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  Abstract— In this paper intermolecular of two polar molecules for 

different molar ratios of solution in a non-polar solvent that caused 

the hydrogen bonded liquid mixtures are investigated. For this 

purpose Fourier Transform Infrared (FTIR) spectroscopy and 

considering as maximum eigen value analysis are used.  This 

method is based on the computation of statistical covariance’s and 

Eigen values made on FTIR spectral data. Two polar molecules of 

the Poly Propylene Glycol (PPG) and Aniline with different molar 

ratios from (PPG + Aniline: 0.1 + 0.9 to 0.8 + 0.2) are used to 

obtain the hydrogen bonded liquid complex systems. Intermolecular 

interactions have resulted in the hydrogen bond formation between 

the proton donor NH2 (amino) of Aniline and proton acceptor OH 

(hydroxyl) of PPG. Molecular interactions involving the various 

functional groups are studied using FTIR and then the FTIR data 

explored through the maximum eigen analysis. The results 

obtained from this method strengthened that the intermolecular 

hydrogen bond formation is stronger for molar ratio of the liquid 

complex 0.8 + 0.2 compared to the other systems. 

  

 Keywords-Eigen value analysis; covariances; FTIR spectra; 

hydrogen bond; intermolecular interactions;  

 

1. INTRODUCTION 

 

Formation of hydrogen bond through intermolecular 

interactions of molecules is a powerful tool for self assembling 

molecules to form liquid mixtures with different molecular 

shapes and structures [1-8]. The self assembling process leads 

to the formation of new complex systems whose physical 

properties are differ from origin of compounds. Such physical 

properties are viscosity, rheological properties, charge 

transfer, molecular shape, structures etc. Generally, in 

preparation of new hydrogen boned liquid complex system, 

the confirmation of hydrogen bond is fundamental task. 

Hydrogen bonding is studied theoretically and experimentally 

in different systems by many workers [9-11]. To understand it, 

many problems would arise especially in the regions of 

associations which are conditioned by certain configurations 

and conformation arrangement of functional groups of 

molecules that forming hydrogen bond. 

 

 FTIR spectroscopy becomes a powerful tool for 

identification of types of functional groups and hydrogen 

bonds [12-15] present in systems.  FTIR spectroscopic data 

are the composition of data relating to spectral absorbance 

measured over a range of frequencies or in wave numbers. 

Collinearity which is a variable typical in spectral absorbance 

is useful to recognize specific functional groups which 

undergo self assembling process to form liquid complex 

systems and for data redundancy. A significant difference in 

absorption intensity of spectral energy is due to various 

vibration modes of constituents in the respective regions or 

groups; and hence, the finger print regions are not discernable 

with the naked eye. It is uncommon to find overlapping 

absorption regions of the characteristic bands. In such cases it 

is fundamental to extract relevant information of characteristic 

bands from the spectral data of mixtures [16-17]. Therefore, to 

pull out the significant and non-redundant information 

contained in the spectra, a statistical process like maximum 

eigen value analysis is necessitated. Eigen value analysis 

greatly improves experimental work allowing both 

quantitative and qualitative analysis. Mathematical concepts 

such as covariance matrix and eigen values computed from 

FTIR spectroscopic data are used to determine the molecular 

distribution involving various functional groups and their 

frequency of vibration modes [18]. Maximum eigen value 

analysis has lower computational complexity because of 

avoiding the eigen value decomposition processing. This 

process is more crucial one when the liquid mixtures are 

studied. 

 

 In the present work, liquid mixtures are obtained by 

self organization process of two polar molecules (forming a 

solution in non polar solvent): PPG and Aniline with different 

molar ratios (PPG + Aniline: 0.1 + 0.9 to 0.8 + 0.2). 

Intermolecular interactions with in molecules result in the 

hydrogen bond formation between proton donor (NH2) of 

Aniline and proton acceptor (OH) of PPG. PPG has simple 

structure of having hydroxyl groups to form hydrogen bonding 

[19-24]. PPG is extensively used in the lubricant industry, 

biological systems, dielectrics, and glass industry etc. Aniline 

plays a vital role in the manufacture of synthetic dyes, drugs 

and pesticide. Therefore, keeping industrial, scientific interests 

and their commercial applications in mind, an attempt has 

been made here to study the hydrogen bond formation 

between the proton donor NH2 (amino) of Aniline and proton 

acceptor OH (hydroxyl) of PPG using FTIR and measure of 

statistical maximum eigen value analysis. 
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II.  EXPERIMENTAL DETAILS 

 

The chemicals of Poly Propylene Glycol (PPG) and 

Aniline of 99% purity were procured from Merck Company, 

Germany. All liquids used were further purified by standard 

procedure [25]. The mid fraction of the distillate stored over 4 

Å molecular sieves was used for experiments. Firstly, dilute 

solutions of polar solutes are prepared over a concentration 

range of 0–1 ml in 10 ml of non-polar solvent benzene.  

 

Infrared (IR) spectra of the compounds were recorded 

by an Alpha model BRUKER Infrared Spectrometer 

(BRUKER Corporation, Billerica, MA, USA). Eigen value 

analysis was carried out on MATLAB platform [26]. 

 

 

III. THEORY: COMPUTATION OF EIGEN VALUES 

 

A statistical measure called covariance matrix and maximum 

eigen value was used for physical investigation to hydrogen 

bonded binary liquids. The following are two procedures 

involved in the computation of eigen values from the FTIR 

spectroscopic data [27-29] 

 

Eigen value analysis for FTIR Spectra: 

 

Eigen value analysis is applied to two dimensional set of FTIR 

spectral data to analyze the nature of binary liquids. Two 

dimensional data matrix of FTIR spectra denotes the variables 

to signify respective columns indicating the continuous 

vibrations of   transmittance of the samples. This includes the 

mathematical concepts [30-32] 

 

 Variance: Variance is a measure of variability of 

the spread in a set of data. Mathematically it is 

the average square deviation from the mean value 

of the data. 

 

Let X = {x1, x2, x3…. xn} be the random vector with 

n data points, Variance of X is given by 

 

         Variance     

2

1
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      (1) 

 

where X is  the mean of random vector X. 

 

 

 Covariance:   Covariance is a measure of degree 

of change together in two random variables. It is 

usually applied to the two dimensional data. If 

covariance is zero, the two random variables are 

not related to each other. If the covariance is 

positive, two variables are related to each other 

and move in same direction. If the covariance is 

negative, two variables are inversely related and 

hence to move in opposite direction. 

 

 

Covariance between two random vectors X ={x1, x2, x3…. xn}, 

Y= {y1,y2,y3…..yn}with n data points is given by 
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where ,X Y are the mean of two random vectors X, Y. 

 

Covariance matrix: 

 

Covariance matrix is also known as dispersion matrix or 

variance covariance matrix. This matrix displays the variance 

and covariance together. Variance appears along the diagonal 

position and covariance along the off diagonal position. 

 

Covariance matrix 
( , ) ( , )

( , ) ( , )

V x x Cov x y
C

Cov x y V y y

 
  
 

      (3) 

 

Eigen values are computed from this covariance matrix using 

the expression 

 

                          Ca a                                      (4) 

 

where a  is unknown column of n elements called eigen 

vector,  = { 1, 2 } set of unknown scalar elements called 

eigen values. From this set obtained the  max which is useful 

for our analysis. 

 

IV. RESULTS AND DISCUSSION 

 

               Intermolecular interactions involved in the newly 

prepared liquid mixtures: (PPG + Aniline) with different 

molar ratios characterized by FTIR, maximum eigen value 

analysis are explained in the preceding sections. 

 

A. Fourier Transform Infrared spectroscopy (FTIR): 

 

 Infrared spectroscopy is an important and powerful 

technique for structural elucidation of organic molecules 

which involve both intra and inter molecular hydrogen 

interactions. Due to excitation by both molecular vibrations 

and rotations, the absorption of electromagnetic radiation 

leaves bands in the IR spectra which are useful to explain the 

bonding interaction of the molecules. The changes on the 

following in bands shifts as observed in the spectra bring the 

information regarding the bonding in liquid mixtures [33-35]. 

 

 The IR spectrum of PPG shows the absorption bands 

at frequency of 2971.43cm
-1 

for (C-H), 332943cm
-1 

(OH) 

stretching mode and different bending vibrations in the finger 

print region. Aniline shows the absorption bands at 

frequencies of 3434.6 cm
-1

, 3354.36 cm
-1

 for NH2 stretching 

modes (primary amine), C-N stretching mode at 1273.35 cm
-1

, 

bending vibration of NH at 1602.15 cm
-1

 and NH wags in the 

finger print region at 880.1 cm
-1

. FTIR spectra of PPG and 

Aniline are shown in Figure 1. 
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(a) 

 

 
(b) 

 
Figure 1: FTIR Spectra of (a) PPG; (b) Aniline 

 

 FTIR spectra of PPG + Aniline mixtures with molar 

ratios 0.1+0.9 to 0.8+0.2 are shown in Figure 2. The 

stretching, bending and vibrations involving proton donating 

groups (NH2) and proton acceptor groups (O-H) has shown 

shifts in their absorption frequencies that confirming the 

formation of hydrogen bonding in liquid mixtures Aniline 

with proton accepting substituent’s O-H and the intra 

molecular H-bond in aniline have disturbed the symmetry of 

the amino group. Therefore, the formation of intermolecular 

H-bond with acceptor substituent is formed by the free N-H 

group. Stability of the hydrogen bonding is observed by IR 

peak shift in the O-H stretching mode. The C-H stretching 

mode has shifted to a higher frequency side as where O-H 

stretching mode shifting to lower frequency side. This is 

observed specifically in case of molar ratio PPG+Aniline: 

0.8+0.2 compared to remaining liquid mixtures 

(PPG+Aniline: 0.1+0.9 to 0.8+0.2).  The frequencies of them 

are shown in Table 1. Therefore, the formation of hydrogen 

bonding is strong in the case of mixture with molar ratio 

PPG+Aniline: 0.8+0.2 when compared to the remaining 

mixtures. This is due to the increase in accepting power 

proton with the increasing molar ratio of PPG. As a result the 

intermolecular hydrogen bond becomes stronger when the 

frequency differences of characteristic functional groups 

change their sign. This is observed in Table 1 and also shown 

in Figure 3.  The IR spectral data along with the underlying 

functional groups have exhibited by the PPG, Aniline and 

liquid mixtures with different molar ratios (PPG+Aniline: 

0.1+0.9 to 0.8+0.2) as given in Table 2. The frequency 

vibrations of O-H stretching modes with different molar ratios 

are shown in Figure 4. 
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Figure 2(a) to 2(h): FTIR spectra of PPG + Aniline mixtures with molar ratios 

from 0.1 +0.9 to 0.8+0.2 
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Table 1: FTIR spectra data of PPG, PPG+Aniline with molar ratios 

              (0.1+0.9 to 0.8+0.2). 
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Figure 3: frequency differences of characteristic         

                 functional groups of PPG 
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Figure 4: Frequency vibrations of O-H stretching modes  

                 with different molar ratios 

 

B. Eigen value analysis of FTIR spectra 

 

Eigen values computed from the FTIR data are used 

for the investigation of hydrogen bond in liquid mixtures: PPG 

and Aniline with different molar ratios (PPG + Aniline: 0.1 + 

0.9 to 0.8 + 0.2).  FTIR data contain two columns of matrix 

indicating the continuous molecular vibrations of frequencies 

with their transmittance. Analysis is applied to the band for 

peak positions, since FTIR spectra contain a large amount of 

data with overlapping contributes of main functional groups. 

Maximum eigen value analysis has lower computational 

complexity for avoiding the eigen value decomposition 

processing. From eqs (1) - (4), covariance matrix and its eigen 

values for PPG and Aniline with different molar ratios (PPG + 

Aniline: 0.1 + 0.9 to 0.8 + 0.2) are computed using MATLAB 

software [26] and the values are given in Tables 2 and 3. 

Covariance matrix contains the vector of variance in diagonal 

position and covariance along off diagonal position. The first 

diagonal element of covariance matrix represents the variance 

of frequencies and second diagonal element represent in the 

variance of transmittance of the samples. Off diagonal 

elements of the matrix are representing the variance between 

frequencies and transmittance of the spectral data of the 

samples. It is a measure of strength of correlation between two 

columns of variables. 

 
Table 2: Covariance matrices of PPG, Aniline and PPG+ Aniline with molar 
ratios 0.1 +0.9 to 0.8 + 0.2 

 
Molar Ratio 

PPG+Aniline 

Covariance matrix: 

 1.0e+006* 

0.0+1.0 1.1928        0.0002 

0.0002        0.0652 

0.1+0.9 1.2128        0.0002 

0.0002 0.0551 

0.2+0.8 1.2125 0.0001 

0.0001 0.0448 

0.3+0.7 1.2107 0.0001 

0.0001 0.0391 

0.4+0.6 1.2123 0.0001 

0.0001 0.0282 

0.5+0.5 1.2145 0.0001 

0.0001 0.0208 

0.6+0.4 1.2060 0.0001 

0.0001 0.0143 

0.7+0.3 1.2112 0.0001 

0.0001 0.0120 

0.8+0.2 1.2000 0.0001 

0.0001 0.0652 

1.0+0.0 1.2183 0.0000 

0.0000 0.0351 

 
Table 3: Maximum Eigen values of Covariance matrices 

                             of PPG, Aniline and PPG+Aniline with molar ratios  

                              0.1 + 0.9 to 0.8 + 0.2 

 
Molar Ratio 

PPG+Aniline 
Eigen values 
1.0e*+006*  

0.0+1.0 1.1928 

0.1+0.9 1.2128 

0.2+0.8 1.2125 

0.3+0.7 1.2107 

0.4+0.6 1.2123 

0.5+0.5 1.2145 

0.6+0.4 1.2060 

0.7+0.3 1.2112 

0.8+0.2 1.2000 

1.0+0.0 1.2183 

    

 It is observed from Table 3, that the covariances 

between transmittance and wave numbers of PPG and Aniline 

are zero indicating that the two variables of transmittance and 

wave numbers are not related to each other. For PPG + 

PPG+Aniline 

Molar ratios 
0+1.0 0.1+0.9 0.2+0.8 0.3+0.4 0.4+0.6 

N-H Stretch 

O-H stretch 

3434.6 

3354.36# 
3350.86# 3350.51* 3346.03* 3349.31# 

N-H bending 1602.15 1602.86 1602.38 1603.61 1603.97 

C-N stretch 1273.35 1272.87 1273.13 1271.35 1270.69 

C-H stretch 3034.38 3035.13 3035.50 3035.70 3036.97 

PPG+Aniline 

Molar ratios 
0.5+0.5 0.6+0.4 0.7+0.3 0.8+0.2 1.0+0 

N-H Stretch 

O-H stretch 
3355.36# 3336.23* 3339.51* 3327.34 3330.68 

N-H bending 1604.17 1604.56 1604.81 1605.23  

C-N stretch 1270.42 1270.55 1271.73 1276.34  

C-H stretch 3037.09 3037.14 3036.15 3037.95  

*With weak shoulder band, # with shoulder band 
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Aniline with different molar ratios:  0.1 + 0.9 to 0.8 + 0.2, the 

values of covariances are positive, indicating that the two 

variables are covary in a positive way. The transmittance 

variances of the liquid mixtures (PPG+Aniline : 0.1+0.9 to 

0.8+0.2) are low when compared to the  individual 

compounds. Various functional groups involved in the 

formation of the liquid mixtures through hydrogen bonding 

have undergone self assembling process in the liquid mixtures 

with lowering intensity. This is clearly observed in case of 

molar ratio PPG+Aniline: 0.8+0.2 compared to remaining 

liquid mixtures (PPG+Aniline: 0.1+0.9 to 0.8+0.2) as shown 

in covariance matrices of mixtures in Table 3.  Upon this 

complex process the characteristic bands have show new 

broad and narrow peaks with the significant intensity 

variations which are shown in Figure 1 and 2. 

 

Inter molecular hydrogen bonding of liquid mixtures 

are also explored by the Eigen value analysis [18]. The idea is 

to relate the frequency variances or wave number variances of 

the function groups of the samples (PPG, Aniline) involved in 

the self assembling process to form liquid mixtures 

(PPG+Aniline). Eigen value measures the amount of data 

variance, and the maximum variance of data set is indicated by 

the largest Eigen value. Table 4 presents the maximum Eigen 

values of PPG, Aniline and liquid mixtures (PPG+Aniline: 

0.1+0.9 to 0.8+0.2).   From Table 4, the difference in the 

magnitude of maximum eigen values of pure compounds and 

mixtures is shown very small indicating that the mixtures have 

maintained the same functional groups like pure compounds 

and shifted in the characteristic vibration frequencies which 

are responsible for the hydrogen bond formation. Therefore, 

magnitude of the Eigen values are directly related to the 

vibrational frequencies of the molecular functional groups and 

the magnitude of eigen value has increased in proportion with 

the shift of vibrational frequencies. In case of liquid mixture 

with molar ratio (PPG+ Aniline:0.8+0.2), the magnitude of the 

maximum eigen value is small that indicates the shift in the 

vibrational frequencies of the characteristic bands towards 

lower frequency side of the spectrum compared to the other 

mixtures.  The significant vibrational modes of this complex 

are not correlated with the remaining mixtures. This is 

observed from the Tables 1 and 2.   The special behavior of 

the liquid mixture shows that, the formation of hydrogen 

bonding is strong in case of mixture with molar ratio 

PPG+Aniline: 0.8+0.2 than that of compared to the remaining 

mixtures. Hence, it strengthens the argument that is very week 

interactions taking place in the mixtures of PPG and Aniline. 

 

V. CONCLUSIONS 

 

An attempt of modeling the FTIR spectral data of 

liquid mixtures using variance, covariance, covariance matrix 

and its eigen values is made. The difference in the magnitude 

of maximum eigen values for the pure compounds and liquid 

mixtures has indicated the mixtures maintaining the shifts in 

the characteristic vibrations that confirmed the hydrogen bond 

formation. The magnitude of the eigen value of liquid mixture 

with molar ratio 0.8+0.2 has indicated the shift in the 

vibrational frequencies of the characteristic bands towards 

lower frequency side of the spectrum and confirmed that the 

formation of hydrogen bonding is strong in the mixture 

compared to the remaining. The mixtures where the molar 

volume of aniline is relatively less to PPG have indicated that 

aniline is a highly self associated liquid when compared to 

PPG. 
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