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Nonequivalence of the nodal and bridging carbon atoms of the adamantane molecule 
during adsorption on graphitized thermal carbon black was shown. The nonequivatence is 
related to a special type ofintermolecular interaction, the cell effect. Based on the experimental 
data and the molecular statistical calculations of Henry"s constants, the parameters of atom- 
atom potentials for the nodal carbon atoms in the adamantane molecule were found. This 
atom-atom potential differs from that known for the carbon atom in the sp3-hybridization. 
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Despite achievements in studying the physicochemi- 
cal properties of adamantane and its derivatives, several 
questions concerning the specific features of the geo- 
metric and electronic structure of the adamantane frame- 
work remain unclear, l,z These features are distinctly 
manifested in the chromatographic  properties of 
adamantane derivatives, in particular, a noticeable dif- 
ference in retention of 1- and 2-substituted adamantanes. 
It has been assumed 3"4 that the so-called cell effect is a 
possible reason for the observed distinctions (Fig. 1). 
The essence of this intramolecular interaction, unusual 
for saturated cyclic systems, is overlapping of the rear 
sides of hybrid orbitals of tertiary carbon atoms in the 
tYamework, resulting in the direct contact of valence- 
unbound atoms and an increase in the electron density 
in the adamantyl cycle. 1 Either direct or indirect evi- 
dence for a possibility of a similar intramolecular elec- 
tron interaction are available in the literature. Among 
them the following facts are 
most substantial: the higher sta- 
bility of the tertiary carbocation 
and, as a consequence, the dif- 
ferent chemical reactivities of 
the nodal and bridging carbon 
atoms of the frameworkS; the 
difference in charges on the 
tertiary (+0.18 C) and second- 

Fig. 1. Cell effect in the 
adamantane molecule. 

ary ( -0 .09 C) carbon atoms in the adamantane mol- 
ecule6; the slight deviation of bond angles in the 
adamantane framework from the ideal tetrahedral val- 
ues7; the valence state of the nodal carbon atoms that dif- 
fer from sp3-hybridizationS: the strong screening effect 

of the adamantane cycle on the ct-substituents in the late- 
ral chain that appears in the N M R spectrag; and unusual- 
ly high dipole moments (especially for I-derivatives) as 
compared to those of tert-butyl analogs, and others. 1,1~ 

Each property presented above is unusual for a 
saturated compotmd and is based on the unique geo- 
metric structure of the rigid adamantane framework and 
the character of electron density distribution in it. These 
peculiarities are as yet almost unstudied in detail. 

It is known II that the thermodynamic characteristics 
of adsorption of organic molecules on the surface of a 
uniform, planar, and nonspecific adsorbent, graphitized 
thermal carbon black (GTCB), depend mainly on their 
geometric structure and polarizabilities of the molecular 
fragments. It was of interest to determine experimen- 
tally the thermodynamic parameters of adamantane ad- 
sorption on GTCB and estimate the influence of chang- 
ing the geometric and electronic structure of this com- 
pound, which appears under the cell effect, on the 
adsorption by comparison of the experimental data with 
the results of semiempirical molecular statistical calcu- 
lations. The calculation and experimental determination 
of Henry's  constants are of special interest, because 
these values make it possible to monitor even insig_n_ifi- 
cant changes in the geometric structure of adsorbent 
molecules and study the influence of the electronic 
structure on the character of intermolecular interactions 
during adsorption. Adamantane adsorption on GTCB 
has previously tz been studied experimentally and by 
molecular statistics. A satisfactory agreement between 
the experiment and calculation was obtained only in the 
high-temperature region. Therefore, in this work, we 
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d e t e r m i n e d  o n c e  more  the  e x p e r i m e n t a l  va lues  o f  
H e n r y ' s  c o n s t a n t s  in the l ow - t em pe r a t u r e  region where  
the probabi l i ty  o f  expe r imen ta l  errors increases  and  
ca lcu la ted  the  t h e r m o d y n a m i c  pa ramete r s  o f  adso rp t ion  
us ing the known  and  new ( taking into a c c o u n t  the cell 
effect)  a t o m - a t o m  potent ia ls .  

Experimental  

Experiments on determination of Henry's constants (Kt) 
for adamantane were carried out on a Tsvet-100M gas chro- 
matograph (f lame-ionization detector. N 2 as the carrier 
gas. flow rate 24 cm 3 rain-t).  A glass micropacked column 
0.70 m x 1 mm packed with graphitized thermal black (trade- 
mark Sterling. specific surface 7.6 meg -r,  weight 0.364 g) was 
used. A fraction of carbon black with a particle size of 0.20-- 
0.25 mm was taken for packing the column. ExperimemaI K I 
values were calculated by a known procedure, tt.t2 The error in 
determination of Henry's  constants was 1.5%. 

Molecular statistical calculation of K~ was performed by the 
algorithm described previously, tt The obtained experimental 
and calculated K r values are presented in Tables I--3. The 
geometric parameters of the molecule were either taken from 
the literature 7 or accepted to be equal to the ideal values of 
bond angles ( 109.5~ and bond lengths. To compare the experi- 
mental and calculated Henry's  constants, correction factors 
obtained by different methods were introduced into the known 
atom-atom potentials (tM~P). It,t4 Parameters of the depen- 
dences of the correction factor 13 on various molecular charac- 
teristics, which were plotted in the work, were determined by 
the least-squares method. 

Results  and Discuss ion 

T h e  a d a m a n t a n e  molecu le  has a rigid geomet r i c  
s t ruc ture ,  free o f  c o n f o r m a t i o n a l  t r ans fo rma t ions ,  whose  
c a r b o n  a t o m s  are n o n e q u i v a l e n t  due to the  cell effect.  
Owing  to this ,  it is an in te res t ing  object  for ca lcu la t ions  
us ing the  s emiempi r i ca l  m o l e c u l a r  statist ical  theory, o f  
adso rp t ion .  A c c o r d i n g  to this  theory ,  the i n t e r m o l ecu l a r  
i n t e r ac t i on  o f  the  adsorba te  with  the adso rben t  surface 
is descr ibed  in the  a t o m - a t o m  approx imat ion .  T he  a t -  
oms  t ha t  fo rm the  adsorba te  molecule  and  a d s o r b e n t  
surface  are c o n s i d e r e d  as fixed force centers  whose  

Table 1. Comparison of Henry 's  constants and adsorption 
.heats (coefficients in the equation InK I = A + B/T, InKt , - -~b~ 
of  adamantane on graphitized thermal carbon black 

Parameter Published Data of this 
data 12 work 

experi- calcu- experi- calcu- 
ment lation ment lation 

- A  10.72 --  11.37 -- 
B 4707 -- 4925 --  
ln(K,/cm 3 m-2) * 2.43 2.28 2.42 2.28 
-AU/kJ m o r  t 39.1 38.8 41.0 40.6 

* At 358 K. 

Table 2, Experimental and calculated Henry 's  
constants K, (InK t) at different temperatures for 
adamantane adsorption on  graphitized thermal 
carbon black obtained by different methods* 

T/K In(Kl/'em 3 m-25 

experiment calculation 

A B C D 

333 
338 
343 
348 
353 
358 
363 
368 
373 
378 
383 
388 
393 
398 
403 
408 
413 
418 
423 

3.42 
3.20 
3.00 
2.80 
2.61 
2.42 
!.25 

2.08 
.91 
.75 
.59 
.41 
,25 
.10 

0.96 
0.82 
0.68 
0.55 
0.44 

3.42 3.19 3.30 
3.21 3.00 3.10 
3.00 2.81 2.91 
2.81 2.63 2.72 
2.61 2.45 2.53 
2.43 2.28 2.35 
2.25 2.12 2.18 
2.07 1.96 2.01 
1.90 1.80 1.85 
1.74 1.65 1.69 
1.57 1.50 1.53 
1.41 1.35 1.38 
1.25 1.21 1.24 
1.10 1.08 1.09 
0.96 0.94 0.96 
0.82 0.81 0.82 
0,68 0.69 0.69 
0.54 0.56 0.56 
0.43 0.44 0.44 

* A are the experimental ,values obtained in this 
work: Bare the experimental data in Ref. 12; Care 
the values calculated under the assumption of ideal 
(tetrahedral) angles in the adamantane molecule 
(see Ref. 7): and D are the values calculated using 
the geometric pa rame te r s  obtained by the 
electronographic method. 12 

in te rac t ion  is due to d i s p e r s i o n ,  i nduc t ion ,  a n d  e l ec t ro -  
static a t t r ac t ion  forces a n d  un ive r sa l  repuls ion  forces.  
The  quan t i t a t ive  c h a r a c t e r i s t i c s  o f  i n t e r ac t i on  o f  t he  
force cen te r s  in the  a d s o r b a t e - - a d s o r b e n t  system is the  
AAP - -  the  a t o m - a t o m  p o t e n t i a l s  o f  i n t e r m o l e c u l a r  

Table 3. Henr3"s constants (InKi) for adamantane 
adsorpt ion calculated by  the semiempir ical  
molecular statistical method* using the geometric 
parameters obtained from the electronographic 
data 14 

T/K In(K~/cm 3 m -2) 

A B C D 

333 3.37 3.31 3.34 3.37 
353 2,59 2.54 2.56 2.59 
373 1.90 1.85 1.87 1.90 
393 1.29 1.24 1.26 1.29 
413 0.74 0.69 0.71 0.74 
423 0.48 0.44 0.46 0.48 

* A is the correction coefficient 13 determined by 
matching of the experimental and calculated data 12 
(method I); B is 13 = 1.002 (by the formula pro- 
posed in Ref. 15 (method  115); C is 13 = 1.01 
(by Eq. (5)5: and D is [3 = 1.019 (by Eq. (65, 
method II1). 
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interaction (~) depending on the valence state of the 
atom and its environment in the molecule) I 

Published data on adsorption of adamantane and its 
derivatives are rather scarce. The K I constants for the 
adamantane molecules have been experimentally deter- 
mined and theoretically calculated. 12 The calculation 
used the semiempirical Buckingham--Korner AAP for 
C and H atoms obtained previously tl tot adsorption of 
alkanes (alk) on graphite (gr): 

tgHlalk}..C(gr) = -0.498' l0 -3- r -6 - 

- 0.950. 10-5"r -~ + 3.600" 104"exp(-35.7rL (1) 

f f ) C ( a l k ) . .  C [ g r )  = - -  1.386 " 10 -3 �9 r -6 - 

- 2.148. t0-5-r  -s + 1.890" 105"exp(-35 7r), (2) 

where (~ values are expressed in kJ mol - i ,  and r is the 
distance from the adsorbent surthce in nm. The C--C 
bonds in the adamantane molecules were assumed in 
the calculation to be 0.154 rim, and all angles were 
assumed to be 109.5 ~ (an ideal molecular structure). 

The authors of Ref. I2 achieved an agreement be- 
tween the experimental and calculated K l values for the 
adamantane molecules only in the high-temperature 
region (from 388 to 430 K). In the 333--388 K tem- 
perature inter~,al, the difference between the experimen- 
tal and calculated values exceeds the experimental error. 
In this work, to verify the reliability of the experimental 
data, 12 we repeatedly determined the thermodynamic 
characteristics of adsorption in this temperature range. 
The obtained results in comparison with the published 
data 12 are presented in Table I along with the experi- 
mental and calculated Henry 's  constants K 1, adsorption 
heats, and coefficients of the equation (A and B) that 
approximate the experimental data. As follows from 
Table I, the experimental K I values and adsorption 
heats determined in our work satisfactorily agree with 
the published data. 12 

The adsorption heats calculated 12 under the assump- 
tion of ideal tetmhedral angles are close to those deter- 
mined in this work. The K l values calculated for the 
ideal adamantane structure (tetrahedral angles) by both 
us and the authors of the above mentioned work lz are 
substantially (by 0.15 InK 1 units) lower than the experi- 
mental values (see Tables 1 and 2), and the divergence 
increases with the temperature decrease. The agreement 
between different- experimental data-suggests- that- the- 
reason for the divergence between the experimental and 
calculated values is inaccuracy of either parameters of 
the geometric structure or AAP. Ignoring the approxi- 
mate character of the additivity principle and the math- 
ematical form of AAP in the mathematical statistical 
calculation of K 1. we have, most likely, two main 
sources of errors: the incorrectly specified AAP param- 
eters or inaccurate parameters of the molecular struc- 
ture (angles and bond lengths) of adamantane. It is 
known that the adamantane molecule has a slight inter- 
nal strain (~25 kJ tool-I) ,  resulting in a deviation of the 

bond angles from tetrahedral and a slight change in the 
C--C and C--H bond lengths, t3 The geometric param- 
eters of adamantane and other polyhedra have been 
determined by the electronographic method, t In all 
cases, the bond angles for the nodal C atoms differ 
somewhat from the ideal tetrahedral value (109.5~ We 
calculated Henry. "s constants for adamantane using the 
data obtained by the electronographic method 7 and that 
differed from the parameters of the "ideal" structure. 
The results are presented in Table 2. It is seen that the 
differences between the experimental Henry 's  constants 
and k I values calculated from the geometric parameters 
taken from the electronographic data decrease and 
amount,  on the average, to 0.05 lnKl units. Therefore. 
we may assume that the reason for the observed diver- 
gence between the calculated and experimental Kl val- 
ues is related to the incorrect application of the known 
AAP of carbon in the sp3-hybridization state to the C 
atoms in the nodal sites of the adamantane molecules 
rather than to the error in determination of the experi- 
mental K~ values. 

To achieve a satisfactory coincidence of the data of 
the molecular statistical calculation with the experimen- 
tal data, we introduced the corresponding correction 
factors related to the refinement of the AAP values for 
the nodal atoms of the adamantane molecule. The 
Henry 's  constants calculated taking into account each 
correction and their array are presented in Table 2. 

Since in the adamantane molecule the nodal atoms 
are tetracoordinate and the bond angles at these atoms 
are close to tetrahedral, we used AAP for the sp 3- 
hybridized carbon atom (Eq. (2)) as the initial AAP. ltA4 

Presently, three types of AAP for the C atom are 
known: in the sp 3-, sp ?-, and sp-hybridization states in 
the corresponding compounds. The C atoms in the 
nodal sites of the adamantane molecules have been 
shown s to be intermediate between the sp 3- and 
spZ-hybrid states, which is probably associated with the 
cell effect inside the adamantane framework (see Fig. 
1). 1.5 The quantum-chemical  calculation of the hybrid- 
ization state (n) of the orbitals of the nodal C atoms 
participating in the formation of the cell effect gave n = 
2.66. s The valence state of the bridging C and H atoms 
in adamantane was accepted to be the same as that in 
alkanes. 

Taking into account the aforesaid, the expression for 
AAP of the nodal C atom in adamantane (AdH) can be 
written as follows: 

tPC(AdHL..C{gr) .~- ~OC(alk)...C(gr) , (3}  

where !3 is the correction coefficient. 
The simplest and most widely used method for the 

determination of the 13 coefficient is that which allows 
one to achieve an agreement between the experimental 
and calculated K I values by the arbitrary variation of the 
!3 values (the method of matching of experimental and 
calculated data t4 --  method I). The ~ coefficient for 
AAP of the nodal carbon atoms in adamantane found by 
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us using a similar method is equal to 1.02. Thus, the 
expression for the refined AAP can be presented in the 
form 

t~CL.\dH) Cigr)  = - - 1 . 4 1 4 - 1 0  - 3 .  r - 6  -- 

-- 2.191 �9 10-5"r -s + 1.928" 105"exp(-35.7r). (4) 

The K i values calculated using the introduced cor- 
rection factors for the cell effect are presented in Ta- 
ble 3. from which it follo~s that the experimental and 
calculated K I values in the temperature interval under 
study almost coincide when the indicated correction 
factors are applied. 

Although method 1 is simple and efficient, it pos- 
sesses several disadvantages such as the absence of  the 
physicochemical foundations due to which the intro- 
duction of the correction factor is reduced to sorting out 
various 6 values. At the same time. it is of interest to 
find the correction factor from independent experimen- 
tal physicochemical characteristics of the molecules un- 
der study. Theret'ore, we used other methods to deter- 
mine the ~3 coefficient based on the study of  the depen- 
dence of  the 13 value on the valence state of atoms in the 
molecule under study and on the specific features of  its 
geometric structure. 

The dependence of  13 on the specific features of the 
geometric structure (internal strain in the molecules, 
deviation of  the geometric parameters from ideal from 
the viewpoint of the concepts on hybridization, etc.) has 
been examined first for polycyclic strained hydrocar- 
bons. 15 The ideal bond angles (cos cO and the corre- 
sponding AAP were used in Ref. 15 as the parameters 
determining the 13 value (method II). Using the depen- 
dence proposed.  15 we found the correction factor 13 
equal to 1.002 and calculated Hen~"s  constants (see 
Table 3). Comparison of  the data in Tables 2 and 
3 shows that this method achieves only an insignificant 
conve~ence  of  the experimental and calculated results. 

Since method 1I is inefficient, 15 we examined the 
dependence of  the 13 constant on the value of  the bond 
angle (cos ct) at the t e r t i an  C atom in the adamantane 
molecule. The values of  bond angles characteristic of  
the corresponding valence states of the carbon atom 
were used as reference points. The obtained dependence 
of the 13 value on the bond angle (Fig. 2, a) has the 
following form: 

3 , 

I 
1.26 i 

r 
1.18! 

l-lO I 

1.02! 
! 

0 

1.26 t 

1.1 ,~ 

1.I0 

1.02 

0.8 

a 
f 

j r  

J / 
/ ,  

,/ 
a 

0.2 

A ' \  

o'.4 0.6 0'.8 ( .b 

L 

112 116 ' 210 2.4 2.8 n 

Fig. 2. Dependences of the correction coefficient (11) on the 
bond angle a (a) and hybridization n (b) in the adamantane 
molecule. 

method I (1.02) using fitting o f  the experiment to the 
calculation. 

In addition to the geometric  parameters, the valent 
state of the atom in the molecule is characterized, to a 
great extent, by the hybridization state (n) (see Fig. 2, 
b). The AAP value strongly depends  on the n value, 
which is convincingly demonstra ted by AAP for the C 
and H atoms. 16 Using the A,&P value characteristic of  
each hybrid state of  the a tom,  we found the following 
functional dependence of  the 13 coefficient on the hy- 
bridization state of the carbon atom (method 111) (see 
Fig. 2, b): 

f3 = 1.263 - 0.5751ogn, s = 0.OI7. (6) 

. . . .  13= 1.267 + 0.329tg I-cos ct), s = 0.024, " " (5) 

where s is the root-mean-square  deviation of  the experi- 
mental points from the plotted curve. 

The correct ion coefficient found by Eq. (5) for the 
tertiary' carbon atom of  tile framework is equal to 1.01. 
Examination of  dependence (5) shows that the previ- 
ously used procedure I5 (method 11) does not allow the ~3 
value to be determined in the case of  the adamantane 
molecule as well, which is indicated by the deviation of  
the 13 value calculated by Eq. (5) from that obtained by 

. . . . . .  The correction--coefficient ~-for the C-a tom of  the 
adamantane framework (n = 2.66) calculated by Eq. (6) 
is equal to 1.019. Similarity of  the 13 values calculated by 
formula (6) and obtained by method l makes the depen-  
dence of 13 on n preferable to  method II which takes 
into account the geometric parameters.  

it is seen from the data in Tables 2 and 3 and Fig. 3 
that the difference between the  values calculated ignor- 
ing the 13 correction factors and  experimental K t values 
decreases with the temperature  increase. This fact can 
be attributed, in particular, to an increase in the inten- 
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tn k] 

3.2 

1 

2.0 f ~  

0,8 

0.0023 0.0025 ' 0.0027 0.0629 i / T  
Fig. 3. Calculated (straight fines) and experimental (points) 
Henry's constants (K I) for adamantane adsorption on GTCB: 
/, calculated using the correction factors for the special valence 
state of the nodal C atoms (celt effect): and 2, without correc- 
tion factors. 

sity o f  librarian vibrations in the adsorbate molecule 
with increase in tempera ture ,  which results in the defor- 
mation o f  the structure of  the carbon framework in the 
adamantane  molecule ,  17 resulting in weakening of  the 
in t ramolecular  interact ion (cell effect). The introduc-  
tion of  the cor rec t ion  factors is especially necessary in 
the low- tempera ture  region (<_388 K) in molecular  sta- 
tistical calculat ions o f  the adsorption parameters o f  the 
adamantane  molecule  and its derivatives. 

The obtained results suggest that adamantane  ad- 
sorption on G T C B  manifests the cell effect-caused 
nonequiva lence  o f  the carbon atoms of  the framework 
due to different in te rmolecu la r  interactions of  the nodal 
and bridging C atoms with the adsorbent surface. There-  
fore, the nodal and bridging C atoms differ in the AAP 
characterist ics,  and it is reasonable to introduce a !3 
correct ion factor  equal  to 1.02 for the AAP parameters 
of  the nodal carbon atoms in the molecular  statistical 
calculat ion o f  the t h e r m o d y n a m i c  characterist ics of  ad- 
sorption of  adamantane  and its derivatives. 
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