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Temperature changes of sorption parameters of di-n-alkylketones 
and methyleyclohexanones in capillary gas chromatography 
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The gas chromatographic behavior of di-n-alkylketones and isomeric methylcyclohexanones 
at variable temperatures in the isothermal runs has been studied using three capillary columns 
coated with SE-30, OV-225, and PEG-40M/KF stationary phases. The retention ind ices  and 
their temperature increments were determined, and the partial molar free energies  of  the 
compounds under study were calculated. A linear dependence of the va hms of 'he part ial molar 
free energy of sorption on the homologue number in di-n-alkylketones is not observed for 
the first member on the nonpotar SE-30 phase and for the third member on the  polar 
OV-225 and PEG-40M/KF phases. 
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Previously, 1 a reduced  sorp t ion  ability has been dem- 
onstrated by the  G L C  t e c h n i q u e  for the first and third 
members of  the  h o m o l o g o u s  series of  organic com- 
pounds where the g r o w i n g  n-alkyl radical is directly 
bonded to the carbonyl  group. The  assumption was 
made that in the case o f  the  first homologue  the weak- 
ening of  its in teract ion w i t h  the stationary phase is due 
to a weak van der Waa l s  interact ion of  the adjacently 
bonded methyl  and c a r b o n y l  groups. Previously, Lz a 
thermodynamic  es t imate  o f  the abnormal  G LC behavior 
o f  the first h o m o l o g u e  in the  series o f  m e t h y l -  
n-alkylketones,  bu ty l -n - a lky lke tones ,  phenyl-n-a lkyl -  
ketones, and methyl  es te rs  and chtoroanhydrides  of 
saturated acids has b e e n  made. The decrease in the 
energy of  sorption of  t h e  third homologue  is due likely 
to the capabili ty of  the Pr-subs t i tuent  to form conform- 
ers with plausible in t ra rno lecu la r  interactions o f  the 
terminal Me group with  t h e  e lec t ron pair o f  the carbonyl 
group. 3 

It was of  interest to  e lucidate  whether  the "propyl 
effect" exists in d i -n -a lky lke tones ,  to estimate the effect 
of  the polar phases, c a p a b l e  of  donor-acceptor  interac- 
tions, o,a the t h e r m o d y n a m i c  characteristics of  the  first 
and the third members  o f  the series and to compare  the 
thermodynamic  charac ter i s t ics  of  symmetr ic  ketones and 
those of  positional i s o m e r s  of  methylcyc lohexanone ,  for 
which the i n t r a m o l e c u l a r  interaction of  the carbonyl 
group and the Me subs t i tuen t  is impossible because of 
their characterist ic c o n f o r m a t i o n a l  features. 

The aim of the p r e s e n t  work is to de te rmine  the 
partial molar  free ene rg i e s  of  sorption and the retention 
indices of  al iphatic and  cycl ic  ketones, to elucidate  the 
intlt, ence of  the polar i ty  of  the stationary phase oll the 

sorpt ion characteristics of  t h e  homologues  o f  d i - n -  
alkylketones and methy l subs t i tu ted  cyc lohexanones ,  and 
to de termine  the temperature i n c r e m e n t s  o f  indices used 
as one  of  the criteria of i d e n t i f i c a t i o n  o f  the substances.  

E x p e r i m e n t a l  

The retention indices and the partial molar free encrgics of 
sorption for homologues in the series of di-n-atkylketones 
(R,n)2C=O (m = l--4), methylalk.ylketones R,,,C(O)Me (m = 
l--4),  and positional isomers o f  methylcyclohexanone were 
determined. GLC analysis was per formed on a Micromat-412 
(Finland) instrument with a flame ionization detector. Two  used 
silica capillary columns (25 rex0 .32  ram) coated with SE-30 (a 
film t.0 ~tm thick) and P E G - 4 0 M / K F  (a film 0.2 Izm thick) 
stationary phases and a glass capillary column (50 mx0.30 ram) 
coated with OV-225 (a film 0.2 ~rrt thick) stationary phase were 
used. The columns with P E G - 4 0 M / K F  and OV-225 were pre- 
pared following the known procedures. 4's Helium was used is 
the carrier gas, and isothermal analyses  were carried out  at 80, 
90, 100, and 110 *C. The inlet pressure was 0.7, 0.5, and 1.0 atm 
for columns with SE-30, PEG-4OIM/KF, and OV-225, respec- 
tively. The inlet split ratio of the f low was 1 : 100. The sample 
volume of a 0.2% acetone solution of the mixture of chromato- 
graphically pure isomers of methylcyclohexanone was 0.2 ~tL. 
Mixtures of di-n-alkylketones and methylalkylketones were pre- 
pared from equal volumes of p u r e  substances, and the vapors 
(0.1 i.tL) were injected into the c o h , m n .  

The reference n-atkanes C6--C~,  t were analyzed before and 
after the compounds investigated. The volumes of samples of 
0.2% pentane solutions of n-alkanes were 0.l ~tL. The hold-up 
time of the chromatographic sys tem was determined from the 
retention time of methane in jec ted  simultaneously with the 
compounds analyzed. The re tent ion  indices were calculated by 
the Kowtts formula 6 using the exper imenta l  values of corrected 
retention times as an average o v e r  5--7 tams. Standard devia- 
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Table 1. The retention indices of methylcyclohexanones, di-n-alkylketones, and methyl-n-alkylketones on  
capillary columns of different polarities at temperatures of analysis between 80 and 110 ~ 

Compound SE-30 OV-225 PEG-40M/KF 

80 90 100 110 80 90 I00 I10 80 90 100 I [0  

R-Cyclohexanone 
R = H 874 877 881 883 1235 1245 1255 1267  1278 1288 1297 1304 

CH3 (2) 929 932 935 937 1259 1268 1278 1289  1292 1302 I310 1317 
CH 3 (3) 931 934 937 939 1280 1290 1301 1312 13lO 1321 1330 1337 
CH 3 (4) 936 939 943 945 1288 1299 1309 1321 1320 1330 1339 1347 

R- -C(O) - -R  
R = CH3 477 478 481 484 762 761 759 755 809 806 802 798 

C2H 5 682 682 682 681 949 952 953 954 978 980 980 980 
C3H 7 859 859 859 860 1110 1114 1116 1 1 1 9  1123 1126 1128 1129 
C4H 9 1060 1060 1059 1059 1 3 1 1  1315 1319 1322  1316 1320 1324 1325 

CH3--C(O)--R 

R ---- CH 3 477 478 481 484 
C2H 5 582 583 585 587 
C3H 7 672 673 674 676 
C4H 9 774 774 775 777 

,Vote. Reproducibility of the values of I is :t:2 iu on polar columns. 

tions of the values of the retention indices did not exceed +2. 
The values of the partial molar free energies of sorption were 
calculated using the formula: 

AG -- -2 .3  R T  Iog(k'13), (1) 

where R = 8.3143 J tool - t  grad -I is the universal gas con- 
st,ant; T/K is the temperature  of analysis; k" = (t - tm)/t m is 
the capacity factor, t is the retention time of the substance, t m 
is the hold-up time of  the non-sorbed gas (methane); !3 = 
(d e - 2dO2/4df(dc - d r ) is the phase ratio, d c is the inner 
diameter of the column, df is the film thickness of the station- 
ary phase. The standard deviations of AG values calculated 
using formula (I)  did not  exceed 5:0.050 kJ tool -I.  

indices  was observed on t h e  OV-225  and  P E G - 4 0 M / K F  
phases.  It is apparently a s s o c i a t e d  with i nc rea s ing  the  
or ien ta t ive  interaction b e t w e e n  3- and  4 - m e t h y l c y c l o -  
h e x a n o n e s  compared  wi th  t h a t  of  the 2 - m e t h y l - s u b s t i -  
t u t ed  isomer.  However, in  c o n t r a s t  to h e t e r o c y e l e s  con -  
t a in ing  the  Me  s u b s t i t u e n t  in the  a - p o s i t i o n  to the 
h e t e r o a t o m ,  there  is no s h a r p  decrease  in the  r e t en t i on  
o f  the  2 - m e t h y l - s u b s t i t u t e d  c y c l o h e x a n o n e  as c o m p a r e d  
to o t h e r  i somers ,  i.e., the "cz-effect"  7 is absen t .  Th i s  can 
be  exp la ined  by the a b s e n c e  o f  the van  d e r  Waals 
i n t e rac t ion  between the , ~ C = O  group and  t he  subs t i tu -  
en t  in ~z-position because o f  the  cha i r  c o n f o r m a t i o n  of  

Results  and Discussion 

The  effect  of  t e m p e r a t u r e  o f  the  G C  analysis and  the  
polar i ty  of  the  s t a t i o n a r y  phase  on  the  sorpt ion cha rac -  
terist ics o f  ke tones  was  s tud ied  on  the three  capi l lary 
co lumns  at 80, 90, 100,  and  110 ~ The  subs tances  
u n d e r  s tudy were c h a r a c t e r i z e d  by the i r  values of  the  
capac i ty  factors  ( k ' ) ,  t h e  r e t e n t i o n  indices ( /) ,  t e m p e r a -  
ture  i n c r e m e n t s  o f  i n d i c e s  (10"  M / 5 7 ) ,  as well as by the  
values of  the  part ial  m o l a r  free energy o f  sorp t ion  (AG) 
at the  ind ica ted  t e m p e r a t u r e s  of  the analysis. As can be 
seen from Table  I a n d  2, the  values of  indices of  
m e t h y l c y c l o h e x a n o n e s  inc rease  with increasing t empe ra -  
ture and polar i ty  of  t h e  c o l u m n .  All posi t ional  isomers  
of  m e t h y l c y c l o h e x a n o n e  are well resolved only on the  
polar OV-225 and P E G - 4 0 M / K F  stationary phases. Their  
t e m p e r a t u r e  i n c r e m e n t s  of  the  re ten t ion  indices on  the  
polar  phases  are very la rge  for ketones  (see Table  2). 

T h e  r e t e n t i o n  i n d i c e s  o f  i somer ic  m e t h y l c y c l o -  
hexanones  increase  o n  all th ree  s ta t ionary phases  as the 
d is tance  be tween  the  m e t h y l  subs t i tuent  and the > C = O  
group increases.  T h e  m o s t  p r o n o u n c e d  increase  in the  

Table Z. Temperature inc remen t s  of the retention indices 
(10.8/ /673 of methyleyr di-n-alkylketones, and 
methyl-n-alkylketones on capi l la ry  columns of different po- 
larities 

Compound SE-30 OV-225 PEG-4OM/KF 

R-Cyclohexanone 

R = H 3.0 [1.0 9.0 
CH 3 (2) 3.0 10.0 8.0 
CH 3 (3) 3.0 I 1.0 9.0 
CH 3 (4) 3.0 10.0 9.0 

R--C(O)- -R 
R = CH 3 2.0 -2 .0  -4 .0  

C2H 5 - 2.0 1.0 
C3H 7 -- 3.0 2.0 
C4H 9 - 4.0 3.0 

CH3--C(O)- -R 

R = CH 3 2.0 
C2Hs 1.7 
C3H7 1.0 
C4H,~ 1.0 
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the cycle. This is also evidenced by the nearly equal 
temperature increments for all positional isomers of 

.methylcyclohexanone (see Table 2). The temperature 
increments of positional isomers of methylcyelohexanone 
on polar OV-225 and P E G - 4 0 M / K F  phases can be used 
as identification markers in analyzing their mixtures 
with aliphatic ketones. 

In the series of dialkylketones the character of a 
change in the retention indices with increasing tempera- 
ture of analysis is the same for symmetric and asymmet- 
ric ketones; in this case the temperature increments are 
small (with allowance for experimental error). The only 
exception is the first member  of the series, acetone, for 
which an insignificant increase in the index on SE-30 
column and a decrease in the index with increasing 
temperature on the polar phases are observed. The tem- 
perature increment is negative on the polar OV-225 and 
PEG-40M columns only  for acetone. 

A thermodynamic estimate of the gas chromato- 
graphic behavior of positional isomers of methylcyclo- 
hexanone and symmetric di-n-alkylketones was made 
using the values of the partial molar free energy of 
sorption (/~G") on the three stationary phases under 
study. The values of ~tG of the studied compounds 
calculated by formula ( I )  are presented in Table 3. The 
values of 8Gex p for methyl-n-alkylketones on a nonpolar 
column with SE-30 are also given therein for compari- 
son. As can be seen from Table 3, the AG values are 
little changed in the temperature interval studied and 
depend on the polarity of  the column. 

The experimental values of AGcx p for the homologues 
of di-n-alkylketones were compared with the calculated 
values of AGcalc obtained from a linear dependence AG = 
tim), where m is the homologue number (m = I--4). As 
can be seen from Fig. 1, departures from the linear 
dependence were observed on the nonpolar SE-30 phase 
for the first and third members of the homologous series 
(acetone and dipropylketone, respectively) in the case of 
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Fig. !. Dependence of the partial molar free energy of sorp- 
lion (AG") on the homologue number (m) on capillary columns 
of different polarities at 100 ~ a, column with SE-30; 
b, column with PEG-4OM/KF (I ,  di-n-alkylketones; 
2, methyl-n-alkylketones). 

methylketones (0.2-0.1 kJ tool -{) ,  and for the first 
member of the homologous series in the case of symmet -  
ric ketones (0.6 k.l tool-t). Smal l  deviations (0 .3 - -  
0.4 kJ tool - l )  were observed o n  the polar columns with 
OV-225 and PEG-40M/KF o n l y  for dipropylketone; in 
the series of symmetric ketones the first member of  the 
series obeys (within the limits of experimental errors) a 
linear dependence on the homologue  number (Table 4). 

The previously found I decrease in 
H"'O the retention of the first member  of 
I II H--C--O--Me the homologous  series of m e t h y l -  
I n-atkylketones, acetone, is likely asso- rt 

elated with a n  intramolecular van der 
(1) Waals interact ion (I). 

Therefore, and in the series of di-n-alkylketones, 
where the first member is a lso acetone, its departure 
from the linear dependence A G  = t im)  is observed on a 
column with SE-30. 

Table 3. Dependences of the partial molar free energies of sorption (-AG/kJ tool -t) on the temperature of analysis (80-- 
110 ~ for methylcyctohexanones, and symmetric and asymmetric alkytketones on capiilary columns of different polarities 

Compound SE-30 OV-225 PEG-40M/KF 
80 90 100 I10 80 90 100 II0 80 90 100 110 

Cyclic ketones 
Cyclohexanone 17.05 16.54 16.06 15.55 
2-Methylcyclohexanone 18.22 17.68 17. t7 16.63 
3-Methylcyclohexanone 18.26 t7.73 17.21 16.66 
4-Methytcyclohexanone 18.38 17_84 17.33 16.78 

Symmetric ke~ones 
Acetone 8. t 6 7 . 7 6  7.46 7.16 
Diethylketone 12.88 1242 11.99 11.51 
Dipropylketone 16.73 16.16 15.64 15.09 
Dibutylketone 21.00 20.32 19.68 19.03 

Methyl-n-atkylketones 
Acetone 8.16 7 .76  7 . 4 8  7.19 
Methylethylketone 10.57 10.14 9.7, 4 9.43 
Methylpropylketone 12.59 12.11 11.69 11.30 
Methylbutylketone 14.81 14.28 13.80 13.35 

20.45 19.86 19.19 18.68 20.24 19.70 19.11 t8.72 
20.92 20.31 19.60 19.07 20.51 19.96 19.35 18.95 
21.34 20.73 20.02 19.49 20.85 20.30 19.70 19.30 
21.50 20.88 20.17 19.64 2l.O3 20.48 19.88 19.48 

10.98 10.54 10.03 9.68 11.15 10.67 10.32 9.83 
14.79 14.25 13.64 13.20 14.45 13.97 13.5t 13.09 
17.98 t7.35 16.65 16.10 17.25 16.69 16.15 15.91 
21.92 21.18 20.36 19.70 20.96 20.30 19.66 19.13 
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Table 4. The differences 05(AG')/IO tool -I) between the experimental values of the partial molar free energies of 
sorption (zXGcxp, see Table 3) and those calculated from the linear dependence (AGealc), for di-n-alkylketones and 
methyl-.n-alkylketones on capillary columns of different polarities at temperatures of analyses 80 and 100 *C 

Compound m* SE-30 OV-225 PEG-40 

80 100 80, 100 80 100 80, 100 80 100 80, 100 

Symmetric ketones 
Acetone I 8.75 8.08 0.6 
Diethylketone 2 12.81 11.93 -0.1 
Dipropylketone 3 16 .87  15.77 0. I 
Dibutylketonc 4 2 0 . 9 3  19 .62  -0.1 

Methyl-n-alkylketones 
Acetone 1 8.42 7.73 0.3** 
Methylethylketone 2 10.54 9.74 0 
Methylpropylketone 3 12 .66  11.75 0.1 
Methylbutylketone 4 14 .78  13.77 0 

11.05 10.10 0.1 11.16 10.35 0 
14.70 [3.53 -01 14.43 13.46 0 
18.32 16.96 0.3 17_70 16.57 0.4 
21.96 20.40 0 20.97 19.68 0 

* m is the homologue number. ** At 100 ~ -6(AG) = 0.2 k.l tool -l. 

On the polar OV-225 and PEG-40M/KF phases, the 
intramolecular interaction (1) seemingly does not occur 
because of a feasible competing intermolecular interac- 
tion with the fragments of the stationary phase. 

o 1 
I1 ? H2 

O - -  C N ' "H - -C  H~'-'C - - M e  C.H 2 II 

/O"H--CH ~--C --Me 

N C . . . O = C - - M e  OH 2 
I I I CH 2 Me 

I 

(2) (.3 

for OV-225 for PEG-40M/KF 

This makes possible to indirectly estimate the order 
of magnitude of the interaction of the intramolecular 
fragment (1) and the stationary nonpolar phase, for 
instance, by the use o f  data obtained on a column with 
SE-30 at 100 ~ The  energy of such interaction is 
defined as the difference between the value of AGex ~ 
(-7.48 kJ mol - i )  and that of AGc~lc (-7.73 ld mo1-1) 
calculated for acetone from the linear dependence AG = 
t im) for the series of methylketones (m = 1-4): 

8(AG)MeC.~O~de = ,3Gcaic  - AGcx p = - 0 . 2 5  kJ m o t  - I .  

The change of the positive sign of the temperature 
increment of acetone on  the column with SE-30 to the 
negative one for co lumns  with OV-225 and PEG-40M, 
while the sign of the temperature increments of the rest 
of the homotogues o f  the series on these phases is 
positive, can serve as confirmation of the change of the 
van der Waa!s interact ion from type (I) to (2) and (3) 

(see Table 2). This fact shows the change in the charac- 
ter of the van der Waals in terac t ion  of the first homo- 
logue as compared to the o t he r  members of the series. 

Another picture was observed in the case of  the third 
member of the homologous series, dipropylketone. 
Whereas the difference be tween  AGc~ c and AG~x p is only 
-0 .14  kJ tool -I  on the po l a r  column with SE-30 at 
80 ~ the departure from the  linear dependence AG = 

Jim) on the polar OV-225 a n d  P E G - 4 0 M / K F  stationary 
phases amounts to -0.34 a n d  -0 .45  kJ tool - l ,  respec- 
tively (Table 4). The "propyl anomaly" expressed as a 
decrease in the energy of the interaction between the 
third member of the homologous series and the station- 
ary phase was first found 8,9 for homologous series of 
substances containing a r~-electron system in the mol- 
ecule. The authors of Refs. 8, 9 explained this phenom- 

enon b y  an intramolecular donor- 
acceptor  interaction of the propyl 

C H subst i tuent  with the n-elect ron sys- 
( ~ " "  3 

tern o f  the molecule. In our  case, 
/ cH2 it m i g h t  be the van der Waals in- 

F I - - C ~ C H 2  teract ion (49, which is energeti- 
(4) cally m o r e  favorable than interac- 

tions ( I )  and (2). 
It seems plausible that in  the case of formation of 

such a structure the molecule  becomes more compact,  
and the energy of its in te rac t ion  with the stationary 
phases decreases. Except t h e  methyl and propyl homo- 
logucs, good coincidence be t w e e n  the experimental  and 
the calculated values of t h e  partial molar free energies 
of sorption is observed for  the other members of the 
series. 

The results obtained sho,0v that studying the tempera- 
ture changes in the sorptiora parameters and their  ther- 
modynamic estimate a l lows one to reveal fine effects 
of the van der Waals in terac t ion  between n-aliphatic 
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and cyclic kctones with s ta t ionary phases of different 
polarity. 
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