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Gas-chromatographic method of evaluation of n-alkanoi ability 
for self-association in pure liquid 
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The values of the gas-chromatographic indicator reflecting the capacity of anatytes for 
self-association in pure liquids, 6Tb.p, were estimated for CI--C 9 and Cil n-alkanoB by 
capillaQ' gas chromatography on a nonpolar s ta t iona~ phase tinder isothermal conditions. 
The ST b o values of n-atkanols, found as the difference between the boiling points measured 
directly ,~nd those calculated from GC data, are correlated with thermodynamic characteris- 
tics of the formation of n-alkanol associates in pure liquids. Using n-alkanols as analytes with 
insignificant temperature increments of the retention indices, it was shown that the 6Tb. p 
values can be determined under conditions used in gas chromatography with temperature 
programming. In this way a single chromatographic run can be used to compare the 
capacities for self-association of analytes boiling over a wide temperature range. The C?--C 9 
n-alkanethiols, which are not associated in neat liquids, have negative 6rbpvalues.  An 
interpretation of this finding is proposed. 
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temperature increments, gas-chromatographic indicator of self-association of analytes in pure 
liquids. 

The  capac i ty  o f  n-a lkanols  for self-association and  the  
proper t ies  o f  associates  have long been attracting a t t en -  
t ion o f  researchers ,  l - s  Tile s t ructures  of associates and  
the degrees  o f  associat ion of  molecules  are de t e rmined  
using var ious  l abo r - cons um i ng  methods.  Previously, 6,7 
we proposed  a s imple  gas -chromatograph ic  (GC)  proce-  
dure for e v a l u a t i o n  of the capaci ty  of  heterocyclic n i t ro-  
g e n - c o n t a i n i n g  c o m p o u n d s  in pure  liquids for self-asso- 
ciat ion.  T h e  6Tb.p. value, def ined  as the difference be-  
tween the  bo i l i ng  point of  a pure  substance measured  
direct ly Fb.p. a n d  the  "gas-chromatographic  boiling point"  
Z GC c a l c u l a t e d  from the  boi l ing points of n -a lkanes  
an~  the  r e t e n t i o n  index of  the c o m p o u n d  under  s tudy on  
a n o n p o l a r  c o l u m n ,  wtks proposed as an indicator for s e r f  
associa t ion  o f  subs tances  in neat  liquids. The d T b p values  
were used to  es t imate  the capaci ty  for self-association o f  
pure l iquids  o f  unsubs t i tu ted  and  alkyl-substi tuted five- 
and s i x - m e m b e r e d  a romat ic  n i t rogen-conta in ing  c o m -  
pounds  wi th  o n e  to three N a toms  in the ring. 7 T h e r m o -  

dyna!n i ( :  p r i n c i p l e s  for the ca lcu la t ion  of the G C  indica-  
tor  67~p. was  g iven  and the  en tha ip ies  of selfLassociatlon 
of n i t r o g e n o u s  heterocycles  were found to correlate with  
6Tb.p. S ince  a l k a n - l - o l s  are the  best studied class of  
c o m p o u n d s  associa ted in pure  liquids, they, were chosen  
as the  objec ts  to  investigate tile variation of the  8 T o p  
value as a f i m c t i o n  of the a lcohol  molecular  weight and  
t h e r m o d y n a m i c  parameters  o f  association. 

The  purpose  of  this ~'tudy is to determine the ,STb. p 
values of  a l k a n - l - o l s  by capillary GLC and to compare  

them with 8Tt, p. of  a lkane- l - th io l s ,  incapable of self-asso- 
ciation. An attempt was made  to find correlations between 
the  G C  indicator of association, 6Tbv ., and thermcx.tynamic 
characteristics of alcohol self-associates in pure liquids and,  
finally, to use linear tempera ture  programmed gas ch roma-  
tography (TPGC) for est imating the capacity of  alcohols for 
self-association based on the  6Tb.p. values. 

Experimental 

Gas-chromatographic analysis of n-alkanols (CI--C 9. Clk) 
was performed on a Micmmat 412 chromatograph (Finland') 
using a filsed silica capilla~ column (25 m • 0.32 mm) with SE- 
a0 and a phase layer thickness d F = 1.0 ~m (Nordion Instr.). The 
flame ionization detector and the injector were kept at 200 ~ 
Analysis was earned out under isothermal conditions at tempera- 
tures of 48, 58.66, 100, 110, 120, and 130 ~ and tinder TPGC 
conditions at the initial temperature T o = 60 ~ All runs were 
programmed at rotes of 2, 4, 6, and 8 K min -I. The carrier gas 
(helium) pressure at the inlet of tile column was 0.7 arm; the 
carrier gas split ratio was 1:[00, a sample consisted of 0.5--1.0 p,L 

o f  vap0rs or: n-alkan0l and n-aikane m[xttird)~. Retention indices 
were calculated using C4--C 14 noalkanes and the "dead time" was 
determined based on the retention of methane, which was 
injected into the column simultaneously with the mixture of 
alcohols and hydrocarbons. The retention indices obtained under 
isothermal conditions were calculated using the Kovats formulaS: 
those dedved in TPGC conditions were found using the Van den 
Dool and Kratz formula. 9 The 8rb.p. values for n-alkanols and n- 
alkanethiols were calculated using equations reported in a previ- 
ous study. 6 
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Results and Discussion 

The retention indices of a lkan-l-ols  f o r  a nonpolar 
capillary, co lumn with SE-30 under TPGC conditions at 
chromatographic temperatures of 48--130 'C are listed 
in Table I. It can be seen that the retention indices of 
n-alkanols slightly depend on the temperature of the 
analysis. For instance, when the column temperature 
increases from 48 to 130 ~ the temperature increment 
of the retent ion index (61/673 for n-propyl, n-butyl.  
and n-pentyl alcohols is, on the average, 0.184 index 
units (iu) per degree. Therefore, the retention indices 
determined under  temperature programming conditions 
differ insignificantly from the isothermal vah,es and the 
6Tb.p. values can, apparently, be calculated from the 
data obtained under  TPGC conditions. 

The values for the GC indicator 8 Tb.~ and the "gas- 
chromatographic boiling points" 8T b p 6~ tbr the com- 
pounds studied were calculated (according to Refs. 6 
and 7) using the equations 

,3T,.~. = T~ p.tX)-  "/'~,.~ GCIx). ~l) 

T~,.p.GC(x) = Tb.p.~,C ) ~- 

T~ ~, (C,_~) - rt,.,(C,,) 

100 
[ l (X) -  I00n]. (2) 

where Tbp(X), Tbp(C.),  and Tt, p(Cn~l) are the boiling 
points of ttic compound under anaJysis and the n-aIkanes 
used to calculate its retention index /(X), respectively. 

Aliphatic a lcohols  are known to exist in the liquid 
state as l inear  associates, whose units are linked by 
H-bonds. 3.10,It The number of units in the associates in 
liquid MeOH can vaD' from 6 to 20; each molecule is 
involved in the formation of two H-bonds at room tem- 
perature. 3 The energy of formation of the associates esti- 
mated by difl'erent methe, ds is 17--26 kJ mol-I. 1,3,11,13 

It is the additional consumption of energy needed to 
destroy the alcohol associates that accotmts for the higher 
boiling points of these compounds. Dt, riug GC analysis 

of n-alkanols, associates are destroyed in the injector of 
the chromatograph and monomer ic  molecules are evapo- 
rated from the liquid. Under condit ions of infinite dilu- 
tion in a chromatographic co lumn ,  monomeric mol- 
ecules are sorbed by the stationary phase. If the sorbent is 
a noupolar phase, the sorbate--sorbent intermolecular 
interaction are mainly of the dispersion force type: the 
contribution of the induction component  is less than 
10% even lbr polar sorbates. T h e  energy consumed for 
evaporation of a self-associated substance from the pure 
liquid (AG~) is given by Eq. (3), while the energy evolved 
during GC sorption (AG O can b e  found from Eq. (4)1'1: 

~G = a ~ + a G  , (3) 

AG s = Ag~m + AG E . (4) 

The partial molar free energy of vaporization of 
molecules from a pure liquid (AGv) comprises the en- 
ergy of destruction of one mole of  associates (~Gass) and 
the energy of vaporization of" monomeric molecules 
(~Gvm). The ~G~ value is larger than the partial molar 
free energy of sorption (AG s) associated with the transfer 
of one mole of a monomeric sorbate from the vapor 
phase into a nonpolar liquid phase (• and its 
interaction with the liquid phase C~.GE) during chro- 
matographic analysis. The term AG E is the excess molar 
eneNy of mixing of a substance with the stationa~" 
phase. The AG s value, in turn, is related to the partition 
coefficient K for the sorbate, which  governs the sorbate 
distribution between the liquid and  the stationary phase 
and depends on the vapor pressure p0 above the sorbate 
pure liquid, 14,15 

RTp 
K = p0.: ~ M " 

where M is the molecular weight of the stationary phase; 
p is the density of the stationary liquid phase at the 
column temperature T; ;e ~ is the  activity coefficient of 
the sorbate at infinite dilution; R is the gas constant. We 

Table 1. Retention indices of atkan-t-ots on a capillary, column with SE-30, obtained under isothermal conditions (./) and with 
linear temperature programming (/pr) 

Alkan-l-ols //iu at T/~ /pr/iU 
i . . . . . . .  - 

48 58 66 100 110 120 I30 

Methanol  400.0 400.0 400.0 400.0 
Ethanol 463.6 459.2 457.4 444.7 
Propanol 556.5 553.5 551.4 544.6 542.3 540.5 541.5 540.2 
Butanol 661.9 659.2 657.3 650.0 648.9 647.7 647.6 647.1 
Pentanol 766.0 763.4 761.5 754.6 753.5 752.7 752.2 751.9 
Hexanol 857.4 856.6 856.0 855.3 856.8 
Heptanol 959.5 959.0 958 2 957.7 959.5 
Octanol 1060.9 1060.5 1059.9 1059.7 1061.7 
Nonanol 1161.9 1161.3 1163.3 
U ndecanol 1363.0 1363.3 1364.6 

Note. Ipr was de te rm ined  at T o = 60 ~ and a temperature p rog ramming  rate o f  4 K rain-J;  iu are re ten t i on  index units. 
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Table 2. Boiling points (Tbp.I, Is calculated "gas-chromatographic boiling points" (Tb.p.cC/~ tl). and GC indicators of self- 
association 1,5 Tb.,0./~ ) (I1) of alkan- I -ots on a capillary column with SE-30 

Alkan- 1 -ols Tbp Isothermal conditions. T'~ TPGC 

/~ C 48 58 66 98 107 I 17 126 conditions" 

1 I I  I I1 1 11 I t l  I 11 l I I  I [1 I I I  

Methanol 65.5 0 65.5 0 65.5 0 65.5 I) 65.5 
Ethanol 78.5 22.9 556 20.7 57.2 20 .7  57.8 16.1 62.4 
Propanol 97.4 54.6 42.8 53.0 43.7 53.0 44.4 50.7 46 .7  50.0 47.4 49.4 48.0 49.7 47.7 49.3 48.1 
Butanol 117.3 87.0 30.3 85.6 3t.1 856 31.7 83.5 33 .8  83.5 33.8 8 2 . ~  34.5 82.8 34.5 82.7 34.6 
Pentanol 137.3 116.5 20.8 115.2 21.5 115.2 22.1 113.3 24.0  113.0 24.3 112.8 24.5  II2.6 24.7 112.5 24.8 
Hexanol 158.0 t40.4 [7.6 140.2 17.8  140.0 18.0 1398 18.2 140.2 t7.8 
Heptanol 176.0 164.7 11.3 164.6 11.4  164.4 ll .6 164.3 11 .7  164.7 1t.3 
Octanol 194.5 187.4 7.1 187.3 7.2 187.2 7.3 187.1 7.4 187.6 6.9 
Nonanol 213.5 2084 5.I 208.3 5.2 208.7 4.8 
Undecanol 243.0 245.7 -2.3 245.7 -2.7 246.0-3.0 

*'/'0 = 60 oC. programming rate 4 K rain -I. 

suggested that the d i f ference  between ,.XG v and the sum 
of.6Gvm and AG E plays the crucial role in the variat ion 
of  ,SG s for tile c o m p o u n d s  under  study in gas c h r o m a -  
tography under  condi t ions  of  infinite dilution. The  dif- 
ference between kG,. and AG~ provides the possibility o f  
gaining informat ion on the capacity of  a sorbate for s e l f  
association in the pure liquid using gas chromatography.  
The Tbp Gc value o f  an a l k a n - l - o l  can be found by 
model ing its behavior  as that  of  a hypothetical  hydro-  
carbon with a f rac t ional  n u m b e r  of  C atoms,  equal  to 
I (X)/100.  Unl ike  hyd roca rbons ,  for which the bo i l ing  
t empera tu res  d e t e r m i n e d  by gas ch roma tog raphy  on  a 
nonpo la r  c o l u m n  v i r tua l ly  co inc ide  with the expe r i -  
menta l  values,  in the  case of  a lcohols ,  /'t,p. c;c is 
smal le r  than T b p .  

Table 2 presents the exper imenta l  Tbp values. 16 the  
T, c,c values, and the indicators of  sel i-associat ion in b.p. 
pure liquid 6Tbp for alkanols.  It can be seen from Tab le  
2 that the 8 T b .  value for a given n-alkanol,  like the  
retention index~ d e p e n d s  stiuhtlv on the tentperature o f  
G C  analysis. There fore ,  T P G C  condit ions are suitable 
for de terminat ion  o f  6Tb.p. for all homologs in one  
experiment .  The 6 T b _ values obtained with t empera tu re  
programming differ sl ightly from the corresponding val-  
ues found under  i so thermal  conditions.  In our exper i -  
ments  programmed with rates o f  2 .4 ,  6, and 8 K rain -~, 
we found that the 6T~ values of alcohols virtually do o.p 
not depend on the rate o f  programming.  Thus,  it can be 
conchtded that T P G C  condi t ions  can-be  used to es t i -  
mate the capacity for self-associat ion m the pure l iquid  
for any c o m p o u n d s  having s l n a H  temperature inc re -  
ments  of the re tent ion  index (8Ifi57). 

The 8Tbp value is specific for each homolog;  it 
decreases with an increase in the n-alkyl chain o f  the  
alcohol:  the capacity o f  n-alkanols for self-associat ion 
varies in a s imi lar  way. Me thano l  has the largest  
6rb .pvalue ,  65.5 ~ it  is no tewor thy  that this va lue  is 
close to the 6Tb.p. va lues  for highly se l f -assoc ia ted  
compounds  such as imidazo le  and 1,2,4-tr iazole.  7 As 
the n-alkyl chain becomes  longer, the proportion of  self-  

associated a lcohol  molecules in the pure liquid dimin-  
ishes. Thus for n-nonyl  alcohol,  6Tb. p is only 5 ~ and for 
n-undecyl alcohol,  it is - 3  ~ n-Undecyl  alcohol may form 
no associates m the pure liquid: in addition, the energy of 
its interaction with the nonpolar liquid phase might be 
greater than the energy of intermolecular interaction of  
identical molecules iq the pure liquid. Yet another  po.,zsible 
reason is inaccurate determination of  Tb.p. of  high-Ix-filing 
n-undecyl alcohol at atmospheric pressure. The  decrease 
in the 6Tb.p. value in the homologous series is consistent 
with the decrease in the association constants (Kas~) of 
these compounds  found by independent methods. For 
example, the association constant at 50 ~ has been 
reported I~ to decrease I l-fold or. in another  publica- 
tion, 13 4.8-fold on going from methanol to n-decyl alco- 
hol. Although the /(~s values do not coincide,  they still 
tend to decrease following an increase in tile length of  
the n-alkyl chain,  attesting to a decrease in the capacity 
of n-alkanols for self-association. The variation of the 
degree of association of alcohols as a fimction of the 
number of  C atoms, derived from dielectric permittivity 
measurements, lz is also correlated with the variation of 
6;'b~ , in the homologous series of  n-alkanols. 

It seems of  interest to compare  the resulting G C  
indicators of  association of  n-alkanols with the corre- 

Table 3, Experimental boiling points ~b.p. 15 calculated "gas- 
chromatoeraphic boiling points" T b p GC and GC indicators oi 
serf-association d 7b.p. for a[kane-l-thio[s 

Alkane- I -thiols Tb t,./~ Thp.~)c/~ * ,5 Tb.p/~ 

Ethanethiol 347 41.6 -6 .9  
Propanethiol 68.0 75.7 --7.7 
Butanethiol 98 !) 105.3 -7.3 
Pentanethiol 1260 133.0 --7.0 
Hexaneth iol 152.0 159.7 -7.7 
Heptanethiol 174.5 180.8 -6.3 
Octanethiol 198.5 202.4 -3 .9  
Nonanethiol 220.0 221.9 - 1.9 

*The calculation was performed using the retention indices 
presented in a previous study.is 
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spondmg values for n-alkauethiols incapable of sell: 
association through the formation of H-bonds in a pure 
liquid. Table 3 shows the experimeatal boiling points 

for CI--C 9 n-mercaptans, the ..Th.p. Gc values calcu- 
lated from the retention indices on a nonpolar column, 
taken from a previous publication. Is and the 6Tbp values 
calculated in this study. The GC indicators of n-mercap- 
tans, unlike those of alcohols, are always negative and 
barely depend on the length of the n-alkyl chain at n _< 7. 
The negative ,5~..p. values for mercaptans can be ex- 
plained by assuming that the enemy of interaction of 
these compounds with the nonpolar phase is greater than 
the energy of intermolecular interactions in liquid mer- 
captans. The decrease in the absolute magnitudes of 
8Tbp in the case of n-octanethiol and n-nonanethiol 
indicates that under conditions of chromatographic analy- 
sis. the hydrocarbon chain determines the character of 
interactions of these molecules both with one another in 
the pure liquid and with the stationary phase. 

The results obtained here demonstrate that the ,5 T b p 
value is a sensitive indicator reflecting the capacity of" 
organic compounds for self-association. The advantage 
of the gas-chromatographic method proposed here over 
other physicochemical methods is the fact that intbrma- 
tion on the capacity of various compounds for self- 
association m pure liquids can be obtained over a period 
of several minutes. 
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