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Abstract 

Excess molar volumes measured at 298.15 K using a vibrating-tube densimeter  are 
reported for ten binary mixtures formed by n-hexane with the hexanol isomers: 
3-methylpentan- 1-o!, 4-methylpentan-l-ol ,  2,2-dimethylbutan- I-oi, 2,3-dimethylbutan-l-ol,  
hexan-2-ol, hexan-3-ol, 2-methylpentan-3-ol,  3,3-dimethylbutan-2-ol, 2-methylpentan-2-ol 
and 2,3-dimentylbutan-2-ol. The results are compared with previous excess volumes for 
mixtures of n-hexane and the other hexanol isomers. 

I N T R O D U C T I O N  

The  l i te ra ture  conta ins  a n u m b e r  of  s tudies  on the  t h e r m o d y n a m i c  
p roper t i es  of  no rma l  a lkanols  in var ious  solvents.  H o w e v e r ,  sys temat ic  
s tudies  on b r a n c h e d  a lkanols  are less c o m m o n .  These  mixtures  offer an 
in teres t ing  oppor tun i ty  to o b s e r v e  the  re la t ionship  be tween  the  t h e r m o -  
dynamic  p roper t i e s  of  the mix tures  and the i somer  type (pr imary ,  
secondary ,  or  ter t iary) ,  as well as the  influence of  the  posi t ion o f  the  
hydroxyl  g roup  on the  a lkanol .  

In a recent  series of  papers ,  our  l abora to ry  has r epo r t ed  the mixing 
en tha lpy  values of mix tures  of  n - n o n a n e  with i somers  of  hexanol  [1] and  the  
excess vo lumes  of  i somers  of  hexano l  with several  •different c o m p o n e n t s ,  
such as to luene  [2] cyc lohexane  [3] a n d  benzene  [4]. The  purpose  of  this 
research  has been  to s t u d y  the  effect of  molecu la r  shape  o n  the 
t h e r m o d y n a m i c  magn i tudes  of  systems •consisting• of b i n a r y  mix tures  
consis t ing of  i somers  of  h e x a n o l  t oge the r  with a second  c o m p o n e n t ,  in this 
case a hyd roca rbon ,  n -hexane .  T h e  l i t e ra tu re  has d ivulged a cons iderab ie  
quant i ty  of  v p" values for mix tures  of n - h e x a n e  with several  different  
i somers  of  hexanol ,  namely ,  h e x a n - l , o l  ( H 1 ) [ 5 , 6 ] ,  2 -me thy lpen t an - l -o l  
(2M-P1)  [6,7],  . . . .  2 - e thy lbu tan - l -o l  (2E-B1)  [8], _,..-~ d~m~thvlbutanl....~.... - -ol 
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( 3 , 3 D M - B I )  [9], 4 -methy lpen tan '2 -o l  (4M-P2) [6], 3 'methy ipen tan-2-o l  
(3M-P2) [6] and 3-methylpentan-3-ol  (3M-P3) [6 ] .  

As a f u r t h e r  invest igat ion in this series, we  have measu red  the excess 
vo lumes  at 298.15 K for mixtures  of n -hexane  with the o the r  isomers  of 
h e x a n o l  not  previously considered,  namely,  the  pr imary isomers  3- 
me thy lpen t an - l -o l  (3M-P1),  4 -me thy lpen tan - l -o l  (4M-P1),  2,2-dimethyl-  
bu tan - l -o l  (2 ,2DM-B1),  and 2 ,3-d imethylbutan- l -o l  (2 ,3DM-B1) ,  the  
s e c o n d a r y  isomers  hexan-2-ol (H2),  hexan-3-ol  (H3) ,  2-methylpentan-3-ol  
(2M-P3),  a n d  3,3-dimethylbutan-2-ol  (3 ,3DM'B2) ,  and the ter t iary isomers  
2-methylpentan-2-o l  (2M-P2),  and 2 ,3-dimethylbutan-2-ol  (2 ,3DM-B2).  

EXPERIMENTAL 

V a l u e s  for t h e  physical proper t ies  o f  hexanol  isomers  have been  
pub l i shed  in several  previous  papers  [2-4].  T h e  n -hexane  (puriss 
p . a . > 9 9 . 5 ,  F l u k a )  employed  in this expe r imen t  was degassed with 
u l t r a sound  and  then  dried on a molecu la r  sieve (ref. 69828, Fluka) .  The  
values of the  physieaI proper t ies ,  namely ,  the densi ty and the refract ive 
index, de t e rmined  at 298.15 K were:  p = 654.78, 654.81 [6] and  654,84 [10] 
(kg m-3); a n d  n D =  1.3723, 1.37226 [10]. 

A n  A n t o n  Paar  model  D M A  60/602 v ibra t ing- tube  dens ime te r  was used 
to de t e rmine  the changes  in volume on mixing the liquid componen t s  unde r  
cons tan t  p ressure  and t empera tu re .  T e m p e r a t u r e  was regu la ted  at 
298.15 -4- 0.01 K and the dens imete r  was ca l ibra ted  at this t e m p e r a t u r e  using 
wate r  at a set t ing of p = 997.043 k g m  -3 and n - n o n a n e  at a set t ing of 
p = 713.855 kg m -3, as previously r epor t ed  by one  of the au thors  [11]. The  
binary mixtures  were  p repa red  by weight ;  the i m p r e c i s i o n  in the deter-  
m~nations of the mole  fraction of the hydroca rbon  was es t imated  at 
-4-5 × 10,  5 over  the ent i re  range of concent ra t ions .  Excess molar  volumes  
v E were  de t e rmined  indirectly f rom the densi ty  values; the imprecis ion in 
the v e calculat ions was es t imated  at less than  ±0.002 cm 3 mo1-1. 

RESULTS AND DISCUSSION 

Exper imen ta l  values  of tile molar  excess vo lumes  v ~ ob ta ined  by us for 
t h e  binary mixtures  of n -hexane  with ten  hexanol  isomers at 298.15 K are  
listed in T a b l e  1.  In all cases ,  xt deno tes  the mole  fract ion of the  
hydrocarbon .  These  resul;s a r e  also p lo t ted  in Figs. 1, 2 and 3 according to 
the type of i somer  namely,  pr imary,  secondary ,  or  ter t iary,  respectively,  for 
clarity of presenta t ion .  

Each  set of results  was fitted with a polynomial  equa t ion  of the form 

v E (cm3 mol -~) = x~x2 ~ A,[xi/(xl + kxz)]' (1) 
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T A B L E  1 

Exc¢ss  mola r  vo lumes  at 298.15 K for the mix tuers  xl n - h e x a n e  + x= i somer  o f  hexanol  and 
8 v  ,~ __ s [] OUXp 1 'O'=a I 

v ~ 8v B x I0 "~ v 'r' 8v B x I0 '~ v r" 8 u a X  103 
x ,  (cm a t o o l -  ' )  (cm "~ t o o l -  i )  x l (cm "~ m o l -  ' )  (cm 3 m o ] -  ~) x ,  (cm ~ m o i -  i )  (cm "~ m o l -  = ) 

x m n-hcxanc  + x~ 3 - m e l h y l p e n t a n - l - o l  

0.9382 0.021 - i  0.6545 - 0 . 1 2 8  --1 (!.2950 - 0 . 2 5 8  - 8  

0.9054 0.017 4 0.5819 - 0 . 1 6 8  --2 0.2682 - 0 . 2 4 5  - I 

0.8571 - 0 . 0 1 7  - 9  0.4999 - 0 . 2 0 3  2 (I.1782 - 0 , 1 9 2  8 

0.8163 - 0 . 0 2 5  8 0.4136 - 0 . 2 3 6  2 0.1080 - 0 . 1 4 0  - 4  

0.7139 - 0 . 0 9 5  - i 0.3403 -0 .2 5 1  1 0.0362 - 0 . 0 4 9  - 0  

x t n -hexan¢ + x 2 4 -me thy lpcn tan - l . o l  

0.9823 0.013 0 0.6360 0.021 14 0.2999 -0 .182  - 3  

0.9652 0.025 1 0.5967 (1.0 ! 0 27 0.2076 - 0.162 10 

(I.9240 0.043 - 2  0.5651 - 0 . 0 2 8  9 0.1218 -0 .117  1 

0.8617 0.051 - 1 1  0.5492 - 0 . 0 5 4  6 0.1123 - 0 . 1 0 7  2 

0.8177 0.055 - 9  0.5132 - 0 . 0 9 0  - 19 0.0459 - 0 . ( H 6  - 7  

0.7210 0.041 - 4  0.4245 - 0 . 1 4 0  - 1 3  - - - 

x l  n -hcxanv  + x 2 2 ,2 -d ime thy lbu tan - l -o l  

0.9752 0.081 - 0 0.6871 0.102 2 0.4069 0.079 - 0 

0.9563 0.096 0 0.6011 0.094 - 1 0.3337 0.069 - I 

0.9075 0.104 - 0  0.5913 0.093 - 1  0.2534 0.061 I 

0.8581 0.106 I 0.5026 0.090 3 0.1628 0.045 2 

0.7717 0.104 - 1 0.4403 0.081 - 2  0.0737 0.018 - 4  

x I n-hcxnnc  + x 2 2 , 3 - d i m c t h y l b u t a n . l - o l  

0.9371 0.033 - 0  0.6789 - 0 . 0 1  ! 5 0.3249 - 0 . 1 5 8  1 

0.8602 0.036 1 0.5718 - 0 . 0 5 2  - 4  0.2440 - 0 . 1 7 2  - 3  

0.7742 0.010 - 4  0.4936 -0 .091  - 1  0.1606 - 0 . 1 4 0  3 

0.7516 0.907 0 0 .431 |  - 0 . 1 1 7  2 0.0744 - 0 . 0 7 4  - 1  

x I n - h e x a n c  + x :  hcxan-2-o l  

0.9627 0.099 2 0.5093 

0.8903 0.127 - 3  0.4646 

0.8210 0.135 ! 0.417i 

0.7820 0.139 3 0.3923 

0.6576 0.136 - 1 0.3537 

0.5706 0.121 1 0.3136 

0.I01 

0.079 

0.061 

0.054 

0.041 

0.028 

0 

- 5  

- 4  

- 1  

2 

6 

0.2962 0.021 

0.2439 0.002 

0.1936 -0 .015  

0.1264 -0 .025  

0.0807 -o.o21 
0.0261 - 0 . 0 1 0  

5 

3 

- 2  

- 5  

- 2  

- 2  
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" ] ' A B L E  I 

( c o n t i n u e d )  

X 1 

i ~- O 

(cm "~ too! - ' ) 
St) t: X I(1 '~ 

(cm 3 mol- I) 

v 8v n X l() '~ v l: 8v n × I0  '~ 
.rj (cm.~ t o o l -  1) (cm3 tool- I) .rl (cm.a mol- ~) (cm.~ mol- l) 

.c I n - h c x n n e  + x ,  h c x a n - 3 - o l  

fS.t)433 O. 143 I 

0.9265 O. 152 - 2 

0.8699 O. 170 -0 

0.8841 0 . t 7 5  1 

0.7939 O. 179 I 

0.7618 0.1F,(I - I 0.2208 0. I 17 - I 

!1.5986 0.176 - I 0.1944 0. i(~ -2 

(1.4127 0.158 2 0.1090 0.075 I 

0.3173 0.140 - I 0.09i9 0.064 -0 

0.2619 O. 130 1 0.0401 0.033 2 

.v I n - h c x a n , '  + x 2 2 - m c t h y l p c n t a n - 3 - o l  

0.9618 0.145 3 

0.9058 0.189 -8 

0.8635 0.203 1 

0.8509 0.206 4 

0 .7815 0 .187 I 

0.fi915 0.153 1 

0 ,6690  O. 145 2 

0.6177 O. 124 2 0.2gg9 0.020 2 

0.5642 0.098 -2 0.2725 0.017 4 

0.5435 0.()89 -3 (1.2087 O.{X)5 2 

0.5198 0.084 I 0.1442 -O.(X}l I 

0.4688 0.063 - 2  0.0863 -O.(X)6 - 2  

0.4383 0.052 -3 0.04{12 -O.{X)I I 

0.3597 ().030 - 2  - - - 

.r I n - h c x a n e  + x-, 3 , 3 . d l m c t h y l h u t a n - o l  

0.9420 (I. 173 3 

().8996 O. 199 -6 

0.8515 0.215 3 

0.7873  0.203 2 

0.7379 0.186 -0 

0.6753 0.161 - 5  0.2258 0.018 - !  

0 .5837 0 .138 4 0 .1894 0.012 0 

0.4709 0.694 1 ().(1918 -O.(X)4 - 3  

().38f~'J t)A)58 - 7  0 . (H62  -(1.(X)3 -2 

0.2703 0.038 9 - - - 

.v i n - h e x n n c  + .v~ 2 - m c t h y l p c n l a n - 2 - o l  

0 .9269  0.281 5 

(1.8997 0.344 - I 

0 . 8 1 3 2  0,45t1 - -4  

(I.7140 (I.456 - -3  

0 .6637 0.421 I 

0 .6334 0 .395 5 

0.5514 0.31)I 8 ().2691 (1.035 I 

0.5116 0.237 -7 0.1764 O.(X)5 I 

0.4685 O.IHg -4 0.1461 -O.(XM -."4 

0.4199  0 .130 - 3  0 .0786  -O.(X)7 2 

0 .3875 O.! 13 I - - - 

0.3409 0.070 4 - - - 

x i n - h c x a n c  + X-, 2 . 3 - d i m c t h y l b u t a n - 2 - o l  

0.9833 O. 103 - 0  (l.659fi 

(1.9511i 11.185 0 0.7420 

0 .g l 75  0.211 0 0.5359 

().H2(|6 0.210 - I 0.4321 

O. 149 - ( }  0.35110 O.(X)8 3 

0.189 2 ().2781 - 0 . 0 1 4  1 

0 .082  - 4  0 .1~52  - 0 . 0 3 2  - 5  

O.03H 2 ().0736 -O.Olfi 3 
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Fig. 1. Representation of  experimental v =" values and those calculated using eqn. (1) along 
with the curves of  previous papers for the mixture x~ n-hexanc + x., pr imary isomers o f  
hexano]: . . . .  , hcxan- l -o!  [5]; . . . . . .  ,3 ,3-d imethy lbutan- ! -o l  [9]; - - - ,  2-methypentan- l -o l  
[7]; , 2-ethylbutan- l -o i ;  A ,  2,2-dimethylbutan- l -o l :  WI, 4-methy]pentan- l -o l ;  O, 
2,3-dimethylbutan- l -o l ;  I I ,  3-methylpentan- l -o] .  

Values of the coefficients Aa and the pa rame te r  k, and s tandard deviations 
by the least-squares method  with all points weighted equally, are given in 
Table 2. The curves (solid lines) corresponding to our exper iment  data in  
Figs. 1-3 were calculated f rom eqn. (1) with these values of Ai and k. The 
broken lines represent  the curves of v E derived from the l i terature for the 
other  isomers not included in Table 1. So, in this paper  a comparat ive  
analysis of the n-hexane  mixtures with the seventeen• hexanol isomers is 
shown . . . .  

As revealed by the figures, the v ~- curves for most  of the mix tures  were 
sigmoidal. However ,  the behaviour  of the pr imary alkanols i s  c lear ly 
distinguishable from that of the rest of the isomers. Thus,  in Fig. 1 the 
curves for the pr imary isomers general ly have values of r E > 0  at low 
alkanol concentrat ions and v '~ < 0  at higher concentrat ions,  and contraction 
effects tend to decrease w i t h  isomer type, al though there are exceptions. 
Rupture  of the hydrogen bonds at high values of xl reflected the positive v e 
values which provided a partial basis for the  order  followed in the figures. 
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Fig. 2. Representation of experimental u '~ values and those calculated using eqn. ( ] )  along 
with the curves of previous papers for the mixtures x, n - h e x a n e  + x =  secondary isomers of 
hexanol: • ' . . . .  ,3-methylpentan-2-ol [6]; ,4-methylpentan-2-ol [6]; O, hexan-3-oi; 
&,  3,3-dimethylbutan-2-ol; O, 2-methylpentan-3-oi; I-1, hexan-2-ol. 

As alkanol  concen t ra t ion  increased,  the  bol,ds rup tu red  more  easily, 
because  the re  was a smal ler  quant i ty  of hydroca rbon .  However ,  the  
interst i t ial  a ccommoda t ion  effects increased,  resul t ing in cont rac t ion  of the  
vo lume of the mixture.  2 ,2DM-B1,  whose  v a values  were  positive over  the 
en t i re  range  of concen t ra t ions ,  was the except ion  among  the  pr imary  
isomers.  C o n t r a c t i o n  effects decreased  i~l the secondary  and  ter t iary  
alkanols ,  suggest ing an increase  in the ruptv, re of  the  hydrogen  bonds  as the 
- O H  group  assumed a more  cent ra l  posi t ion in the molecule ,  coupled  with 
an opposing decrease  in the  effects of interst i t ial  a ccommoda t ion  be tween  
the  hydroca rbon  a n d  a lkanol  molecules .  In  o the r  words,  there  • was an 

i n c r e a s e  i n  t he  phys i ca l  effects of s t e r i e  h indrance  arising when  b ranched  
a lkanols  are  p resen t  in t h e  mixtures.  

C o n t r a s t i n g  the volumet r ic  b e h a v i o u r  of the  systems cons idered  he re  
( n - h e x a n e  + hexanol  i somers)  with tha t  of systems conta in ing  mixtures  of 

c y c l o h e x a n e  and hexanoi  isomers  [3], the following var ia t ion for the v e 
va lues  was found:  c y c l o h e x a n e > h e x a n e ;  this was a t t r ibu tab le  to the 
differing ex ten t  of the  in terac t ions  b e t w e e n  the a lkanol  isorners and 
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Fig. 3. R e p r e s e n t a t i o n  o f  e x p e r i m e n t a l  u E va lues  and  those  ca l cu la t ed  us ing  eqn .  (1) a l ong  
with the  cu rves  o f  p r e v i o u s  p a p e r s  for  the  m i x t u r e s  x, n - h e × a n e  + x ,  te r t ia ry  i somers  o f  
h e x a n o h  . . . . . .  , 3 - m e t h y l p e n t a n - 3 - o l  [6]; O,  2 ,3 -d ime thy lbu tan -2 -o l ;  O,  2 - m e t h y l p e n t a n - 2 -  
ol. 

T A B L E  2 

P a r a m e t e r s  o f  eqn .  ( I )  a n d  s t a n d a r d  dev i a t i on  s(v v') 

x~ n - h e x a n e  -I- x2 k Ao A,  A., A.~ A4 10 "~ 
x s(v 

3 - M e t h y l p e n t a n - l - o I  1.296 
4 - M e t h y l p e n t a n - ]  -ol 0.293 
2 , 2 , D i m e t h y l b u t a n - l - o l  8.113 
2 , 3 - D i m e t h y l b u t a n - l - o l  0.895 
Hexan -2 -o l  4.282 
Hexan -3 -o l  3.470 
2 - M e t h y l p e n t a n - 3 - o l  10.000 
3 , 3 - D i m e t h y l b u t a n - 2 - o l  3.751 
2 - M e t h y l p e n t a n - 2 - o l  0.596 
2 , 3 - D i m e t h y l b u t a n , 2 - o l  7.680 

- 1.372 - 1.562 14.067 - 2 3 . 0 3 3  12.860 
- 0 . 5 1 3  - 3 . 2 9 2  4.580 - - 

0.318 --0.377 7.317 -13 .331  12.494 
- 0 . 8 6 6  --3.944 21.181 - 3 0 . 2 6 9  14.789 
- 0 . 3 6 7  --6.055 --13.080 11.905 - 

0.840 --2.989 14.235 - 2 3 . 0 5 2  16.182 
--9.064 4.325 - 6 . 9 1 7  2.438 - 
- 7 . 5 2 4  2.778 - 3 . 3 2 4  5.822 - 
- 0 . 3 4 5  2.515 - 6 . 5 2 1  9.146 - 
- 0 . 3 4 2  6.014 - 7 . 0 0 7  9.793 - 

5 
1 

3 
3 
1 
3 
5 
4 
3 
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hydrocarbon type. The results obtained when other solvents,  such as 
b e n z e n e  and toluene,  were used do not appear to be comparable.  
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