in the solution have been discussed. As far as the shifts in the free
O− H stretching mode of MeOH is concerned, it is absolutely not man-
datory for theO−H to engage in any interaction for the shifts to be pro-
duced. All the other interactions happening in its vicinity may be
sufficient to cause the shift in the FTIR spectral bands of SS1.We are giv-
ing this interpretation based on the results of our earlier research work
on the binary solutions of acetone with ethanol [25]. In that work, we
had observed FTIR spectral shifts in the methyl and methylene
stretchingmodes of ethanol in the binary solutions prompting us to be-
lieve that the interactions (ethanol methyl)C− H⋯O= C (acetone) and
(ethanol methylene)C− H⋯O= C (acetone) take place in the solutions.
But the NBO analysis on the acetone-ethanol complexes investigated in
that work proved otherwise. Inspite of this, the theoretical frequency
shifts of the ethanol methyl and methylene stretching modes in those
complexes agreed well with the experimental FTIR spectral results.
From these findings, we concluded [25] that the other hydrogen bond
interactions in the acetone-ethanol complexes can produce shifts in
the ethanol methyl and methylene stretching modes even without the
active participation of these groups in any hydrogen bond interactions.
On these lines, the shifts in the peak values corresponding to free O−H
streching vibrations of MeOH in the solution SS1 may be attributed to
the influence of other hydrogen bond interactions on this group.

In the FTIR spectrum of solution SS2 the FMD NH2 (symmetric)
stretching mode (Fig. 1d, Table 1) has undergone a blue shift relative
to its value in SS1 but red shift in comparison to the value in pure
FMD. This may be the consequence of decrease in the strength of
heterointeractions (FMD)N − H⋯O (MeOH) in SS2 as compared to
SS1. With further increase in the concentration of FMD in solution SS3
the wavenumber corresponding to NH2 (symmetric) stretching vibra-
tions increases in the FTIR spectrum (Fig. 1e, Table 1) implying the fur-
ther weakening of the heterointeractions (FMD)N − H⋯O (MeOH).
When the mole fraction of FMD reaches 0.8 in SS4 there is a further
blue shift in the NH2 (symmetric) stretching mode (Fig. 1f, Table 1)
and most importantly this is a blue shift relative to its value in pure
FMD. In this solution, themagnitude of forces that bridge the FMDmol-
ecules through the (FMD)N−H⋯O (FMD) contactsmay be greater than
the forces that prevail in the heterointeractions (FMD)N − H⋯O
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(MeOH). The variations in the strengths of these homo/
heterointeractions in the solutions SS2, SS3 and SS4 may be the reason
for the shifts in the C = O and C − N stretching modes of FMD, C − O
stretching modes of MeOH in these solutions. In all these solutions,
the C − H stretching mode of FMD absorbs the IR radiation at almost
the same frequency as in pure FMD. This is due to the same C − H
bond strength of FMD in the solutions as in pure FMD. Any one of the
following factors may account for this result: 1) complete absence of
the heterointeractions (FMD)C− H⋯O (MeOH) and the lack of any dis-
turbance to the FMD dimers that possess C − H⋯O interactions 2) an
equilibrium created by the coexistence of the interactions (FMD)
C − H⋯O (FMD) and (FMD)C − H⋯O (MeOH).

With the dilution of MeOH by FMD in solution SS2, the IR absorption
frequency pertaining to bonded ν (O − H) mode of MeOH increases
sharply relative to its magnitude in the FTIR spectrum of both SS1 and
pure MeOH. This blue shift suggests the superiority of the (MeOH)
O − H⋯O (MeOH) contacts over the bridging of MeOH-FMD through
the hydrogen bonds (MeOH)O − H⋯O (FMD) and/or the (MeOH)
O − H⋯N (FMD). These heterointeractions may become more feeble
Fig. 2.Optimized structure of (a) FMDdimer1, (b) FMDdimer2, (c) FMDdimer3, (d) FMD dime
lines alongwith the proton- proton acceptor distances. Panel d is an open dimer and the dotted
by the second order perturbation energy (E(2)) value.
in FMD rich solutions SS3 and SS4 in which there is the largest blue
shift in the bonded ν (O − H) mode of MeOH.

In solutions SS2 and SS3 there is not much shift in the CH3 stretching
mode of MeOH with respect to the solution SS1. The increase/decrease
in the concentration of FMD/MeOH in the solutions SS2 and SS3 may
not drastically affect the strength of heterointeractions (MeOH methyl)
C − H⋯O (FMD) and/or (MeOH methyl)C − H⋯N (FMD) which may
be correlated to the no shift in the MeOH CH3 stretching mode. But, in
solution SS4 a huge red shift in this mode is observed and this may be
due to the enhancement in the strength of forces operative during the
heterointeractions of the methyl hydrogen with the oxygen and/or the
nitrogen of FMD.

The bond lengths of the free O − H groups in MeOH present in the
molecular networks that emerge out of the various interactions in solu-
tion SS2 undergo compression. As a result the O− H stretchingmode is
blue shifted in the solution with respect to both SS1 and pure MeOH.
When the number of MeOH molecules decrease further in solution
SS3 the bond length of the free O − H group becomes almost the
same as in solution SS1, due to the molecular interactions. Therefore,
r4 and (e) FMD dimer5. In all these structures, themajor interactions are shown by dashed
line between 4H and 8N is to show the presence of relativelyweak interaction as suggested



Fig. 3. Optimized structure of (a) 1:4 (FMD:MeOH) complex, (b) 1:5 (FMD:MeOH)
complex and (c) 2:4 (FMD:MeOH) complex. In all these structures, the major
interactions are shown by dashed lines along with the proton-proton acceptor distances.
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the wavenumber corresponding to its vibrational mode is same in the
solution SS3 as in SS1. In the solution SS4 with the lowest MeOH con-
centration among the other binary solutions, the free O− H vibrational
mode is not observed. May be in this solution the molecular moieties
created out of the molecular interactions may not have any free
O−H. All themolecular interactions in solutions SS2, SS3 and SS4 affect
the MeOH C− O stretching modes, as evident from their shifts in these
solutions. As in our earlier report [12], the triplet of C − O stretching
band of MeOH continues to exist in all the solutions (except in SS4 in
which doublet appears) indicating the presence of more than one type
of heteroassociated FMD-MeOH complexes.

3.2. DFT calculations

In the previous section, FTIR spectral shifts have been discussed
based on the variations in the strengths of not only the
heterointeractions (between FMD and MeOH) but also the
homointeractions (in both FMD and MeOH) in the binary solutions
SS1,…,SS4. Therefore, it becomes imperative to investigate the self asso-
ciating multimeric forms of both FMD andMeOH on par with the FMD-
MeOHheteromolecular complexes through theoretical calculations. The
existence of FMD dimers with five different geometries was already
proved through high level theoretical calculations in which the re-
searchers [1,2] analyzed the stabilities of these dimers based on their in-
teraction energies. For these dimers, we decided to calculate the
theoretical frequencies in the present work. But carrying out the theo-
retical frequency calculations on these dimers at those high levels of
theory [2] is computationally difficult which prompted us to restrict
our calculations at the B3LYP/6-311++G(d,p) level in the present
work. Moreover, the theoretical frequency calculations are important
in the present work in order to correlate with the experimental FTIR
spectral studies to identify the molecular structures existing in the liq-
uid phase. So, we optimized the geometries of these 5 different types
of FMD dimers (labeled as FMD dimer1, FMD dimer2, FMD dimer3,
FMD dimer4 and FMD dimer5 in Fig. 2) and calculated the frequencies
(unscaled).

The experimental FTIR spectroscopic studies of the present work
strongly support the coexistence of some free hydroxyl groups in addi-
tion to the hydrogen bonded ones in pure MeOH and also in the binary
solutions of MeOH with FMD (Section 3.1). Therefore, we created the
structures of some MeOH multimers with free O − H groups and fed
them as input for the geometry optimization. After the successful opti-
mization of these structures, we found that their final geometry didn't
seem to contain any free O − H groups. We got the same result even
after attempting several times with the free O − H groups in the initial
geometries of MeOHmultimers. Therefore, we proceeded with the the-
oretical frequency (unscaled) calculations for these multimers. While
analyzing the theoretical frequencies in these structureswe took the av-
erage of the frequencies of all the O − H stretching vibrations in each
structure. The same strategy was followed with respect to the theoreti-
cal frequencies (unscaled) of the optimized structures of FMD-MeOH
complexes because a casual look at their final geometries didn't reveal
the presence of any freeO−H groups in them too.We tried to optimize
the open 1:2 complex, but obtained the closed structure. SinceMeOH, of
course any of the alcohols, is highly associative in nature, the FMD-
MeOH complexes with higher number of MeOH molecules need to
have closed geometries which are more stable than open structures.
All these mean that all the O − H groups of MeOH may be involved in
hydrogen bonds in theMeOHmultimers and the heteromolecular com-
plexes. Since oxygen in this group is bonded to carbon on the other side
of MeOH, all the C − O bonds of MeOH may be more or less similar in
bond strength due to the probable closed geometry of the optimized
structures of MeOH multimers and the heteromolecular complexes.
Due to these, we didn't segregate the frequencies for the C − O
stretching modes of MeOH in those structures which have many
C − O bonds. In other words, for each of the MeOH multimers and the
FMD-MeOH complex, we considered only the resultant of the stretching
frequencies of all the C − O bonds in a multimer or complex.
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Initially, 1:1 (FMD:MeOH), 1:2, 1:3, 1:4, 1:5, 2:2, 2:3, 2:4 and 2:5
complexes, each with two different interaction schemes leading to a
total of 18 FMD-MeOH heteroassociated structures, which include all
the interaction possibilities suggested by experimental frequency shifts
have been optimized. Theoretical frequencies of all the optimized struc-
tures were used for validating the results obtained from FTIR spectro-
scopic studies. This type of validation is not straightforward because
we have to take into account the shifts in the experimental
wavenumbers corresponding to various vibrational modes of FMD and
MeOH in all the solutions SS1,…,SS4. Moreover, for the solutions and
pure MeOH we took an average of the peak values corresponding to
O−H and C−O stretchingmodes, separately. Then for each vibrational
mode, the experimental shift relative to pure FMD/MeOH is calculated
based on the average of the experimental wavenumbers in all the 4 bi-
nary solutions. These experimental shifts are compared with the overall
theoretical frequency shifts in the FMD-MeOH complexes relative to the
average of the frequencies in the self associating structures of FMD and
MeOHoptimized in the presentwork. This analysis reveals that the FMD
dimers (Fig. 2), MeOH tetramer and pentamer (Fig. S1), 1:4 (FMD:
MeOH), 1:5 and 2:4 complexes (Fig. 3), all are of closed geometries,
are possible. The theoretical vibrational spectra for these structures
are presented as supplementary files Fig. S2. Neat MeOHmay also con-
sist of monomer, dimer, trimer etc. as reported in our earlier work [12].
Out of the 18 interaction schemes, the frequency shift for the 15 com-
plexes do not concord with the experimental shifts and therefore,
their existence has been ruled out even though they are energetically
possible structures. So, the agreement of theoretical frequency shift
with the experimental one is an important requirement for the realiza-
tion of the theoretical H-bonded heterostructures in practice and Ojha
et al. [6] or Stangret et al. [13] or Abdelmoulahi et al. [7] failed to arrive
at the agreement. As far as the structures given in Figs. 2, 3 and S1 are
concerned, the theoretical results (Table 2) are in good agreement
with the experimental findings for all the vibrational modes in FMD
and MeOH, except the carbonyl stretching mode of FMD. Experimen-
tally, a blue shift in this vibrational mode can be inferred which is in
contradiction with the red shift observed in the theoretical frequencies
in the complexes. This disagreement in just one vibrational mode may
not be a reason to rule out the existence of these complexes. Because
in the recentwork by our research group on the hydrogen bond interac-
tions in the ethyl acetate – nitrobenzene binary solutions [26], we ob-
served this kind of disagreement with respect to two vibrational
modes, one each of ethyl acetate and nitrobenzene in the
heteromolecular complexes investigated in that work. But still we con-
firmed the existence of various interactions predicted from the experi-
mental studies with the help of second order perturbation energies (E
(2)) in that work [26]. Therefore, in the present work we extracted
the E(2) profiles of FMD dimers (Table 3), MeOH tetramer and
pentamer (Table 4), 1:4 (FMD:MeOH), 1:5 and 2:4 complexes
(Table 5) through the NBO analyses of these structures. These profiles
describe that all the hydrogen bond interactions in these structures hap-
pen via the n → σ ∗ transitions. In all these hydrogen bonds except the
O24⋯H14 in 2:4 complex, lone pair 2 of oxygen interacts more strongly
with the hydrogen than the lone pair 1. This conclusion can be drawn
Table 2
Theoretical wavenumbers (unscaled, in cm−1) for the optimized structures of FMD dimers, Me

Vibrational mode FMD

Dimer1 Dimer2 Dimer3 Dimer4 Di

NH2 s str 3318.7 3468.4 3497.1 3497.7 35
C − H str 2971.0 2978.5 2964.6 2964.4 29
C = O str 1755.1 1753.6 1772.5 1772.5 17
C − N str 1330.6 1296.3 1279.0 1278.9 12
O − H str
CH3 as str
C − O str

as- asymmetric, s- symmetric, str- stretch.
out of the larger E(2) values for the interactions involving lone pair 2
compared to that of lone pair 1 of oxygen. Apart from this information,
the types of hydrogen bond interactions in the FMD dimers can be un-
derstood from their E(2) profiles which are explained as follows: Two
N − H⋯O interactions in FMD dimer1 (Fig. 2a), one N − H⋯O and one
C − H⋯O interaction in FMD dimer2 (Fig. 2b), one N − H⋯O and one
N − H⋯N interaction in FMD dimer3 (Fig. 2c), one N − H⋯O and
N − H⋯N interaction in FMD dimer4 (Fig. 2d), two C − H⋯O interac-
tions in FMD dimer5 (Fig. 2e). Among all these interactions the
N − H⋯N interaction in FMD dimer3 with the E(2) value 224.22 kJ/
mol is the strongest. This is followed by the N − H⋯O interaction in
FMD dimer2 with the E(2) value 199.12 kJ/mol. The next strongest in-
teraction is found in FMD dimer5 in the form of C − H⋯O interaction
with the E(2) value 174.77 kJ/mol. The stability of the FMD dimers is
in the following order: FMD dimer1 N FMD dimer2 N FMD dimer3/
FMD dimer4 N FMDdimer5which can be disseminated from their inter-
action energies in Table 3. The results regarding the stability of these di-
mers are in good agreement with the earlier reports [1,2]. But these
dimers are highly unstable in comparison to the MeOH tetramer
(Fig. S1a) and pentamer (Fig. S1b) whose interaction energies
(Tables 3 and 4) are appreciably lesser than that of the FMD dimers. In
terms of strengths of hydrogen bond interactions the following interac-
tions O5⋯H25, O11⋯H24, O17⋯H6, O23⋯H18 and O26⋯H12 with E
(2) values 222.92, 223.72, 222.30, 222.88 and 224.76 kJ/mol, respec-
tively inMeOHpentamer are stronger than any of theO−H⋯O interac-
tions in the tetramer. In terms of stability too, MeOH pentamer scores
over the tetramer. In tetramer, the distance between O5 and H20 is no-
tably lesser than that of the O7⋯H6 and O13⋯H8 distances (Fig. S1a).
Despite this, theO7⋯H6 andO13⋯H8 interactions are possible with ap-
preciable E(2) values (Table 4). The absence of any E(2) values with re-
spect to O5⋯H20 interaction indicates that this interaction is absent in
the tetramer. This inference leads to the belief that the hydroxyl hydro-
gen H20 is completely free from any hydrogen bond interaction.
Stretching motions of the hydroxyl group containing this hydrogen
may absorb the IR radiation at higher wavenumbers in the FTIR spec-
trum of pure MeOH. This may be the reason for the free O − H peak in
the FTIR spectrum and also more than one C − O stretching peaks. Be-
cause the influence of the asymmetry with respect to this free hydroxyl
hydrogen may be felt on the adjacent C − O stretching modes. There-
fore, just a look at the optimized structures may not be sufficient to de-
clare whether they are of open or closed geometry, as in case of MeOH
tetramer here. There are no interactions between the methyl hydrogen
and hydroxyl oxygen of MeOH in both tetrameric and pentameric
forms.

In 1:4 complex (Fig. 3a), the (MeOH)O− H⋯O (MeOH) interactions,
which are O25⋯H20, O19⋯H14 and O13⋯H12 with E(2) values 225.10,
207.19 and 203.18 kJ/mol, respectively, are stronger than the (MeOH)
O−H⋯O (FMD) interactions, theO6⋯H26, which are with the energies
70.17 and 140.12 kJ/mol (Table 5). Apart from these interactions, the
hydroxyl group of MeOH takes part in another heterointeraction
(O11⋯H5) through the (FMD)N−H⋯O (MeOH) contactswith the ener-
gies 11.30 and 199.83 kJ/mol. There is a weak (MeOH)O − H⋯N (FMD)
interaction N3⋯H9 in this complex. From the overall analysis of the E
OH tetramer and pentamer, and FMD-MeOH complexes.

MeOH FMD:MeOH complexes

mer5 Tetramer Pentamer 1:4 1:5 2:4

78.3 3233.2 3248.0 3347.7
98.7 2957.6 2955.0 2960.3
58.9 1764.0 1762.7 1755.9
61.7 1327.8 1322.1 1317.9

3434.3 3402.5 3492.4 3456.3 3461.9
3103.1 3100.7 3099.5 3099.3 3091.7
1059.2 1061.0 1060.6 1062.1 1059.0



Table 4
Second order perturbation energy (E(2)) profiles and interaction energy for multimeric
forms ofMeOH. Both these energies are expressed in kJ/mol. The atom labels and symbols
in this table should be correlatedwith Fig. 3. In this tableσ and LP stand for bonding orbital
and lone pair, respectively. The presence of asterisk symbol (*) adjacent to σ denote the
anti bonding orbital.

MeOH tetramer MeOH pentamer

Interaction type E(2) Interaction type E(2)

nO7LP(1) → σO5−H6
∗ 8.75 nO5LP(1) → σO26−H25

∗ 8.28
nO7LP(2) → σO5−H6

∗ 205.60 nO5LP(2) → σO26−H25
∗ 222.92

nO13LP(1) → σO7−H8
∗ 8.03 nO11LP(1) → σO23−H24

∗ 8.16
nO13LP(2) → σO7−H8

∗ 218.11 nO11LP(2) → σO23−H24
∗ 223.72

nO19LP(1) → σO13−H14
∗ 8.24 nO17LP(1) → σO5−H6

∗ 7.70
nO19LP(2) → σO13−H14

∗ 203.80 nO17LP(2) → σO5−H6
∗ 222.30

nO23LP(1) → σO17−H18
∗ 7.91

nO23LP(2) → σO17−H18
∗ 222.88

nO26LP(1) → σO11−H12
∗ 8.16

nO26LP(2) → σO11−H12
∗ 224.76

Interaction energy (kJ/mol)
−104.5 −136.9

Table 3
Second order perturbation energy (E(2)) profiles and interaction energy for FMD dimers. Both these energies are expressed in kJ/mol. The atom labels and symbols in this table should be
correlated with Fig. 2. In this table σ and LP stand for bonding orbital and lone pair, respectively. The presence of asterisk symbol (*) adjacent to σ denote the anti bonding orbital.

FMD dimer1 FMD dimer2 FMD dimer3 FMD dimer4 FMD dimer5

Interaction type E(2) Interaction type E(2) Interaction type E(2) Interaction type E(2) Interaction type E(2)

nO6LP(1) → σN9−H10
∗ 60.75 nO6LP(1) → σC7−H8

∗ 57.03 nN3LP(1) → σN9−H10
∗ 0.25 nO6LP(1) → σN8−H7

∗ 10.56 nO6LP(1) → σC7−H8
∗ 31.84

nO6LP(2) → σN9−H10
∗ 135.94 nO6LP(2) → σC7−H8

∗ 153.43 nN3LP(1) → σN9−H11
∗ 224.22 nO6LP(2) → σN8−H7

∗ 24.35 nO6LP(2) → σC7−H8
∗ 174.77

nO12LP(1) → σN3−H5
∗ 56.94 nO12LP(1) → σN3−H5

∗ 30.21 nO12LP(1) → σN3−H5
∗ 45.73 nN8LP(1) → σN3−H4

∗ 3.98 nO12LP(1) → σC1−H2
∗ 33.72

nO12LP(2) → σN3−H5
∗ 132.26 nO12LP(2) → σN3−H5

∗ 199.12 nO12LP(2) → σN3−H5
∗ 156.40 nO12LP(2) → σC1−H2

∗ 174.01

Interaction energy (kJ/mol)
−46.1 −29.0 −19.2 −19.2 −12.8
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(2) profile of this complex, it can be stated that the homointeractions
(MeOH)O− H⋯O (MeOH) plays a major role over all the other interac-
tions in this complex. Same is the case with the 1:5 complex – Fig. 3b
and 2:4 complex – Fig. 3c. Among all the 3 complexes the strongest
(MeOH)O − H⋯O (MeOH) interactions are found in 1:5 complex be-
tween O31 and H26 with energy 230.37 kJ/mol. Hence, the dominance
of (MeOH)O − H⋯O (MeOH) interactions over the (MeOH)O − H⋯O
(FMD) interactions in all the 3 complexes and the (MeOH)O − H⋯N
(FMD) interaction in 1:4 complex is proved. This supports the overall
blue shift in theO−H stretchingmode of MeOH in the binary solutions
and also the presence of these heteromolecular complexes in the solu-
tions. In the solutions SS1,…,SS3 the appearance of freeO−H stretching
mode and more than one C− O stretching mode of MeOH is due to the
Table 5
Second order perturbation energy (E(2)) profiles and interaction energy for FMD-MeOH comple
should be correlatedwith Fig. 3. In this tableσ and LP stand for bonding orbital and lone pair, res

1:4 (FMD:MeOH) complex 1:5 (FMD:MeOH) comple

Interaction type E (2) Interaction type

nN3LP(1) → σC7−H9
∗ 0.42 nO6LP(1) → σO31−H32

∗

nO6LP(1) → σO25−H26
∗ 70.17 nO6LP(2) → σO31−H32

∗

nO6LP(2) → σO25−H26
∗ 140.12 nO11LP(1) → σN3−H5

∗

nO11LP(1) → σN3−H5
∗ 11.30 nO11LP(2) → σN3−H5

∗

nO11LP(2) → σN3−H5
∗ 199.83 nO13LP(1) → σO11−H12

∗

nO13LP(1) → σO11−H12
∗ 8.45 nO13LP(2) → σO11−H12

∗

nO13LP(2) → σO11−H12
∗ 203.18 nO19LP(1) → σO13−H14

∗

nO19LP(1) → σO13−H14
∗ 7.70 nO19LP(2) → σO13−H14

∗

nO19LP(2) → σO13−H14
∗ 207.19 nO25LP(1) → σO19−H20

∗

nO25LP(1) → σO19−H20
∗ 6.95 nO25LP(2) → σO19−H20

∗

nO25LP(2) → σO19−H20
∗ 225.10 nO31LP(1) → σO25−H26

∗

nO31LP(2) → σO25−H26
∗

Interaction energy (kJ/mol)
−136.9 −167.7
presence of MeOH tetramers. These tetramers may completely dissoci-
ate in the FMD rich solution SS4 which is the causative factor behind
the disappearance of free O − H and one of the C − O stretching
modes (Fig. 1f, Table 1).

The earlier theoretical investigations on the FMDdimers by Frey and
Leutwyler [1] predicted that the N− H⋯N interactions are weaker than
the N − H⋯O interactions in FMD dimer3. But in the present work the
N − H⋯N interactions (N3⋯H11) in FMD dimer3 identified through
the E(2) profile (Table 3) are found to be stronger than the N − H⋯O
and C − H⋯O interactions in other dimers. This fact implies that any
variations in the strengths of N − H⋯N interactions in FMD dimer3 in
the environment ofMeOHmay exertmajor impact on theNH2 symmet-
ric and C − N stretching modes of FMD in the binary solutions SS1,…,
SS4. The red shift undergone by the NH2 symmetric stretching mode
in the solution SS1 is not due to the predominance of heterointeractions
(FMD)N− H⋯O (MeOH) over the self association of FMD as mentioned
in Section 3.1. This strong statement is inferred from the E(2) profiles of
the heteromolecular complexes investigated in the present work. The
heterointeractions (FMD)N − H⋯O (MeOH) in 1:4 complex
(O11⋯H5), 1:5 complex (O11⋯H5) and 2:4 complex (O31⋯H5) are
weaker than the N − H⋯N interactions in FMD dimer3. These
N − H⋯N interactions are broken by the rapid dissociation of the FMD
dimer3 in solutions SS1,…,SS3 which may be the main reason for the
red shift in the FMD NH2 symmetric stretchingmode in these solutions.
However, the magnitude of red shift decreases as we move from SS1 to
SS3. This may be due to the reduction in the dissociation of FMDdimer3
with the increasingmole fraction of FMD fromSS1 to SS3. In the solution
SS4, there may not be any more dissociation of the FMD dimer3 which
could be the reason for the blue shift observed in the NH2 symmetric
stretching mode.

The (FMD)C − H⋯O (FMD) interactions are found only in FMD
dimer2 and FMD dimer5 (Table 3). Apart from these, the FMD C − H
doesn't involve in any homo/heterointeraction in the 3 complexes.
xes. Both these energies are expressed in kJ/mol. The atom labels and symbols in this table
pectively. The presence of asterisk symbol (*) adjacent toσ denote the anti bonding orbital.

x 2:4 (FMD:MeOH) complex

E (2) Interaction type E (2)

63.97 nO6LP(1) → σN19−H20
∗ 29.04

125.81 nO11LP(1) → σO25−H26
∗ 9.67

11.51 nO11LP(2) → σO25−H26
∗ 81.21

201.42 nO13LP(1) → σO11−H12
∗ 8.03

8.83 nO13LP(2) → σO11−H12
∗ 74.39

205.56 nO24LP(1) → σO13−H14
∗ 36.32

8.20 nO24LP(2) → σO13−H14
∗ 21.67

205.98 nO25LP(1) → σO31−H32
∗ 11.97

7.20 nO25LP(2) → σO31−H32
∗ 66.15

216.77 nO31LP(1) → σN3−H5
∗ 11.80

7.00 nO31LP(2) → σN3−H5
∗ 64.35

230.37

−162.7
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Therefore, the red shift of the FMD C − H stretching mode in the solu-
tion SS1 can solely be due to the dissociation of FMD dimer2 and FMD
dimer5 (Table 1). No shift in this mode in the other binary solutions
may be due to the equilibrium created by the other interactions like
(MeOH)O − H⋯O (FMD), (FMD)N − H⋯O (MeOH) and (MeOH)
O − H⋯N (FMD) happening nearer to the FMD C − H in the
heteromolecular complexes and the changes in the homointeractions
among the FMD dimers. Similarly, the MeOH CH3 is not hydrogen
bonded to any of the electronegative atoms of FMD in the complexes.
But still the CH3 stretching vibrations result in IR absorption peaks at
lower wavenumbers in the solutions. The red shift may be a manifesta-
tion of the dissociation of MeOH tetramers/pentamers and the (MeOH)
O−H⋯O (FMD), (FMD)N−H⋯O (MeOH), (MeOH)O−H⋯N (FMD) and
the (MeOH)O− H⋯O (MeOH) interactions in the complexes. The shifts
in the FMDC=O andMeOH C−O stretchingmodes in the solutions are
the resultant of all the interactions discussed in this section. The interac-
tion energy values (Tables 3 and 4) clearly indicate that closed MeOH
tetramer and pentamer aremany fold stronger than FMDdimers. There-
fore, there is no possibility for the formation of 1:1 (MeOH:FMD), 1:2
and 1:3 complexes as proposed by Stangret et al. [13] at the concentra-
tions studied. A mismatch in the experimental and theoretical fre-
quency shifts for the 1:1 (MeOH:FMD) and 3:1 complexes has been
noticed and this also rule out the presence of these complexes.

4. Conclusions

FMD dimers with 5 different geometries are possible. Among all
these dimers, theN−H⋯N interactions in FMD dimer3 are more stron-
ger than theN−H⋯O and C−H⋯O interactions prevailing in the other
dimers. But the FMD dimer1 which is stabilized by two N− H⋯O inter-
actions is the most stable among all these dimers.

The interaction forces that operate in the pentamers aremore stron-
ger than those in the tetramers. In tetramers, there is a possibility for the
existence of free O − H whose vibrational modes result in higher peak
values in the FTIR spectrum than the hydrogen bonded hydroxyl groups
present in both tetramers and pentamers. The interaction energies
imply that pentamers are more stable than tetramers.

In the binary solutions of FMD with MeOH, 1:4 (FMD:MeOH), 1:5
and 2:4 complexes with closed structures have been formed which
are more stable than the self associated structures of FMD and MeOH.
Therefore, the dissociation of these self associated structures is the
more prominent effect in the solutions than the heterointeractions
(MeOH)O − H⋯O (FMD) and (FMD)N − H⋯O (MeOH) identified in
the complexes. These interactions are weaker than the (MeOH)
O − H⋯O (MeOH) interactions existing in the complexes.

The C − H in FMD and CH3 in MeOH don't participate in any
heterointeractions in the solutions. Therefore, the shifts in the vibra-
tional modes of the MeOH CH3 group in the solutions is solely due to
the other interactions involving the MeOH because the methyl group
doesn't contribute to the self association of MeOH. The shifts in the
C − H stretching mode of FMD in the solutions is due to the distur-
bances in the (FMD)C − H⋯O (FMD) interactions existing in the FMD
dimers.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2019.117892.
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