
RESEARCH PAPER 
 

IJDDT Volume 16 Issue 62s 2026 
Page | 1644 

Topological and Thermodynamic studies for binary 
mixtures of pyridine with isomeric butanaol at 308.15 K 
 

Kirti*, Sunil K. Jangra$, Anand Rohilla$, Arpana* 
*Department of Chemistry, Baba Mastnath University, Rohtak 124001, India 

$Department of Chemistry, A.I.J.H.M. College, Rohtak 124001, Haryana, India 
*Corresponding author: Arpana, Department of Chemistry, Baba Mastnath University, Rohtak 

124001, India 
Tel.: +91 9992777361 | Email: arpnakalonia.bimpat@gmail.com 

Received: 25th May, 2026; Revised: 6th June, 2026; Accepted: 8th June, 2026; Available 
Online: 21st June, 2026 

ABSTRACT 

Excess molar volumes of pyridine (1) and isomeric butanol (2) binary mixtures have been measured as a 
function of composition at 308.15 K. The VE data have been estimated by (i) Graph theory and (ii) Prigogine-
Flory-Patterson theory (PFP). It has been observed that VE values predicted by Graph theory compare well 
in comparison to PFP theory with their corresponding experimental values. 
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1. Introduction  
 Thermodynamic data for 
multicomponent liquid mixtures are crucial for 
the engineering design of separation processes 
and unit operations. The mixing of different 
compounds typically results in mixtures 
exhibiting non-ideal behaviour. Deviations from 
ideality can be characterized using 
thermodynamic properties such as excess molar 
volumes (VE), excess molar enthalpies (HE), 
changes in isentropic compressibility upon 
mixing, and excess Gibbs free energy (GE). These 
properties provide insight into the behaviour of 
components in both pure and mixed states, as well 
as the molecular interactions between them. 
 Chemical graph theory offers a 
structural perspective by representing chemical 
compounds as molecular graphs, where vertices 
correspond to atoms and edges to chemical bonds 
[1]. The foundational idea in chemistry—those 
molecular properties stem from molecular 
structure—dates back to the mid-19th century, 
when the first structure–property models were 

introduced [2,3]. Structure–activity relationships 
(SAR) aim to quantify this structure–property 
connection [4]. Topological indices are 
commonly employed in SAR studies to encode 
molecular structure [5–7]. Despite the existence 
of hundreds of topological indices, their 
interpretability has received comparatively 
limited attention [8,9]. 
 Past studies [10–14] have 
demonstrated that the third-degree connectivity 
index, which is inherently linked to molecular 
topology, can effectively predict thermodynamic 
properties such as excess molar volumes, excess 
molar enthalpies, and changes in isentropic 
compressibility for binary and ternary mixtures. 
In the present work, an effort is made to evaluate 
the excess Gibbs free energy (GE) of binary 
mixtures by utilizing the topological features of 
their constituent molecules.  
 Alcohols represent a class of simple 
yet significant amphiphilic substances that remain 
in the liquid phase, primarily due to hydrogen 
bonding involving their hydroxyl (–OH) groups. 
These compounds are characterized by their polar 
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nature and the ability to form self-associated 
structures. When alcohols are combined with 
aromatic hydrocarbons, their dipolar associations 
tend to weaken, which can be attributed to specific 
intermolecular interactions occurring between the 
alcohol and the aromatic component [15,16]. 
Primary alcohols possess both hydrogen-donating 
and hydrogen-accepting sites, facilitating 
extensive hydrogen bonding. This leads to notable 
self-association in their pure form, while in binary 
mixtures, both self- and cross-association 
phenomena are likely to occur. [17,18] 
 
 
2. Experimental  

 Pyridine (Py) (AR Grade, 99 mol %), 
Butanol (Bu) (Fulka, 99 mol %), 2-Butanol (2-
Bu) (Fluka, 98 mol %), iso-Butanol (iso-Bu) 
(Fluka, 99 mol %) and t-Butanol (t-Bu) (Fluka, 99 
mol %) were purified by standard methods [19]. 
The purities of the purified liquids were checked 
by measuring their densities [recorded in Table 1] 
using Anton Parr DSA 5000 at 298.15±0.01K and 
these agreed to within ±2.10-3 kg.m-3 with their 
literature values [20-21].  

Densities of the pure liquids and their 
binary mixtures were measured using a 
commercial density and sound analyzer apparatus 
(Anton Parr DSA 5000). Before each series of 
measurements, the calibration of the apparatus 
was carried out with the double distilled, 
deionized water. The mole fraction of each 
mixture was obtained with uncertainty of 1*10-4 

from the measured apparent masses of the 
components. All the measurements were 
performed on an electric balance. The uncertainty 
in the density is ±2.10-3 kg.m-3

. 

3. Results 
          The experimental excess molar 

volumes, VE of Py (1) + Bu or 2-Bu or iso-Bu or 
t-Bu (2) binary mixture over entire composition 
range at 308.15K are presented in Tables 2.  

The densities,  of binary mixtures 
were evaluated from their excess molar volumes 

data by employing Eq. 1 

                        
               (1) 

 where , M1 and are the mole fraction, molar 
mass and density of component (1) of (1+2) 

binary mixture.  

where  is the volume fraction of component 

(1) in the mixed state , ,  and are 

isentropic compressibility, molar volume, 
thermal expansion coefficient and molar heat 

capacity respectively of the pure component (1). 

The values of and were taken from 

literature [22]. for Py was evaluated in the 
same manner as described elsewhere [23]. The 
dependence of VE values on mole fraction of Py 
for the studied (1 + 2) mixtures are graphically 
represented in Fig respectively, and were fitted 

to Redlich-Kister equation 
                                           VE = x1x2[V(0) + V(1) 
(2x1 -1) + V(2) (2x2 -1)2]                                               (2) 

                 
Where V(n) (n = 0 – 2) etc. are the parameters 
characteristic of (1 + 2) mixtures. These 
parameters were evaluated by fitting XE (X= V) 
data to Eq. 2 by least squares method and are 
recorded along with standard deviations, σ 
(XE)(X= V) defined by Eq. 3 

                                  (3) 
[where m is the number of data points and n is the 
number of adjustable parameters in   Eq. 3] in 
Tables    2. 
4. Discussion  
                  We are unaware of any VE data of Py 
(1) + Bu or 2-Bu or iso-Bu or t-Bu (2) mixtures 
with which to compare our results. VE data of 
these mixtures are negative over range of 
composition. VE data for an equimolar mixture 
vary in the order t-Bu > iso-Bu > 2-Bu > Bu 
respectively. The value show decreasing from t-
Bu to Bu which reflects: (i) decreasing branching 
and steric hindrance (ii) increasing Hydrogen 
bonding ability with pyridines nitrogen. 

At the qualitative level the observed VE data 
of various (1+2) mixtures can be explained, if it 
be assumed that (i) Py (1) + Bu or 2-Bu or iso-Bu 
or t-Bu (2) are associated molecular entities; (ii) 
there is interaction between nitrogen atom of Py 
and hydrogen atom of Bu or 2-Bu or iso-Bu or t-
Bu (2);  

VE for various (1+2) mixtures are the 
commutative effect of several contributions; (i) 
interaction between hydrogen atom of Bu or 2-Bu 
or iso-Bu or t-Bu (2) with nitrogen atom of Py; (ii) 
closer molecular arrangement; and (iii) 
depolymerization of Py or Bu or 2-Bu or iso-Bu 
or t-Bu. The negative values of VE suggest that 
contribution to VE due to factors (i) and (ii) far 
outweigh the contribution from factor (iii). Thus, 
the addition of Py or Bu or 2-Bu or iso-Bu or t-Bu 
results in not enhancing of the structure in Py+ Bu 
or 2-Bu or iso-Bu or t-Bu mixtures and is more 
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pronounced in Py + Bu as compared to 2-Bu or 
iso-Bu or t-Bu mixtures. 
4.1 Graph theory and results 
4.1.1 Excess molar volumes. Excess molar 
volumes, VE is a packing effect and influenced by 
the change in topology of the constituents in 
mixed state. Thus, it was worthwhile to analyze 
VE data of the studied mixtures in terms of Graph 
theory to extract information about the state of 
components in pure and mixed state and 
molecular entities existing in these mixtures. 
According to this theory [24], VE is given by    
                                  VE=α12{[∑x1(3ξ1) 

m]−1−[∑x1(3ξ1)] −1}                                               
 (4) 
where αij is a constant characteristic of (1+2) 
mixture. (3ξ1), (3ξ1) m (1 = 1 or 2) etc are the 
connectivity parameters of the third degree of 
components (1) and (2) in pure and mixed state 
and are defined by  

                                                          3ξ =

                                                  
   (5)                

where  etc. have the same significance as 
described elsewhere [25]. 3ξ etc. parameters were 
determined by fitting experimental VE data to Eq. 
4 and only those values of (3ξ1), (3ξ1) m (1 = 1 or 

2) parameters were retained that best describe the 
experimental VE data. These parameters, along 

with VE values [predicted by employing Eq. 4] at 
various x1 are recorded in Table 3. Examination 

of data in Table 3 reveals that VE values compare 
well with their experimental values. Since the 

agreement between experimental and calculated 
values is good, (3ξ1) etc. can be utilized to extract 

information about the state of 1/2 in pure and 
mixed state.  

                  A number of structures were then 
assumed for (1) and (2) components in pure and 
mixed state and their 3ξ 

/values were evaluated 
from their structural consideration (via Eq. 5). 
These 3ξ 

/ values were then compared with 3ξ 

values (obtained via Eq. 4). Any structure or 
combination of structures which provided 3ξ 

/ 
values comparing with 3ξ value was taken to be 
representative structure of that component. Such 
an analysis revealed that Py (molecular entities I-
II, 3ξ/ =0.516, 0.706) exist as a mixture of 
monomer and dimmers; Bu (molecular entities 
III-IV, 3ξ 

/ = 0.707, 1.614); 2-Bu (molecular 
entities V-VI, 3ξ 

/ =0.690, 1.560); iso-Bu 
(molecular entities VII-VIII, 3ξ 

/ =0.675, 1.510) t-

Bu (molecular entities IX-X, 3ξ 
/ =0.554, 1.440) 

exists as an associated molecular entity.  
                  (3ξ/

2)m values were then calculated to 
extract information about the state of Bu or 2-Bu 
or iso-Bu or t-Bu (2) in Py (1). It was assumed that 
Py (1) + Bu (2); Py (1) + 2-Bu (2); Py (1) + iso-
Bu (2) and Py (1) + t-Bu (2) contain molecules 
entities XI-XIV respectively and are 
characterized by interactions between hydrogen 
atom of Bu or 2-Bu or iso-Bu or t-Bu and nitrogen 
atom of Py. (3ξ/

2)m values for molecular entities 
XI-XIV were then calculated to be 1.674, 1.951, 
1.951 and 2.635. (3ξ2)m values of 1.605, 1.845, 
1.845 and 2.321 (Table 3) suggest the presence of 
molecular entities IX-XI in these mixtures.  The 
existence of these molecular entities then suggests 
that addition of Bu or 2-Bu or iso-Bu or t-Bu to 
Py should have influenced the C=N stretching in 
pyridine and –O-H stretching in Bu or 2-Bu or iso-
Bu or t-Bu of Py. In view of this, we analyzed IR 
spectra of pure Py or Bu or 2-Bu or iso-Bu or t-
Bu and their equimolar Py (1) + Bu or 2-Bu or iso-
Bu or t-Bu (2) mixtures. It was observed that Py, 
Bu, 2-Bu, iso-Bu and t-Bu in their pure state show 
characteristic absorption at 1595 cm-1 (C=N 
stretching) and 3300, 3320, 3340 and 3550 cm-1 
(O-H stretch). On the other hand, IR spectra of 
equimolar Py (1) + Bu, 2-Bu, iso-Bu and t-Bu (2) 
mixtures show characteristic absorption at1580, 
1582, 1583 and 1588 cm-1 (C=N stretch) and 
3250, 3260, 3270 and 3350 cm-1 (O-H stretch) 
respectively. The IR spectral data of the 
investigated mixtures thus suggest that addition of 
(2) to (1) does influence the C=N stretching of Py 
and O-H stretching vibrations of Bu, 2-Bu, iso-Bu 
and t-Bu and thus support the existence of 
molecular entities XI-XIV. 
4.2 Prigogine-Flory-Patterson theory 
4.2.1 Excess molar volumes. According to 
PFP theory [26] excess molar volumes, VE is 
considered to be comprised of three contributions, 
(i) interaction contribution; (ii) free volume 
contribution; (iii) the contribution that depends on 
the difference in both internal pressure and 
reduced volumes of two components constituting 
binary mixtures. VE in terms of these three 
contributions is expressed by 

               
(6) 

where 
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           (7) 
                                  (8) 

                                                         
            (9) 

where all the terms in Eqs. 6-9 have the same 
significance as described elsewhere [27-28]. 

         Evaluation of VE using Eqs. 6 to 9 requires 
knowledge of the interactional energy parameter,

 in addition to the Flory’s parameters

 etc. for pure components. The 
various parameters for pure components were 
determined using isothermal compressibility 
reported in literature [22]. The κT values for 
those liquids that were not available were 

determined by using their ∆Hv values in the 
manner suggested by Hilderbrand [23]. Such 

values of VE predicted by employing Eqs. 6-9 are 
recorded in Table 3, where they are also 

compared with their corresponding experimental 
values. 

 Examination of Tables 3 reveals that 
PFP theory correctly predict the sign of VE values 
for all the studied mixtures, However VE 
calculated by Graph theory compare well in 
comparison to values predicted by PFP theory 
with their corresponding experimental values.  
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Table 1 Comparison of pure liquids with 
their literature values at 298.15 K. 

Liquids 

ρ (gcm-3) 

Exp. Lit. 

Pyridine 0.9781 0.9782 [19] 

Butanol 0.8054 0.8056 [20] 

2-Butanol 0.8021 0.8023 [20] 

Iso-Butanol 0.7974 0.7975 [20] 

t-Butanol 0.7803 0.7801 [20] 

 
Table 2 Measured excess molar volumes, VE 
data for the various (1+2) mixtures as a function 
of mole fraction, x1, of component (1) at 308.15 
K.  

x1 V 
E(cm3mol-

1) 

x1 V 
E(cm3mol-

1) 
pyridine (1) + t-butanol (2) c 

 

0.0412 -0.2674 0.5357 -0.8284 
0.1012 -0.5485 0.5837 -0.8063 
0.1941 -0.7916 0.6286 -0.7841 
0.2567 -0.8639 0.6932 -0.7452 
0.3517 -0.8902 0.7543 -0.6924 
0.4256 -0.8735 0.8624 -0.5189 
0.4998 -0.8442 0.9438 -0.2675 

pyridine (1) + iso-butanol (2) c 

 

0.0541 –0.4111 0.5877 –1.0469 
0.1713 –0.9267 0.6211 –1.0251 
0.2235 –1.0383 0.6824 –0.9758 
0.2767 –1.1020 0.7510 –0.8962 
0.3508 –1.1332 0.8144 –0.7827 
0.4213 –1.1252 0.8912 –0.5622 
0.5514 –1.0681 0.9403 –0.3526 

pyridine (1) + 2-butanol (2) c 

 

0.0678 -0.5770 0.5351 -1.2174 
0.1154 -0.8468 0.5896 -1.2034 
0.1866 -1.0955 0.6724 -1.1726 
0.2424 -1.1966 0.7329 -1.1264 
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0.3131 -1.2490 0.7928 -1.0391 
0.3904 -1.2527 0.8380 -0.9303 
0.4517 -1.2393 0.9314 -0.5242 

 
pyridine (1) + butanol (2) d 

 

0.0678 -0.5890 0.5351 -1.2381 
0.1154 -0.8624 0.5896 -1.2294 
0.1866 -1.1121 0.6724 -1.2076 
0.2424 -1.2121 0.7329 -1.1670 
0.3131 -1.2628 0.7928 -1.0827 
0.3904 -1.2661 0.8380 -0.9731 
0.4517 -1.2544 0.9314 -0.5519 

 
Also included are various V(n) (n=0-2) 
parameters along with standard deviations, σ(VE 

) 
aV(0)= -3.3764, V(1)= 0.8636, V(2)= -3.0882; 
σ(V(E))= 0.005 cm3mol-1 

bV(0)= –4.3784, V(1)= -0.9485, V(2)= –0.3519; 
σ(V(E))= 0.001 cm3mol-1 

cV(0)= –4.9058, V(1)= 0.5278, V(2)= –5.0417; 
σ(V(E))= 0.004 cm3mol-1 

dV(0)= –4.9782, V(1)= 0.3861, V(2)= –5.3642; 
σ(V(E))= 0.004 cm3mol-1 

 

 

Table 3 Comparison of VE values calculated 
from eq (4) with their corresponding experimental 
values at 308.15K for the various (1+2) mixtures 
as a function of x1, mole fraction of component 
(1).  

   

Prop
erty 

0.
1 

0.
2 

0.
3 

0.
4 

0.
5 

0.
6 

0.
7 

0.
8 

0.
9 

pyridine (1) + t-butanol (2) a 

VE(E
xptl) 

-
0.
5
6
7 

-
0.
7
9
1 

-
0.
8
6
8 

-
0.
8
8
2 

-
0.
8
7
3 

-
0.
7
9
9 

-
0.
7
3
1 

-
0.
6
1
9 

-
0.
4
4
2 

VE(Gr
aph) 

-
0.
5
0
1 

-
0.
7
1
2 

-
0.
8
2
2 

-
0.
8
5
4 

- -
0.
7
3
2 

-
0.
7
1
1 

-
0.
6
0
1 

-
0.
4
2
2 

VE(P
FP) 

-
0.
0
8
2 

-
0.
1
7
6 

-
0.
2
6
9 

-
0.
2
9
5 

-
0.
3
5
5 

-
0.
3
5
6 

-
0.
2
8
8 

-
0.
2
6
9 

-
0.
1
5
6 

 
pyridine (1) + iso-butanol (2) b 

VE(
Ex
ptl) 

-
0.
6
9
6 

-
0.
9
7
6 

-
1.
0
8
1 

-
1.
1
5
7 

-
1.
1
2
1 

-
1.
0
5
1 

-
0.
9
2
1 

-
0.
7
8
4 

-
0.
5
8
4 

VE(
Gra
ph) 

-
0.
6
2
2 

-
0.
9
3
4 

-
1.
0
1
1 

-
1.
1
1
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- -
1.
0
1
2 

-
0.
9
0
1 

-
0.
7
3
2 

-
0.
5
1
1 

VE(PF
P) 

-
0.
1
0
4 

-
0.
1
8
8 

-
0.
2
5
3 

-
0.
2
9
7 

-
0.
3
1
7 

-
0.
3
1
3 

-
0.
2
8
1 

-
0.
2
2
0 

-
0.
1
2
8 

 
pyridine (1) + 2-butanol (2) c 

VE(Ex
ptl) 

-
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8
0
7 

-
1.
0
9
8 

-
1.
2
0
5 

-
1.
2
8
7 

-
1.
2
5
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-
1.
2
1
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-
1.
1
2
5 

-
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9
7
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-
0.
7
7
1 

VE(
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-
0.
7
8
9 
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1.
0
2
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-
1.
1
8
2 

-
1.
2
3
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- -
1.
2
0
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-
1.
1
0
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-
0.
9
4
3 

-
0.
7
3
3 

VE(PF
P) 

-
0.
1
5
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Also included are various (3ξ1) and (3ξ1) m (1=1 
or 2) and α12  
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a (3ξ1)= (3ξ1)m=0.850; (3ξ2)=(3ξ2) m=1.605; α1 2 

=6.467 cm3mol-1  
b (3ξ1)=(3ξ1)m=0.850; (3ξ2)= (3ξ2) m=1.845; α12 
=5.236 cm3mol-1  
c (3ξ1) = (3ξ1) m= 0.850; (3ξ2) = (3ξ2) m=1.845; α12 
=8.436 cm3mol-1   
d (3ξ1) = (3ξ1) m= 0.850; (3ξ2) = (3ξ2) m=2.321; α12 
=7.433 cm3mol-1   
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