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1.1.1. Introduction: 

Lubricants are substances those add performance to base oil in terms of fuel economy, cost 

effectiveness, increased engine lifetime and so on. Minerals oils (e.g., paraffin oil) can be used as 

lubricants. But modern devices need the quality increase of used lubricants. Classical lubricants 

do not meet contemporary technical requirement because of their limits in improvement of their 

properties. In the aim of the improvement of their lubricants properties, the various substances 

are doped in the base oil. Recent trend indicate toward using compounds with layered structure 

(e.g., graphite, WS2, MoS2) as performance additives. The liquid crystal compound can also be 

used for same reason. Presence of layered structure in between metal surfaces prevents direct 

contact between them and thus acts as anti-wear additive.
1-2

 Poly acrylates and poly 

methacrylates are well known as viscosity modifier and pour point depressant from years.
3
 But a 

very few attempts has been made so far to study the influence of incorporation of liquid crystal 

structure to an acrylate based additive on their additive performance in lube oil. 

Keeping this view in mind and in continuation of our efforts toward the synthesis of performance 

additives for lube and crude oils, acrylate based polymer was synthesized and blended with 

liquid crystal of cholesteryl benzoate to evaluate their performance in lube oil in comparison to 

the pure polymer. Oil thickening property of the polymer and LC-polymer blend in lube oil, 

which is a direct measure of percent increase in the viscosity of the base stocks for addition of its 

unit amount of weight, has also been investigated and reported here. This property can also be 

taken as the measure of extent of interaction of the polymer with the base stock, greater the 

thickening property; greater is the extent of interaction.
4 

 Fuel economy may also be predicted by 

the thickening power of a lube oil additive. The results of our above investigations have been 

presented in this article. 
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1.1.2. Experimental Procedure 

1.1.2.1. Material and Methods 

Toluene, hydroquinone and H2SO4, decyl alcohol, and acrylic acid (stabilized with 0.02% 

hydriquinone monomethylether) were purchased from Merck Specialties Pvt. Ltd. Hexane and 

methanol were obtained from Thomas Baker (Chemicals) Pvt. Ltd. Benzoyl peroxide (BZP), 

purchased from LOBA chemicals was recrystallized from CHCl3-MeOH before use. The rest of 

the materials were used as they were obtained without further purification. The base oils were 

collected from IOCL, Dhakuria, Kolkata and BPCL, Siliguri and their properties are depicted in 

table 1.1. 

1.1.2.2. Preparation of decyl acrylate  

Esterification was carried out by conventional method using 1.1 mol of acrylic acid and 1 mol of 

decyl alcohol, using a resin kettle in the presence of concentrated sulfuric acid as a catalyst, 

0.25% hydroquinone as polymerization inhibitor for acrylic acid, and toluene as a solvent in 

nitrogenous atmosphere as reported earlier.
5
 

1.1.2.3. Purification of decyl acrylate 

The prepared ester (decyl acrylate) was purified according to the following method:  appropriate 

amount of charcoal was added to the ester. It was allowed to reflux for 3 hrs. and then filtered 

off. The filtrate was taken in a separating funnel and washed with 0.5N sodium hydroxide 

solution by thorough shaking. The whole process was repeated several times to ensure complete 

exclusion of unreacted acid and alcohol. Then the purified ester was washed several times with 

distilled water to remove any traces of sodium hydroxide; the ester was then left overnight on 
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calcium chloride and was then removed by distillation under reduced pressure and was used in 

the polymerization process. 

1.1.2.4. Preparation of homo polymer of decyl acrylate (P-1) 

The polymerization was carried out thermally in a four-necked round bottomed flask equipped 

with a magnetic stirrer, thermometer, condenser and an inlet for nitrogen insertion. Taking 

appropriate amount of DA and radical initiator (BZP) in toluene as a solvent in the flask, the 

polymerization was started. The temperature of the reaction was maintained at 353 K for 6 hrs. 

After the completion of reaction time, the reaction mixture was poured into methanol with 

continuous stirring to terminate the polymerization and precipitate of homo polymer was 

appeared. The polymer (P-1) obtained was then purified by repeated precipitation of its hexane 

solution using methanol followed by drying under vacuum at 313 K. 

 

Scheme: Preparation of decyl acrylate and poly decyl acrylate (P-1) 

1.1.2.5. Preparation of poly decyl acrylate-LC blend 
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Required amount of polymer was taken in toluene; liquid crystal of cholesteryl benzoate (100 

ppm with respect to polymer) was added to make a 100 ppm blend. The mixture was heated at 

40°C with stirring for 1 hour to prepare a homogeneous blend. The blended composite was 

designated as P-2. Five different concentrations (1–5%, w/w) of additive samples (P-1 and P-2) 

solutions were prepared by the addition of required amount additive to the base oils, namely 

BO1( two different sources, S1 and S2) and BO2 (two different sources, S1 and S2) followed by 

heating at 60°C with constant stirring for 30 min.  

1.1.3. Measurements 

1.1.3.1. Molecular weight determination 

The molecular weight (by viscometric method) of the polymer was determined by Mark-

Houwink- Sukurda relation, by measuring the intrinsic viscosity of the polymer solution in 

toluene 
6 

as shown below: 

[η]=KM
a
                                                                  (1)                                                                                                                                                                                               

where [η], the intrinsic viscosity can be calculated from different equations
7-10 

e.g. Huggins, 

Kraemer, Martin, Schulz-Blaschke as follows 

Huggin (H)       ηsp/C = [η]h + kh [η]h
2                     

(2)    
                                                                                                               

  

Kraemer (K)     ln ηr/C = [η]k – kk [η]k
2
 C                                                          (3) 

Martin (M)       ln ηsp/C = ln [η]m + km [η]m C                                                          (4) 

Schulz-Blaschke (SB)     ηsp/C= [η]sb + ksb [η]sb ηsp                                                  (5)    

Where, C= concentration of the polymer solution (g.cm
-3

)                            
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Where ηr = t/t0, relative viscosity or viscosity ratio (where t is time flow of additive doped base 

oil solution and t0 is time flow of pure base oil), 

Ƞsp = Ƞr –1, specific viscosity, 

[Ƞ]h = intrinsic viscosity, respective to Huggins equation, 

[Ƞ]k = intrinsic viscosity, respective to Kraemer equation, 

[Ƞ]m = intrinsic viscosity, respective to Martin equation, 

[Ƞ]sb = intrinsic viscosity, respective to Schulz–Blaschke equation; 

kh, kk, km and ksb are Huggins, Kraemer, Martin and Schulz-Blaschke coefficients, respectively. 

M is the viscosity average molecular weight (equation 1) and K and a are the Mark-Houwink 

constants. Parameters K and a depend on the type of polymer, solvent and temperature. There are 

a specific set of Mark-Houwink constants for every polymer-solvent combination. So, these 

constant values are to be known for appropriate polymer-solvent combination in order to get an 

accurate measure of molecular weight. 

1.1.3.2. Spectroscopic analysis 

IR spectra were recorded on a Shimadzu FT-IR 8300 spectrometer using 0.1 mm KBr cells at 

room temperature within the wave number range of 400–4000 cm
−1

. NMR spectra were recorded 

in Bruker Advance 300 MHz FT-NMR spectrometer using 5 mm BBO probe using CDCl3 as 

solvent and TMS as reference material. 

1.1.3.3. Thermo gravimetric Analysis (TGA) 
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A Mettler TA – 3000 system was used to obtain TGA data, at a heating rate of 10°C/min. 0.2 g 

of polymer sample was taken in a platinum crucible and heated gradually from room temperature 

to 700K. 

1.1.3.4. Evaluation of viscosity improver property 

An Ubbelohde OB viscometer was used for viscometric study of the prepared samples (in two 

base oils BO1 and BO2) which was thoroughly cleaned, dried and calibrated at the experimental 

temperatures (313K and 373K) with triply distilled, degassed water and purified methanol.
11,12

  It 

was then filled with experimental sample solution and positioned vertically in a glass sided 

thermostat. After attainment of thermal equilibrium, the time required to flow of sample solution 

was recorded with a digital stopwatch. In all experiments an average of three measurements was 

taken into account and safety measures were taken to diminish losses due to evaporation. The 

kinematic viscosity (ν) of the sample solutions was determined at 313 K and 373 K, using the 

following equation.
13

 These values of kinematic viscosity is useful to calculate viscosity index 

(VI). 

ν = (Kt- L/t) ρ                                                         (6) 

Where K and L are the viscometric constants and ρ and t are density of experimental solution 

and time of flow respectively. 

The densities were measured using a vibrating - tube density meter (Anton paar, DMA 4500M). 

The density meter was calibrated prior to measurements with distilled and degassed water and 

dry air at experimental temperature and atmospheric pressure. VI was determined from the 

following empirical equation.
13

 

VI = 3.63 (60 - 10
n
)                                                          (7) 
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Where n is given by, 

n = (ln ν1 - ln k)/ln ν2                                                       (8)    

where ν1 is the kinematic viscosity(cSt) at lower temperature (313 K), ν2 is the kinematic 

viscosity(cSt) at higher temperature (373 K), k is a function of temperature only and n is a 

constant characteristic for each oil.
13

     

Five different concentrations ranging from 1 wt% to 5% wt% of the sample solutions were used 

to examine the effect of concentration on VI.    

1.1.3.5. Evaluation of pour point depressant(PPD) properties 

Evaluation of the prepared samples as pour point depressants (PPDs) additives were done using 

two different base oils (BO1 and BO2) by the pour point test according to the ASTM D97-09 on 

a Cloud and Pour Point Tester model WIL–471 (India). 

1.1.3.6. Evaluation of anti-wear(AW) properties 

Anti-wear properties of the base stocks as well as polymer samples (P-1 and P-2) in base stocks 

were studied in sliding contact by means of a four-ball wear test machine as per ASTM D 4172 

method by employing a 20 kg and 40 kg load condition. 

1.1.3.7. Evaluation of thickening properties 

A thickening agents or thickeners are the substances which can increase the viscosity of a 

solution or liquid/solid mixture. Thickening power of the polymer samples was determined by 

evaluating the percent increase in kinematic viscosity of the base stocks by the addition of unit 

amount of additive, which may be expressed as follows 

% Thickening = [(ν of additive doped base oil - ν of base oil) / ν of base oil×mf] × 100           (4) 
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Where, ν = kinematic viscosity of individual solution. mf= mass fraction 

Thickening also determines the extent of base oil-polymer interaction, which is directly 

proportional with thickening.
4 

The five different concentrations (1 to 5% wt/wt) of additive 

doped base oils were used in the measurements. 

1.1.4. Results and Discussion 

1.1.4.1. Spectroscopic analysis 

The homo poly decyl acrylate (P-1) exhibited IR absorption band at 1733 cm
−1

 for the ester 

carbonyl stretching vibration along with other peaks at 1457, 1378, 1265, and 1167 cm
−1

. 
1
H 

NMR spectra of P-1 (Figure 1.2) showed the presence of –OCH2 protons as a broad singlet 

centered at 4.02 ppm, methyl protons between 0.81 to 0.86 ppm corresponds to that of the P-1 

chain. The absence of singlet between 5 ppm and 6 ppm indicate the nonexistence of any vinylic 

protons in the polymer. 
13

C NMR spectrum (Figure 1.3) of the polymer (P-1) confirms the 

presence of carbonyl carbon at 174.47 ppm and also the sp
3
 carbons in the region 65.99 to 13.95 

ppm. 

1.1.4.2. Molecular weight determination 

Viscometric analysis was carried out by using the six equations as mentioned above. A plot of 

logηsp versus log c[η] for all samples (P-1 and P-2) gave a linear relation which signifies that the 

measurements were performed in Newtonian flow.
14  

Comparison among the polymer solution 

and the LC blended polymer solution indicated that, the latter has greater intrinsic viscositiy [η] 

values than the pure polymer. The viscosity average molecular weight of P-1 as determined from 

the intrinsic viscosity data using Huggins (Mh), Kraemer (Mk), Martin (Mm) and Schulz-

Blaschke (Msb) equations was presented in table 1.3. 
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1.1.4.3. Thermo gravimetric analysis 

TGA data showed better thermal stability of the LC-blended polymer (P-2) in comparison to the 

pure polymer (P-1).  P-1 had 19% loss in its weight at 518K and 92% loss at 608K, whereas for 

P-2 the weight loss was 12% at 538K and 82% at 638K. 

1.1.4.4. Efficiency as Viscosity index improver 

Figure 1.4 represents the viscosity index values of the additive doped base oils. From the figure, 

it is observed that the viscosity index (VI) values of the LC-polymer blend (P-2) doped base oil 

are always better than the pure polymer (P-1) doped oils at every concentration irrespective of 

the base oils. Again with both kinds of additives and up to a certain limit (4%) there is always a 

steady increase of VI values with the increase in additive concentration. Increase of 

concentration of the polymeric additive may lead to increase in total volume of polymer micelles 

in the oil solutions, which ultimately results a high viscosity index values.
15

 

1.1.4.5. Efficiency as pour point depressants 

Different level of concentrations ranging from 1 wt% to 5 wt% of the polymer solution in base 

oils were tested as PPD and the experimental results are shown in figure 1.5. The results showed 

that the prepared additives (P-1 and P-2) were efficient as pour point depressant and the 

efficiency increases by increasing the additive concentration in case of P-1, but in case of P-2 it 

was up to a certain limits (4%). This fact may be explained by taking into consideration the 

hydrodynamic volume of the polymer doped in oil. The hydrodynamic volume increases with 

increase in polymer concentration in base oil and thus the interaction increases. Again further 

depression in the pour point was observed in the case of P-2 doped base oils. The extended 

conformation of the polymer chain of the LC blended composite may be responsible for showing 

its better efficiency in comparison to the pure polymer. 
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1.1.4.6. Efficiency as anti-wear additive 

Anti-wear properties of the pure polymer (P-1) and its blended composite (P-2) in comparison to 

that of the base oils were evaluated by using a four ball wear test machine as per ASTM test 

conditions. The wear scar diameter (WSD) measured in all these cases employing a 20 kg and 40 

kg load condition are showed in figure 1.6 and figure 1.7 respectively. In the case of pure base 

stocks, WSD decreased with the decrease in base stock viscosity. In case of pure polymer (P-1) 

doped base oil marginal decrease with increasing VM concentration was found in both base 

stocks (BO1 and BO2). Considerable decrease in WSD is observed in the case of the LC blended 

composite at every concentration. It was also observed that using a 20 kg load the decrease in 

WSD were much better than the higher load condition (40 kg). 

1.1.4.7. Efficiency as thickening agents 

A continuing decrease of the thickening power with the increase in concentration of both the 

polymer and LC-polymer blend was observed in both the base oils (BO1 and BO2) and it is 

depicted in table 1.4. Development of a coiled like aggregation with increase in concentration in 

the base stock may be responsible for such kind of thickening power of the additives. The result 

also showed that the thickening power of the LC-polymer blend (P-2) was slightly higher in 

comparison to the pure polymer (P-1). Thus it seems that the use of LC blended polymer in base 

oil may reduce the fuel consumption to some extent. 

1.1.5. Conclusion 

Liquid crystal of cholesteryl benzoate (CB) induces excellent anti-wear performance in 

comparison to the pure polymer along with the improvement of existing PPD, VI, and thickening 

properties of the PDA. However, both of them were found equally effective as thickeners for the 

base oils studied. In general, it was observed that, the values of viscosity index and pour point 



34 

 

properties increases with increasing concentration of the additives while the thickening power 

decreases. Hence, it can be concluded that the LC blended composite is effective as 

multifunctional additive for lube oil. 

1.1.6. References 

References are given in BIBLIOGRAPHY under Chapter II of Part I (PP 156-158). 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

1.1.7. Tables and Figures 

Table 1.1: Properties of base oils 

Properties 

Base oils 

BO1 BO2 

S1 S2 S1 S2 

Density, kg.m
-3

 at 313K 840 880 940 950 

Viscosity × 10
-6

 , m
2
·s

-1
 at 

313K 
6.70 7.46 24.22 25.28 

Viscosity × 10
-6

 , m
2
·s

-1
 at 

373K 
2.00 2.15 4.39 4.49 

Cloud point, 
0
C -10 -10 -8 -8 

Pour point, 
0
C -3 -3 -6 -6 

 

Where, BO1: Base oil of type 1, BO2: Base oil of type 2, S1: source 1, S2: source 2. 

Table 1.2: Intrinsic viscosity values of prepared samples in toluene as solvent 

Sample 

Intrinsic viscosity × 10
-6

 ,m
2
·s

-1
 

[η]h [η]k [η]m [η]sb 

P-1 2.411 2.418 2.431 2.452 

P-2 2.523 2.528 2.541 2.552 

  P-1: Homo poly decyl acrylate, P-2: LC (100 ppm cholesterol benzoate) blended with P-1, η- 

Intrinsic viscosity, Subscripts h, k, m and sb denote values obtained using Huggins, Kraemer, 

Martin and Schulz-Blaschke equation respectively. 
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Table 1.3: Viscometric molecular weight 

Sample [M]h [M]k [M]m [M]sb 

P-1 7152 7277 7234 7320 

P-2 7614 7635 7689 7735 

 

P-1: Homo poly decyl acrylate, P-2: LC blended P-1, K = 0.00387 dl∙g
-1

 and a = 0.725, 

Subscripts h, k, m and sb denote values obtained using Huggins, Kraemer, Martin and Schulz-

Blaschke equation respectively. 

Table 1.4: Thickening property of additives in base oils at 313 K 

Sample Base oils 

% Thickening of additive doped base oils at different 

conc. 

1% 2% 3% 4% 5% 

P-1 

BO1 

S1 49.003 26.342 17.879 15.219 13.447 

S2 38.995 20.612 14.788 11.991 10.676 

BO2 

S1 41.884 21.989 16.343 13.909 10.935 

S2 36.005 18.914 15.786 11.569 10.095 

P-2 

BO1 

S1 55.342 33.453 23.895 20.334 17.876 

S2 41.434 31.987 20.654 17.878 13.543 

BO2 

S1 39.909 23.789 16.776 13.434 11.112 

S2 33.352 21.132 14.656 12.667 11.556 

P-1: Homo poly decyl acrylate, P-2: LC (100 ppm. cholesterol benzoate) blended with P-1, 

BO1─ Base oil of type 1, BO2 ─ base oil of type 2, S1 ─ source 1, S2 ─ source 2. 1 to 5% is 

concentrations of additive. 
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Figure 1.1: FT-IR spectra of homo poly decyl acrylate 

 

Figure 1.2: 
1
H NMR spectra of homo poly decyl acrylate 

 



38 

 

Figure 1.3: 
13

C NMR spectra of homo poly decyl acrylate 
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Figure 1.4 (a): Plot of viscosity index vs. additive concentration in BO1 from S1 and S2 

respectively 

 

                                                                           

Figure 1.4 (b): Plot of viscosity index vs. additive concentration in BO2 from S1 and S2 

respectively 

 



40 

 

Figure 1.5(a): Plot of pour point vs. additive concentration in BO1 from S1 and S2 

respectively 

 

 

Figure 1.5(b): Plot of pour point vs. additive concentration in BO2 from S1 and S2 

respectively 
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Figure 1.6: Plot of wear scar diameter (WSD) vs. additive concentration in base oils from 

S1 and S2 respectively at 20 kg load 

                                                                

 

Figure 1.7: Plot of wear scar diameter (WSD) vs. additive concentration in base oils from 

S1 and S2 respectively at 40 kg load 

         

 


