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Abstract 
Experimental and theoretical methods were used to study two mixtures, 1-hexanol with n-
hexane and cis-3-hexen-1-ol with n-hexane. The experimental technics were used to 
determine excess molar volume and viscosity deviations in the temperature range from 
288.15K to 318.15K. The data of excess molar volume indicate similar behavior of the two 
alcohols, 1-hexanol and cis-3-hexen-1-ol in mixtures with n-hexane. The experimental data 
are in accordance with molecular dynamics simulation of these mixtures, showing similar 
number of hydrogen bonds in the two mixtures. The experimental data of viscosity deviations 
show difference of the two mixtures, where the deviation is significantly larger for cis-3-
hexen-1-ol and n-hexane mixture, indicating stronger interactions within cis-3-hexen-1-ol and 
n-hexane binary mixture. These experimental data are in accordance with quantum chemical 
calculations on interactions energies. Namely, calculated interaction energies show that 
interaction between single and double bonds are stronger, than interactions between two 
single bonds. 
 
Introduction 
Insight in different types of mixtures’ properties has a great importance in understanding 
and predicting the behavior of mixtures. The properties of liquid mixtures, such as 
volumetric and transport properties depend on the geometry and steric effects and 
intermolecular interactions between molecules. Many papers were published on 
describing and explaining how to analyze the experimentally measured properties. Intense 
research in last decades increased the amount of available data and the models describing 
the behavior are in constant improvement. Depending on the availability and usage of 
substances and their mixtures, and practical interest in certain mixtures, the models for 
describing the liquid mixtures can be more or less accurate1-4. 
Another aspect of investigating the properties of mixtures is a theoretical aspect, which 
can be used for analyzing the non-covalent interactions. The theoretical aspect can 
quantitatively and accurately model these interactions using the quantum mechanical 
methods. These methods can be used to find the interaction energies and the geometries 
of interactions in the investigated systems. For quantum mechanical calculations, a 
benchmark study for finding the best level of theory is an essential step5. The benchmark 
study assures that the level of theory gives reasonably accurate data. The very accurate 
CCSD(T)/CBS level is used as a reference, because it has been recognizes as a gold 
standard in the quantum mechanical world. The use of CCSD(T)/CBS level is very time 
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consuming and that is the reason to find other, less demanding level of theory that have 
at the same time a reasonable accuracy. So far, we have studied the interactions of double 
and single bonds and interactions between two double or two single bonds on a model 
system of 2-butene and butane molecules6.  
From the theoretical aspect, besides the quantum mechanical calculations and analyses, 
the molecular dynamic simulations have been used for analysis. The molecular dynamic 
(MD) simulations can be used for analyzing structural and dynamic properties, connecting 
the microscopic and macroscopic world, as well as making a connection between the 
experimental results and theoretical predictions7. The MD is based on the solving step-by-
step the equation of motion, predicting the dynamics of the system. The system is 
represented by a simulation box represented like in Figure 1 using Visual Molecular 
Dynamic (VMD)8. The essential for an accurate MD is right set of force fields, which in this 
study was generated by Amber Force Field9. 
 

 
Figure 1. A visual representation of a “box” for the MD simulation in VMD 

 
The results provide the insights of interactions at molecular level, offering an understanding 
of experimental measured properties of substances and mixtures with double bonds. 
The aim of this work is to combine the two aspects of analyzing the liquid mixtures. First, the 
experimental measured properties and their deviations from ideal mixtures and second, use 
the computational modeling for analyzing the same effects of deviations at molecular level. 
The mixtures containing alcohols and hydrocarbons have been studied in this research. The 
combination of experimental measurement and computational modeling is the future in 
predicting chemical processes in systems and mixtures, providing better and more complete 
information on properties and chemical processes. 
 
Experimental and methodology section 
For experimental measurement, the mixtures of 1-hexanol or cis-3-hexen-1-ol with n-hex-
ane have been studied. Substances cis-3-hexen-1-ol (>98 mas %) and 1-hexanol (98 mas %) 
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were provided by Sigma Aldrich and n-hexane (>99 mas %) was provided by Merck. All 
compounds were dried over Sigma (type 0.3nm) molecular sieves and degassed by 
ultrasonic before each experimental measurement. The measured properties of pure 
substances for 1-hexanol and n-hexane shown good agreement with literature data on 
temperate of 288.15K. 
The densities of pure substances and their mixtures were measured with an Anton Paar 
DSA 5000 M density and sound velocity meter with a stated accuracy ±5×10-3 kgm-3 for 
density. The viscosity of pure substances and their mixtures were measured on an Anton 
Paar Stabinger SVM 3000/G2 viscometer with accuracy of ± 0.1 %. 
Theoretical quantum mechanical calculations were preformed on Gaussian 09 (version 
D.01)10. The benchmark study was performed using various DFT and MP2 methods with 
basis sets of various sizes5. The interaction energy at the CCSD(T)/CBS level, which was 
used as reference level, was calculated using the extrapolation scheme proposed by 
Mackie and Dilabio11. The single point energies were calculated creating a potential curve 
and for each of the investigated system and at minima of each potential curve the 
optimized geometries and energy of interaction are analyzed. 
From the input molecular coordinates of the molecules obtained by quantum chemical 
calculations, the topology and parameters for amber force field were generated by 
ANTECHAMBER and the xleap ABMER tools12. The set up of system was structured as 
mixtures of 1000 molecules in a cubic simulation box of 6x6x6 nm side length (Figure 1) 
with different sets of concentrations and at different temperature. The force field was 
used with a cutoff of 1.2 nm for van der Waals and for the short ranged electrostatic 
interactions, together with Particle-Mesh-Ewald treatment (on a 0.16 grid). After 500 
steps of steepest descent minimization, short equilibration runs of 100 ps length were 
performed at the target temperature, employing the V-rescale thermostat. Subsequently, 
production runs of 1 ns length were performed, in an NPT ensemble at the respective 
target temperature and target pressure. For temperature control the V-rescale thermostat 
was employed, pressure control was achieved with the Parrinello-Rahman barostat. All 
bonds hydrogen atoms were constrained by LINCS. Trajectories were saved every 2fs. 
Molecular dynamic simulations were performed in GROMACS13-15. Visualization and 
analysis of the MD trajectories was done with Visual Molecular Dynamic (VMD)8.  
 
Results and discussion 
In this paper, the results of measured density and viscosity data are shown in combination 
of the quantum mechanical calculation and dynamic modeling simulations. The 
experimental measurements were done for the binary mixtures of 1-hexanol + n-hexane 
and cis-3-hexen-1-ol + n-hexane in the whole range of concentration at seven 
temperatures from 288.15K to 318.15K with a step of 5K at atmospheric pressure. 
The excess molar volume was calculated by the next equation 

1
1 1

N

i i i
i=

EV xM        (1) 

where N is the number of components, xi is the mole fraction and Mi is the molecular mass 
of component i, while  and i are the measured densities of a mixture and the pure 
component i, respectively.  
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The viscosity deviations,  , were calculated from the equation: 
N

i i
i=1

Δη= η xη         (2) 

where  and i are the measured viscosities of a mixture and the pure component i, 
respectively. 
Redlich-Kister (RK) polynomial equation16 was used for correlating the calculated 
experimental values of excess molar volume VE and viscosity deviations . 

2 1
k

pE
i j p i

p=0
( )Y Y x x A x        (3) 

where YE(ΔY) represents VE or  , and Ap represents the adjustable parameters of the 
property, and the degree of adjustable parameters (k + 1) determined applying the F-test. 
 

 a b   

 
Figure 2. Experimental data of (a) excess molar (VE) and (b) viscosity deviations (∆ ) for the two 

binary mixtures: 1-hexanol (1) + n-hexane (2) and cis-3-hexen-1-ol (1) + n-hexane (2) at  
288.15 K (■, ●) and 323.15 K (■, ●) and at atmospheric pressure. Symbols refer to experimental data 

points while lines represent the values calculated by RK equation (Eq. 3.). 
 
In Figure 2 excess molar volume (VE) and viscosity deviations ( ) are shown at two 
temperatures, 288.15K and 318.15K. The results of excess molar volumes show a „S“-shaped 
curve, characteristic for mixtures of alcohols and hydrocarbons. The values are negative for 
the molar content of an alcohol larger than 0.2. This behavior is expected in mixtures richer 
in an alcohol due to the alcohol self-association interaction. Namely, alkanol molecules are 
polar and can form homo-associates trough hydrogen bonding between –OH groups17.  
Figure 3 represents three sets of simulations: pure 1-hexanol and pure cis-3-hexen-1-ol, 
mixtures alcohol + n-hexane containing 60 % of an alcohol, and mixtures containing 20 % 
of an alcohol, at the temperature 318.15K. 
As data represented in Figure 3 show, simulation of pure 1-hexanol has an average of 
about 480 hydrogen bonds, while for the mixture 60 % (1-hexanol) + 40 % (n-hexane) 
there are 284 and for mixture 20 % (1-hexanol) + 80 % (n-hexane) there are about 90 
hydrogen bonds. For pure cis-3-hexen-1-ol there are 395, and for 60 % (cis-3-hexen-1-ol) 
+40 % (n-hexane) and 20 % (cis-3-hexen-1-ol) + 80 % (n-hexane) there are in average 228 
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and 65 number of hydrogen bonds, respectively. This is in agreement with experimental 
data that show small differences in values of two mixtures, as represented in Figure 1(a). 
 

 a b   

 
Figure 3. Number of hydrogen bonds analyzed by VMD after the MD simulations for 
mixtures (a)1 –hexanol + n-hexane and (b) cis-3-hexen-1-o l+ n-hexane at 318.15 K 

 
As for the values of deviation of viscosity (Figure 2b), the values are negative in the whole 
range of composition. The differences between the two mixtures are much larger. This 
provides information that the energy of interactions in mixture of cis-3-hexen-1-ol and n-
hexane are larger than in the mixture of 1-hexanol and n-hexane. This indicates different 
energy interactions between the double bonds in cis-3-hexen-1-ol and the single bonds in 1-
hexanol within the mixtures with n-hexane. This observation about the interactions have 
been confirmed by analyzing the difference in interactions of double and single bonds on 
molecular level. In our previous paper, we confirmed that the highest energy interactions 
are in mixture of double/single bond5. Interaction energies of systems with double and 
single bonds using model system: 2-butene/2butene (for double bond/double bond system), 
2-butene/butane (for double bond/single bond system), and butane/butane (for single 
bond/single bond)5 has been calculated. The results of quantum mechanical calculations, 
obtained at very accurate CCSD(T)/CBS level are presented in Table 1, showing that 
interaction energies are the strongest in systems with interaction of double and single 
bonds, than in systems with two single bonds, and the weakest in systems with two double 
bonds. 
 
Tabel 1. Energy interaction (ΔE) of model systems for double and single bonds interaction 
Model systems  ΔE (CCSD(T)/CBS), kcal/mol 
Double bond/double bond (-1.95) ÷ (-2.53) 
Double bond/single bond (-2.50) ÷ (-2.82) 
Single bond/single bond (-2.44) ÷ (-2.58) 
 
Conclusions  
In this work we applied methodology that combines two theoretical methods, quantum 
chemical and molecular dynamics with experimental measurements on properties of two 
liquid mixtures, 1-hexanol with n-hexane and cis-3-hexen-1-ol with n-hexane. The 
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experimental data on excess molar volume of the two mixtures show high similarity, while 
viscosity deviations of the two mixtures show significant difference of the two mixtures. The 
similar behavior considering excess molar volume indicates similar number of hydrogen 
bonds between molecules of alcohols in the mixtures. It is in accordance with MD simulation 
of these mixtures, showing similar number of hydrogen bonds in the two mixtures. 
Difference of the two mixtures considering viscosity deviations, indicates difference in the 
interaction energies between 1-hexanol and n-hexane and cis-3-hexen-1-ol and n-hexane. It 
is in accordance with calculated interaction energies showing that interactions between 
single and double bods are stronger, than interactions between two single bonds. The 
results presented in this work show that our methodology combining two theoretical 
methods, quantum chemical and molecular dynamics with experimental measurements 
gives opportunity to obtain, understand and predict data on liquid mixtures. 
 
The authors are grateful for the financial support received from the Research Fund of Ministry of 
Education, Science and Technology Development (project No 172063), Republic of Serbia and the 
Faculty of Technology and Metallurgy, University of Belgrade. 
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Eksperimentalna merenja i teorijske simulacije binarnih sistema alkohola 

i ugljovodonika 
Eksperimentalne i teorijske metode korišćene su za proučavanje dve smeše, 1-heksanola sa 
n-heksanom i cis-3-heksen-1-ola sa n-heksanom. Eksperimentalne tehnike su korišćene za 
određivanje dopunskih zapremina i promene viskoznosti za temperaturni opseg od 288.15K 
do 318.15K. Podaci o dopunskoj molarnoj zapremini ukazuje na slično ponašanje dva 
alkohola, 1-heksanola i cis-3-heksen-1-ola u smešama sa n-heksanom. Eksperimentalni 
podaci su u skladu sa simulacijom molekularne dinamike ovih smeša, pokazujući sličan broj 
vodoničnih veza u dve smeše. Eksperimentalni podaci o promeni viskoznosti pokazuju 
značajnu razliku između dve smeše, odstupanje je značajno veće za smešu cis-3-heksen-1-
ol i n-heksan, što ukazuje na jaču interakciju u binarnoj smeši cis-3-heksen-1-ola i 
nheksana. Ovi eksperimentalni podaci su u skladu sa kvantno-hemijskim proračunima 
energija interakcija na molekulskom nivou. Naime, izračunate energije interakcije pokazuju 
da je interakcija između jednostrukih i dvostrukih veza jača, nego interakcija između dve 
jednostruke veze. 
 


