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INTRODUCTION

Alcohols are capable of forming hydrogen bonds through
polar hydroxyl groups either as donor or acceptor mode [1].
Hydrogen bonds between the aliphatic alcohols and water mole-
cules have held a great interest in recent years due to its mole-
cular recognition in both biological and artificial systems [2-5].
The polar hydroxyl groups are hydrophilic in nature whereas
the non-polar carbon chain portion is hydrophobic and does
not participate in the hydrogen bonding [6]. The presence of
both hydrophilic and hydrophobic groups makes the alcohol-
water system an interesting matter [7]. The characteristic of
hydroxyl group present in the alcohols allows to form hydrogen
bonds which is also responsible for the solubility of lower alcohols
(methanol, ethanol and propanol). However, in case of higher
alcohols (butanol, pentanol, efc.) are only partially soluble in
aqueous medium. On the other hand, in lower alcohols (methanol
and ethanol) the mixture of alcohol and water exhibits an entropy
value less than their ideal values, which leads to the concept of
negative excess entropy and believed to originate from incom-
plete mixing on the microscopic scale [8,9]. These explanations
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Hydrogen bonding interaction in low molecular weight alcohols or lower alcohol (viz. methanol and ethanol) with water molecule is quite |
common. But, due to the presence of bulky groups in higher alcohols (viz. propanol, butanol and pentanol and their isomers) the hydrogen |
bonding interaction between alcohol and water molecule is significantly different. In alcohol-water heterodimer complexes, water plays
an important role in the stability of such system, alcohol will be interacting with water molecule either as proton donor or proton acceptor |
mode. Quantum mechanical method, fourth degree Mgller-Plesset (MP4) perturbation theory is an important tool for computing the |
interaction energy between the alcohol-water complexes. The interaction energy (IE) and natural bond orbital (NBO) calculations for |
some common aliphatic alcohol-water complexes (e.g. methanol, ethanol, propanol, butanol and pentanol) and their isomers were computed |
|
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revealed that the hydrogen bonds formation in alcohol-water
complex shows the greater stability of alcohols-water dimer
[10,11]. Thermodynamics and structure of alcohol-water
complexes are completely different in the alcohol-rich and
water-rich region [12,13]. There is a general agreement that
in the water rich region the hydrogen bonding strength of water
is increased by presence of the hydrophobic head group of the
alcohol. Coccia et al. [14] specified the three categories of
water ethanol solutions; water rich, transitional or intermediate
and ethanol rich [14].

Moreover, solvation of alcohols in aqueous medium has
been studied extensively to understand the actual interaction
between alcohol and water molecules [6]. Solvation of higher
alcohols and study of alcohol-water complexes is still far from
the normal hydrogen bonding in water-alcohol systems. The
anomalous properties of alcohol-water mixtures are believed
to be arise from the structuring of alcohol and water molecules
around each other in solution. The molecular structure of alcohol
and water in solution is not thoroughly understood; since both
alcohol and water form complex hydrogen bonding but the hydro-
phobic alkyl groups present in alcohols completely changes
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the structure in the solution [15,16]. It is well known that the
mixing of alcohol and water is controlled by excess entropy
more than excess enthalpy. Earlier, it was believed that structure
of water is enhanced around the hydrophobic group of alcohol
which causes the negative excess entropy [17]. However, the
recent scattering experiments have shown that there is no enhance-
ment in the structure around the hydrophobic groups of alcohol
[18-21]. Alcohol-water systems can have two possible isomers
of hydrogen bonded structures where in one case alcohol is
the proton acceptor RHO-H,O or a proton donor ROH—OH..
However, the existence of these two possible isomers are easy
to understand but it is quite difficult to find out their relative
strength. For example, methanol-water system is amphoteric
in nature where both methanol and water can act as proton donor
and proton acceptor as well. But, the question arise between
which of the two isomer is more stable has been controversial
[22-24]. Detailed microwave rotation tunneling spectroscopy
has established that the complex where methanol is the proton
acceptor and water is the proton donor, CH;HO-H:O, is the
more stable isomer in gas phase [25-28]. In current investi-
gation, the hydrogen bonding interaction is studied between
some aliphatic alcohol and their isomers with water molecule
for different alcohol-water interacting mode and also the relative
stability of such conformers by using computational method
is established. Here, the minute details like different path of inter-
actions, relative binding energy, and orientation of molecules
were also emphasized by calculating a single point energy and
natural bond orbital (NBO) by MP4 methods.

EXPERIMENTAL

Calculation of interaction energy: All the models were
constructed by using GaussView 5.0. The hydrogen bonding
interactions were studied between some aliphatic alcohol-water
complexes by computational methods. Several alcohol-water
complexes were constructed in such a way that they have diff-
erent orientation with respect to each other and optimized these
complexes in gas phase at room temperature. The molecular
structures were optimized by using Mgller-Plesset perturbation
methodology i.e. MP2 level of theory and double zeta basis
set 6-311++G(d,p) at 298 K and 1 atmospheric pressure. After
optimization it gives a constant intermolecular hydrogen bond
distances and then interaction energies were calculated by
changing the intermolecular hydrogen bond distances for every
alcohol-water complexes. The single point energies were calcu-
lated by the MP4 level of theories with 6-311++G(d,p) basis
set using Gaussian(09 software package [29].

The interaction energies (Eiz) were calculated by using the
following equation;

Eie = Eaicohol-waier — Eatconol — Bwater
where, Exjconol-waer = Energy for alcohol-water complex; Eajconol
= energy of alcohol; and E... = energy of water

Natural bond orbital (NBO) calculation: The natural
bond orbital (NBO) analysis were carried out for all possible
hydrogen bonding interactions (O-H) of alcohol-water complexes.
This interaction is taking place between “filled” Lewis-type
NBOs (donor) and “empty” non-Lewis NBOs (acceptor) and
calculating their energetic importance by perturbation theory.

Since these interactions lead to donation of occupancy from
the localized NBOs of the idealized Lewis structure into the
empty non-Lewis orbitals, they are referred to as “delocali-
zation” corrections to the zeroth-order natural Lewis structure.
For each donor NBO (i) and acceptor NBO (j), the stabilization
energy E(2) associated with delocalization (2e-stabilization) i
to j is estimated as:

F(i, j)’

8]- —&

where q; is the donor orbital occupancy; €, €; are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal NBO
Fock matrix element [30].

E(2)=AE, =,

RESULTS AND DISCUSSION

Bonding mode and steric effect: Experimental observation
shows that alcohol forms strong hydrogen bond within them-
selves and can also form strong hydrogen bonds with water
molecules. All the studied alcohol-water complexes and their
isomers are shown in Table-1. There are two different modes
of alcohol-water hydrogen bonding interaction, one is proton
acceptor and other is proton donor. The first model depicts the
interaction due to hydrogen bonding between the oxygen atom
of the alcohol molecule and hydrogen atom of water molecule,
whereas the second model depicts the interaction between the
oxygen atom of the water molecule and hydrogen atom of the
alcohol molecule (Fig. 1). In other words, model-I of alcohol-
water complex, the oxygen atom of —OH group in alcohol is
acted as proton acceptor (RHO-----H,O) whereas, in model-II
oxygen atom of -OH group in alcohol is proton donor (ROH-
----- OHo). It has been observed that among all the alcohol-water
complexes the interaction energy value is always more negative
in model-I than that of model-II (Table-2). Therefore, model-I
is found to be more favourable than that of model-II. This can
be revealed by the comparison of Mulliken charge density for
the interacting sites of alcohol, water and alcohol-water comp-
lexes (Table-3).

TABLE-1
INVESTIGATED ALCOHOLS AND THEIR ISOMERS
I\?(;. Alcohol  Class Isomers
1 Methanol 1° -
2 Ethanol 1° -
3 Propanol 1° Propanol or n-propyl alcohol
4 Propanol 2° Propan-2-ol or iso-propyl alcohol
5  Butanol 1° Butanol or n-butyl alcohol
6  Butanol 1° 2-Methylpropanol or iso-butyl alcohol
7  Butanol 2° Butan-2-ol or sec-butyl alcohol
8  Butanol 3° 2-Methylpropan-2-ol or tert-butyl alcohol
9  Pentanol 1° Pentanol or n-pentyl alcohol
10 Pentanol 1° 3-Methylbutanol or iso-pentyl alcohol
11 Pentanol 1° 2- Methylbutanol
12 Pentanol 1o 2,2-Dimethylpropanol or neo-pentyl
alcohol
13 Pentanol 2° 2-Pentanol
14 Pentanol 2° 3-Pentanol
15  Pentanol 2° 3-Methylbutan-2-ol
16  Pentanol 3° 2-Methylbutan-2-ol
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R—O----H—O R—O0—H----0—H
H H H
(a) (b)
Fig. 1. Mode of hydrogen bonding in alcohol-water complexes (a) proton
acceptor and (b) proton donor

TABLE-2
EQUILIBRIUM H-BOND DISTANCES AND O---H INTERACTION
ENERGIES FOR ALCOHOL-WATER COMPLEXES

Equilibrium Interaction
Alcohol Models H-Bond energies

distances (A) (kcal/mol)
Methanol III i gz :2?2(3)
Ethanol III i gg :2?2
n-Propyl alcohol III igg :2(5);(9)
iso-Propyl alcohol III 132 :3122
n-Butyl alcohol III igg :2?2411
iso-Butyl alcohol III igi :2451-2431
tert-Butyl alcohol III 123 :212(6)
2-Butanol III i Sg :ggig
1-Pentanol III 13(5) :2?833
2-Pentanol III i 32 :2322
3-Pentanol III i SZ :Z igj
iso-Pentyl alcohol III 122 :2252
neo-Pentyl alcohol III igi :2;22
2-Methylbutanol III i g; :2212
2-Methylbutan-2-ol III i 22 :2:82
3-Methylbutan-2-ol 111 i:gg 2;2;

On the other hand, due to the proton accepting nature of
model-I, water molecule comes closer to the alcohol molecule
which experiences more repulsive forces by alkyl group of
alcohol which results significant deviation of O-H-O bond angle
in the alcohol-water complex (Fig. 2). Generally, in alcohol-
water complex for model-I, the ideal O-H-O bond angle should
be 180°, but due to the repulsive forces exist between the alkyl
group of alcohol and water molecule there exist a character-
istics deviation from the ideal bond angle (180°). Thus, more
is the repulsive forces between the alkyl group and water in
alcohol-water complex, more will be the deviation of O-H-O bond
angle. In present investigation, the bond angle deviation for
model-I within a range of 8-16° is obtained. On the other hand,
in model-II i.e. proton donor alcohol-water complex shows a
minimum repulsion between alkyl group of alcohol and water

TABLE-3a
COMPUTED MULLIKEN CHARGE DENSITIES FOR THE
INDIVIDUAL ALCOHOL AND WATER MOLECULE

Alcohols Alcohol Water
o) H o) H H
Methanol -0.382  0.256 | -0.508 0.254  0.254
Ethanol -0.335 0.262 | -0.508 0.258  0.254
n-Propyl alcohol -0.326  0.256 | -0.508 0.254  0.254
iso-Propyl alcohol -0.284  0.270 | -0.508 0.254  0.254
n-Butyl alcohol -0.312  0.253 | -0.507 0254  0.254
iso-Butyl alcohol -0.310 0.274 | -0.508 0.254  0.254
tert-Butyl alcohol -0.232 0.257 | -0.508 0.254  0.254
2-Butanol -0.250  0.254 | -0.508 0.254  0.254
1-Pentanol -0.305 0251 | -0.508 0.254  0.254
2-Pentanol -0.246 0244 | -0.508 0.254 0.254
3-Pentanol -0.250  0.266 | -0.508 0.254  0.254
iso-Pentyl alcohol -0.304 0.250 | -0.508 0.254  0.254
neo-Pentyl alcohol -0.305 0.272 | -0.508 0.254  0.254
2-Methylbutanol -0.313  0.264 | -0.508 0.254  0.254
2-Methylbutan-2-ol -0.228  0.261 | -0.508 0.258  0.258
3-Methylbutan-2-ol -0.255 0.253 | -0.508 0.254  0.254
—_—.% >
R O~-._§_~ (\/ O\
| ~~n
H H
Fig. 2. Representation of bond length Ro.is and Ro.o (A) and bond angle

Ro.1-0(°)

molecule. Therefore, it shows minimum deviation of O-H-O
bond angle (approximately 2°) in alcohol-water complex, as
it has been established from the optimized model of alcohol-
water complexes (Table-4). Isomers of alcohols also plays an
important role in the deviation of O-H-O bond angle in alcohol-
water complexes, bulky alkyl group occurs more repulsion to
the water molecule in alcohol-water complexes which reduces
the O-H-O bond angle than that of the ideal condition.
Lower alcohols such as methanol or ethanol-water comp-
lexes, model-I always shows more O-H-O bond angle deviations
than model-II as explained above. Propanol has two isomeric
forms iso-propyl and n-propyl alcohol. In case of propanol-
water complexes, iso-propyl alcohol-H,O complex shows more
deviation in O-H-O bond angle (167.4°) than in n-propyl
alcohol-H,O complex (172.78°). This is due to the bulkiness
of iso-propyl group than that of n-propyl group. Again, butanol
exist as four isomers and forms four different types of complexes
with water. In butanol-H,O complexes of model-I, both n-butyl
alcohol-H,O and iso-butyl alcohol-H,O complexes show almost
similar type of deviation in O-H-O bond angle (~172°), due to
their less bulky alkyl group. But in fert-butyl alcohol-H,O
complex, the deviation in O-H-O bond angle (168.04°) is more
than that of above two isomers, this is due to the bulky and
symmetrical fert-butyl group. Interestingly, present investi-
gations revealed that 2-butanol-H,O complex exhibits high
deviations in the O-H-O bond angle (164.17°) than that of all
of its isomers because of unsymmetrical repulsions brought
about by the -CHj; and -C,Hs groups (Fig. 4g). On the other
hand, pentanol has eight different isomers, O-H-O bond angle
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TABLE-3b
COMPUTED MULLIKEN CHARGE DENSITIES FOR ALCOHOL-WATER COMPLEXES
Alcohols Models Al Wz
(0] H (0] H H
Methanol 1 -0.434 0.276 -0.574 0.252 0.323
11 -0.464 0.372 -0.575 0.278 0.278
Ethanol 1 -0.393 0.284 -0.563 0.251 0.312
11 -0.460 0.425 -0.581 0.277 0.279
n-Propyl alcohol 1 -0.368 0.276 -0.552 0.251 0.308
I -0.457 0.446 -0.578 0.278 0.278
iso-Propyl alcohol 1 -0.302 0.269 -0.548 0.254 0.296
I -0.400 0.423 -0.580 0.279 0.283
n-Butyl alcohol 1 -0.370 0.276 -0.556 0.251 0.310
11 -0.456 0.430 -0.579 0.279 0.279
iso-Butyl alcohol 1 -0.353 0.266 -0.573 0.254 0.325
11 -0.455 0.446 -0.578 0.279 0.279
tert-Butyl alcohol 1 -0.274 0.273 -0.548 0.255 0.302
I -0.352 0.412 -0.581 0.283 0.283
2-Butanol 1 -0.292 0.263 -0.545 0.252 0.307
11 -0.404 0.428 -0.579 0.279 0.281
|-Pentanol 1 -0.368 0.276 -0.552 0.251 0.308
I -0.453 0.429 -0.580 0.280 0.280
2-Pentanol 1 -0.281 0.265 -0.538 0.250 0.308
11 -0.401 0.428 -0.581 0.282 0.282
3_Pentanol 1 -0.333 0.280 -0.581 0.251 0.348
11 -0.324 0.375 -0.568 0.274 0.287
iso-Pentyl alcohol 1 -0.349 0.267 -0.565 0.253 0.319
I -0.443 0.419 -0.578 0.278 0.283
e Dt sl 1 -0.315 0.281 -0.543 0.243 0.321
I -0.451 0.467 -0.577 0.280 0.280
1 -0.334 0.289 -0.517 0.247 0.275
2-Methylbutanol 1 20457 0.450 -0.576 0.280 0.280
1 -0.270 0.278 -0.551 0.253 0.313
2-Methylbutan-2-ol 1 -0.367 0.432 -0.581 0.283 0.285
1 -0.282 0.250 -0.558 0.257 0.299
3-Methylbutan-2-ol 1l L0418 0.457 -0.579 0.280 0.280
TABLE-4
COMPUTED O---H (A) BOND DISTANCES AND 3-Pentanol I LD 26 o
O--H--O (°) BOND ANGLE CALCULATION FOR I 1.94 29 172.48
ALCOHOL-WATER COMPLEXES o il el I 1.89 2.85 171.31
Alcohol Models Ry.y(A) Ro.oA)  Rypo® 1 L 2l el
I 1.89 285 172.11 neo-Pentyl 1 1.89 2.83 164.65
Methanol 1 194 201 178.91 alcohol I 1.94 2.90 178.63
I 1.90 286 172.66 2-Methyl-butan- I 1.92 2.87 164.28
Ethanol ’ ’ ’ 1-ol 11 1.99 2.92 162.56
I 1.94 291 179.97
I 1.90 287 172.78 2-Methyl-butan- I 1.89 2.84 167.49
n-Propyl alcohol I 194 201 179.09 2-ol 11 1.96 2.93 178.85
3-Methyl-butan- 1 1.96 291 167.95
iso-Propyl alcohol L 1.90 285 16741 2-ol I 1.95 291 178.49
I 1.96 2.93 178.69
n-Butyl alcohol I 1.90 2.87 172.33 - . .
i 1.94 2.91 178.84 deviations in primary pentanol-water complex depends on the
e Dl o] I 1.89 2.85 172.16 presence of alkyl branch at a-carbon of alcohol, it is because
I 1.94 291 178.93 of such alkyl group exert more steric repulsion on water mole-
tert-Butyl alcohol III ig? ;Sg igggj cule (Fig. 3). Therefore, neo-pentyl alcohol-water and 2-methyl
’ ’ ’ butanol-water complexes shows more O-H-O bond angle
1 1.88 2.83 164.17 ..
2-Butanol I 1.95 202 178.57 deviations than that of pentan-1-ol water and 3-methyl butanol
I 1.90 287 172.19 water complexes (Table-4). Again, in secondary pentanol-water
1-Pentanol I 1.95 501 179.1 complex O-H-O bond angle deviation depends on the alkyl
I 1.88 283 163.97 group linked to a-carbon of alcohol, i.e. due to the presence of
2-Pentanol I 1.96 293 178.18 two ethyl group in pentan-3-ol water complex, it shows symm-




Vol. 32, No. 7 (2020) Hydrogen Bonding Interaction and Structural Change in Some Aliphatic Alcohol-Water Complexes 1585

B B etrical repulsion and hence least O-H-O bond angle deviations
(175°) than all other pentanol-water complexes. But, 3-methyl-
R R butan-2-ol-water and pentan-2-ol water complexes show more
O-H-O bond angle deviations than that of pentan-3-ol water
complex due to the presence of different alkyl group linked to
a-carbon atom (Fig. 4j & 1). tert-Pentanol-water complex (i.e.
2-methylbutan-2-ol-water) also shows highest O-H-O bond

OH

Fig. 3. Representation of o and 3 carbon in alcohols

i

J 1904 /
i J
1.89 A

) ; ¥ N
J b) Ethanol c) n-Propyl alcohol d) iso-Propyl alcohol

a) Methanol “

g) tert-Butyl alcohol

&

N o

188 A

e) n-Butyl alcohol

Sl
‘o ‘_‘ i J .
J
h) sec-Butyl alcohol i) n-Pentyl alcohol j) 2-Pentanol
4 4
2Sed0.. y Nag
a2 ks :
9 $° ‘g 2 2 : J.)
' ,") J.J < T
J M) > oy 1.88 A
9 °
k) 3-Pentanol l) iso-Pentyl alcohol m) neo-Pentyl alcohol

1964 ‘.J

9

n) 2-Methylbutanol 0) 2-Methylbutan-2-ol p) 3-Methylbutan-2-ol
Fig. 4. Optimized models for isomers of alcohol-water complexes with proton acceptor hydrogen bonding mode
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angle deviations (~164°) this is because of the presence of three
alkyl groups attached to a-carbon atom (Fig. 4p).

Calculation of interaction energy of alcohol-water complex
also reveals the stability of such system. Interestingly, it has
also been observed that the interaction energy value for normal
chain alcohol-water complex gives more negative interaction
energy value in lower alcohols (i.e. methanol, ethanol and
propanol) and then suddenly decreases in higher alcohol (i.e.
butanol and propanol) (Table-1). It happens because as the
number of carbon atom increases in the alkyl group of an alcohol,
the hydrophobicity of alkyl part of the molecule also increases,
which also results in the increase of electron donating effect of
alkyl group in alcohol-water complex. Therefore, in lower alcohols
viz. in methanol, ethanol and propanol, an inductive effect out-
weighs the overall increase in hydrophobic nature of alkyl group
of alcohol molecule and as a result of which stronger hydrogen
bond forms in such systems. This results more negative inter-
action energy values and strong hydrogen bond in alcohol-water
complex from methanol to propanol. Therefore, the sequence
of stability in alcohol-water complex and interaction energy
values in lower alcohols show, methanol-----H,O < ethanol-----
H,O < propanol-----H,O (Table-2). It is well established that
alcohols with more than three carbon atoms (viz. butanol and
pentanol), the overall hydrophobic nature of alkyl groups of
alcohol molecule increases and it is predominant over the
electron releasing effect of the alkyl group. Thus in alcohol-
water complex, the alcohol molecules minutely start repelling
water molecule. This is why the decrease in the interaction energy
as well as weakening of hydrogen bonding in higher alcohol-
water complexes as compared to the lower alcohol-water
complexes.

In case of the isomeric alcohols for propanol, butanol and
pentanol, the alcohol with more branches has more negative
interaction energy than the normal alcohol with less branches.
In such isomeric alcohols (chain and positional isomers), if
the alkyl group has more branches, then it gets more spherical
shape. These spherical alkyl groups always have a lower surface
area then that of normal alkyl chain and hence are less hydro-
phobic in nature. Since, the hydrogen bond formed by the less
hydrophobic isomers are stronger than the more hydrophobic
ones, hence the branched chain alcohol-water complexes have
more negative interaction energy than that of straight chain
alcohol-water complexes. In the above studied isomeric alcohol-
water complexes, the sequence of stability and interaction
energies in the isomers of propanol, butanol, pentanol are given
below:

1) n-Propyl alcohol-H,O < iso-Propyl alcohol-H,O

i) n-Butyl alcohol-H,O < iso-Butyl alcohol-H,O < sec-
Butyl alcohol-H,O < tert-Butyl alcohol-H,O

iii) 2-Methylbutanol-H,O < 3-Methylbutan-2-0l-H,O <
neo-Pentyl alcohol-H,O < Pentanol-H,O < iso-Pentyl alcohol-
H,O < 3-Pentanol-H,O < 2-Methylbutan-2-0l-H,O < 2-
Pentanol-H,O

Interaction energy plots: Again, we are trying to change
the hydrogen bond distances of all the alcohol-H,O optimized
models within a range from 1.2 to 3.0 A to compute the actual
alcohol-water interaction energies. By this way we can easily

predict the strength of hydrogen bond, stability, bond disso-
ciation energies as well as the chemical behaviour of these
complexes. Generally, if we plot interaction energies (kcal/
mol) for each model with respect to the change in hydrogen
bond distances then we can get an exponentially decreasing
curve. The minimum point in curve results the more negative
interaction energy value, which gives the most favored point
with a stable alcohol-water complex. It has been observed that
on increasing the hydrogen bond length after a certain point,
the interaction energy becomes steady and they behave as two
individual molecules rather than an alcohol-water complex.
Moreover, further decreasing the hydrogen bond distances after
minimize point of alcohol-water complexes, it gives the less
negative or positive interaction energy value and it may also
form covalent bond if they get closer than the minimum inter-
molecular distances i.e. 1.2 A. Since, we have to determine
the minimized interaction energy between alcohol-water comp-
lexes; therefore only one minimized point with more negative
interaction energy value is considered. Here, we have shown
the interaction energy plot for methanol-water complexes for
both model-I and II (Fig. 5) and all the other alcohol-water comp-
lexes also show almost similar type of plots.

25

20

—e—Model |

—a— Model Il

15

10

5

0
1.00

_.
o
o
=)
N
0
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S

Interaction energies (kcal/mol)

-5

10 Equilibrium distances (A)

Fig. 5. Interaction energy plot for methanol-water complex

Natural bond orbital (NBO) analysis: Natural bond orbital
(NBO) analysis performed by Gaussian09 to understand the
electron charge delocalization during the course of interaction.
From the value of electronic stabilization energy E(2), we could
have an idea about how much interaction is taking place between
the interacting counterparts of a molecule. Delocalization of
electron charge density between occupied Lewis type (bonding
or lone pair) NBO orbitals and formally unoccupied (anti-
bonding or Rydberg) non-Lewis NBO orbitals corresponds to
a stabilizing donor-acceptor interaction. All the above mentioned
alcohol-water complexes show that the hydrogen bonding is
taking place through the -OH of alcohol with water. The two
possibilities of shifting of electron charge density depending
upon their molecular conformations were observed i.e. either
from alcohol to water or from water to alcohol. The donor-
acceptor electronic stabilization energy (E2) of the hydrogen
bonding sites (O-H) for all the alcohol-water complexes are
shown in Table-5. From the hydrogen bonding sites in alcohol-
water complex, it is clearly observed that the lone pair (LP) of
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TABLE-5
COMPUTED NBO AND DONOR-ACCEPTOR SITES FOR ALCOHOL-WATER COMPLEXES

Alcohol Models Donor Acceptor Stabilization energy (kcal/mol)
I LP(2) 05(A) BD*(1) O7-HO(W) 3.97
Methanol 1 LP(2) O7(W) BD*(1) 05-H6(A) 6.31
Ethanl I LP(2) O4(A) BD*(1) O6-H8(W) 420
ano 1 LP(2) O6(W) BD*(1) O4-H5(A) 6.20
 Promel alconol I LP(2) O4(A) BD*(1) O6-H8(W) 422
Py 1 LP(2) O6(W) BD*(1) 04-H5(A) 6.24
, I LP(2) 03(A) BD*(1) O5-H7(W) 481
iso-Propyl alcohol 1 LP(2) O5(W) BD*(1) 03-H4(A) 6.40
I LP(2) O4(A) BD*(1) O6-H8(W) 451
n-Butyl alcohol 1 LP(2) O6(W) BD*(1) 04-H5(A) 6.21
- Butel aloohal I LP(2) 02(A) BD*(1) O4-H6(W) 4.15
150-Butyl alcoho 1 LP(2) O6(W) BD*(1) O4-H5(A) 6.23
e Butel aloohol I LP(2) 02(A) BD*(1) O4-H6(W) 5.02
er-buly 1 LP(2) O4(W) BD*(1) 02-H3(A) 6.49
I LP(2) 03(A) BD*(1) O5-H7(W) 459
2-Butanol 1 LP(2) O5(W) BD*(1) 03-H4(A) 6.39
L Pentancl I LP(2) O4(A) BD*(1) O6-H8(W) 455
1 LP(2) 06(W) BD*(1) O4-H5(A) 6.20
I LP(2) 03(A) BD*(1) O5-H7(W) 453
2-Pentanol 1 LP(2) O5(W) BD*(1) 03-H4(A) 6.43
3 Pentanol I LP(1) 03(A) BD*(1) O5-H7(W) 3.62
1 LP(2) O5(W) BD*(1) O3-H4(A) 6,22
e Pent] aleohol I LP(2) O4(A) BD*(1) O6-H8(W) 4.49
so-renty 1 LP(2) O6(W) BD*(1) 04-H5(A) 6.22
I LP(2) 02(A) BD*(1) O4-H6(W) 2.63
neo-Pentyl alcohol 1 LP(2) O6(W) BD*(1) 04-H5(A) 6.25
I LP(2) 06(A) BD*(1) O4-H5(W) 2.09
2-Methylbutanol I LP(2) O6(W) BD*(1) 04-H5(A) 6.23
I LP(2) 02(A) BD*(1) O4-H6(W) 4.98
2-Methylbutan-2-ol 1 LP(2) O4(W) BD*(1) 02-H3(A) 6.49
I LP(2) 03(A) BD*(1) O5-H7(W) 5.80
3-Methylbutan-2-ol I LP(2) O5(W) BD*(1) 03-H4(A) 6.39

LP = lone pair, BD* = Antibonding orbital, A = Alcohol molecule, W = Water molecule

oxygen (either from alcohol or water) behaves as electron donor
whereas the O-H antibonding (BD*) orbital behaves as electron
pair acceptor. Higher value of computed electronic stabilization
energy E(2) in alcohol-water complexes result favorable donor-
acceptor complex through hydrogen bonding (Table-5). There-
fore, a lower alcohol-water complex shows effective hydrogen
bonding interaction in gas phase but the steric effect of higher
alcohols may restrict the stability of such hydrogen bond.

Conclusion

All alcohol-water complexes can form hydrogen bond either
through proton accepting or proton donor mode of interaction.
Calculation of interaction energy of such complexes reveal
that the proton acceptor (RHO—-H,O) hydrogen bonding mode
is always more favourable than that of proton donor (ROH-
H,0) mode of interaction. For lower molecular weight alcohol-
water complexes, the order of interaction energy and stability
is methanol-water < ethanol-water < propanol-water. But, for
higher alcohols the mode of interaction is significantly affected
by the bulky alkyl groups of such alcohols. During the hydrogen
bonding interaction, the O-H-O bond angle of alcohol-water
complexes also showed some deviation. It has been observed
that among all isomers of lower alcohol-water complexes,

propan-2-ol-water shows more deviation of O-H-O bond angle
than others. But, for higher alcohol (butanol and pentanol)-
water complexes, butan-2-ol-water, butan-2-ol-water, 2,2-
dimethylpropanol and 2-methylbutan-2-ol-water shows high
deviation of O-H-O bond angle than other alcohol-water comp-
lexes. NBO analysis also showed that donor-acceptor mode of
interaction in the alcohol-water complexes.
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