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Equilibrium parameters of a liquid—vapor system and thermodynamic
characteristics of adsorption of cyclic and cage hydrocarbons in squalane
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The thermodynamic characteristics of adsorption of adamantane molecules and its alkyl
derivatives, as well as some mono- and bicyclic hydrocarbons C,yH,,, were studied by equilibri-
um gas liquid chromatography on a column packed with the stationary liquid phase squalane
under the conditions of infinitely low concentrations of the sorbate in the gas phase. The
influence of specific features of the molecular structure of sorbates on the regularities of their
retention on the column with squalane was shown. For the first time we obtained the limiting
activity coefficients and excess thermodynamic functions of mixing, which made it possible to
study in detail the thermodynamics of dissolution of cage molecules in the nonpolar liquid bulk.
The changes in the molar isobaric heat capacity of sorbates during adsorption were determined
by the chromatographic method. For reference compounds, these values agree well with the
results of direct calorimetric measurements of the change in the molar standard isobaric heat
capacity during vaporization.
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Modern gas chromatography (GC) is a universal method
for physicochemical investigation of various adsorption
processes. Potentialities of the GC method make it possi-
ble to obtain reliable thermodynamic information on the
parameters of the vapor—condensed phase equilibrium
during both adsorption on various interfaces (gas adsorp-
tion (GAC)! and gas liquid solid-phase chromatography
(GLSC)?) and formation of dilute solutions involving mol-
ecules of nonelectrolytes, mesogens, and ionic liquids (gas
liquid chromatography (GLC)).3—5 The theoretical inter-
pretation of thermodynamic values obtained by the GC
method has been actively pursued®; GC is used for studies
of the thermodynamics of phase equilibria and intermo-
lecular interactions in adsorption systems and in solu-
tions, as well as in analysis of nano- and supramolecular
systems.” The main data on the limiting activity coeffi-
cients and liquid—vapor partition constant in dilute so-
lutions of nonelectrolytes were obtained by the GLC
method8; GLC is widely used for the determination of the
saturation vapor pressure, boiling point, enthalpy of va-
porization, diffusion coefficients, and other physicochem-
ical characteristics.3

Most of published works on the application of GL for
studying the physicochemical properties of adamantane

and its derivatives deal with the determination of normal
boiling points?—14; the GC method was used to determine
the equilibrium values of the saturation vapor pressure!3-16
for molecules of unsubstituted adamantane and other that
sublimate easily compounds (cubane, naphthalene, cam-
phor, etc.). The thermodynamic parameters of the solid
state—vapor equilibrium for molecules of adamantane and
some its oxygen-containing derivatives were studied by
GC.1517 Available data on chromatographic retention of
adamantane and its derivatives mainly concern logarith-
mic retention indices of stationary liquid phases (SLP).18—25
Data on the thermodynamic characteristics of adsorption
(TCA) (adsorption equilibrium constants, heats and en-
tropy of adsorption, efc.) of adamantane derivatives under
the GLC conditions are scarce.26—29 They are important
for understanding of the mechanism of chromatographic
retention and for studying the character of intermolecular
sorbate—sorbent interactions. In addition, they can help
to establish a relationship between the retention parame-
ters and specific features of the molecular structure and
the physicochemical properties of sorbate molecules,
which are manifested during adsorption. It is difficult to
use conventional direct methods of investigation of the
liquid—vapor equilibrium parameters for adamantane and
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its derivatives, because these compounds sublimate easily
and, hence, they should be subjected to deep purification
in order to isolate particular compounds from a mixture of
isomers with similar properties.3?

The purpose of the present work is the experimental
determination and theoretical analysis of the TCA values
of molecules of adamantane and its alkyl derivatives, as
well as some other cyclic hydrocarbons C;,H, on columns
with the SLP squalane under the equilibrium GLC condi-
tions. It was of interest to use the experimental GC data
for the determination of equilibrium values of the satura-
tion vapor pressure, enthalpies of vaporization, limiting
activity coefficients, and excess thermodynamic functions
of mixing for the formation of infinitely diluted solutions
with squalane. It was also important to compare the ther-
modynamic data obtained by the GLC method with the
results of studies of the liquid—vapor equilibrium by alter-
native methods and in this way to estimate a possibility of
further application of GC for the determination of the
physicochemical properties of cage hydrocarbons and their
derivatives.

Experimental

Selected physicochemical characteristics of the studied com-
pounds are listed in Table 1. Individual hydrocarbons (according
to the GC-MS data, the content of the major component
was > 95%) and their mixtures were used for the study.

Chromatographic measurements were carried out under the
GC conditions on a Kristall-4000 chromatograph in the isother-
mal regime with a flame-ionization detector. A glass packed
column (2.0 m x 3 mm) was filled with the solid support Chrom-
aton N-AW with the particle size 0.125—0.160 mm, which con-
tained 15 wt.% SLP squalane (2,6,10,15,19,23-hexamethyltet-
racosane, C3)Hg,, Chemapol, Czechia). Helium served as a car-
rier gas (trade mark A, 99.995%). The flow rate of the carrier gas
was varied from 20 to 22 mL min~!. Samples of liquid (at normal
temperature) compounds were injected at least five times as va-
por—air mixtures of dilute solutions in n-pentane (benzene was
used to dissolve naphthalene). Methane served as a non-sorb-
able substance. The temperature of the column was changed
from 333.15 to 413.15 K with an increment of 5 K. The temper-
ature of the injector port is 20 K higher than that of the column.
The chromatogram of separation of the model mixture of some
studied hydrocarbons is shown in Fig. 1.

The adsorption equilibrium in a gas phase—SLP solution
system was characterized by the distribution constants K ; and
Henry’s constants Ky ; (bar) of desorption of sorbates from an
SLP solution to the gas phase, which were calculated using the
following expressions34:
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Fig. 1. Chromatogram of separation of a mixture of n-decane
and saturated carbocyclic hydrocarbons C;yH,, on the column
with the SLP squalane (7= 373.15 K).

where ¥, ;7 is the specific retention volume (cm? g=!); T, is the
temperature of the column (K); p, 7 is the density of the SLP at
the column temperature 7, (g cm™2); R is the universal gas
constant (0.08314 L bar mol~! K=!); M, is the molecular weight
of the SLP (g mol~1); p;* is the partial pressure of the sorbate in
the gas phase (bar); and x; is the mole fraction of the sorbate in
the SLP.

The values of specific retention volumes V, ;T were calculat-
ed by the formula34
(IR _tM)FPaTa . 7::ol '3(]7,'/173)2 -1 . Py~ Pw

Ve =
g T,-2p;/p)° -1 Pa

8!

3

where i and ty; are the retention times of the sorbate and non-
sorbable substance, respectively (min); p; is the pressure of the
carrier gas at the inlet to the column (atm); 7, is ambient tem-
perature (K); p,, is the water vapor pressure at temperature
T, (atm); F, T is the flow rate of the carrier gas measured with
afoam ﬂow meter at pressure p,and temperature T, (cm? min~!);
and g is the weight of the SLP in the column (g). The error of
experimental determination of V;, ;T did not exceed 2.5%.

For molecules of bicyclo[n.m.0]decanes, the values of Vg‘,-T
were calculated from the literature data with allowance for loga-
rithmic Kovac retention indices (/;7)35 using the known ex-

pression36
[T
T _
InV,; —[m—z]( “l an )+ln 4)
where Vg‘z and V, z+1 are the specific retention volumes

of the correspondmg n-alkanes between which studied sub-
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Table 1. Selected physicochemical characteristics of the studied compounds?

Compound M Ty T, T. P, w ap/A3 In(p,°/Pa) = Ay — B,/(T+C))
/MPa
K Expe- Calcula- A, B, (0}
riment  tion®
Adamantane (1) 136.2 5422 467.7¢ 690.7¢ 2.82¢ 96 16.53 16.50 21.216° 4015.6° —52.695¢

1-Methyladamantane (2) 150.3 3752 471.2¢  695.19 2.649 124 — 18.29  18.367¢ 2464.4¢ —119.240¢

2-Methyladamantane (3) 150.3 423.0 482.7° 698.67 2.549 126 — 18.41  21.394¢ 4208.4° —55.186¢

1,3-Dimethyladamantane (4) 164.3 2432 474.7¢ 70400 248 156 20.42 20.25 21.089¢ 4051.6¢ —49.859¢
476.5

cis-1,4-Dimethylad- 164.3 — 485.2¢  701.5¢  2.404 159 — 20.43  21.256° 4187.5¢ —53.761¢

amantane (5)

trans-1,4-Dimethyl- 164.3 — 486.2¢  702.99 2.40¢ 159 — 20.43  21.265¢ 4201.7¢ —53.685¢

adamantane (6)

1,2-Dimethyladamantane (7) 164.3 379.2  492.2¢ 711.6¢ 2.404 157 — 20.31  21.319¢ 4288.3¢ —53.036¢

1-Ethyladamantane (8) 164.3 2132 492.2¢ 716.64 2419 163 2032 20.68 21.390¢ 4356.1¢ —53.136¢
498.8/

2-Ethyladamantane (9) 164.3 249.2  502.2¢  710.49 2.339 167 — 20.93  21.704¢ 4494.4¢ —57.330¢

1,3,5-Trimethyl- 178.3 — 478.2¢  701.0/ 245 192 22.63 22.46 21.241¢ 4166.0¢ —53.492¢

adamantane (10) 483.3/

1,3,5,7-Tetramethyl- 192.3 339.2  482.2¢ 709.0¢ 2219 232 — 2491 18.050°¢ 2464.8¢ —114.472¢

adamantane (11)

1-Ethyl-3-methyl- 178.3 — 499.2¢ 72024 2284 200 — 22.95 21.253¢ 4338.0° —51.724¢

adamantane (12)

1-Ethyl-3,5-dimethyl- 192.3 — 509.9 73499 2224 241 — 25.46  20.560° 4016.1° —66.636¢

adamantane (13)

1-Ethyl-3,5,7-trimethyl- 206.4 — 512.2 737.54  2.104 286 — 28.22  20.466° 4016.0° —64.126¢

adamantane (14)

trans-Bicyclo[4.4.0]- 138.3 242.8 460.4 687.2  3.14 109 17.58 17.37 20.693%8 3611.98 —66.4248

decane (15)

cis-Bicyclo[4.4.0]- 138.3 230.0 468.9 702.4° 320 109 17.42 17.37 20.724%5 3671.88 —69.735%

decane (16)

trans-Bicyclo[7.1.0]- 138.3 — 466.6 687.67 3.494 115 — 17.74  21.555¢ 4016.1¢ —66.114¢

decane (17)

cis-Bicyclo[7.1.0]- 138.3 — 471.7 695.19  3.494 115 — 17.74  21.478° 4016.2¢ —68.368¢

decane (18)

cis-Bicyclo[6.2.0]- 138.3 — 468.0 689.67 3.49¢ 113 — 17.61  21.535¢ 4016.1¢ —66.775¢

decane (19)

Cyclodecane (20) 140.3 282.8 474.2 697.39 2999 125 18.16 18.35 20.753%8 3730.08 —71.2548

Tetralin (21) 132.2  237.4 480.7 720.0 3.65 89 17.00 — 18.3065 2450.05 —131.0008

Naphthalene (22) 128.2 3534 491.1 748.4  4.05 72 17.02 — 21.1008  4052.65 —67.8668

n-Decane (23) 142.3 270.5 447.3 617.7 2.11 165 19.24 — 20.9148  3464.08 —78.3198

4 T Ty, and T, are the melting, boiling, and critical temperatures, respectively.

b Calculated by the formula oy = 0.0613W + 10.688 (r = 0.99; s = 0.26).

¢ Calculation by the GLC data.®

4 Calculation by Lydersen s method.3!

¢ Calculation of p,° by the Lee—Kesler method.3!

/ Experimental data.13:32

& Data of Ref. 33.

stance / is eluted. The specific retention volumes of n-alkanes in p.7=0.8228 —6.014-10~*- (T, — 273.15), 5)

a wide temperature range were obtained in this work.

The following standard states of the sorbate were used in
determination of the thermodynamic retention characteristics:
Coas st = 1 Hmol cm~3, py = 1 bar (for the gas phase); and Ajig.st =
= | umol cm™3 (for the SLP). The density of the SLP squalane
at the column temperature 7, was calculated by the expression3’

where p; 293 is the SLP density at 293 K.

The differential standard molar Gibbs energies
(Ay,G °;, kI mol~), enthalpies (Ag,H°;, kJ mol~!), and entropy
(AspS°;, Tmol~! K=1) of adsorption in the SLP were deter-
mined by the dependences of In(py/Ky ;) on 1/T, taking
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into account the temperature dependences of Aspﬁ °;and Asp§ °;
(see Ref. 38)

_AspHi + AspCPJTav +

In(py/Kp i) = RT
. AgpSi = Ay Cpi(1+1InTy,) . ApCpilnT _
R R
=A,+ B,/T+CInT, (6)

where ASPC ®5,i = C°pitsorb) — C°pigas) 18 the change in the stan-
dard molar heat capacity of sorbate molecules on going from the
gas phase to the state diluted in the SLP (J mol~! K=1); T}, is the
middle of the studied temperature range (K); R is the universal
gas constant (8.314 J mol~! K—1); and py = 1 bar. Using analo-

gous three-parameter Eq. (6), we determined the values of pa-
rameters A;, Bj, and C; for the dependences of ln(ng,-T) and
In(K, ;) on 1/T (Table 2). The physical meaning of parameters
Ay, By, and C; calculated from the values of py /Ky ;, K ;, and
Vg,,-T is different. In particular, parameter B; was determined
taking into account that the dependence ln(ng,-T)_= f(1/T) con-
tains the value of Ay, U*;, which is related to Ay, H®; through the
relationship A, H°; = A,U°; + RT,,. The detailed theoretical
analysis of the relationship of the thermodynamic characteristics
of adsorption with the absolute retention values has earlier3?
been published.

The activity coefficients of the sorbate in an indefinitely di-
luted solution of the SLP (y;~) were calculated by the formula

Ky i=vpo, @)

Table 2. Parameters of the temperature dependences InX = A; + B,/T + C,InT for the experimental values Vg,,-T (em3g™), K. ;, and

Pst/ Ky ; measured in the temperature range from 333.15 to 413.15 K

Sorbate X —A, B, C s r2 Sorbate X —A, B, G s r2
1 Voil 54.606 7822.554 6.950  0.0011 0.999 13 VT 70.852  9681.521 9.067  0.0042 0.999
K. 50.171  7669.657 6.223  0.0011 0.999 K., 66.416 9528.624 8.340  0.0042 0.999
ps/Kpy; 52980 7822.554 5950  0.0011 0.999 ps/Ky; 69.225 9681.521 8.067  0.0042 0.999
2 Vail 56.492 8027.460 7.201  0.0009 0.999 14 Vail 65.247  9404.588 8.256  0.0019 0.999
i 52.057 7874.563 6.474  0.0009 0.999 K., 60.812 9251.691 7.530  0.0019 0.999
ps/Ky; 54.866  8027.460 6.201  0.0009 0.999 ps/Ky; 63.621 9404.588 7.256  0.0019 0.999
3 Voil 55.557 8345.562  6.973  0.0007 0.999 15 Vail 54.038 7801.695 6.841  0.0003 0.999
i 51.122  8192.665 6.246  0.0007 0.999 K., 49.602 7648.798 6.114  0.0003 0.999
po/Ky; 53931 8345.562 5973  0.0007 0.999 ps/Ky; 52412 7801.695 5.841  0.0003 0.999
4 Veil 52.060 7911.083 6.530  0.0005 0.999 16 V" 58.081 8166.611 7.404  0.0004 0.999
K., 47.624 7758.187 5.803  0.0005 0.999 K., 53.645 8013.715 6.677  0.0004 0.999
ps/Ky; 50434 7911.083  5.530  0.0005 0.999 ps/Ky; 56454 8166.611 6.404  0.0004 0.999
5 Vail 57.630 8449.447 7.287  0.0013 0.999 17 Vail 60.131 8281.959 7.682 0.0014 0.999
K. 53.194 8296.550 6.560  0.0013  0.999 " 55.696 8129.062 6.955 0.0014 0.999
po/Ky; 56.004 8449.447  6.287  0.0013 0.999 ps/Kp; 58.505 8281959 6.682  0.0014 0.999
6 Voil 63.740 8881.705 8.134  0.0033 0.999 18 Vail 59.567 8342.773 7.584  0.0003 0.999
K. 59.305 8728.808 7.407  0.0033 0.999 - 55.131 8189.876  6.857  0.0004 0.999
po/Ky; 62.114 8881705 7.134  0.0033 0.999 ps/Ky; 57.940 8342773 6.584  0.0003 0.999
7 Vail 56.367 8543.021 7.070  0.0008 0.999 19 " 62.804 8484.879 8.050  0.0003 0.999
K. 51.932  8390.125 6.343  0.0008 0.999 K., 58.368 8331.982 7.323  0.0003 0.999
ps/Kpy; 54741 8543.021  6.070  0.0008 0.999 pe/Ky; 61177 8484.879 7.050  0.0003 0.999
8 Vail 62.325 8991.458 7.903  0.0018 0.999 20 Vail 68.907 9148.036 8.829  0.0001 0.999
K. 57.889 8838.561 7.176  0.0018 0.999 K., 64.472 8995.140 8.102  0.0001 0.999
po/Ky; 60.699 8991.458 6.903  0.0018 0.999 ps/Ky; 67281 9148.036 7.829  0.0001 0.999
9 Vel 64.090 9259.088 8.108  0.0033 0.999 21 Vil 62.008 8645.063 7.890  0.0001 0.999
K., 59.655 9106.191 7.382  0.0033 0.999 K., 57.573 8492.166 7.163  0.0001 0.999
ps/Ky; 62464 9259.088  7.108  0.0033 0.999 ps/Ky; 60382 8645.063 6.890  0.0001 0.999
10 Vail 55.808 8242.501 7.035  0.0002 0.999 22 1T 56.124  8287.496 7.076  0.0001 0.999
i 51.373 8089.604 6.308  0.0002 0.999 K., 51.688 8134.599 6.349  0.0001 0.999
po/Ky; 54182 8242.501  6.035  0.0002 0.999 po/Kpy; 54497 8287496  6.076  0.0001 0.999
11 Vel 59.495 8565.052 7.532  0.0002 0.999 23 Vail 69.460 8680.041 8.966  0.0001 0.999
e 55.060 8412.155 6.805  0.0002 0.999 K., 65.025 8527.144 8.239  0.0001 0.999
ps/Ky; 57.867 8565.052  6.532  0.0002 0.999 ps/Ky; 67.834 8680.041 7.966 0.0001 0.999
12 Voil 64.720  9205.006 8.229  0.0024 0.999
K. 60.285 9052.109 7.502  0.0024 0.999
ps/Kpy;  63.094  9205.006 7.229  0.0024 0.999
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where p,° is the saturation vapor pressure of the sorbate at the
column temperature 7. When determining the values of y;~,
we used the symmetric reference system (y;— 1 at x; — 1 for
both the SLP (j = 1) and sorbate (j = 2)).

Using the temperature dependences of coefficients y;~, the
excess thermodynamic functions of mixing of the sorbates with
the SLP (G £, H £ un § £=) were calculated*

Iny = Inyy = + Inyg =
= H/E=/(RT) — S F~/R=G £=/(RT). ®)

The values of thermodynamic characteristics of adsorption
obtained in the present work are presented in Table 3.

(R,) of alkyladamantanes on squalane and the known val-
ues of T}, of some (liquid under normal conditions) alkyl-
adamantanes (1-ethyl-1,3-dimethyl-, 1-ethyl-1,3,5-tri-
methyl-, 1,2-diethyl-, 1-ethyl-2-propyl-, and 1-ethyl-3-
methyladamantane).® Using the equation’® T, =
=98.8logR, — 4, we calculated 7, for molecules of 1-ethyl-
3,5-dimethyl- and 1-ethyl-3,5,7-trimethyladamantanes
(see Table 1). The values of T, for alkyladamantanes re-
ported by various authors can differ noticeably for the
following reasons. First, the retention parameters (Kovac
indices, relative retention, corrected retention times, efc.)
are determined for the SLP different in composition and

The used values of topological Wiener indices (W) for
the studied compounds were calculated by the known pro-
cedure.42

structure. In spite of similarity of the properties of the
most part of nonpolar SLP used for these purposes, their
chemical structure exerts a significant effect on the values
of chromatographic retention parameters and, hence, on
the results of the corresponding calculations of 7j,. As an
example, we can present the values of 7, for a molecule of
unsubstituted adamantane calculated from the gas-chrom-
atographic parameters on various SLP.

Results and Discussion
The values of normal boiling points (7}) presented in

Table 1 were determined from the relative retention times

Table 3. Thermodynamic parameters of adsorption of studied adamantane, alkyladamantanes, bicyclo[n.m.0]alkanes and other hydro-
carbons CyH,, on the SLP squalane in the temperature range 333.15—413.15 K

Sorbate [Hydrocarbon K. py/Kyf It AGH P AGSE AGCe S Toom HE=€ SE=¢ y=a  peaf
stationary phase (7,,/K)]

1 [C59Hg, (373.15)] 1391.861 25.069 1089  46.58 98.05 4947 475.1 —-1.28 —0.15 0.674 5915
1 [C78H15838 (403.15)] 1278.481 57.233 1112 43.32 82.73 90.90 523.6 — — 0.295 5915
1 [Apiezon L (483.15)] — — 112623 34340 59940  _ 526 —  —  _ 5915
1 [C_Hj..1,]8 — — 112141 — — — — — — — 5915
2 1614.292 29.075 1110 47.50 99.28 51.56 4784 285 -—-346 0.607 5774
3 2493.201 44.905 1169  50.86 104.66 49.66 486.0 —2.62 —3.28 0.638 3493
4 1870.082 33.682 1130 48.62 101.05 4598 481.1 —-3.41 -5.05 0.612 5201
5 2666.829 48.032 1178 50.74 103.79 52.27 488.9 —-3.19 —4.34 0.604 3447
6 2833.616 51.036 1187 51.71 105.85 59.31 488.5 —4.04 —6.32 0.587 3338
7 3347.869 60.298 1209  52.20 105.80 50.47 4934 -3.71 -5.70 0.601 2761
8 3988.969 71.845 1233 53.34 107.39 57.39 496.7 —4.08 —6.40 0.583 2386
9 4733.851 85.261 1256  54.93 110.24  59.10 498.3 —-2.72 -—-3.88 0.666 1761
10 2124.019 38.256 1147  49.81 103.18 50.17 4827 —-3.45 —-598 0.677 3671
11 2394.849 43.133 1164  50.95 105.23 5430 484.2 —-7.96 —15.02 0.470 5022
12 4451.421 80.174 1248 54.10 108.57 60.10 498.3 —-5.50 —-9.49 0.534 2337
13 4982.235 89.735 1263 5547 111.31 67.07 4983 —592 —12.23 0.646 1725
14 5286.576 95.216 1271 55.68 111.34  60.33 500.1 —6.93 —14.31 0.601 1748
15 1205.989 21.721 1068  47.17 100.82 51.60 4679 —2.63 —-3.03 0.617 7493
16 1556.295 28.030 1105 48.90 103.34 59.04 4732 -2.65 —3.41 0.642 5556
17 1448.175 26.083 1095 48.13 101.85 55.56 472.6 1.28 5.27 0.802 4783
18 1674.450 30.158 1115 48.94 102.83 54.74 475.9 1.22 4.86 0.826 4016
19 1518.052 27.341 1101  48.67 102.93 58.61 472.8 0.94 436 0.803 4556
20 2028.321 36.532 1141 51.77 108.82  65.09 475.7 —4.32 -—-7.54 0.617 4437
21 2004.712 36.107 1139  50.50 105.52 57.28 4786 —1.58 —-2.23 0.787 3521
22 2232.384 40.207 1154  50.05 103.42 50.52 4839 —-2.13 —4.50 0.862 2886
23 749.274 13.495 1000  47.45 105.53 66.23 4496 —1.20 —1.10 0.775 9562
aAt T=373.15K. ¢InJ mol~! K-1. ¢InJ mol~l. & The data are given for the paraffin-
5 In kJ mol~1. 41n K. /1In Pa. ic stationary phase with an indefi-

nitely high molecular weight.
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SLP Squalane® DB-1!5 DB-510 SE-3013
T,/K 467.7 491 463.2 480.3

Second, there is no single universal equation relating
the values of T;, with the chromatographic parameters and,
therefore, the accuracy of calculation of 7}, depends on the
form of the used functional dependence Ty, = f(/, R;, fg)
and on the number of reference substances for which this
dependence was obtained. Finally, the choice of reference
substances based on the principle of structural similarity
and taking into account specific features of the studied
class of compounds exerts a considerable effect on the
accuracy of prediction of the values of 7,. For alkyl-
adamantanes with the nodal and bridging types of substi-
tution and for polysubstituted alkyladamantanes, it is not
always possible to construct particular correlation rows
because of an insufficient set of reliable experimental
data.!3 Figure 2 shows the plot of the values of Tj, of alkyl-
adamantanes vs values of their molecular polarizability
(oryp), which were calculated by the topological Wiener
indices (W). It is seen that the values of 7} and o, in the
series of alkyladamantanes correlate well only within nar-
row groups of structural analogs.

Of the set of values of T, for adamantane and alkyl-
adamantanes, available in the literature in the present work
we used the values of 7y, determined with allowance for
the retention values on squalane, since this SLP is most
similar in chemical composition and structure to the struc-
ture of the studied compounds® and these data were ob-
tained under the same conditions. In addition, the values
of T}, determined in Ref. 9 are consistent with the experi-
mental values of T, for other saturated cyclic hydrocar-
bons. For example, the value of 7, for an adamantane
molecule (467.7 K)? turned out to be intermediate be-
tween the corresponding values of 7, for isomeric mole-
cules of trans- (460.4 K) and cis-decalins (468.9 K),
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Fig. 2. Dependences of T, of alkyladamantanes on the mole-
cular polarizability (o) (compounds are enumerated in Table 1).

which were repeatedly determined by direct precision
methods.33:43 Assuming a direct relationship between the
retention values of the considered sorbates on the non-
polar SLP and their boiling points, one may expect that
unsubstituted adamantane is eluted between these decalin
isomers. The chromatogram of separation of a mixture of
hydrocarbons C;,H, (see Fig. 1) shows that adamantane
is eluted between isomeric molecules of trans/cis-decalins
and the peaks of adamantane and cis-decalin are less effi-
ciently separated than the pair trans-decalin/adamantane.
This also agrees well with the relative difference in boiling
points of the corresponding pairs of compounds. On all
nonpolar SLP (including the polymer SLP) this order of
elution is retained in the series frans-decalin—adaman-
tane—cis-decalin.?’-38-44 Therefore, reliable values of Tj,
for the adamantane molecule can be obtained only from
the data on retention on squalane.

The values of critical temperature (7,) and pressure
(P.) calculated from the values of 7}, which were de-
termined by GLC and calculated by additive-group
Lydersen’s method,3! are listed in Table 1. Experimental
data on the critical parameters of adamantane and its alkyl
derivatives are almost lacking from scientific literature,
whereas the published experimental values of critical para-
meters are internally inconsistent. We have earlier43 shown
that Lydersen’s method is applicable to the calculation of
critical parameters of alkyladamantanes.

Adamantane and its derivatives sublimate easily and
cannot exist in the liquid state under normal conditions.
For this reason vapor—liquid equilibrium parameters for
the majority of adamantane derivatives, including the most
important data on saturation vapor pressure (p;°) have
not been reported earlier. Although the numerical values
of saturation vapor pressure for the phase equilibrium
solid phase—vapor are known?0 in a wide temperature
range, they are inapplicable for the description of the
vapor—solution adsorption equilibrium in squalane.4’
Therefore, the determination of the values of saturation vapor
pressure for the vapor—liquid system in the alkyladaman-
tane series remains an important and urgent problem.

Equilibrium values of saturation vapor pressure of pure
liquids p,° were calculated by the expansion3!

Inp? =fO(T,) + of (T)). (&)

The functions fO(T,) and f()(T,) were determined
using the analytical expression3!

FO(T,) =5.92714 — 6.09648/T. — 1.28862In T, +
+0.169347T5, (10)

SI(T,) =15.2518 — 15.6875/T, — 13.4721InT, +
+0.43577T9, (11)

where T, = T/T. is the reduced temperature, and o is the
acentricity factor.
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The values of @ were calculated by the equation3!
o=D/E (12)
at
D=—InP,—5.92714 + 6.096486~" + 1.28862In6 — 0.1693476°,
E=15.2518 — 15.68750~! — 13.47211n6 + 0.435776°,

where P, is the critical pressure (atm), and 6 = T,/T, is
the reduced temperature at boiling point 7;,.

The values of p,° determined by Eq. (9) were approxi-
mated using the equation3!

In(p,°/Pa) =A4, + B,/(T+ C,), (13)

where T is temperature (K). The parameters of Eq. (13)
for the temperature range 333.15—413.15 K are presented
in Table 1.

The temperature plots of In(p,°) obtained experimen-
tally and calculated by the method described above are
shown in Fig. 3. It can be seen that the experimental and
theoretical values of p,° agree well in the whole tempera-
ture range considered and the relative error of calculation
does not exceed 13%. This correspondence is important
for alkyl-substituted adamantane derivatives for which the
experimental determination of p,° (liquid—vapor) was per-
formed only for molecules of 1,3-di- and 1,3,5-trimethyl-
adamantanes.32 The values of saturation vapor pressure
for the vapor—liquid system for adamantane and eleven
alkyladamantanes of various structure were calculated for
the first time, and good coincidence between the experi-
mental and calculated values of p?° for reference com-
pounds additionally indicates that the use of the values of
T, and critical constants (7, P.) is reliable. The found
values of p,° were used for the determination of the limit-
ing activity coefficients of alkyladamantanes in squalane.

From studies of the effects of specific structure of ada-
mantane and its alkyl derivatives on the parameters of
chromatographic retentiond—13.18.20-21.26 5 copclusion
can be drawn that the adamantane derivatives with nodal
and bridging substituents are retained in different manner.
The specific features of retention of the adamantane de-
rivatives under the GLC conditions are usually explained
by steric shielding of the functional groups by the bulky
adamantane radical. This explanation is quite justified if
retention of adamantyl-containing substances is compared
with that of representatives of other classes of organic
compounds.2’ At the same time, similar approach is often
inappropriate for a series of positional isomers of adaman-
tane derivatives, since in this case steric shielding of sub-
stituents is almost the same. However, these substances
differ in several features of the electronic structure, in par-
ticular, in the ability to "transfer an electronic effect
through the space.” 48. Only nodal carbon atoms of the
cage of molecules of adamantane and its derivatives and
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Fig. 3. Temperature plots of the experimental (points) and cal-
culated by the critical parameters (lines) saturation vapor pres-
sures of hydrocarbons C;yH,, (a) and alkyladamantanes (b) in
the temperature range 333.15—413.15 K (the compounds are
enumerated according to Table 1).

substituents at these atoms are involved in this non-va-
lence interaction. It was proposed that the appearance of
this interaction proves overlapping of the orbitals at the
nodal C atoms inside the adamantane cage.#® However,
the quantum chemical calculations showed that similar
mechanism of interaction of orbitals is improbable for the
adamantane system and, therefore, the concept based on
the hyperconjugation mechanism involving the C—C
bonds was proposed.3® Other explanations of the mecha-
nism of electronic effect transfer in adamantane structures
are also known.5! As a whole, we may conclude that for
the cage adamantane system the long-range intramolecu-
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lar interactions are more substantial than standard induc-
tive effect and this intramolecular interaction can exert a
noticeable effect on the chromatographic retention of the
adamantyl-containing compounds.

A comparison of the values of TCA for adamantane
and monomethyladamantane shows that the contribution
of the Me group in position 2 of the cage to the values of /;
(373.15 K), Ap,H®;, A,S°; and (80 induction units,
4.28 kJ mol~!, and 6.61 J mol~! K~!, respectively) is com-
parable to similar values for the Me group in the series of
n-alkanes. On the contrary, for the Me group in position 1
of the cage, the contributions to the values of 7, Aspﬁ ©is
and A, S °; are strongly underestimated (20 induction units,
0.92 kJ mol~!, and 1.23 J mol~! K~!, respectively). Simi-
lar pattern is observed in the series of other methylada-
mantanes with nodal Me groups. As a result, 2-methylad-
amantane is eluted from the column with squalane after
1,3,5,7-tetramethyladamantane, and the values of Aspﬁ %
and A, S°; for these compounds differ insignificantly. In
other words, the contribution to the TCA of one Me group
in the bridging position of the adamantane cage is compa-
rable with the contribution of four nodal Me groups. No
such regularity is observed for any other series of hydro-
carbons.

It is known that the Me groups in the nodal positions
of the adamantane cage are characterized by a lower value
of electron density in the '3C NMR spectra compared to
the bridging Me groups (chemical shifts 8 = 31.3 and 19.1,
respectively).¥? As a result, the ability of the nodal Me
groups to dispersion intermolecular interaction, whose
energy is directly determined by the value of electron po-
larizability, is lower than that for the bridging Me groups.
This feature is characteristic of the nodal Me groups and
also for the CH, and CH groups in the a-positions to the
adamantane core in 1-alkyladamantanes. Therefore, low
values of contributions of the nodal Me groups and of the
CH, group (for example, in 1-ethyladamantane (see
Table 3)) to the values of TCA are a consequence of the
lower electron density, which is due to specific features of
electronic and geometric structures of the bulky high-sym-
metry adamantane moiety. A similar pattern of changing
TCA with the number of Me groups is observed for 1-ethyl-
adamantane, whose nodal positions of the molecule were
consecutively substituted by Me groups. In this case, the
contribution of the nodal Me groups to the values of TCA
is still lower than the contribution of isostructural methyl-
adamantanes with the nodal Me groups (see Table 3). On
going from 1-methyladamantane to 1,3,5,7-tetramethyl-
adamantane, the value of /; increases by 54 induction units,
while in the series 1-ethyladamantane—1-ethyl-3,5,7-tri-
methyladamantane the value of [I; increases only by
38 induction units. It follows from this that long high-
performance capillary columns with nonpolar SLP are
needed for the separation of alkyladamantanes with nodal
Me groups.

The use of nonpolar SLP is due to the fact that with
an increase in chromatographic polarity in the series
squalane < OV-101 < SP-2250 < SP-2340 the selectivity
of sorbents during separation of alkyladamantanes with
nodal Me groups decreases sharply, whereas these com-
pounds cannot be separated on the polysiloxane columns
with grafted cyanopropyl groups.?? However, on going
to the hydroxyl-containing SLP (for instance, Carbo-
wax 20M), the order of elution of methyladamantanes is
inverted.23 As a result, 1,3,5,7-tetramethyladamantane
with high molecular weight and polarizability is eluted
from a mixture of alkyladamantanes earlier than unsubsti-
tuted adamantane. At the same time, the order of elution
of 2-methyladamantane remains unchanged relatively to
a molecule of unsubstituted adamantane. A lower adsorp-
tion potential of the nodal Me groups compared to the
bridging Me groups has been observed earlier> when study-
ing adsorption on the graphitized thermal carbon black by
gas adsorption chromatography. This confirms the con-
clusion about the influence of the electronic structure of
alkyladamantanes on their chromatographic retention.

The following order of elution from the column with
squalane is observed in the series of isomeric alkylada-
mantanes Ci,H,,: 1,3-dimethyl- < cis-1,4-dimethyl- <
< trans-1,4-dimethyl- < 1,2-dimethyl- < 1-ethyl- < 2-
ethyl-, which agrees well with the contributions of the
nodal and bridging Me groups to the TCA determin-
ed above.

The values of TCA of a molecule of unsubstituted ada-
mantane on squalane are well consistent with the data
obtained by other authors38:40:41 for hydrocarbon SLP with
high molecular weights. As follows from Table 3, as the
molecular weight of the SLP increases, the values of Kj; ;
and [; increase monotonically, the values of Asp§ ;2 de-
crease, and Ag,H ° remain nearly unchanged. The con-
stant character of Ag, H ° can be explained, most likely, by
the fact that the energies of intermolecular (in the case,
dispersion) interactions (Aspﬁ ;2 = const) are close to each
other and the differences in the values of K ;, K ;, and I;
are due to the influence of the entropy factor, which de-
pends on the sizes of SLP molecules.

The values of Aspé °y.i» the difference between the molar
heat capacities of the sorbate in the dissolved in the
SLP (C®, isorb)) and equilibrium gas (C°, ;) states,
are given in Table 3. The values of Ay,C°,; agree with
experimental A,,,C°, ; of pure liquids obtained by direct
calorimetric measurements, For instance, the values
of Avapé i for molecules of 1,3-dimethyl- and 1,3,5-tri-
methyladamantanes at 77 = 373.15 K (corresponding
to the middle of the temperature range chromato-
graphically studied in the present work) are —49.83 and
—53.32 J mol~! K~1,32 while our corresponding values of
AyC®, are 45.98 and 50.17 J mol~! K=!. Such a similari-
ty is observed for other studied hydrocarbons. It follows
from this that the GLC method is quite applicable for the
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Fig. 4. Correlation between the enthalpy (Aspﬁ"[/(RT) at
373.15 K) and entropy (A,S °;/R) contribution to the adsorption
constant of adamantane and alkyladamantanes (dark designa-
tions) and other cyclic hydrocarbons (light designations) on the
SLP squalane (dashed line corresponds to the equality of the
enthalpy and entropy contributions to the adsorption constant
Pst/ Ky ;> the compounds are enumerated according to Table 1).

determination of such important parameters as Avapé ®piv
whose direct measurements are still difficult. However, to
solve similar problems, it is important to select a suitable
temperature range and the SLP close in physicochemical
properties to the compounds studied. Squalane is optimal
for the determination of Avapé °y,i in the series of studied
adamantane derivatives and other saturated cyclic hydro-
carbons.

The enthalpy and entropy contributions to the differ-
ential standard molar Gibbs energy of adsorption of vari-
ous molecules in the SLP (Aspé"i = —RTIn(py/Kpy ;) at
the fixed temperature of the column T are compared in
Fig. 4. Itisseen that at the average value of T,,,; =373.15K
the adsorption of molecules of different structures on
squalane is determined by the enthalpy factor, which in-
dicates the high chemical affinity of sorbate molecules to
SLP molecules. The enthalpy contribution to the free en-
ergy of adsorption prevails in the whole range of studied
temperatures (333.15—413.15 K). The values of tem-
perature(7,,,/K) at which the enthalpy and entropy fac-
tors to the total adsorption energy are equal (in this case,
the corresponding value is Aspé"i = 0 kJ mol~!) are pre-
sented in Table 3. The value of T, was defined as the
temperature of enthalpy—entropy compensation33 and can
be calculated by the equation T, = Aspﬁ °,-/Asp§°,-. The
physical meaning of T, is that at this temperature the
chemical potentials of the sorbate molecules in the gas

phase and in the adsorbed state are equal. Since in the
boiling point the chemical potentials of the substance in
solution and in vapor are also equal, it was of interest to
compare the determined values of T, with the values of
normal boiling temperatures of the sorbates 7;. The de-
pendences of T, on T are shown in Fig. 5, and these
plots are almost linear for the series of compounds similar
in structure.

As follows from the data in Tables 1 and 3, the values
of T, in the series of the studied sorbates differ insignif-
icantly from the corresponding values of 7;. This indi-
cates that the processes of boiling of pure hydrocarbons
and their evaporation from solutions in squalane at
T.o1 = T.om are similar. At the same time, the overestimat-
ed values of T, relative to 7i, can be explained as fol-
lows. First, the values of Ty, refer to the standard atmo-
spheric pressure (pg; = 1 atm), while in the chromato-
graphic column the pressure is higher than atmospheric,
which evidently increases the temperature for the evapo-
ration of the sorbate from a solution in the SLP. Second,
the energy of the sorbate—sorbate intermolecular interac-
tions in the pure liquid sorbate usually differs from the
sorbate—SLP intermolecular interactions in an SLP solu-
tion. This also affects the energy of the transition of sor-
bate molecules to the equilibrium gas phase. Since in our
case T.om > Ty, the energy of the sorbate—sorbate inter-
molecular interaction is lower, most likely, than the ener-
gy of the sorbate—squalane interaction. Thus, we may
conclude that the values of 7, can serve as an additional
measure in estimating the character of intermolecular in-
teractions in the sorbate—sorbent system and can be used
in prediction of T}, for pure sorbates.

Tcom/K

495

485

475

465 480 495 510 T,/K

Fig. 5. Correlation between the normal boiling points (7;,) and
the temperatures of enthalpy—entropy compensation during ad-
sorption (7,,) in the series of studied alkyladamantanes (/) and
bicyclic hydrocarbons (2) on the SLP squalane.
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The values of limiting activity coefficients of the sor-
bates in an SLP solution y (see Table 3) suggest that
solutions of all studied hydrocarbons in squalane are char-
acterized by negative deviations from Raoult s law (y;° < 1).
This is well consistent with the assumption about the high
affinity of sorbate molecules to SLP molecules. An at-
tempt to find a relationship between the numerical values
of v and specific features of the molecular structure of
the sorbates (the number and position of substituents in
the molecule, the number of cycles in the molecule, etc.)
revealed that the values of v, in the series of structurally
similar compounds change arbitrarily. However, it turned
out that in molecules of strained carbocycles (17—19) and
molecules containing aromatic moieties (21, 22) the val-
ues of y;~ are the highest among the considered compounds.
According to Egs (2) and (7), the molecular weight of the
SLP directly affects the numerical values of y, which
is easily seen for an adamantane molecule on going from
the squalane phase (C;yHg,) to the hydrocarbon phase
C,gH s (see Table 3).

An analysis of the values of excessive enthalpy H B
and entropy S /£ of mixing of sorbate—SLP shows that
the observed strong negative deviations from ideality are
due to the enthalpy contribution to the chemical potential
of the sorbate in an infinitely diluted solution in squalane
(H ,-Ea"“ < 0). The only exception is presented by molecules
of strongly strained compounds 17—19, for which the main
influence on y;~ is made by S /£~ > 0. The negative values
of H /£ in the series of cyclic hydrocarbons studied indi-
cate that mixing of molecules of these compounds with
Squalane occurs with heat evolution (1.28—6.93 kJ mol~!).
It follows from the negative values of S £ that the ob-
tained real solutions carbocycle—squalane are more or-
dered than pure liquids due to the bulky structure of con-
formationally rigid molecules of the sorbates considered.
The enthalpy (H £~) and entropy (TS £ contributions
to the partial excess molar Gibbs energy (C_? ,-E’°°) in an
infinitely diluted solution in squalane for adamantane,
alkyladamantanes, and other cyclic hydrocarbons are com-
pared in Fig. 6. The points corresponding to compounds
17—19 are closer to the axis 7.S £, while the points be-
longing to other compounds are closer to the axis H B,
The dashed line corresponds to the equality of the contri-
butions of H £~ and TS £, i.e., to the state of the system
when y~ = 1.

Based on the experimental values of H £~ and Aspﬁ 2>
we determined the values of the enthalpies of vaporization
Avapﬁ °m.i» Which are related by the equation?

AvapHo i (GLC) = H E= — A H,. (14)

The values of A, H°;,, (GLC) refer to the average tem-
perature of the performed chromatographic experiment
(T = 373.15 K) at which the values of H £~; and AvapH®;
were determined. The obtained values of A, H°,, ;are pre-

vap
sented in Table 4.
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Fig. 6. Correlation between the enthalpy (H /=) and entropy
(TS /5= contributions to the partial excess molar Gibbs energy
G ;£~) of adamantane and alkyladamantanes (dark designations)
and other cyclic hydrocarbons (light designations) in an infini-
tely diluted solution in Squalane at 7= 373.15 K.

In the present work, we also used alternative methods
of estimation of the enthalpy of vaporization. In the first
method,3® the values of AyapH°y ;at T= Ty, were calculat-
ed by the correlation equation

AyapHo (Ty) = CM™™, (15)

where M is the molecular weight (g mol~!); C and m are
constants, whose values depend on the class of studied
compounds (in the case of cyclic hydrocarbons, C = 605
and m = 0.44). The values of A, H°, ;/cal g~ ! obtained by
this method are given in Table 4.

The calculation of A,,,H°;, ; by the second value is
based on the additive-group model of determination of the
property of a molecule by the sum of contributions of
particular fragments

k
Avaplicm,i(Tb) =15.30+ Z”js(Avap H:n,j)s (16)
J

where 8(A,,H°y, j) is the contribution of the jth structural
fragment to the value of A, H°,, ; (n; is the number of
similar structural fragments), and k is the number of types
of structural fragments in the molecule. The values of
8(AyapH® ) were taken from the literature.>” The values
of Ay, H°y, ; are also calculated at 7= T;, (see Table 4).

To recalculate A, ,H®, ; to one temperature, we used

the widely known method3® based on the equation
) ) 1-7,/7, "
Avapli m,i( T2) = Avapfl m,i( Tl)[ﬁ] 5 (17)

where T and 7, are temperatures (K), Ay, ,H°y, (T)) is
the known value of the enthalpy of vaporization at 7,
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Table 4. Enthalpies of vaporization (A,,Hy, ;/kJ mol~!) determined by different methods? for the studied compounds

Com- T,/ T, GLC expe- Calculation Experiment (literature data)
pound riment®

by formula (15) by formula (16) (T/K) 373.15K T, Method*

373.15K T, 373.15K T, 373.15K T,

1 0.6771 4530  39.54 45.41 39.63 42.92 37.46 48.19 (298.15)15 44.42  38.77 GC
2 0.6779 44.65 3881 48.18 41.88 44.32 38.53 — — — —
3 0.6910 48.24  41.02 49.26  41.88 46.82 39.37 — — — —
4 0.6736 45.21 39.33 50.56 43.98 45.53 39.61 49.71 (298.15)54 45.97  39.99 C
5 0.6917 47.55 40.31 51.88 43.98 47.72 40.45 — — — —
6 0.6917 47.67  40.37 51.93 43.98 47.76  40.45 — — — —
7 0.6917 48.49  40.84 52.21 43.98 48.02 40.45 — — — —
8 0.6869 49.26  41.69 51.97  43.98 48.17  40.76 54.96 (298.15)%4 50.86  43.04 C
9 0.7069 52.21 42.90 53.52 43.98 50.63 41.60 — — — —
10 0.6894 46.36  39.45 54.16 46.09 47.81 40.68 51.74 (298.15)% 47.70  40.59 C
11 0.6801 4299  36.93 55.98 48.08 48.62 41.76 — — — —
12 0.6931 48.60  40.63 55.13 46.09 50.02 41.83 — — — —
13 0.6938 49.55 41.03 58.07  48.08 51.82 42.91 — — — —
14 0.6945 48.75 40.26 60.56 50.02 53.25 4398 — — — —
15 0.6700 4454  39.36 45.24 39.98 43.42 38.37 44.20 (378.15)55 44.47  39.30 A, MT
16 0.6676 46.25 40.62 45.53 39.98 43.69 38.37 45.50 (386.15)55 46.20  40.57 A, MT
17 0.6786 49.41 43.12 45.81 39.98 43.97  38.37 — — — —
18 0.6786 50.16  43.56 46.04 39.98 44.19 38.37 — — — —
19 0.6787 49.61 43.23 45.88 39.98 44.03 38.37 — — — —
20 0.6801 47.45 41.06 46.57  40.30 45.39 39.28 48.20 (358.15)55 47.35  40.98 EB
21 0.6676 48.92  42.52 44.85 38.98 47.40  41.19 51.10 (326.15)55 48.70 4233 A
22 0.6562 4792  41.68 44.04 38.31 48.02 41.77 50.60 (367.15)%5 50.30  43.76 A
23 0.7241 46.25  39.88 47.11 40.62 43.89 37.85 51.40 (298.15)%5 46.06  39.72 EB, IPM

9 The values of AvapHom, ; recalculated by the Watson method (see Eq. (17)) to the specified temperature T are italicized.

b Data of the present work.

¢ GC is gas chromatography, EB is ebuliometry, IPM is the method with inclined piston manometer, A is the calculation by the values
of saturation vapor pressure using the least-squares method, C is calorimetry, and MT is the method of transpiration.

T, is the critical temperature (K), and » is the parameter in this work by Eq. (14), and A,,,H°,, (method), calculat-
determined by the ratio 7,/T.. ed by Egs (15) and (16) and taken from reference litera-
The values of A(A H°\, ;) corresponding to the differ- ture, are presented in Table 5. The data presented show

vap
ence between the values of A H°, (GLC), determined than the highest values of A(A H°\, ;) are observed when

vap vap

Table 5. The values of A, H°, /K] mol~! determined by GLC and other methods at 7= 373.15 K

Compound 1@ iy 111¢ Compound 1@ Iy 111
1 —0.11 2.38 0.88 13 —8.52 -2.27 —
2 -3.53 0.33 — 14 —11.81 —4.50 —
3 —1.02 1.42 — 15 —0.70 1.12 0.07
4 -5.35 -0.32 —0.76 16 0.72 2.56 0.05
5 —4.33 -0.17 — 17 3.60 5.44 —
6 —4.26 —0.09 — 18 4.12 5.97 —
7 -3.72 0.47 — 19 3.73 5.58 —
8 —-2.71 1.09 —1.60 20 0.88 2.06 0.10
9 —1.31 1.58 — 21 4.07 1.52 0.22
10 —7.80 —1.45 —1.34 22 3.88 —0.10 -2.38
11 —12.99 —5.63 — 23 —0.86 2.36 0.19
12 —6.53 —1.42 —

@ Calculated by formula (15). ¢ Experimental data.

b Calculated by formula (16).
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AyapH°, ; calculated by the first method are used.>® The
lower values of A(A,, H°, ;) are obtained when the second
method is used; however, for some compounds
A(AyapHor ;) is 5—6 KJ mol~!. Obviously, the values of
AyapH°m (GLC) found by Eq. (14) are rather reliable and
can be recommended for thermodynamic analysis of liq-
uid—vapor equilibria in the series of studied compounds.
Good agreement of the values of A, H°,, (GLC) with the
corresponding literature data indicates reliability of other
obtained thermodynamic parameters that characterize the
liquid—vapor equilibrium in the series of studied adaman-
tane derivatives and other carbocyclic compounds.

A summary of important conclusions drawn from the
present study follows:

— the SLP squalane is the optimal phase for gas-
chromatographic determination of parameters of the lig-
uid—vapor equilibrium (normal boiling points, enthalpies
and entropies of vaporization, change in the isobaric heat
capacity of vaporization) in the series of studied cyclic and
cage hydrocarbons, which is confirmed by good agree-
ment of the values obtained in the present study with the
results of alternative static measurements in the series of
reference compounds;

— arelation between the temperature of enthalpy—ent-
ropy compensation of the adsorption process and normal
boiling temperatures of the sorbates was established for
the first time and the possibility of application of compen-
sation temperatures for the estimation of deviations of the
studied sorbate—SLP chromatographic systems from the
ideal state was shown;

— the activity coefficients and excess thermodynamic
functions of mixing of molecules of cage hydrocarbons
with molecules of the hydrocarbon SLP were determined
for the first time, which made it possible to perform the
detailed thermodynamic analysis of dilute solutions formed
by cage molecules;

— large differences were established for contribu-
tions of the nodal and bridging Me groups of alkyl-
adamantanes to the values of TCA caused by specific
features of the electronic structure of the adamantane
moiety, which directly affect the elution order of the stud-
ied compounds from the chromatographic column with
the SLP squalane.

The authors is sincerely grateful to his colleagues, work-
ers of the Samara State Technical University, Yu. N.
Klimochkin, V. S. Sarkisova, and O. V. Novoselova for
interest in the work and kindly presented samples of alkyl-
adamantanes.

References

1.Ya. 1. Yashin, E. Ya. Yashin, A. Ya. Yashin, Gazovaya
khromatografiya |Gas Chromatography|, TransLit, Moscow,
2009, 528 pp. (in Russian).

2.

10.
11.

12.

14.

15.

16.

17.

18.

19.
20.

21

22.

23.

24.

25.

26.

27

V. G. Berezkin, Gazo-zhidko-tverdofaznaya khromatogra-
fiva [Gas Liquid Solid-Phase Chromatography], Khimiya,
Moscow, 1986, 112 pp. (in Russian).

. K. Heberger, J. Chromatogr. A, 2007, 1158, 273.
. S. V. Blokhina, N. V. Usol tseva, M. V. Ol khovich, A. V.

Sharapova, J. Chromatogr. A, 2008, 1215, 161.

.A. Heintz, S. P. Verevkin, J. K. Lehmann, T. V. Vasiltsova,

D. Ondo, J. Chem. Thermodynamics, 2007, 39, 268.

. V. A. Davankov, Chromatographia, 2003, 57, S-195.
.L. A. Kartsova, O. V. Markova, Molekulyarnoe raspozna-

vanie v khromatografii: Ispol zovanie makrotsiklov v sostave
khromatograficheskikh faz | Molecular Recognition in Chromato-
graphy: The Use of Macrocycles in the Composition of
Chromatographic Phases], 1zd. SPbGU, St. Petersburg, 2004,
142 pp. (in Russian).

. A. G. Morachevskii, N. A. Smirnova, I. M. Balashova, 1. B.

Pukinskii, Termodinamika razbavlennykh rastvorov neelektro-
litov | Thermodynamics of Dilute Solutions of Nonelectrolytes],
Khimiya, Leningrad, 1982, 240 pp. (in Russian).

. E. 1. Bagrii, T. Yu. Frid, P. L. Sanin, Neftekhimiya, 1970, 10,

480 [ Petroleum Chem. (Engl. Transl.), 1970, 10].

W. S. Wingert, Fuel, 1992, 71, 37.

E. 1. Bagrii, A. T. Saginaev, Usp. Khim., 1983, 52, 1538
[Russ. Chem. Rev. (Engl. Transl.), 1983, 52].

V. S. Sarkisova, Ph. D. (Chem.) Thesis, SamGTU, Samara,
2000, 163 pp. (in Russian).

. V. S. Sarkisova, A. A. Pimerzin, Neftekhimiya, 2005, 45, 63

[ Petroleum Chem. (Engl. Transl.), 2005, 45].

S. N. Yashkin, N. V. Kudasheva, Izv. Vuzov. Khim. Khim.
Tekhnol. | Bulletin of Higher School. Chemistry and Chemical
Technology], 2009, 52, No. 7, 48 (in Russian).

A. Roon, J. R. Parsons, H. A. J. Govers, J. Chromatogr. A,
2002, 955, 105.

A. Bashir-Hashemi, J. S. Chickos, W. Hanshaw, H. Zhao,
B. S. Farivar, J. F. Liebman, Thermochimica Acta, 2004,
424, 91.

J. S. Chickos, D. Hesse, S. Hosseini, G. Nichols, P. Webb,
Thermochimica Acta, 1998, 313, 101.

J. Burkhard, J. Vais, L. VodicVvka, S. Landa, J. Chromatogr.,
1969, 42, 207.

J. Janku, M. Popl, J. Chromatogr., 1974, 89, 319.

L. Ya. Grava, Ya. Yu. Polis, M. Yu. Lidak, E. E. Liepin“sh, V. D.
Shatts, I. V. Dipan, M. P. Gavars, 1. P. Sekatsis, Zh. Org. Khim.,
1981, 17,778 [J. Org. Chem. USSR (Engl. Transl.), 1981, 17].

. L. Vodicka, J. Triska, J. Hlavaty, J. Chromatogr., 1986,
366, 382.
S. V. Kurbatova, Yu. I. Arutyunov, I. K. Moiseev, S. Yu.

Kudryashov, Zh. Fiz. Khim., 1998, 72, 1485 |Russ. J. Phys.
Chem. (Engl. Transl.), 1998, 72].

S. N. Yashkin, Ph. D. (Chem.) Thesis, SGU, Saratov, 2000,
189 pp. (in Russian).

K. K. Konstantinova, V. G. Berezkin, S. V. Kurbatova, E. E.
Finkel ‘shtein, Zh. Prikl. Khim., 2005, 78, 1522 [ Russ. J. Appl.
Chem. (Engl. Transl.), 2005, 78, 1498].

C. Yang, Z. D. Wang, B. P. Hollebone, X. Peng, M. Fingas,
M. Landriault, Environmental Forensics, 2006, 7, 377.

I. A. Suslov, B. A. Rudenko, A. P. Arzamastsev, Zh. Anal.
Khim., 1988, 43, 328 [J. Anal. Chem. USSR (Engl. Transl.),
1988, 43].

. T. M. Roshchina, M. S. Shepeleva, Izv. Akad. Nauk, Ser.

Khim., 2005, 140 [Russ. Chem. Bull., Int. Ed., 2005, 54, 141].



2038

Russ.Chem.Bull., Int.Ed., Vol. 59, No. 11, November, 2010

Yashkin

28

29.

30

31

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43

. A. Dallos, A. Sisak, Z. Kulcsar, E. Kovats, J. Chromatogr. A,

2000, 904, 211.

N. V. Kudasheva, S. N. Yashkin, Sorbtsionnye i khro-

matograficheskie protsessy |Adsorption and Chromatographic

Processes], 2009, 9, 725 (in Russian).

. W. V. Steele, 1. Watt, J. Chem. Thermodyn., 1977, 9, 843.

R. C. Reid, J. M. Prausnitz, T. K. Sherwood, The Properties

of Gases and Liquids, McGraw-Hill, Inc., New York, 1977.
R. M. Varushchenko, L. L. Pashchenko, A. I. Druzhinina,

A. V. Abramenkov, A. A. Pimersin, J. Chem. Thermodyn.,
2001, 33, 733.

Vapor Pressure of Chemicals, in Landolt-Bornstein, New Se-
ries, Ed. K. R. Hall, Springer, Berlin, 1999, Group IV: Phys-
ical Chemistry, V. 20, Subvolume A, 274 pp.

L. A. Onuchak, A. V. Bulanova, K. V. Egorova, Yu. I. Aru-

tyunov, Nomenklatura v khromatografii. Osnovnye ponyatiya.
Terminologiya. Termodinamicheskie kharakteristiki sorbtsion-

nogo protsessa | Nomenclature in Chromatography: The Main
Concepts. Terminology. Thermodynamic Characteristics of the

Adsorption Process|, 1zd-vo "Samarskii Universitet," Samara,
1999, 35 pp. (in Russian).

W. Engewald, K. Epsch, Th. Welsch, J. Graefe, J. Chro-

matogr., 1976, 119, 119.

M. Krejci, J. Pajurek, R. Komers, Vypocty a veliciny v sorpcni

kolonove chromatografii, SNTL, Praha, 1990 (in Czech).

Q. Li, C. F. Poole, W. Kiridena, W. W. Koziol, Analyst,

2000, 125, 2180.

A. Dallos, R. Kresz, Fluid Phase Equilibria, 2006, 248, 78.

E. Kovats, G. Foti, A. Dallos, J. Chromatogr. A, 2004,
1046, 185.

S. Yu. Kudryashov, Author’s Abstract of Ph. D. (Chem.)

Thesis, SamGU, Samara, 2000, 23 pp. (in Russian).

A. N. Korol’, Nepodvizhnye fazy v gazozhidkostnoi khro-

matografii | Stationary Phases in Gas Liquid Chromatography]),

Khimiya, Moscow, 1985, p. 75 (in Russian).

S. V. Kurbatova, S. N. Yashkin, Za. Strukt. Khim., 2000, 41,
805 [J. Struct. Chem. (Engl. Transl.), 2000, 41].

. CRC Handbook of Chemistry and Physics, 90th ed., Ed. D. R.
Lide, CRC Press, New York, 2009—2010.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54

55.

56.

57.

V. Pacakova, L. Feltl, Chromatographic Retention Indices an
Aid to Identification of Organic Compounds, Ellis Horwood,
New York, 1992, 285 pp.

S. N. Yashkin, N. V. Kudasheva, Izv. Vuzov. Khim. Khim.
Tekhnol. | Bulletin of Higher School. Chemistry and Chemical
Technology], 2009, 52, No. 8, 32 (in Russian).

G. R. Vakili-Nezhaad, in Molecular Building Blocks for Nano-
technology: from Diamondoids to Nanoscale Materials and App-
lications, Topics in Applied Physics, Vol. 109, Eds G. A. Man-
soori, T. F. George, L. Assoufid, G. Zhang, Springer, New
York, 2007, p. 7.

O. V. Novoselova, Author’s Abstract of Ph. D. (Chem.)
Thesis, SamGTU, Samara, 2008, 24 pp. (in Russian).

W. A. Smit, A. F. Bochkov, R. Caple, Organic Synthesis. The
Science Behind the Art, The Royal Society of Chemistry,
Cambridge, 1998.

E. 1. Bagrii, Adamantany |Adamantanes], Nauka, Moscow,
1989, 264 pp. (in Russian).

G. A. Olah, C. S. Lee, G. K. Surya Prakash, R. M. Moriarty,
M. S. Chander Rao, J. Am. Chem. Soc., 1993, 115, 10728.
M. L. Bagal, V. I. Lantvoev, Zh. Org. Khim., 1973, 9, 291
[J. Org. Chem. USSR (Engl. Transl.), 1973, 9].

S. N. Yashkin, D. A. Svetlov, O. V. Novoselova, E. A. Yash-
kina, Izv. Akad. Nauk, Ser. Khim., 2008, 2422 [ Russ. Chem.
Bull., Int. Ed., 2008, 57, 2472].

J. Li, P. W. Carr, J. Chromatogr. A, 1994, 670, 105.

. R. M. Varushchenko, A. I. Druzhinina, V. M. Senyavin,

V. S. Sarkisova, J. Chem. Thermodyn., 2005, 37, 141.

J. S. Chickos, W. E. Acree, J. Phys. Chem. Ref. Data, 2003,
32, 519.

M. Reinhard, A. Drefahl, Estimating Physicochemical Proper-
ties of Organic Compounds, John Wiley and Sons, Inc.,
New York, 1999, 238 pp.

K. G. Joback, R. C. Reid, Chem. Eng. Commun., 1987,
57, 233.

Received March 25, 2010;
in revised form October 18, 2010




	Equilibrium parameters of a liquid—vapor system and thermodynamiccharacteristics of adsorption of cyclic and cage hydrocarbons in squalane
	Abstract
	Experimental
	Results and Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 605
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48760
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


