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Abstract

Our previous studies on various hydrogen-bonded binary systems have shown anomalous physico-chemical properties at lower (10-30%) volume
concentrations of either one or both of the components [1]. In order to have a better understanding of this phenomenon, a systematic molecular dynamics
study of binary mixtures of acetone with 8 primary alcohols (R-OH, with R = 1 to 8) was undertaken. The radial distribution function results indicate that the
hydrogen bond distribution among alcohols in R=(1, 2) increases as the concentration of acetone increases, indicating the hydrogen bond networks are not
disrupted by acetone, unlike that of higher alcohols. It is also seen, from the hydrogen bond statistics, that the number of acetone-alcohol hydrogen bonds are
predominant for R= (3, 4, 6) and the hydrogen bonds between alcohols for the rest, suggesting R= (3, 4, 6) are attractive to acetone compared to other
alcohols. The hydrogen bond networks are visualized using the graph-theoretical approach to get a clearer picture of their hydrogen-bonding network. With an
increase in acetone concentration, the average number of degrees of association decreases for all systems, showing an overall decrease in hydrogen bond
multimers structures.

Introduction

Hydrogen bonds (HBs) are responsible for the unusual properties of water [2] and play a crucial role in many other biological systems [3], for example in
binding the two strands of DNA together [4], in explaining how protein molecules fold and in the assembling of micelles [5-6]. Despite their role in many
natural phenomena, HBs find application in many modern techniques such as nanofluidics [7], self-assembly of droplets [8] and drug designing [9].

To gather a deeper understanding of the same, propose using prototypes that help focus attention to HBs that occur in many chemical or biological systems.
The interactions between the carbonyl group in acetone and the hydroxyl group of alcohols act as a prototype for HBs in amino acids. Also, the study of
acetone-alcohol binary mixtures will provide information about the structural changes of the solvent as the concentration changes which is useful in many
medical and industrial applications. The binary mixtures of acetone with different alcohols show varying characteristics. It is interesting to note that acetone
forms an azeotrope with methanol but not with any other alcohol.

Molecular Dynamics (MD) simulations are used widely to study the structural and dynamical properties of multicomponent liquid mixtures [10—-13]. However,
not many studies have been conducted on acetone-alcohol binary mixtures, especially for higher alcohols. Acetone-methanol and acetone-water binary
mixture MD simulations were carried out by Perara et al,, [14] to study the micro-heterogeneities in the mixture and concluded that methanol behaves
differently in water and acetone, with the microstructure of methanol being better preserved in acetone than in water. MD simulation study with acetone as a
common solvent in non-polar liquids (benzene, pentane, and carbon tetrachloride) and methanol was undertaken by Pozar et al,, [15] to study the structuring in
mixtures. The structural and energy distribution of the non-polar solvents in acetone was seen to be similar and there was a weak local ordering of the acetone
molecules. On the other hand, in the methanol-acetone mixture, complex structuring is governed by methanol molecules.

In this paper, the binary mixture of acetone with alcohols (R-OH, with R =1-8: R =1 (methanol), R = 2 (ethanol), R = 3 (1-propanol), R = 4 (1-butanol), R=5 (1-
pentanol), R =6 (1-hexanol), R = 7 (1-heptanol), and R = 8 (1-octanol)) is studied using MD simulations to examine their structure and HB characteristics. The
effect of alkyl chain length and the solvent concentration on HB characteristics and dynamics are studied. The results are analyzed with reference to radial
distribution function, HB statistics, and Graph Theoretical Approach (GTA) [16].

Methodology
Simulation Details:

Classical molecular dynamics (MD) simulations, using OPLS/AA force field [17-18] with GROMACS software [19-26] were carried out for a total time
aggregate of 2088 ns. The binary mixtures of acetone with alcohols (R = 1-8) are prepared with 1000 molecules in different number concentrations of ratio
1:9 to 9:1 along with their respective pure forms. The initial coordinates were generated using Packmol software [27]. The generated input coordinates of all
the systems were energy-minimized using the steepest descent algorithm [28]. The energy minimized system is then annealed from 498 K to 298.15 K
reducing the temperature by 20 K every 2 ps, which is then equilibrated at isothermal-isobaric (NPT) and canonical (NVT) ensembles for 5 ns each using the
Berendsen barostat [29] and the V-rescale thermostat [30], respectively. The equilibrated systems were then used to run MD production for 25 nsin a
microcanonical (NVE) ensemble, with coordinates and velocities saved at an interval of 1 ps. Periodic boundary conditions were applied to simulate the
system to a macroscopic level. The simulation box was visualized using VMD [31]. As an example, the simulated boxes of all mixtures at 50% concentration
of acetone are shown in Fig. 1. The density of the pure components is shown in Table 1. The closeness of the simulated values to their experimental
counterparts is an indication of the physical validity of our simulations and is in accordance with the results prescribed in the OPLS/AA force field [17].
NetworkX module in Python is used for GTA [16]. Coordinates sampled from MD simulation at different time frames of the trajectory were used to calculate
the average degree of the graphs.
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Table 1
Simulated density and their experimental density [32]

Liquids Simulated density (Kg/m3)  Experimental density
(Kg/m3)
acetone 797.665 1 2.43 784
methanol 773.827 13.11 791
ethanol 792.807 1 7.65 789
1-propanol  800.491 [l 2.47 799
1-butanol 796.01102.35 809
1-pentanol  815.98 1 2.06 814
1-hexanol ~ 810.53[12.08 813
1-heptanol  824.1412.17 821
T-octanol 827.877112.08 826

Hydrogen bonds:

In Silico methods use either bond energy or bond length to determine hydrogen bonds [33—34]. Contrary to common belief [35-36], Herschalg et al., recently
showed that these bonds are independent of the environment [37]. In the present study, the number of HBs is calculated for all the systems using the gmx
hbond module of GROMACS, which defines HB with the inter-oxygen distance less than 0.35 nm and the 0—H-O angle less than 30°.

Results And Discussion
1. Radial Distribution Function:

In an acetone-alcohol mixture, two types of strong hydrogen bonds are seen, they are

(i) Oa - HO, between the oxygen of acetone (0,) and the hydrogen of the hydroxyl group (HO) of alcohols (Fig. 2(a)) (ii) O - HO, between the oxygen (0) and
(HO) of alcohols (Fig. 2(b)).

The likelihood of finding oxygen atoms (O or O,) in the vicinity of HO can be obtained by calculating the g(r) or the radial distribution function (RDF). g(r) gives
the probability distribution of occurrence of a particle around the reference particle at a given distancer.

Figure 3(a-g) and Fig. 4(a-g) represent g(r) of O, - HO and O - HO respectively. The first solvation maxima for all systems are obtained at ~ 0.19 nm, which are

representative of the H-bonds formed in the system. This is in agreement with the hydrogen bond distances reported in the literature (0.15 nm to 3.0 nm) [38].

In order to quantify the extent to which the ‘peak heights’ vary, Ag(r)is calculated i.e., the difference between the first solvation maxima at the highest and the
lowest concentrations of acetone:

Ag(r) = Solvationmaximum(90%acetone) — Solvationmaximum(10%acetone)

Ag(r) is represented in Fig. 3(i) and 4(i).

g(r) of R=(1, 2)-acetone mixture:

As the concentration of acetone increases, R= (1, 2) -acetone mixtures show significant variations in the first solvation maxima in both O, - HO and O - HO
interactions (Figures (3 a,b and 4 a,b). The g(r) values show a higher distribution of O-HO interaction than 0,-HO, suggesting that in R= (1, 2) -acetone
mixtures, alcohol molecules show preferential solvation towards alcohol molecules. From Figures (3 a,b and 4 a,b), the first solvation maxima increases as the
concentration of acetone increases. The Ag(r) calculated for R= (1, 2) -acetone mixture brings out the large difference in the solvation maxima reported in
Figures (3(i) and 4(j)), indicating the significant change in hydrogen bonding behavior as the concentration of acetone changes. R= (1, 2) -acetone mixtures
are systems that contain strong hydrogen bonding networks, and increasing the concentration of acetone does not break these networks between O - HO. The
schematic representation of acetone molecules around the hydrogen bonding network of R = (1, 2) are given in Figures (5 a and b) indicating that increasing
the concentration of acetone does not break the hydrogen-bonded network of R= (1, 2) and also acetone molecules form hydrogen bonding network of
acetone molecules around R = (1, 2).

g(r) of R=(3, 4, 6)-acetone mixture:

As the concentration of acetone increases R= (3, 4) -acetone mixtures show no variations in the first solvation maxima in both 0, - HO and O - HO interactions
(Figures (3 c,d, and 4 c,d). The g(r) values show a similar distribution of O - HO and O, - HO, suggesting that in R= (3, 4) -acetone mixtures, alcohol molecules
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show no preferential solvation. In figures (3 c,d), the first solvation maxima decrease as the concentration of acetone increases showing the reversal in trend
from R= (1,2) -acetone mixture. The Ag(r) calculated for R= (3, 4) -acetone mixture brings out no difference in the solvation maxima. As Figures (3(i) and 4(i))
suggest, there is very little change in hydrogen bonding behavior as the concentration of acetone changes.

In R = 6 -acetone mixture, show significant variations in the first solvation maxima in both O, - HO and O - HO interactions (Figures (3 f and 4 f). The g(r)
values show a similar distribution of O - HO and O4 - HO, suggesting that in R = 6 -acetone mixtures, alcohol molecules also show no preferential solvation.
Figures (3 f and 4 f) shows that the first solvation maxima decrease the concentration of acetone increases. The Ag(r)calculated for R= (6) -acetone mixture
brings out the large difference in the solvation maxima reported in Figures (3(i) and 4(i)), indicating the significant change in hydrogen bonding behavior as
the concentration of acetone changes. Increasing the concentration of acetone breaks the existing hydrogen bonded network of R = 6 -acetone mixture.

g(r) of R=(5,7,8)-acetone mixture:

As the concentration of acetone increases R= (5) -acetone mixtures show no variations in the first solvation maxima of O, - HO interactions (Fig. 3e) and little
variation in O - HO interactions. As the concentration of acetone increases R= (7, 8) -acetone mixtures show small variations in the first solvation maxima of
0, - HO and O - HO interactions (Figs. 3(g,h). The g(r) values show the higher distribution of O - HO interaction than O, - HO interactions, suggesting that in R=
(5,7, 8) -acetone mixtures show preferential solvation towards alcohol molecules. The Ag(r) calculated for R= (5, 7, 8) -acetone mixtures exhibit a small
difference in the solvation maxima reported in Figures (3(i) and 4(i)), indicating a very little change in hydrogen bonding behavior as the concentration of
acetone changes.

In summary, from the RDF and Ag(r) information presented, it is concluded that there is an effect of the acetone concentration on the hydrogen bond network
structure of R= (1, 2, 6), both of O, - HO and O - HO interactions. R= (1, 2) are systems that contain strong hydrogen bonding networks, and increasing the
concentration of acetone does not break these networks. For R = 6, increasing the concentration of acetone breaks the hydrogen bonding network. However, in
R= (3, 4) and R= (5, 7, 8) systems, hydrogen bonding behavior, in general, shows little to no change as the concentration of acetone is altered. The inconsistent
variation in the g(r) as the alkyl chain length increases and the bunching of R=(1, 2), R= (3, 4, 6) and R=(5, 7, 8) -acetone mixture are explained using hydrogen
bond statistics.

Hydrogen bond Statistics:

The average number of strong HBs calculated for O, - HO, O - HO, and the total number of HBs for the entire concentration range in acetone-alcohol mixtures is
reported in Table 2. The total number of HBs is given in Fig. 6 (a), O, - HO and O - HO HBs are represented in Figs. 6 (b) and (c) respectively. The total number
of hydrogen bonds decreases as the concentration of acetone increases. The R = (1, 2) -acetone mixtures show a larger number of hydrogen bonds compared
to the other systems. R = (3, 4, 6 ) -acetone mixtures show a larger number of hydrogen bonds between acetone and alcohols rather than other alcohol
mixtures which indicates the higher probability observed in g(r) (Fig. 3). R = (3, 4, 6) -acetone mixtures have less value of g(r) in Fig. 4. This indicates that
compared with other alcohol mixtures, R = (3, 4, 6) alcohols are more attractive to acetone. In addition to the strong hydrogen bonds, the weak hydrogen bonds
formed among acetone molecules, ie. The attraction between (0,) and carbonyl hydrogen (H) is calculated and reported in Table 3 and represented
graphically in Fig. 6 (d). The weak hydrogen bonds decrease for all concentrations of acetone as the alkyl chain of alcohol increases. R = 1 -acetone mixture
has the highest number of weak hydrogen bonds. The hydrogen bond density per nm? is calculated and reported in Table 4 and represented in Fig. 6 (e). The
R =1 -acetone mixture has a large number density, the number density decreases as the alkyl chain length increases. The clear picture of the hydrogen bond
network formed is analyzed using the GTA below.
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Table 2

hydrogen bonds vs concentration of acetone for R= (1-8):

Acetone R= R= R=3 R=4 R=5 R= R=7
(%) Opb O Total O, O Total O, O Total O, O Total O, O Total 0, O Total Oy
-Ho HO -Ho HO -Ho HO -Ho HO -Ho HO -Ho HO -HO
10 50 760 810 47 765 812 64 600 664 64 607 671 39 658 697 63 596 659 36
20 90 627 716 84 634 718 113 479 592 115 485 600 71 543 614 112 477 590 66
30 118 505 623 111 513 624 149 370 519 151 376 527 96 437 533 149 371 520 89
40 137 394 530 130 401 531 170 276 446 173 280 453 114 339 453 170 278 448 107
50 145 293 438 139 300 439 178 194 372 181 197 378 123 251 374 179 196 375 117
60 144 203 348 140 208 348 172 125 297 175 127 303 124 171 295 174 128 302 119
70 132 125 258 129 129 258 151 72 223 155 73 228 115 104 219 154 73 227 111
80 107 62 170 105 64 170 116 32 149 119 33 152 93 51 143 119 33 152 91
90 66 18 83 64 19 83 66 8 74 68 8 76 56 14 70 68 8 77 56
Table 3

Number of hydrogen bonds between acetone molecules vs concentration of acetone

Concentration (%)

10%
20%
30%
50%
60%
70%
80%
90%

Number of Hydrogen bonds

R=1
84
311
650
1599
2185
2836
3558
4352

R=2
70
266
575
1479
2054
2715
3458
4290

R=3
52
209
468
1299
1871
2545
3329
4224

R=4
47
190
430
1221
2978
2451
3245
4170

R=5
47
189
428
1203
1745
2404
3195
4127

R=6
40
164
376
1102
1636
2297
3102
4070

R=7

43
172
393

1102

1615

2263

3058

4032

R=8
43
169
377
1067
1575
2209
3000

3990
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Table 4

3

hydrogen bonds density per nm® versus concentration of acetone (%)

Concentration (%)  Number of Hydrogen bonds
R=1 R=2 R=3 R=4 R=5 R=6 R=7 R=8

10% 10.9 8.2 5.3 4.4 4 3.3 3.1 2.8
20% 9 7.1 4.7 4 3.7 3.1 2.9 2.6
30% 7.4 6 4.1 3.6 3.3 2.8 2.6 2.4
40% 5.9 49 3.6 3.2 29 2.6 2.4 2.2
50% 4.6 4 2.9 2.7 2.5 2.3 2.1 1.9
60% 3.5 3.1 2.4 2.3 2 1.9 1.8 1.6
70% 2.4 2.3 1.8 1.7 1.6 1.5 1.4 1.3
80% 1.5 1.5 1.2 1.2 1.1 1.1 1 0.9
90% 0.7 0.7 0.6 0.6 0.5 0.6 0.5 0.5

Graph Theoretical Analysis:

To visualize and study the hydrogen bonding network in this system, graph theory was used on the results of MD simulations. All hydrogen-bonded structures
are mapped in a two-dimensional representation using GTA for R = (1 to 8) with acetone at all concentrations. Oxygen and hydrogen atoms in the systems are
considered as nodes and an edge is drawn between H-bonded atoms to illustrate the connection. A distance criterion of 0.15 to 0.25 nm between the acceptor
oxygen and the donor hydrogen atoms were used to define the hydrogen bonds. This cutoff has been chosen from the RDF calculations which show the first
solvation shell to exist in the 0.15-0.25 nm range. The graph theoretical representation of H-bonded networks of 10% R = 6 -acetone mixture is given in

Fig. 7(a). The snapshot of the selected HB structures are marked to the network graphs and shown in Fig. 7 (b - f). The two-dimensional representation of R =
(1, 4, 8) -acetone mixtures are shown in Figures (8, 9 and 10). The ratio of the number of edges divided by the number of nodes (i.e average degree) for O, - HO
and O - HO interactions are plotted in Figs. 10 (a) and (b) respectively. It is seen from Fig. 10 (a) that the average degrees show no variations as the alkyl chain
length of the alcohol increases along with the change in concentration of acetone. This is because the HB structures of acetone with alcohol are mostly
dimers which is evident from the O, - HO network structures in Figs. 8, 9, and 10. Figure 10 (b) shows that the average degree decreases as the concentration
of acetone increases. The bunching of (i) R= (1, 2)-acetone mixtures, (i) R = (3, 4, 6) -acetone mixtures, and (jii) R = (5, 7, 8)-acetone mixtures are seen. This
bunching is also observed in hydrogen bond statistics. R = (1, 2) -acetone mixtures have the highest number of average degrees indicating more HB networks
are formed between alcohols. R = (3, 5, 6) -acetone mixtures have the lowest average degrees. The number of HB multimers decreases in increasing the
concentration of acetone for all alcohols.

Conclusion

Hydrogen bonding interactions play a significant role in dictating the properties of binary liquid mixtures, which find applications in many fields such as
surface physics, biomolecular interactions, etc. To understand this at a molecular level, as prototypes for O-H hydrogen bonding, binary mixtures of acetone
with primary alcohols (R-OH) of R = (1 to 8) were studied using classical molecular dynamics. The structural properties of HB networks were studied using
radial distribution function, HB statistics, and graph-theoretical approach (GTA). The variation of hydrogen-bond network structures are reported for (a) various
acetone-alcohol mixtures (R = 1-8 for alcohols) with a change in the concentration and (b) the dependence of alkyl chain length in the microscopic structure
of the hydrogen bonds in the acetone-alcohol binary liquids. Clearly, bunching in the HB characteristics are seen among R= (1, 2), R= (3, 4, 6) and R=(5, 7 ,8) -
acetone mixtures. In R = (1, 2), the results from RDF and GTA show the hydrogen-bonded network does not break while increasing the concentration of
acetone, whereas among other alcohols the HB network is broken by the acetone molecules as the concentration of acetone increases. Also, R = (1, 2) -acetone
mixtures exhibit preferential solvation to alcohols which is evident from RDF results. In R = (3, 4, 6) -acetone mixture shows no preferential solvation at all
concentrations and also compared with other alcohol mixtures R = (3, 4, 6) are more attractive to acetone which is evident from HB statistics and GTA results.
InR = (5, 7, 8) -acetone mixtures, preferential solvation towards alcohols molecules are seen. The hydrogen bond number density decreases as the alkyl chain
length increases. Average degrees calculated using GTA show that hydrogen-bonded interactions with acetone are mostly dimers, and the HB networks reduce
as the concentration of acetone increases.
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Figures

Figure 1

Simulated boxes of 50% concentration of acetone in (a) R=1, (b) R=2, (c) R=3, (d) R=4, (€) R=5, (f) R=6, (g) R=7 and (h) R=8. Acetone is represented in red color
and the second color indicates the respective alcohols.

Figure 2

Hydrogen bonds formed (a) between the oxygen of acetone (0,) and the hydrogen of the hydroxyl group (HO) of alcohols and (b) among the oxygen (O) and
(HO) of alcohols
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Figure 3

g(r) of O5-HO: (a) R-1 (b) R-2, (c) R-3, (d) R4, (e) R-5, (f) R-6, (g) R-7, () R-8.
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Figure 4

g(r) of 0 -HO: () R-1 (b) R-2, (c) R-3, (d) R4, (&) R5, () R6, (g) R-7, (h) R-8.

Figure 5

(a) Acetone molecules around methanol trimers, (b) Acetone molecules around ethanol trimers (snapshot taken from 80% concentration of acetone)
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Figure 6

Average number of (a) total hydrogen bonds, (b) (0,-HO) HBs, (c) (0-HO) HBs, (d) (O - Hc) HBs, and (e) HBs density versus concentration of acetone (%)

Figure 7

Network graphs and molecular structures of the HB networks in the 10% concentration of acetone in R=6 system: (a) Network graph (alcohol-red, acetone-
green), (b-c) Dimers, (d) Trimer, (e) pentamer and (f) tetramer: HB structures are marked to their corresponding network in (a).

Figure 8

Two-dimensional HB network graphs of R=1 -acetone mixture at 10%, 30%, 60% and 90% concentration of acetone

Figure 9

Two-dimensional HB network graphs of R=4 -acetone mixture at 10%, 30%, 60% and 90% concentration of acetone

Figure 10

Two-dimensional HB network graphs of R=8 -acetone mixture at 10%, 30%, 60% and 90% concentration of acetone

Figure 11

Average degrees of (a) O, - HO interaction and (b) O - HO interaction with respect to the concentration of acetone (%).
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