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Tosylate functionalized poly(ethylene glycol) (PEG-Tos) which was synthesized via the tosylation of the corresponding 
poly(ethylene glycol) (PEG) with p-toluenesulfonyl chloride was thermodynamically characterized at temperatures in K 
between 303 and 373 by inverse gas chromatography technique (IGC). The retention diagrams of n-hexane, n-heptane, n-

octane, n-nonane, n-decane, dichloromethane, chloroform, acetone, tetrahydrofuran, ethyl acetate and ethanol on the PEG 
and PEG-Tos were plotted between these temperature ranges. Some polymer-solvent thermodynamic interaction 

parameters, such as weight fraction activity coefficient, 
1 , Flory-Huggins polymer-solvent interaction parameters, 



12χ  

were determined for studied solvents at infinite dilution of PEG and PEG-Tos at temperatures above mentioned. Then, the 

partial molar heat of sorption, 
s

1H , the partial molar heat of mixing at infinite dilution, 
 1H and as well as the molar heat 

of vaporizations of solvents, vH  were determined. In addition, the solubility parameter of PEG and PEG-Tos 2  was 

determined at room temperature by extrapolation of the values of solubility parameters from studied temperatures to 298 K.  
 

(Received July 23, 2014; accepted February 10, 2016) 

 

Keywords: Poly (ethylene glycol), p-toluenesulfonyl poly(ethylene glycol), Inverse gas chromatography, Polymer-solvent interactions,  

                  Solubility parameter 

 

 

 

1. Introduction 
 

IGC technique has demonstrate to be useful in 

analyzing the thermodynamic interactions between 

substance and solvent. The interactions between one 

solvent and the polymer are usually characterized by the 

values of Flory–Huggins interaction parameter, while, in 

this direction, the pure compound solubility parameters are 

also quite useful [1]. The knowledge of solubility 

parameters is very important for a number of relevant 

applications, where the solubilization properties of 

systems involving polymers are of great importance, such 

as drug delivery [1], nanoparticle fabrication [2] and 

coating applications [3]. 

In this study, we aimed to understand the effect of 

tosylate on the thermodynamic properties of PEG. The 

retention diagrams of some solvents on the PEG and PEG-

Tos were obtained by IGC, then, its thermodynamic 

interactions and solubility parameters with the studied 

solvents were determined.   

 

 

 

 

 

2. Experimental 
 

An Agilent Technologies 6890N Model gas 

chromatography with a thermal conductivity detector was 

used to measure the retention time of the solvents on 

prepared columns in this study.  The synthesis procedure 

of PEG-Tos and IGC technique which includes packed 

column preparetion, carrier gas, solvent injection and other 

details were given in Ref 4. 

The solvents and support materials being 

Chromosorb-W(AW-DMCS-treated, 80/100 mesh) were 

supplied from Merck AG. Inc.  Silane treated glass wool 

used to plug the ends of the column was obtained from 

Alltech Associates, Inc., respectively. 

PEG, (H(OCH2CH2)nOH) (Mn=400 g/mol, Tg= 4-8 
0
C) was purchased from Sigma-Aldrich. The studied 

solvents of analytic grade purity which is capillary GC 

grade, ≥ 99.9 %  such as n-hexane (Hx), n-heptane (Hp), 

n-octane (O), n-nonane (N), n-decane (D), 

dichloromethane (DCM), chloroform (Ch), acetone (Ac), 

tetrahydrofuran (THF), ethyl acetate (EA) and ethanol 

(EtOH) were dried with molecular sieves and used without 

further purification.  
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3. Results and discussion 
 
3.1. Thermodynamic Characterization of PEG and   

       PEG-Tos by IGC 

 

The specific retention volume, 
0

gV  is determined 

experimentally from IGC measurements as follows [5-8].  
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where Q is carrier gas flow rate (set to 3.7 ml/min), rT  is 

column outlet temperature; Rt  and At  are retention times 

of the solvent and air, respectively; J is pressure correction 

factor, w is weight of polymer in the column. 

The weight fraction activity coefficient of the solvents at 

infinite dilution, 
1 , is defined by the following equation 

[9] 
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where R is the universal gas constant; 
0

1p , 11B   and 
0

1V  

are saturated vapor pressure, gaseous state second virial 

coefficient and molar volume of the solvent at temperature 

T, respectively. 

The interaction parameter,


12χ  given in the theories of 

Flory-Huggins polymer-solvent interaction parameters are 

defined in the following Eq.(3). 
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where 2v  is specific volume of the polymer. 

The partial molar heat of sorption, 
s

1H , of the 

solvent sorbed by the polymer, is given as 
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where T is column temperature in K. 

The partial molar heat of mixing, 
 1H  

 at infinite 

dilution of the solvent is given as  
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Molar heat of vaporization, vH of the solvent is 

related to 
s

1H  and 
 1H  as follows: 

s

11v HHH  
        (6) 

The solubility parameter of the polymer, 2  is found 

by combining of the theories Flory-Huggins and 

Hildebrand-Scathard where is 1 solubility parameter of 

solvent [5,10]: 
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3.2. Conclusions 
 

The specific retention volumes, 
0

gV  of the studied 

solvents were obtained experimentally from IGC 

measurements using Eq.(1). The retention volume 

diagrams of solvents on PEG and PEG-Tos were given in 

Fig. 1 (a) and Fig. 2 (a) for polar and Fig. 1 (b) and Fig. 2 

(b) for nonpolar solvents between 303 K and 373 K, 

respectively. 

 

1

2

3

4

5

6

7

0.0026 0.0028 0.0030 0.0032 0.0034

1/T(K
-1

)

ln
 V

g
o

Hx Hp O N D

(a) nonpolar solvents

 

3

4

5

6

7

0.0026 0.0028 0.0030 0.0032 0.0034

1/T(K
-1

)

ln
V

go

THF Ac EA EtOH Ch DCM

(b) polar solvents

 

Fig. 1. The specific retention volume diagrams, 
0

gV  of (a) 

nonpolar and (b) polar solvents on PEG between 303 K and 

 373 K 
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Fig. 2. The specific retention volume diagrams, 
0

gV  of (a) 

nonpolar and (b) polar solvents on PEG-Tos between 303K 

 and 373 K 

 

These graphics are known as retention diagrams 

which resulted in linear relationships for all studied 

solvents. The linear relationship is an indication that 

equilibrium between solvents and adsorbents has been 

established at the temperature range within the linear 

portion. In this case, 
0

gV  values play a major role in 

thermodynamic analysis due to describing the elution 

behavior of solutes on adsorbents. 

The weight fraction activity coefficients of the studied 

solvents at infinite dilution, 
1

 
were determined from 

Eq.(2) and results were given in Table 1 for PEG and 

Table 2 for PEG-Tos.  

 

 
Table 1. The weight fraction activity coefficient at infinite 

dilution of the solvents, 
1  with PEG 

 

 
 
 

 

 

 

 

Table 2. The weight fraction activity coefficient at infinite 

dilution of the solvents, 
1  with PEG-Tos 

 

 
 

 

According to Guillet [10], the solvent is good if 
1 <5 but it is poor if 

1 >10. The values between 5 

and 10 indicate moderately good solubility. The parameter 
1  derived from fundamental relations of physical 

chemistry does not include any uncertainty coming from 

theoretical assumptions. The values of 
1  found in this 

study suggest that studied n-alkanes are poor solvents for 

PEG and PEG-Tos. DCM and Ch are good solvents while 

EtOH, EA, Ac and THF are moderately good solvents for 

PEG. DCM and Ch are good, EtOH is poor while Ac, THF 

and EA are moderately good solvents for PEG-Tos. It was 

stated that p-toluenesulfonyl moiety on PEG affected the 

solution behaviour of PEG for some solvents while the 

temperature was increasing.  

The PEG and PEG-Tos -solvent interaction 

parameters, such as Flory Huggins interaction parameters 


12χ  at infinite dilution were determined from Eq.(3) in the 

temperature range 303-373 K and were given in Table 3 

for PEG and Table 4 for PEG-Tos.  

 

 
Table 3. Flory-Huggins polymer-solvent interaction  

parameters, 


12χ  of PEG with the solvents 

 

 
 

 
Table 4. Flory-Huggins polymer-solvent interaction 

 parameters, 


12χ  of PEG-Tos with the solvents 
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The values of 


12χ  confirm the evaluations on the 

values of 1

 since 



12χ <0.5 indicates good and 


12χ >0.5 

indicates poor solubility. In the literature, 


12χ  values of 

PEO-110000 ranges between +0.40 to +2.40 for studied 

alkanes such as pentane, Hx, Hp, O, N, D, undecane, 

dodecane at the temperature ranges between 340 and 400 

K. These values indicate the poor interaction between 

alkanes and PEO. Values of 


12χ  followed the same trend 

as 
0

gV , slightly decreased as temperature increased except 

EA-PEG-Tos system and increased as number of carbons 

increased [11].  

The partial molar heat, 
s

1H  of sorption of the 

solvents on the PEG and PEG-Tos were found from the 

slopes of the straight lines of 
0

glnV  versus 1/T using 

Eq.(4) at the temperature range of 303-373 K and given in 

Table 5 for PEG and PEG-Tos. As well as the partial 

molar heats, 
 1H  of mixing at infinite dilution were 

calculated from the slopes of the plots of 
1ln  versus 

1/T in the temperature range 303-373 K using Eq.(5). The 

values of vH  calculated from Eq.(6) were also 

compared to the values of  vH  for PEG and PEG-Tos.  

Results for all of the studied solvents were given in 

Table 5.  

 

 

Table 5. The partial molar heat of sorption, 
s

1H           

(kJ/mol), the partial molar heat of mixing, 
 1H (kJ/mol) and molar heat of vaporization, vH  

(kJ/mol) of PEG and PEG-Tos/solvents and the literature 

values  of  molar heat  of  vaporization, VLH  (kJ/mol)  

                                           [12] 

 

 
 

 

In case of nonpolar solvents on PEG-Tos, as the 

number of -CH2- group increases, the partial molar heat of 

sorption becomes more exothermic than PEG. The molar 

heats of vaporization, vH  for all the studied polar and 

nonpolar solvents on PEG-Tos were higher than PEG.  

The molar heats of vaporization, vH  for all the studied 

polar and nonpolar solvents are comparable with literature 

values, indicating that the experimental values of the 

partial molar heat of sorption and the partial molar heat of 

mixing were appropriately responsible for thermodynamic 

analysis. Obtained values of enthalpies of vaporization are 

in acceptable consistency with the data available in 

literature. The agreement between vH  and VLH  is 

good for the solvents that boiling temperature is close to 

the average of the studied column temperatures. IGC is 

more reliable and basic method to obtaine molar heat of 

vaporization than other methods such as calorimetric 

techniques or application of the Clapeyron equation to the 

variation of vapour pressure with temperature.  

The solubility parameters of PEG and PEG-Tos, 2  

were determined from the slope and intercept of the 

straight lines plotted according to Eq. (7).  

The magnitude of 2  was found as averaging of the 

values obtained from slope and intercept at studied 

temperatures. 

  

 

Fig. 3. 2  parameter for PEG (a) and PEG-Tos (b) at room 

temperature by extrapolating the average values of the 2  

obtained at studied temperatures to 25 0C. 

 

 

In Fig. 3 (a), 2  at room temperature was estimated 

approximately as 46.3 (J/cm
3
)

1/2
 by extrapolating the 

average values of the 2  obtained at studied temperatures 

to 298 K for PEG and 46.1 (J/cm
3
)

1/2
 calculated by group 

contribution method [13]. The solubility parameter 

obtained in this study is in agreement very well with 

calculated by group contribution method .The solubility 

parameter values of PEG with different molecular weights 

between 36.8 and 47.2 (J/cm
3
)

1/2
 given in literature 

[14,15].  

In Fig. 3(b), 2  at room temperature was estimated 

approximately as 43.7 (J/cm
3
)

1/2
 for PEG-Tos by 

extrapolating the average values of the 2  obtained at 

studied temperatures to 298 K.  No data have been found 

in the literature the solubility parameters of PEG-Tos.  
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4. Conclusions 
 

The thermodynamic parameters of PEG and PEG-Tos 

were determined via IGC.  It was seen that all studied 

nonpolar solvents do not interacted with PEG and PEG-

Tos while DCM and Ch interacted good. The solubility 

parameter of PEG and PEG-Tos 2  was determined as 

46.3 and 43.7 (J/cm
3
)

1/2
, at room temperature, respectively.  
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