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Thermodynamics of the Isopropanol/n-Hexane and 
Isopropanol/n-Heptane Systems Part II. NMR Studies 

Sonia Martinez and Jos6 Edwards* 

Facul tad de Ciencias, Universidad de Chile, Santiago, Chile 

(Received 29 January 1980. Accepted 24 September 1980) 

The nuclear magnetic resonance spectra of the systems isopropanoi/ 
n-hexane and isopropanol/n-heptane are recorded to deduce thermodynamic 
functions. A discussion of Sarol~a-Mathot's methods follows. 

( Keywords: Alcohol/n-alkane, thermodynamics; Association constants, iso- 
propanol/n-al]cane~') 

Zur Thermodynamik des Isopropanol/n-Hexan und Isopropanol/n-Heptan 
Systems, I1. N M R-Untersuchungen 

Ffir die im Titel genannten Systeme werden aus den NMR~Spektren 
thermodynamische Funktionen abgeleitet. Eine Diskussion der Sarol~a- 
Mathot- Methode wird pr~sentiert. 

Introduction 

I n  P a r t  I of  th is  work  we showed t h a t  for ve ry  low concen t r a t i ons  of 
a lcohol  t he re  is an  i n t e rva l  where  on ly  d imers  exis t ,  m a i n l y  of  the  cyclic 
type ,  t h o u g h  some l inear  species are  also present .  

Since also o the r  a lcohol ic  cong lomera t e s  were p re sen t  a n d  we gave  
a m o u n t s  and  in t e rva l s  as well  as f o r m a t i o n  mechan i sms ,  we dec ided  to  
con t inue  this  work  b y  measu r ing  N M R  spec t ra ,  to  deduce  t he rmo-  
d y n a m i c  func t ions  and  a c t i v i t y  coeff icients  and  to  c o m p a r e  these  
resul t s  w i th  those  we have  found  b y  v a p o u r  m e a s u r e m e n t s  (Pa r t  I I I ) .  
A n  easy  w a y  for the  desc r ip t ion  of the  sys t ems  was  s a t i s f ac to r i l y  tes ted .  

Experimental 

Measurements were taken at 30 ~ in a Hitachi-Perkin-Elmer 60 Megacycles 
instrument with tetramethylsilane as an internal standard. Chemicals were 
carefully dried and purified as explained in Par t  11 and mixtures were prepared 
by weight. Chemical shifts were measured by side band technique u. 
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M e t h o d  

In  the  concen t ra t ion  in te rva l  where only d imers  are p resen t  we were able to  
de tec t  a single N M R  b a n d ;  we assume here t h a t  the  i sopropanol  is highly 
di luted,  X A --~ 0, and  t h a t  this  peak  corresponds to the  cyclic d imer  (Pa r t  I). 
Here,  the  re la t ion  

holds t rue  2, wi th  

8 chemical  shif t  
XA 
K 

= 2 K A D  (1) 
XA ~'O 

mola r  f rac t ion  of i sopropanol  
equi l ibr ium cons t an t  for the  associat ion ; in this  work monomer  -~ cyclic 
d imer ;  la te r  a s / (1 ,  2 

AD a D - - a  i = f ( @ )  
A T al - -~0 (Table 2) 
D index for dimers  
M index for monomers  
80 3 M ex t r apo la t ed  to x A ---* 0 
81 83i ex t r apo la t ed  to x A ---* 1 

D a t a  to calculate  Ap are given Table  1, being A T = 235.62 Hz for the  sys tem 
wi th  n -hexane  and  A T = 239.75 Hz for the  sys tem wi th  n -hep tane .  

The  $D as well as 31 signals are affected by  o ther  alcoholic conglomerates ,  
and  therefore  the  bes t  way to know A D is using our in f ra red  spect ra  a. 

To eva lua te  the  A D value  which  is inf luenced by  the  p r e d o m i n a n t  te t ra -  
mers, we use our  I R  experiences in P a r t  I, where  the  dimers  signal a m o u n t e d  
A v = 200 cm 1 before any  evidence of t e t r a m e r s  was found.  The  t e t r a m e r  signal 
a m o u n t e d  A v = 270 cm -1 ev iden t ly  inf luenced by  the  dimers,  since 

AVtetrarner s = 270 cm 1 r 2A,~dimer s = 400 cm-I  

The  t e t r a m e r s '  signal in absence of any  o ther  conglomerate ,  should t hen  
1 

a m o u n t  A ~ = 400 em 1. The  difference of 130 cm l, a b o u t  - of the  400 em -1, is to  
3 

be a t t r i b u t e d  to the  dimers.  Ha l f  of th is  q u a n t i t y  is the  t e t r a m e r s '  influence on 
the  dimers  obviously  wi th  the  opposi te  s i gn .  

Thus,  referr ing to our N MR m eas u r em en t s  the  express ion for A/), t he  
d imers  signal in a mix tu re  formed main ly  by  t e t r amers ,  a m o u n t s  

1 11 l 1 

The values  for At) are g iven  in Table  2. 
The slope 
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Table 1 
Isopropanol/n-hexane system 

Concentration NMR frequency 
mol fraction isopropanol in Hz from TMS 

1.0000 308.75 
0,7299 300.50 
0.6592 296.23 
0.4492 288.90 
0.2444 270.70 
0.2019 265.61 
0.1055 238.55 
0.0528 200.42 
0.0324 151.63 
0.0220 129.37 
0.0208 123.90 
0.0203 123.00 

685 

i8opropanol/n-heptane system 

Concentration NMt~ frequency 
mol fraction isopropanol in Hz from TMS 

1.0000 308.75 
0.8990 307.64 
0.6802 299.15 
0.5934 295.07 
0.4934 290.82 
0.4373 285.68 
0.3177 278.59 
0.1992 263.81 
0.1025 236.79 
0.0794 222.78 
0.0503 194.05 
0.0370 161.82 
0.0290 142.81 

for the monomer was calculated graphically from the data of Table 1 obtaining 
2441.1 for isopropanol/n-hexane and 2320.0 for isopropanol/n-heptane ; substi- 
tution of A D and 

E L.0 
in Eq. (1) yields K; Table 2 shows K values calculated by this method and from 
infrared data; both yield coincident values and they also agree with values 
given by other authors for the formation of cyclic dimers of alcohol 4. 
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Discussion 

Sarol~a-Mathot5 proposes the thermodynamic  description of a sys- 
tem, with two constants:  

K1, 2 equilibrium constant  for dimer from monomers and 
K~-I, ~ equilibrium constant  for i-mers from i - -1  conglomerates. 

X 1 -F 2K1,2x~ 
x - (3) 

1 + K1,2 x2 

~YI Xl 

N xl + 2K1,2x~ (4) 

and for higher concentrations with other conglomerates being present 

K~ 1 i :  1 - - |  X~ 1 (5a) 

x analytical  molar fraction of alcohol 
Xl molar fraction of the monomer  according to Sarol~a-Mathot 5 
N1 number  of monomer  particles. 
N tota l  number  of particles 

In t roduct ion of Eq. (4) in Eq. (5a), allows to calculate an approxi- 
mate  value of Ki 1,i. 

Ki  1,~ has two solutions depending on the analytical alcohol 
concentration x; the selection of the suitable one according to Sarol~a- 

Mathot 5 is in short the one for which Ki-l,~ = 8 _+ 4. 
K1,2 

For  our systems this means 31 < Ki_l, i < 93 isopropanol/n-hexane 
and 29 < Ki_l,i  < 87 for isopropanol/n-heptane.  

Table 3 shows Ki 1,i values at  different concentrations;  around 
molar fraction x = 0 . 0 4  these Ki- l , i  values are similar to those 
measured by  infrared corresponding to the concentration where 
infrared spectra show the format ion of higher conglomerates. Further-  
more, Table 3 shows similar values K2c3c and Ka4 for both  systems 
calculated by  NMR and I R  (compare with Pa r t  I). Fig. 1 shows Ki-l , i  
vs. concentration. Obviously no straight  lines are obtained forming 
another  argument  against  a format ion mechanism of conglomerates by  
sequential steps as was already shown in Pa r t  I .  

An al ternat ive method to find this suitable Ki 1,i would be the 
graphic determination,  by drawing tangents  in Fig. 1 as shown. 



688 S. Mat~fnez and J. Edwards: 

For  the following calculation we use K~, 2 as given in Table 2 and 
K~_L, t = 53,1 for isopropanol/n-hexane and 47.6 for isopropanol/n- 
heptane as given by Fig. la  and lb. 

2oo2  ::i oo , op ooa o,,n-hep o   
80 

60~__ 'Q, ~, 

40 - z ~  
20 

. . . .  V~ . . . .  :o ,00 0.02 4 006 0 8 
Isoproponai molar froction 

Fig. 1, Isopropanol/~,-hexsne and isopropsnoi/n-hepta,ne systems; K_~,~ vs. 
molar fr~etion of isopropanol 

zA(Ki-~, KI~'~ (1 ~+ ~'~- +2  K~_~,~) A= K 

The monomer concentration x 1 at higher anMyticM concentrations 
is given directly by Eq. (5b), 

~ = A + 4/---~A)~ + s - c  (sb) 

Ks. 2 .~ 

K~-I,J 

B - Ki-l,~J 
6 (KH, r ~ 

XA C= 
2K~-t, ~(K~-t,,i--KI,~) 
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Table 4 

689 

Isopropanol/ 
n-Hexane 
Isopropanol/ 
n-Heptane 

(lnK~_l,i + lnp)RT = - - A  H = 3524 _+ 176 cal/mol 
(ln Kl,~ + 2 lnp)RT = - - A  H = 3500 • 175 cal/mol 
(]n Ki-1, i + lnp)RT = - - A  H = 3457 -!-_ 172 cal/mol 
(ln K1,2 +21np)RT=--AH=3457•  

Table 5 

Isopropanol/n-hexane ~ystem 

Zxi 1 
x mo] fl'action x 1 - logfA logfB 
Isopropanol monomer 1 0.44Exi Ei~ 

0.1 0.018 0.08 0.74 0.7875 0.0130 
0.2 0.0t8 0.08 0.74 0.4832 0.0596 
0.3 0.018 0.08 0.74 0.3711 0.1085 
0.4 0.018 0.08 0.74 0.2328 0.1568 
0.5 0.018 0.08 0.74 0.1396 0.2148 
0.6 0.018 0.08 0.74 0.1226 0.2733 
0.7 0.018 0.08 0.74 0.0921 0.3348 
0.8 0.018 0.08 0.74 0.0000 0.4150 
0.9 0.018 0.08 0.74 0.0000 0.4710 
1.0 0.018 0.08 0.74 0.0000 0.6923 

Isopropanol/n heptane system 

Ex i 1 
x x 1 logfA logfB 

l~0.44Ex, Xi~ 

0.1 0.020 0.083 0.75 0.7301 0.0100 
0.2 0.020 0.083 0.75 0.5168 0.0561 
0.3 0.020 0.083 0.75 0.2929 0.1055 
0.4 0.020 0.083 0.75 0.1966 0.1575 
0.5 0.020 0.083 0.75 0.1610 0.2123 
0.6 0.020 0.083 0.75 0.1388 0.2705 
0.7 0.020 0.083 0.75 0.0952 0.3421 
0.8 0.020 0.083 0.75 0.0000 0.4000 
0.9 0.020 0.083 0.75 0.0000 0.5102 
1.0 0.020 0.083 0.75 0.0000 0.6923 

Eq .  (5b) expresses the  only meaningfu l  solution,  since o ther  x 1 
solut ions have  no physical  interest .  

The  values  of  Xl ca lcu la ted  f rom Eq .  (5b) are g iven  in Tab le  5 and 

are no t  necessar i ly  e q u i v a l e n t  to the  ana ly t i ca l  molar  f rac t ion  of the  
m o n o m e r s  a t  d i f ferent  concent ra t ions .  
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Association Enthalpy. Calculating according to Guggenheim 6 

K~-I, i 53.1 
- - - - - - p -  - 6.9 = 2 ( z - - l )  
K1, 2 7.7 

for the n-hexane system and p =6 .6  = 2  ( z - - l )  for the n-heptane 
system the value of z, i.e. the number  of molecules surrounding an 
individual conglomerate forming a higher polymer,  can be evaluated. 

For both systems we use z = 4.6 ; f rom 

- - A H  
K l ' ~ = P - 2 e x p  R~T- (6) 

o r  

- - A H  
K, 1 , , = p  l e x p - -  (7) 

R T  

A H, the average association enthalpy per hydrogen bridge, might  
be calculated; values are given in Table 4 and show agreement with 
values calculated in Par t  11. 

The Activity Coefficients. Prigogine et al. 7 suggest some formulae for 
the calculation of act ivi ty coefficients of systems defined by them as 
ideal. 

In  the special case of our systems where hydrogen bridges are 
present, Sarol~a-Mathot suggests corrections to consider molecular 
interactions, orientations and in general effects which will affect the 
part i t ion function. 

The suggested final formulas to be tested are 

1-" z - - 2  2 o 7 ~ 

N i l  ~ N A + z r' Ni 12 
fA = ; ~ l  - ~ - - - - 2  - - - -  2 

b A(N + z 

f ~  = z - - 2  

B+ z ~u  

(8a)  

with sub index A for isopropanol 
sub index B for n-paraffin 
sub index i for conglomerate i 

N1 number  of monomeric molecules of alcohol in mixture 
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number of monomeric molecules in pure isopropanol 
(we consider this only ~s a parameter  since in Par t  I we could not 
demonstrate their existence) 
number of particles. 

10g 

1.0 lsopropanot/n-hexane 
i '~ B = 0.77 C =-0.08 D= 0.18 a 

0.9 ~ Isoproponol/n- heptane 
0.8 ' , k B  = 0.72 C =-0.10 D = 0.13 ] 

0.7 ~ , ;  

06' ~ ,  ? /  

o.s %, 7/" , ,  / /  o 

0., X . / '  

0 2 o" ~ " 

070" "0.1 0.3 0.5 0.7 - 0 ~ " I  
Isopropanol molar fraction 

Fig. 2. Logarithm of activity coefficients of the system isopropanol/n-hexane 
and isopropanol/n-heptane vs. molar fraction of isopropanol at 30~ This 
method, �9 for isopropanol/n-hexane and �9 for isopropanol/n-hepta.ne. 
Vapour/liquid equilibrium, x for isopropanol/n-hexanc and A for isopro- 
panol/n-heptane, logfA = (l--x) u [B--C + D + (4C--SD)x + 12x)] logfB = 
= x2[B--3C + 5D + (4C--16D)x + 12x 2] for isopropanol/n hexa- 

ne and for isopropanol/n-heptane 

For  our systems Eq. (Sa) become 

1 
V 0"56xA 4 .o 0.56 1 .).3 

xl I E ix~  _ _  -I  
f A=~ x t  | / . . . .  ~x i . (x ,+O,56XA)~  | (Sb) 

I XA|XB Jr- 0.56X A + 0.44 - - - -  | |  
k \ ( 1 - - ~  / ]  

2xi  " (x B + 0.56XA) 
B+O'56XA+0"44 (1 0.44Exi) 

which immediately give the numerical values of the activity coefficients 
of each component;  K1,2 = 7.7, K~ 1,4 =53.1 for the system isopropa- 
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nol/n-hexane and K1,2 = 7.2Ki 1,i =47.6 for the system isopropanol/ 
n-heptane were the values used in this calculation. 

Fig. 2 shows points for log fA and log fB  as a function of the molar 
fraction of isopropanol calculated by this method, calculated from 
vapour/liquid equilibria (Part I I I )  and the curve by the Redlich and 
Kister method s at 30 ~ 

Eq. (8) expressed as function of p are 

,x. 4 +p_, )] I 
1 4 l \ p + 2  p + 2 ( _ p + 2 Z x , )  (x" p t z  /j 

with 

~ molar fraction of monomeric alcohol in the pure component 
index A alcohol 
index B solvent 

which allow an additional test with the measured data of the systems 
methanol/carbon tetrachloride and ethanol/carbon tetrachloride at 
20 ~ given by 2Viini 9 using p = 12 and K12c = 4 (molar fraction units) 
for the methanol system and p = 6 and K12 c = 1.48 (molar fraction 
units) for the ethanol one. 

The Eq. (8) take the form: system methanol/carbon tetrachloride 

0"71XA + Eix~ - -0 .71  3.5 

fA  = [ Zxi  

XA xB+O.71XA+0.29(1 (xB+O.71XA) 

x B + 0.71 x A + 0.29 (x B + 0.7 lXA) 
( 1 - -0 .29 t2 x~) 

(9a) 

(9b) 
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tO  

1.{ 

Os 

Q8 

0.7 

0.6 

0.5 

0.4 

0.3 

Q2 

0.1 

0000 0.1 

o 

o o 

o 

8 o 
�9 o 9, o ! 

i ~ ; a o  
o o 

r i , 

03 0,5 0',7 0.9 
atcoho[ molar fraction 

Fig. 3. Log of activity coefficients vs. molar fraction of alcohol at 20 ~ This 
method, �9 for the system methanol/carbon tetrachloride and (2) for the system 
ethanol/carbon tetraehloride. Vapour/liquid equilibrium, x for the system 
methanol/carbon tetrachloride and A for the system ethanol/carbon tetra- 

chloride 

and system ethanol/carbon tetrachloride 

fA = lXA(XB_~ - 

fB= IX B+ 0.SXA + 0.5 

1 
0.5xA + 

Zi~ --0.5 12 

(XB + 0.5xA)) 
~x i 

0.5xA + 0.5 
(1--0.5Zxi) 

X A + x B 
(xB + 0.5xA) ] 2 Exi 

(1--0.5Zxd 

(lo) 

(11) 

Fig. 3 shows log f vs. x for both systems. Calculation of K1,3, K1;4, K1,5 
and the frequency curve. 

The NMR spectra are related to the conglomerates present in a 
solution by 

vlxl + 2"2K1,.~x~ + 3~3K1,3x~... 
v=  xl + 2K1,2x~ + 3Kl ,ax l . . .  (12) 

2 3 x = Xl + 2K1,2x 1 + 3K1,3xl . . .  (13) 

, OH frequency in Hz 
vl frequency of monomer in Hz 
'~i frequency of polymer in Hz. 
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Hz 
320 

3oo o . . ~ ~:=~ , 

'_---h:-" ff-:  . . . . . . . . . .  ; : 2  
260L~' ,S-~""  i~?Zz " 

iti:l l 2 4 0  %i 

2201~ { .~'--- i =3 
i~.i / I / . ~ . ~  �9 .......................... 2~176 ~ ,;.-" 

,+Oll]/ 
160[r 

120 
./ 

100 

8 0  

6 0  , , , , 
o.o o.1 o'.3 0'5 o'.7 o.9 

Isopropanot motor fraction 

Fig. 4. NMR frequency of the system isopropanol/n-hexane and isopropanol/ 
n-heptane vs. molar fraction of isopropanol. Exper imental  points �9 for 

isopropanol/n-hexane and �9 for isopropanol/n-heptane. 

,1x1 + iv~KliX{ 
= , for isopropanol/n-hexane and for iso- 

x1 + iKliX{ 
propanol /n-heptane 

2 4 
VlX 1 + 2vzK12x  2 + . . . .  4v4K14x  1 

, = for the region x = 0.014).4, x for ispropanol/n- 
xl + 2Kz2x[ + ... 4K14 x4 

hexane and A for isopropanol/n-heptane 
2 5 

~lx] + 2~K12x 1 +"5~5K15 x 1 
2 5 

xt + 2K12x I +...5K1.sx 1 
for the region x = 0.5-1.0, x for the isopropanol/n-hexane and A for isopropanol/n- 

heptane 

F o r  n u m e r i c a l  a p p l i c a t i o n s  of Eqs .  (12) a n d  (13) t he  a b r e v i a t e d  

ve r s ions  are  u sed  

h x l  + i~iK1, ix{ 
v = (14) 

xl + i Kl,~Xl 

- +i Xl 
z = xl  + +ki,+x{ ~- (15) 

(1 K1,2XlP 
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The second Eq. (15) gives another possibility to evaluate xl for 
every x with K1, 2 = 7.7 for the system with n-hexane and K1,2 = 7.2 for 
the system with n-heptane. 

Introduct ion of these xl values in Eq. (14) and (15) allows to find 
tentative values for every couple .~, Kl,i, for instance "3, Kl,a; "4, K1,4, 
so as to obtain the measured , in the left side of Eq. (14). 

The values obtained are: 

I sopropanol /n-Hexane  

"2 = 204Hz Kl,u = 7.7 
"3 = 2 3 4 H z  K1,3 = 409 
"4 = 284Hz K1,4 = 23869 
'a = 3 0 0 H z  Kl,a = 1316872 

Isopropanol/n-Heptane 

..) = 202 Hz K1,-~ = 7.2 
, a = 2 3 4 H z  K l , a =  322 
. 4 = 2 7 8 H z  K1,4= 16559 
"5 = 300Hz K1,5 = 1024025 

These .~ values are substituted in Eq. (12) which should reproduce 
the measured ,  values. 

Furthermore, values for K23 and Ka4 can be calculated following 
Hof fmann  4 for instance K1,2" K2,3 = K1,3 yielding accordingly K23 = 53, 
Ka4 = 58 for the system isopropanol/n-hexane and K2a = 45, K34 = 58 
for the system isopropanol/n-heptane in molar fraction units, in good 
agreement with those calculated by infrared data. 

Fig. 4 shows our NMR spectra and the calculated , values. From 
this graph the preponderance o f  the tetramer conglomerate in the 
diluted concentration interval is evident as is known from Par t  I of this 
work 1. In  addition this finding also legitimates our way to calculate Eq. 
(2) where we considered only the tetrameric conglomerate as a starting 
assumption. 

We feel most grateful to Prof. Toh(~ and Dr. Henriquez for kindly taking the 
NMR spectra for us. 
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