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Abstract 

The s o l u b i l i t i e s  of a s e r i e s  of a lky l  p-aminobenzoates 

were determined i n  water a t  three temperatures. The so lu t e s  

chosen were the methyl through the n-butyl p-aminobenzoates and 

the temperatures studied were 25O, 33' and 40'. These compounds 

present a chemically r e l a t ed  s e r i e s  d i f f e r i n g  by methylene addi- 

t ions i n  incremental s t e p s .  

various temperatures enabled calculat ion of  thermodynamic e l e -  

ments i n  aqueous systems. 

The s o l u b i l i t y  determinations a t  

A recurrent  non-linear pa t t e rn  was obtained i n  the calculated 

and experimentally derived therwdynamic values of enthalpy, en- 

tropy, and f r e e  energy. However, an approximately l i n e a r  r e l a t ion -  

ship of chemical s t ruc tu re  and the p a r t i a l  excess f r ee  energy fo r  

these solutes  was found f o r  these aqueous solut ions.  

Introduction 

In  t h i s  study, the s o l u b i l i t i e s  of a homologous s e r i e s  of 

a lky l  p-aminobenzoates were determined i n  water a t  various tempera- 

tures .  In  t h i s  manner, the values of thermodynamic parameters could 

be obtained. The heats  of fusion were avai lable  from the l i t e r a t u r e  

(1) and were a l s o  determined i n  these laborator ies  by d i f f e r e n t i a l  

scanning calorimetry. With these values and the entropies  of 
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454 PARUTA 

fusion values, a complete spectrum of thermodynamic values could be 

obtained. 

b i l i t i e s  with reciprocal temperature allowed f o r  the deter- 

mination of the heats of solut ion ( AHs) and the entropies  

of solut ion C ASs) which are r e l a t e d  to  the slopes and inter-  
cepts of these types of p lo t s .  

The r e l a t ionsh ip  of the log of ac tua l  mole f r ac t ion  solu- 

The idea l  mole f r ac t ion  s o l u b i l i t i e s  could be calculated 

from the heats of fusion and from these experimentally derived 

quan t i t i e s ,  mixing and excess functions could a l s o  be calcula- 

ted. 

Activity coe f f i c i en t s  can a l s o  be obtained from the r a t i o  

of  the idea l  mole f r ac t ion  s o l u b i l i t i e s  t o  the actual  mole frac- 

t ion s o l u b i l i t i e s .  An addi t ional  thermodynamic parameter - the 

p a r t i a l  excess f r ee  energy of the so lu t e  could also be calculated 

from t h i s  data as well .  

so lu t e  i s  generally considered to  be an overal l  property of the 

so 1 u t ion. 

The p a r t i a l  excess f r ee  energy of the 

Some useful information about the ove ra l l  so lu t ion  process i n  

terms of the various f r ee  energy functions might be ant ic ipated 

from t h i s  study. I t  was f e l t  t ha t  a r e l a t ionsh ip  of the thermo- 

dynamic elements and the number of methylene groups i n  t h i s  

sho r t  chemically r e l a t ed  s e r i e s  might a l so  be found. 

Experimental 

Chemicals - The following chemicals were used: methyl p-amino- 
3 benzoate', e thy l  p-aminobenzoate2, n-propyl p-aminobenzoate , n- 

butyl  p-amin~benzoate~ and water, d i s t i l l e d  and deionized. 

point apparatus5, a spectrophotometer , a temperature control  u n i t  , 
a balance8 and an electrobalance . 

Equipment - The following equipment was used: a melting 
6 7 

9 

Heat of fusion values - by the method previously described ( 2 ) .  

Solubi l i ty  determination - The s o l u b i l i t y  of the four amino- 

benzoate e s t e r s  i n  water was determined by the following procedure. 

Each solute ,  i n  an amount i n  excess of i t s  s o l u b i l i t y ,  was placed 

i n  a screw capped vial'' with water. 

adhesive tape. 

The v i a l s  were sealed with 

Vials were rotated a t  28 rpm i n  a large constant 
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THERMODYNAMICS OF AQUEOUS SOLUTIONS 455 

0 temperature (f 0.2 ) water bath and maintained successively a t  

25, 33 and 40 degrees. 

hours of continuous rotat ion”,  each of the s i x  sample12 v i a l s  

were removed i n  succession f o r  assay, with t r i p l i c a t e  runs of 

each solute .  The e x t e r i o r  of the v i a l  was quickly dried,  the 

seal ing tape removed, and the cap was ca re fu l ly  removed t o  pre- 

vent water contamination. 

solut ion was pipet ted i n t o  tared containers,  weighed and approp- 

r ia te ly  d i lu t ed  f o r  spectrophotometric assay with 95% ethanol t o  

give a f i n a l  concentration of the so lu t e  i n  the range of 1-5 

After an equilibrium s o l u b i l i t y  was a t t a ined ,  a t  about 24 

A f i l t e r e d  a l iquo t  of the sa tu ra t ed  

hg/ml.  A l l  p ipe t t e s  were prewarmed to  prevent thermal precipi-  

t a t i o n  and each had a pleget of f i b e r  g l a s s  wrapped around i t s  

t i p  t o  a c t  as a f i l t e r .  The va r i a t ion  i n  s o l u b i l i t y  values was 

about 5% f o r  the methyl d e r i v i t i v e  and f e l l  t o  about 3% fo r  the 

butyl de r iv i t i ve .  

Spec trophotome t r i c  determinations - The spectropho tome ter 

was ca l ib ra t ed  f o r  each aminobenzoate ester a t  i ts  wavelength of 

maximum absorbance, a t  concentrations up t o  15 g/ml. i n  95% 

ethanol,  i n  matched s i l i c a  c e l l s .  A l e a s t  squares method was 

used t o  determine the s t a t i s t i c a l  s ignif icance (Dcs 0.0001) of 

the l i n e a r  re la t ionship be tween absorbance and concentration, 

- i . e . ,  

c lose i n  value, varying from 2.05 f o r  the methyl, e thy l  and 

propyl e s t e r  t o  2.07 f o r  the butyl e s t e r .  

the Beer’s law equation. The molar abso rp t iv i t i e s  were very 

Results and Discussion 

The experimental s o l u b i l i t y  f o r  each of the so lu t e s  i n  t h i s  

study a re  given i n  Table I i n  terms of mole f r ac t ion .  

of the methyl der ivat ive was highest  and s o l u b i l i t y  decreased with 

increasing carbon number f o r  t h i s  s e r i e s  and increased with increasing 

temperature. Using the log of the determined mole f r ac t ion  and plot-  

t i ng  i t  as a function of reciprocal  temperature gave l i n e a r  r e l a t ion -  

ships which a r e  shown i n  Figure 1. 

the in t e rcep t s  were obtained by least squares and which a r e  r e l a t ed  

to  the enthalpy of solut ion and the entropy of solut ion,  respect ively.  

The s o l u b i l i t y  

From these p l o t s ,  the slopes and 
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456 PARUTA 

These p lo t s  show l i n e a r i t y  fo r  each solute  but a r e  not p a r a l l e l  t o  

one another i nc i a t ing  the expected var ia t ions i n  the enthalpy and en- 
tropy of  solut ion values. 

In 'Sable 11, i d e a l  mole f r ac t ion  s o l u b i l i t i e s  fo r  these solutes  

a r e  given a t  the three temperatures used i n  t h i s  study ( 2 ) .  The 

idea l  mole f r ac t ion  s o l u b i l i t y  values given would obtain f o r  any 
solut ion with which an idea l  solut ion forms. These idea l  values 

would be expected t o  be f a r  i n  excess of the actual  s o l u b i l i t i e e  i n  
water, since aqueous solut ions would be highly nonideal due t o  hyd- 

rogen and dipole in t e rac t ions  i n  the solvent.  

shown a re  greater  than 0 .1  with respect  t o  mole f r ac t ion  r i s i n g  pro- 

gressively to  a value 0.66 fo r  the n-butyl der ivat ive a t  40 C. 

actual  mole f r ac t ion  s o l u b i l i t i e s  t h a t  were determined were about 

loe4 and the r e su l t an t  a c t i v i t y  coeff ic ients  would be expected t o  be 

large i n  magni tude . 
are  given i n  Table 111. 

A l l  of the values 

0 The 

The a c t i v i t y  coef f i c i e n t s  were calculated and 

These " a c t i v i t y  coeff ic ients"  values ran from about 600 t o  29,000 

fo r  these solutes  i n  water over the temperature range studied. 

In Table I V ,  the thermodynamic elements f o r  these so lu t e s  are  

given fo r  the enthalpies of fusion, solut ion and mixing, the ent- 

ropies of fusion, solut ion and mixing as  well as the i d e a l ,  actual  and 

excess free energy of these systems. 

The heats of fusion of these compounds varied only s l i g h t l y  from 
each other having a magnitude of about 5 kcal./mole, however, there 

was no pat tern observed with respect t o  the magnitude and carbon 

number. 

changes i n  value for  t h i s  short  chemical s e r i e s  of substances. 

The enthalpy of solut ion fo r  the f i r s t  three membere of t h i s  

s e r i e s  decreased i n  a nonlinear fashion but the fourth i n  the 

s e r i e s ,  the n-butyl der ivat ive dramatically increased from the n- 

propyl der ivat ive by about 7 Kcal./Mole. 

wise showed subs t an t i a l  differences i n  magnitude over t h i s  sho r t  

s e r i e s .  

enthalpy of solut ion,  and i n  t h i s  case, i t  can be seen t h a t  the 

methyl and e thy l  der ivat ives  a re  close i n  value whereas the n- 

The enthalpy of solut ion and mixing showed dramatic 

The hea t  of mixing l ike-  

The heat of enthalpy of mixing i s  derived from the 
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THERMODYNAMICS OF AQUEOUS SOLUTIONS 457 

Table I - Summary of the experimentally determined mole f r a c t i o n  

s o l u b i l i t y  fo r  the alkyl  p-aminobenoates a t  various 

temperatures 
4 Solute Actual mole f r ac t ion  s o l u b i l i t y  x 10 

25' 33O 40 

Methyl 1.93 2.52 3.32 

Ethyl 1.12 1.47 1.86 

n-P ropy 1 

n-Butyl 

0.64 0.76 0.94 

0.15 0.25 0.40 

Table I1 - Summary of the calculated mole f r ac t ion  s o l u b i l i t y  for 

the a lky l  p-aminobenzoates i n  water a t  the temperatures 

noted 

Solute 

Me thy 1 

E thy1 

n-Propyl 

n-Butyl 

Ideal mole f r ac t ion  s o l u b i l i t y  

2 5 O  33O 40' 

0.1369 0.1722 0.2084 

0.2195 0.2741 0.3299 

0.3100 0.3866 0.4648 

0.4319 0.5457 0.6632 

Table 111- Summary of the calculated a c t i v i t y  coe f f i c i en t s  f o r  the 

alkyl  p-aminobenzoates i n  water a t  the temperature noted. 

Solute 

Methyl 

Ethyl 

n-Propyl 

n-Butyl 

Act ivi ty  Coefficients 

25O 33O 40' 

709 6 83 628 

1959 1864 1774 

4844 5087 4945 

28,660 21,826 16,533 
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THERMODYNAMICS OF AQUEOUS SOLUTIONS 459 

propyl der ivat ive possesses a small negative enthalpy of mixing 

and the n-butyl der ivat ive possesses a large posi t ive enthalpy of 

mixing. 

The entropy of fusion values shown i n  Table I V  possess reason- 

able values and i t  can be seen t ha t  these increase with increasing 

carbon number i n  a nonlinear fashion. 

values for  the aqueous solut ions of these substances vary from one 

another with t h e  e thyl  der ivat ive possessing a minimum value of 

2 . 9  cal./deg.-mole and the n-butyl der ivat ive possessing a value 

of 18 cal./deg.-mole. 

variable results with negative values f o r  the f i r s t  three members 

of t h i s  s e r i e s ,  whereas, 

pos i t i ve  value. In  order t o  view the ove ra l l  thermodynamics, the 

f ree  energy function must be considered, and these values a r e  a l s o  

given i n  Table I V .  The i d e a l  f r ee  energy values obtained from the 

enthalpy and entropy of fusion a r e  seen to  decrease with carbon 

number i n  a l inear  fashion. This would indicate  t h a t  even when 

both the enthalpy and the entropy of fusion a re  nonlinear,  the 

changes i n  the magnitude of these values leads to  a l i n e a r  r e l a t ion -  

ship with respect  t o  the overal l  f r ee  energy e f f e c t .  

The actual  and the excess f r ee  energy, a composite of the solu- 

t ion enthalpy and entropy give values such the n-propyl der ivat ive 

is a t  a minimum value with the n-butyl de r iva t ive  spiking with a 

change of  about 3 kcal .  higher than the n-propyl ester.  

I n  Figure 2, the enthalpies  of fusion, mixing and solut ion 

The entropy of solut ion 

The entropy of mixing a l so  show qu i t e  

the n-butyl der ivat ive has a s l i g h t  

a r e  shown i n  terms of Kcal./niole versus the number of carbons i n  

the n-alkyl e s t e r  subs t i t u t ion .  The enthalpy of fusion i s  seen t o  

be nonlinear with a minimum occurring f o r  the n-propyl e s t e r .  The 

curves f o r  the enthalpy of a solut ion and mixing give an i r r e g u l a r  

pat tern with minimum a l so  occurring f o r  the three carbon propyl grouF 

with the butyl e s t e r  increasing subs t an t i a l ly  over the propyl e s t e r .  

I n  Figure 3 the entropy value i n  cal./deg.-mole f o r  fusion, 

solut ion and mixing are  given. 

increase i n  a nonlinear fashion with carbon number. In t h e  manner 

similar to enthalpy a minimum i s  observed for  the propyl der ivat ive 

The entropy of fusion is seen to  
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FIGURE 1: A p l o t  of t he  mole f r a c t i o n  (log.) 

s o l u b i l i t y  as a function of reciprocal  temperature 

f o r  t he  noted a l k y l  p-aminobenzoates 

followed by a large posi t ive e f f e c t  with the butyl  der ivat ive.  

The overal l  e f f e c t  of these two individual parameters upon f r ee  

energy is shown i n  Figure 4 where the free energy i n  Kcal ./mole has 

a l s o  been p lo t t ed  as a function of the carbon number. Here i t  can 

be seen t h a t  the idea l  f r e e  energy is a l i n e a r  function decreasing 

with increasing carbon number. Both the ac tua l  and excess f r ee  

energy curves possess a shape which i s  predicated on enthalpy and 

entropy values. 

a sharp minimum occurring €or the n-propyl der ivat ive,  then a large 

sharp pos i t i ve  rise for the n-butyl e s t e r .  

do not show any pat tern with respect  to  thermodynamic values and 

The methyl and e t h y l  e s t e r s  are s imi l a r  i n  value, 

These so lu t e s  i n  water 
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'\ 

\ 
\ 
\ 
\ 

\ ETHYL 
\ 
\ 

\ 
\ 

FIGURE 2: A p l o t  of the var ious enthalpy 

values i n  Kcal./mole as a function of the 

carbon number of the n-alkyl group 

chemical s t ruc tu re .  

and excess f r ee  energy probably imply these aqueous systems a r e  

highly nonideal and require energet ic  i n p u t  such a s  temperature t o  

j u s t  s l i g h t l y  increase the magnitude of s o l u b i l i t y .  

The r a the r  large values obtained fo r  the actual  

An addi t ional  thermodynamic parameter was inves t i ga t ed  fo r  i t s  

u t i l i t y  t o  see i f  a relat ionship of the thermodynamic values and 

chemical nature could be obtained. The p a r t i a l  excess f r e e  energy 

of the so lu t e ,  (3,  4 )  can be considered as an ove ra l l  property of 
the solut ion and was a l s o  used s ince these values could be calculat-  

ed from these r e s u l t s .  
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I MIXING 

1 2 3 4 
CARBON NUMBER 

FIGURE 3: 

values i n  cal./deg.-mole as a function of 

A p l o t  of the var ious entropy 

the carbon number 

The p a r t i a l  excess f r ee  energies are  obtained from a c t i v i t y  

coe f f i c i en t s ,  although previously shown t o  be very large i n  
magnitude, s t i l l  lead t o  reasonable r e s u l t s  f o r  t h i s  thermodynamic 

function. These values were calculated and a r e  shown i n  Table V. 

Relatively large pos i t i ve  values were obtained indicat ing a pooi- 

t i ve  deviation from Raoult'e Law implying the highly non-ideal 

nature of these d i l u t e  solut ions.  

In Figure 5,  the values of the excess par t ia l  f r ee  energy a t  

each temperature €or the so lu t e s  has been p lo t t ed  as a function of 

the carbon number of the alkyl  e s t e r  group. In  t h i s  case, an ap- 

proximately l i nea r  re la t ionship is observed with a slope of about 
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FIGURE 4:  A plot  of the various f ree  

energy values i n  Kcal. /mole a s  a 

function of carbon number 

Table V - Summary of the Solute Partial Free Energy for the Alkyl 

p-Aminobenzoates i n  water a t  the temperatures noted 

Solute 

Methyl 

Ethyl 

n-Propyl 

n-Butyl 

Partial Excess Free Energy, 3 - (cal/mole) 

3873 395 2 4002 

25' - 3 3 O  - 40° - 

4473 

5008 

4557 

5 b68 

4647 

5284 

6060 6050 6036 
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FIGURE 5: 

f r e e  energy of the so lu t e ,  Ff i n  cal./mol. 

as a function of the carbon number. 

A p l o t  of the p a r t i a l  excess 

500 cdories/carbon atom. This l i n e a r  re la t ionship then allows 

for a de f in i t i ve  relat ionship of a thermodynamic parameter and 

molecular s t ruc tu re .  Specif ical ly ,  the change in the p a r t i a l  excess 

free energy i s  l i nea r ly  r e l a t ed  t o  the incremental increase of the 

alkyl group assuming the remainder of the molecule has a constant 

e f f e c t .  

aqueous solutions of parabens as well  ( 5 ) .  
This l i n e a r  re la t ionship has previously been obtained f o r  

Conc lus ions 

The thermodynamic elements f o r  aqueous solut ions of a lkyl  p- 

aminobenzoatee has been determined from experimentally determined solu- 
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b i l i t i e s  a t  various temperatures and h e a t  of fusion data. 

A wide spectrum of thermodynamic values were conaidered i n  attempt- 

ing t o  f ind a re la t ionship with the molecular s t r u c t u r e  of these e s t e r s .  

A l i n e a r  re la t ionship of the p a r t i a l  excess f r ee  energy of the so lu t e  

with carbon number of the alkyl  group was found possessing a slope of 500 

calor ies  per carbon atom. 

Specif ical ly ,  an approach t o  highly non-ideal s o l u b i l i t y  behavior 

o r  d i l u t e  semi-polar nonelectrolytes i n  aqueous sys tems r e l a t i v e  t o  

t h e i r  thermodynamics has been given. 

Final ly ,  a spectrum of thermodynamic values can be readi ly  obtained 

f o r  any chemical series by determining s o l u b i l i t y  a8 a function of temp- 

e ra tu re  once the heat  of fusion is ava i l ab le  or  hae been determined. 

FOOTNOTES 

1. 
2 .  
3 .  

4. 
5. 
6. 
7. 
8 .  
9. 

10. 
11. 

1 2 .  

(1) 

(2) 

(3) 

(4 1 

(5) 

Lot 3403 Eastman Chemical Co., Rochester, NY 
Lot EX 305 Matheson, Coleman and Bell, Norwood, Ohio 
Lot 3 ,  C i t y  Chemical Co., supplied through courtesy of Astra 
Pharmaceutical Products, Worcester, MA. 
Lot 7,  Matheson, Coleman and Bell, Norwood, Ohio 
Thomas-Hoover, 6404, A.H. Thomas Co., Philadelphia,  PA 
Cary Model 16, Cary Instruments , Monrovia, CA 
Porta-Temp, Precis ion S c i e n t i f i c  Co., Chicago, I L  
Mettler H6T, Mettler Insturment Corp., Princeton, N J  
Cahn Electrobalance Model 18, Cahn Instruments, Paramount, CA 
Lined with Teflon 
Previous s tud ie s  showed t h a t  t h i s  t i m e  was s u f f i c i e n t  t o  a t t a i n  
sa tu ra t ed  solut ions a t  25'. 
Only 3 samples i n  t r i p l i c a t e  of propyl p-aminobenzoate were used 
becauoe of i t s  s c a r c i t y  
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