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Temperature dependence of the free energy of sorption of
n-alkanes and energy contribution of their methylene groups

on columns with fullerene Cg,
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The partial moiar {ree energy, enthalpy, and entropy of sorption of C|—C,; n-alkanes
were calculated on the basis of the GC data obtained on the glass capillary column coated
with fullerene Cgq (Ful-60) as stationary phase. The thermodynamic parameters of n-alkane
sorption on a column with Ful-60 and a fused silica capillary column with polydimethylsiloxane
OV-1 were determined and compared. The enthalpy-entropy compensation effect for the
sorption of  #-alkanes on Ful-60 and OV-1 was found. A linear dependence of the
partial molar free energy of n-alkane sorption on the temperature of analysis and carbon
chain length was found. The free energy contributions of the methylene groups were
calculated, and their temperature dependences were studied. The differences in the tempera-
wre dependences of the energy contributions of methylene groups of n-alkanes on Ful-60
and OV-1 were revealed. The entropy contribution is 68—82% of the enthalpy contribution
which indicates a substantial role of the number of contacts with Ful-60 in retention of
n-alkanes. The ability of Ful-60 for dispersive interactions is similar to those of nonpolar
liquid phases and substanuially differs from that for carbon adsorbents. Fullerene columns
were shown to be convement for analysis of highly boiling organic substances in aqueous and
organic solutions.
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Fullerene is a promising stationary phase in chroma-
tography due to the spherical form of the fullerene Cg
molecule, its thermal stability, and ability for donor-
acceptor interactions.!—3 We were first to use fullerene as
the stationarv phase in gas chromatography.%5 Aqueous
and organic solutions of aliphatic and aromatic hydrocar-
bons, cyclic amines, and alcohols were analyzed on glass
columns coated with fullerene Cgq (Ful-60). It was shown
that fullerene Cgg by its character of dispersion interaction
is closer to nonpolar liquid phases than to solid carbon
sorbents. The partial molar free cnergies of sorption of
the methylene unit of n-alkanes on a capillary column
with Ful-60 are the same as thosc on Apiezon L and
twofoid lower than on carbon sorbents.4

The abilities of fullerene Cgp and graphitized carbon
blacks for dispersive interactions under conditions of gas
adsorption chromatography differ substantially.$-7 Study
on columns packed with Chromosorb 750 covered with
a fullerene layer showed that fullerene differs in adsorp-
tion properties from graphitized carbon black. In par-
ticular, n-alkanes are retained less on fullerene than on
Carbopack C HT.87

The fact that fullerene is not widely used as the
stationary phase is associated with difficulties of obtain-

ing uniform sorbent lavers in a capillary and uniformly
covered supports in packed columns.#=7 This is due to a
low solubility of fullerenc in the major organic solvents.®
Fullerene Cgq is of interest for chromatography as a
stationary phase that differs in its properties from trad:-
tional adsorbents and liquid stationary phases.

In this work, we studied the thermodynamic param-
eters of sorption of s#-alkanes on capillary columns with
Ful-60. The specific features of sorption of n-alkanes on
columns with Ful-60 and with the stationary nonpolar
polvdimethyisiloxane liquid phase were compared.

Experimental

Fullerene Cgy (purity 99.9%) was isolated from a Cyq—Coy
mixture by vacuum fractional sublimation. The purity of
fullerene was monitored by UV spectroscopy. A glass capillary
column coated with fullerene Cgp (40 m = 0.30 mm) was
prepared by the high-pressure static method.® Fullerene was
supported from the specially selected mixture of solvenis
(n-pentane —n-hexane—n-heptane—toluene). The thickness of
the stationary phase layer (dp) was 0.1 pm. A fused silica
capillary cotumn coated with OV-1 (25 m x 0.32 mm, df =
0.1 um) (Nordion Instruments, Finland) was used as the

Translated from [gvestiva Akademii Nauk. Seriva Khimicheskaya. No. 8. pp. 1490—14935, August, 1999,
1066-3283/99/4808-1472 $22.00 © 1999 Kiuwer Academic/Plenum Publishers



Sorption of n-alkanes on columns with fullerene Cyy

Russ.Chem. Bull., Vol. 48, No. 8, August, 1999 1473

Table 1. Capacity factors (k") for n-alkanes at different temperatures of the column with Ful-60

n-Alkane 90 °C 100 °C 110 °C 120 °C 130 °C 140 °C 150 °C 160 °C 170 °C 180 °C 190 °C 200 °C
Cyi 012 007 0043 003 - - - — - - -
C 025 015 009 006  0.04 - - - — - - -
C 055 031 017 011 007 004 003 - ~ - - -
Chs 118 063 034 021 013 008 005 004 - ~ - —
Cis 253 129 067 039 023 014 009 006 004  0.03 - -
Cre 541 263 130 074 043 025 016 010 007 005 003 -
C — 518 246 136 076 044 028 017 041 007 005  0.03
Cis - - 491 262 141 079 048 029 018 012 008 005
Cro - - - 488 254 138 082 047 029 049 012 008
Cyo - ~ - - ~ - — - 030 019 012
Cy - - — - - - — - 047 029 0.8
” — - - ~ - - - - - 045  0.27
Cy - - - - —~ — - - - - 0.4

reference column. n-Alkanes with the number of carbon atoms
from 11 to 23 were analyzed.

Gas chromatographic analysis was carried out on a
Micromat-412 chromatograph (Finland) with a flame-ioniza-
tion detector in the isothermic runs at temperatures of 90—
200 °C. The temperatures of the injector and detector were
225 and 250 °C, respectively. The splitting of carrier gas (H;)
flows in front of the column was | : 30. The inlet pressure was
4.7 atm for the column with fullerene and t.| atm for the
column with OV-1. Samples of an n-pentane solution of
n-atkanes C;—C,3 with a volume of 0.1—-0.2 pL were ana-
lyzed.

The "dead” time of the column was found from the time of
elution of the nonsorbed gas, methane. The capacity factors &~
(Tables 1 and 2) were used as retention parameters. The
partial molar free energies of sorption of n-alkanes analyzed
were calculated by the formula

AG = —-23RT log(k™P), 4]

where R = 8.3143 J mol™! deg™! is the universal gas con-
stant; T is the temperature of analysis, K; A" = (r — 1))/1 is
the capacity factor; t is the retention time of the substance; #g
is the hold-up time of methane in the column; and B is the
phase ratio calculated from the formulal®

B = (de — 2dp?/(4ddd. — dp)l.

where d. is the inner diameter of the column: and dr is the
thickness of the stationary phase layer. The standard deviation
of the AG values caiculated by formula (1} did not exceed
+0.050 kJ mol™".

The partial molar {ree energy of sorption per methylene
unit (AG(CH,)) was calculated by. the. formulal!-12

AG(CHy) = ~2.3RTI0R( et/ ). (2)

where 17,4 and 17, are the adjusted retention times of ho-
mologs of n-alkanes that differ by one CH, group.

The enthalpy (AH) and entropy (AS) components of the
partial molar free energy of sorption of n-alkanes for each
stationary phase were calculated by solution of the system
of equations (3) using AG values experimentally found at
different temperatures corsesponding to the region of the
logk —1/T linear function that was confirmed by computer
processing:

Table 2. Capacity factors (&) for n-alkanes at different tem-
peratures of the column with OV-1

n-Alkane 90°C 100°C 120°C 140°C 160°C 180°C 200°C

Ci 321 210 098 052 — -  —
Ch 638 404 177 093 — —  —
Crs 1257 7.7 346 1S — —  —
Cra 2472 1495 556 255 129 —  —
Cis 48.40 27.59 950 428 204 106  —
Cre — 5188 17.42 743 324 162  —
Cs ~ = 3078 1189 514 243 1129
Cis —  — 5338 1960 8.08 367 186
Co — = — 3233 1271 552 270
Co - - = — - 831 39
CZ‘ — - - - - - 5.6l
Cy - - - = =~ 80

AG, = AH ~ T|aS.

AG, = AH — TyAS. (3)

The function of logk’™ vs inverse temperature for n-alkanes
C)3—C\9 on Fui-60 is presented in Fig. 1.

Aqueous and benzene solutions of medicines (substances)
were analyzed by the known method?? on a capillary column
coated with Ful-60 at linear tempecature programming from
150 to 200 °C with a rate of 8 deg min™

Results and Discussion

Chromatographic retention is determined by the en-
ergy of intermolecular interactions of analyzed sub-
stances with the liquid stationary phase or adsorbent.
The partial molar free energy of sorption (AG) is a
quantitative characteristic of these interactions, which
are mainly dispersive for n-alkanes. The temperature
dependence of AG for n-alkanes C;|—C,; on Ful-60
and OV-1 can give additional information on the spe-
cific features of the behavior of hydrocarbons on these
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Table 3. Partial molar free energy of sorption of n-atkanes (—AG/kJ moi~1) at different temperatures of the column with

Ful-60
n-Alkane 90 °C 100 °C 110 °C 120 °C 130 °C 140 °C 1350 °C 160 °C 170 °C 180 °C 190 “C 200 °C
Cy 13.48 1231 1104 993 — - - - — - —
Ci, 1583 1456 1325 1210 11.03 - - — B - -
Ch 1896 1683 1545 1434 1315 1199 1104 — - - - -
Cu 2046 19.04 1763 16.48 1524 1404 1306 1185 — - - -
Cis 2275 2028 1976 1836 1729 1603 1494 1374 1269 115§ — -
Cis 25.04 2349 2189 2064 1931 1800 1688 1559 1446 1340 1197 -
o — 2560 2391 2260 2126 1992 874 1743 1630  I5.46 1385 12.60
Cis - — 2612 2475 2331 2090 2067 1930 18.06 1689 1559  14.3]
Cio - — — 2678 23526 2382 2254 2012 1982 1861 1730 16.03
Cao _ _ _ _ - _ - — 2035 1900 17.64
o - ~ - - - - - — 2207 2069 19.33
» - — - - - - - = — 2235 2093
Cas - - - - - - - - - - 2254

_.20 PR W AL L ——l 1 - 1 —
20022 23 2423 16 27 2.8
T 107 3/K!

Fig. 1. Dependences of logk” on 77! for n-alkanes C3;—Cyy
on a capillary column with Ful-60.

phases. The partial molar free energy of sorption of
n-alkanes C,—C;3 in the studied temperature range
depends linearly on the temperature of analysis for both
phases. As the temperature of the column increases, the
partial molar free energy of sorption of n-alkanes de-
creases (Tables 3 and 4). The AG values for n-alkanes on
Ful-60 are lower than those on OV-1. which indicates a
lower energy of the dispersive interaction of n-alkanes
with Ful-60. At 120 °C the difference in the values of
the partial molar free energy of sorption of n-alkanes on
columns with OV-1 and Ful-60 is —10.5 kJ mol™'. It
increases as the temperature of the column increases
and reaches ~13.5 kJ mol™! already at 180 °C.

The partial molar free energy of sorption increases
with increasing mass of n-alkane; linear dependences of
the AG values on the number of carbon atoms of the
n-alkanes are observed for Ful-60 and OV-1 (Fig. 2).

An increase in the temperature of the column results
in a decrease in the energy contributions of methylene

Table 4. Partial molar free energy of sorption of n-alkanes
(—AG/X) mol™!) at different temperatures of the column with
OoVv-|

n-Alkane 90 °C 100°C 120°C 140 °C 160°C 180 °C 200 °C

Cy 2367 2300 2175 2067 — -  —
Cis 25.74 2503 2368 22.67 - — —
Ch 2778 2703 2357 2434 —  — -
Ciy 2082 2901 27.44 26,14 2491 —  —
Cis 31.84 3098 2930 2791 2660 25.37 —
Cie — 3294 5h14 29.66 2826 2695 -
Cy, — - 3300 31.42 2992 2849 27.24
Cis — — 34.80 33,13 3155 3004 28.70
Ciy —_ — — 34.85 33.18 31.57 30.16
» - — 3313160
Coy - - - = =~ 3303
3 - - - - -~ 3588
~AG/KS mol™!
Rt ~
8 F / > )
b - o
24[’ / /c V/'L‘ 4 5
F e x
o1 . /c/z?/
b / _
8 . ) 1 S 1 L L i
10 12 14 16 18 20 22 n

Fig. 2. Change in the partial molar free energy of sorption
{—~a() with increasing chain length of n-alkane (n) at 100
(1. 2. 120 (). 180 (9. and 200 >C (5) on capillary columns
with OV-1 (/) and.Fui-6D (2—25).

units of n-alkanes on capillary columns with Ful-60 and
OV-1 (Tables 5 and 6). Comparison of sorption on
Ful-60 and OV-1 shows that on fullerene n-alkanes are
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Table 5. Contributions of the methylene unit (—3GCH>)/kJ mol™') to the partial molar free energy of sorption

at different temperatures of a column with Ful-60

of n-afkanes

Number of 90 “C 100 °C 110 "C 120 *C 130 *C 40 "C 150 °C 160 “C 170 *C 80 *C 90 ~C 200 =C
methylene
umit
i2 2.33 2.25 224 247 — - — - - - — —
13 233 227 220 214 202 - - - - - — -
14 2.30 223 218 214 2.09 205 2.02 - - — - —
I3 2.29 2.22 2.13 2.08 2.03 .99 1.88 .39 — — — —
16 2.29 2.2 213 2.08 202 1.97 1.94 b.86 1.82 1.82 - —
17 — 2.4 2.02 1.96 .95 1.92 1.86 1.83 181 1.76 | 88 —
18 -~ — — — — -- — 1.78 1.75 1.77 175
19 -- - — — — — - - 176 1.73 1.71 1.72
20 - — ~ — - - — — — 1.72 1.7 1.62
2 - — — — — — — — - £.72 I 69 1.68
22 —_ - - — ~ — — — - — 1.66 1.61
23 — — — - — - — — - — 1.60
Table 6. Contributions  of  the methylene unit Table 7. Enthalpics {8/ and entropices (AS) for homologs of

{=AG(CH,)/kJ mol™") to the partial molar free energy of
sorption of n-alkanes at different temperatures of a column
with OV-|

Number 90 <C 100<C i20°C 140 °C 160 °C 180 °C 200 -C
of

methylene

unit

12 207 2.03 193 2.00 - — —
13 205 200 189 1.67 - — —
14 2.04 1.98 1387 1.79 — — —
13 2.03 1.98 1.86 177 .67 -
16 - 1.96 185 1.76 .66 1.58 —
17 - - J86 176 166 1.54
IR — — .80 172 1.63 1.55 146
19 - - - 1.72 1.63 1.54  1.46
20 - - - — — 134 145
21 — — - — — — 143
22 — — — — — — 143
23 — — - — — — 142

adsorbed with lower energies, but the energy contribu-
tions of each methylene unit are higher than those for
sorption on OV- 1. The AGICH;) values depend lincarly
on the temperature of analysis. The correlation coeffi-
cients of the linear dependence (R) range from 0.98 10
0.99. and the standard deviation ranges from 0.01 to
0.002 kJ mol~!, which is within the error of determina-
tion. The temperature increments of methylene units of
n-alkanes depend on the number of the homolog and
differ for Ful-60 and OV-1.

tt 1s of interest to compare the energy contributions
ot individual methylene units for Ful-60 and Ap-L
calculated bv the published data ! For example. at the
temperature of analysis of 120 °C, the AG(CH,;) values
for the 12th and 13th methylene units on Ap-L are
~2.14 and -2.12 kJ mo!l™!, and they are —2.17 and
—2.14 kJ mol™!, respectively, on Ful-60. Probably. the
number of contacts of the sorbate with the sorbent has a

n-alkanes on capttlary columns with Ful-60 and OV-1

n-Atkane ~AH/K) mob™! -aS/kJ mol ! deg™!

Ful-60  OV-I Ful-60  OV-1
<y 56.75 45 41 0.119 0.066
C, 59 54 45 16 0121 0.062
Chy 62.15 5278 0.122 0069
o 6457 55.06 0122 0.070
C)s 6703 57.74 0.123 0072
Cio 7101 60 4% 0.128 0074
Cys 72,68 6130 0.127 0.072
Cie 75 96 6475 0.131 0076
Chy 79.00 6717 0133 0078
Cw 81.72 - 0113 -
Cyy 8413 - 0.137 -

considerably stronger etfect on the dispersive interaction
of higher n-alkanes with fullerene Cg,,. Thus, it follows
tfrom the results of our work and the data®=7 on chang-
ing the ability for dispersive interactions that the sor-
bents are related by the following correlation: nonpolar
liquid phases (OV-1, Ap-L, Squalane) > fullerene Cgq <
solid carbon supports.

We also estimated the contributions of the enthalpy
and entropy components to the partial molar free en-
ergy of sorption of r#-alkunes on columns with Ful-60
and OV-1. Since a linear dependence of logk” on /T
(sce Fig. 1) is observed on the column with Ful-60 and
on tradiional stationany phases for all #-atkancs, the Af/
and &8 values for each n-atkane should be unchanged in
the studied temperature range. The calculated values of
the enthalpy and entropy components are presented in
Table 7. Analysis of these data showed that the linear
dependences of Af and AS on the homolog number arc
fulfilled for both columns with Ful-60 (R = 0.99 and
0.98, respectively) and columns with OV-1 (R = 0.99
and 092, respectively). As can be seen in Table 7, on
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Fig. 3. Correlation between enthalpy (—AH) and entropy
(—AS) of sorption of n-alkanes on capillary columns with
Ful-60 (/) and OV-1 (2).

the cotumn with Ful-60, AH for n-alkanes is higher than
on the column with OV-1. The difference in enthalpics

J

of n-alkanes on the two columns ranges from —9.29 to
—11.83 k) mol~!, although the resulting free energy of
sorption AG for Ful-60 is lower than for OV-1. This is
related to the difference of the entropy factors on the
columns compared. For example, the AS values for
sorption on fullerene are almost twofold higher than
those for sorption on polydimethyistioxane.

We also compared the contributions of the enthalpy
(AH) and entropy (7AS5) components to the partial molar
free energy of sorption of rn-alkanes on columns with
Ful-60 and OV-1. At 120 °C the entropy contributions
TAS for hydrocarbons C|{—Cg on the Ful-60 column
are 68--82% of AH, and those on OV-1 are only 46—
57%. Thus, for sorption of n-alkanes on fullerene, the
contribution of the entropy component 10 AG is much
higher than that for sorption on OV-1. Most likely, the
structural factors play a more substantial role in sorption
on columns with Ful-60, and the sorbate has a higher
degree of freedom as compared to that for sorption on
OV-1.

It is knownl415 that hydrocarbons under gas chro-
matographic conditions exhibit the phenomenon of en-
thalpy-entropy compensation and a linear dependence

w
-~
[ %

1

1
a
2
15)
3
, 10
i
4 9
156 7 l
| s
UALWJ
T e
1 411 | 1 L ‘1
0 4 8 12 t/min 0

Fig. 4. Chromatograms of compounds on a glass capilary column with Ful-60.
respectively; in pentane. temperature programming from 90 to 130 °C with a rate of

I
ﬂ\M«JL w‘luv

5 t/min 5 t/min
. 1. pentane; 2— 10, n-alkanes C; —Cjs.

a
S deg min~}; b /, benzene; 2—4, medicines

(substances) in benzene: Dinezin (10-(2-diethylaminoethyl}phenothiazine) (2), Dimedsol (B-dimethylaminoethyl ester of benzhydrol)
(3), amidopyrine (1-phenyl-2 3-dimethyl-4-dimethylaminopyrazolone-5) (4), temperature programming from {50 to 200 °C wifh
a rate of § deg min~!; ¢ medicines in water: Dinezin (/). Dimedrol (2}, and amidopyrine (3). temperature programming from 130

10 200 °C with a rate of § deg min~".
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between AH and AS is fulfilled. For chromatography of
n-alkanes on columns with Ful-60 and OV-i, we ob-
served linear dependences of the free energy of sorption
on the number of carbon atoms, enthalpy and entropy
on the number of carbon atoms, and a linear depen-
dence is observed between AF and AS (Fig. 3). The
linear correlation for fullerene is more strictly fulfilled
(R = 0.99) than that for polvdimethyisiloxane (R =
0.94).

Due to low capacity factors {see Table 1), capillary
columns with Ful-60 can be convenient for analysis of
high-boiling compounds. Aqueous and organic solvents
of various classes of organic compounds were analyzed
on capillary columns coated with Ful-60.45 The chro-
matograms of aqueous and benzene solutions of me-
dicinal substances (Dinezin, Dimedrol, and Amido-
pyrine) and n-alkanes are presented in Fig. 4. Only
8 min are needed for analysis of these substances un-
der conditions of temperature programming from 150
to 200 °C with a rate of 8 deg min™!, and n-alkanes
are eluted as sufficiently symmetrical peaks. For glass
capillary columns with Ful-60, no considerable changes
in retention parameters and selectivity were observed
over 12 months.

Thus, the study of thermodynamic parameters of
sorption of n-alkanes shows that fullerene Cgg is close in
ability for dispersive interactions to nonpolar liquid phases
and differs substantially from carbon sorbents. The ther-
modynamic sorption parameterss indicate that the reten-
tion of n-atkanes on Ful-60 is mainiy determined by the
entropy rather than the enthalpy factor. It can be as-
sumed that Cgy in its adsorption properties occupies an
intermediate position betwecn nonpolar liquid phases
and solid carbon sorbents.

The authors thank V. L. Karnatsevich for pure
samples of fullerene Cg.
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