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Henry's constants and the heats of adsorption of benzene chloro derivatives on graphi- 
tized thermal carbon black were calculated by the semicmpirical molecular statistical theory 
of adsorption. The best agreement between the experimental and calculated data was 
achieved by introducing corrections for the presence of other chlorine atoms in the 
ortho-positions into the calculation of the atom-atomic potential of the intermolecular 
interaction of the chlorine atom with the carbon atom of graphite. 
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The specific features of  the physicochemical proper- 
ties of  compounds related to the presence of  substituents 
in the ortho-position of the aromatic, in particular, 
benzene, ring have been studied for a wide scope of  
organic compounds .  I - s  The appearance  o f  the 
ortho-effect is commonly explained by overlapping of 
van der Waals radii of  atoms of  the ortho-substituents, 
resulting in a change in the polarizability and the geo- 
metric structure of  the ortho-substituents or the whole 
molecule. In calculations of  the polarizability of  mol- 
ecules, 4 dipole moments,  s and relative retention indices 6 
using additive schemes for ortho-substituted isomers, a 
deviation from additivity is observed, and agreement 
between experiment and calculation is achieved by the 
introduction of  special corrections for the ortho-effect. 
The thermodynamic parameters of  adsorption (TPA) on 
the uniform planar surface of  graphitized thermal car- 
bon black (GTCB),  which is close in properties to the 
surface of  the basis face of  graphite, depend mainly on 
the geometric structure and polarizability of  the mol- 
ecules. 7 Therefore, the ortho-effect is also observed for 
adsorption on GTCB,  which is manifested as a change 
in TPA, first of  all, that in Henry 's  constants, s 

The purpose of  this work is to study the influence of  
the ortho-substituents in isomeric chlorobenzenes on 
their TPA on GTCB.  For this study, we used experi- 
mental TPA and those calculated by the semiempirical 
molecular statistical method. Comparison of  the experi- 
mental and calculated data gives the parameters of  
atom-atomic potentials (AAP) for the intermolecular 
adsorbate--adsorbent interaction taking into account the 
influence of  the ortho-effect on TPA. Application of  
these AAP for calculations is of  great practical signifi- 

cance because TPA can be calculated for a wide scope of 
chlorine-containing compounds bearing fragments with 
ortho-arranged atoms. First of  all, this is related to 
supereeotoxicants (polychlorinated dibenzodioxines,  
dibenzofurans, and diphenyls), whose experimental stud- 
ies are very difficult because of  their high toxicity. 

Experimental 

Adsorption of chlorobenzenes on GTCB has been studied 
in detail s-lz by GC. Semiempirieal molecular statistical calcu- 
lations were performed as described previously. "t The AAP 
parameter used for calculations of the intermolecular interac- 
tion of CI atoms and graphite C atoms was chosen in the 
Buckingham--Comer form (cf. Ref. 8). The initial data neces- 
sary for calculations of the AAP parameters were taken from 
the handbook, t The geometric parameters of molecules were 
obtained 13 by electronography or determined by the combina- 
tion of the known parameters for other molecules of this 
group. All isomers were assumed in calculations to have the 
planar structure. The AAP obtained were refined by the intro- 
duction of the correction factor 13 determined in the compari- 
son of the experimental and calculated data for 1,4-diehlo- 
robenzene (the reference molecule). 9 To take into account 
possible differences in AAP parameters for C1 atoms in the 
ortho-positions to each other, we introduced additional correc- 
tions in calculations of the potential, using 1,2-dichloroben- 
zene as the reference molecule. To refine AAP for the CI atom 
localized between two adjacent CI atoms, i.e., in the 
ortho-ortho-position, we introduced an additional correction. 

The data on atomic refractions 4 for CI atoms in the aro- 
matic and aliphatie parts of a molecule differ. In this work, for 
the calculation of AAP parameters, we chose the polarizability 
values for the CI atom in aromatic systems, s - t~  The initial data 
and corrections introduced are presented in Table 1. 
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Table 1. Comparison of the original data used for the calculation of parameters of atom-atomic potentials (AAP) for 
the CI atom 

AAP shape Variant ct. 10 -30 a Z. 10-36 b roC/n m Correction 1~ 

of caleu- m 3 for for for 

lation parameters ortho-effect ortho-ortho- 
effect 

Letmard- I '~ 2.34 30.7 0.36 --  - -  
Jones 

Buckingham-- II" 2.40 30.7 0.376 0.87 0.86 -- 
Comer  

I l l f  2.245 33.4 0.4 0.95 0.92 0.89 

~ Polarizability. t, Diamagnetic susceptibility, c Equilibrium CI--C distance (from graphite). ~ See Ref. 10. 
�9 See Refs. 8 and 9. / Data of this work. 

Table 2. Experimental 9-12 differential adsorption heats (q) of 
chlorobenzenes on GTCB 

Compound q/kJ tool -1 
t* ~ . r  4 d 

Chlorobenzene 46 44 47.3-1-0.8 46 
1,3-Dichlorobenzene 53 52 46.0+2.1 - -  
1,2-Dichlorobenzene 54 54 51.9• --  
1,4- Dichlorobenzene 54 53 51.9+3.8 55 
1,3,5-Triehlorobenzene 60 60 61.5+2.9 --  
1,2,4-Trichlorobenzene 61 64 62.3+2.1 63 
1,2,3-Trichlorobenzene 61 --  --  --  
1,2,3,5-Tetrachlorobenzene 63 --  --  --  
1,2,4,5-Tetraehlorobenzene 66 71 76.6• --  
1,2,3,4-Tetrachlorobenzene 69 --  75.3:1:1.3 --  
Pentachlorobenzene 71 -- 92. l+2.9 --  

Note. The results were obtained 
• kJ tool -I .  
~ See Ref. 10. b See Ref. 9. c See Ref. 

with an accuracy of 

I 1. a See Ref. 12. 

Table 3. Changes in increments of CI atoms to the adsorption 
heats of chlorobenzenes with an increase in  the degree of 
substitution calculated from the published 9-K2 data 

Homologs used 

for determination 
of increment 

Increment/kJ mol -~ 
1 o 2 ~ Y 4 d 

Di- -mono 8 9 5 9 
Tri--di 7 9 10 8 
Tetra--tri  5 9 14 --  
Penta--tetra 5 --  17 --  

~See Ref. I0. b See Ref. 9- cSee Res 11. ~  Ref. 12. 

Results and Discussion 

T h e  m a i n  T P A  are d i f ferent ia l  adso rp t ion  hea ts  and  
H e n r y ' s  c o n s t a n t s .  Di f fe ren t  e x p e r i m e n t a l  a'7 and  ca l -  
cu l a t i on  m e t h o d s  r,9,t4 are used for the  d e t e r m i n a t i o n  of  
the  d i f fe ren t ia l  a d s o r p t i o n  heats.  T h e  d i f fe ren t ia l  ad -  
so rp t i on  hea t s  o f  c h l o r o b e n z e n e s  found  by G C  s - l z  are 

p r e s e n t e d  in Tab le  2. It is s e e n  t h a t  t h e  d a t a  o b t a i n e d  
by  d i f fe ren t  au tho r s  on  the  a d s o r p t i o n  h e a t s  o f  m o n o - ,  
d i - ,  a n d  t r i c h l o r o b e n z e n e s  c o i n c i d e  sa t i s fac to r i ly  w i t h i n  
t he  e x p e r i m e n t a l  e r ro r  e x c e p t  for  t h e  va lue  o f  46 
kJ m o l  - l  for 1 , 3 - d i c h l o r o b e n z e n e ,  tt w h i c h  is c lose  to  
t he  a d s o r p t i o n  hea t  o f  c h l o r o b e n z e n e  a n d  s e e m s  to  be  
incor rec t .  Di f fe rences  e x c e e d i n g  the  e x p e r i m e n t a l  e r r o r  
a re  obse rved  for  the  a d s o r p t i o n  h e a t s  o f  t e t r a -  a n d  
p e n t a c h l o r o b e n z e n e s .  T h e s e  d i v e r g e n c e s  c a n  be  due  to  
a h i g h e r  t e m p e r a t u r e  ( 4 7 3 - - 5 7 3  K, u n l i k e  3 7 3 - - 4 7 3  K 
for  m o n o - ,  d i - ,  and  t r i c h l o r o b e r t z e n e s )  and ,  c o r r e -  
spond ing ly ,  to a lower  e x p e r i m e n t a l  a c c u r a c y  for  these  
h i g h - b o i l i n g  c o m p o u n d s .  T h e  d i f f e r e n c e s  in t he  phys i -  
c o c h e m i c a l  p roper t i e s  w i t h i n  t h e  g r o u p s  o f  i somer i c  
t r i c h l o r o b e n z e n e s  and  t e t r a c h l o r o b e n z e n e s  are  low,  
whe rea s  the  a d s o r p t i o n  hea t s  o f  t e t r a c h l o r o b e n z e n e s  
d i f fer  suf f ic ien t ly  s t rongly ,  t~ F o r  i s o m e r i c  t r i - _ a n d  
t e t r a m e t h y l b e n z e n e s ,  t he  d i f f e r e n c e s  in  t he  a d s o r p t i o n  
hea t s  w i th in  each  g r o u p  o f  i s o m e r s  do  no t  exceed  
e x p e r i m e n t a l  errors ,  ts A n  i n c r e m e n t  for  e a c h  new  frag-  
m e n t ,  in  pa r t i cu la r ,  for e ach  CI  a t o m ,  c a n  serve as a 
qua l i t a t ive  c r i t e r ion  for  t he  r e l i ab i l i ty  o f  e x p e r i m e n t a l  
va lues  o f  adso rp t ion  hea t s  in t h e  h o m o l o g o u s  series.  
T h e s e  i n c r e m e n t s  are  d e t e r m i n e d  as t h e  d i f f e rence  o f  
the  values  for  ad j acen t  h o m o l o g s ,  a n d  t h e y  a re  usua l ly  
u n c h a n g e d  o r  dec rease  weakly  d u e  to t he  ortho-ef fec t  
for  p o l y m e t h y l b e n z e n e s .  Is 

It is seen in Table  3 t ha t  t h e  i n c r e m e n t s  o b t a i n e d  
f rom the  publ i shed  da ta  ~t i n c r e a s e  a n o m a l o u s l y ,  i.e., t he  
adsorp t ion  hea ts  for t e t r a -  and  p e n t a c h l o r o b e n z e n e s  are 
overes t imated .  Accord ing  to the  da ta  o f  al l  au thors ,  for 
di-  and  t r i ch lo robenzenes ,  t h e  i n c r e m e n t  values  co in -  
cide satisfactorily.  Probably ,  to  d e t e r m i n e  t he  val idi ty o f  
these  values,  an  add i t iona l  c r i t e r i o n  is n e e d e d ,  in  par -  
t icular ,  the  results  of  s e m i e m p i r i c a l  m o l e c u l a r  s tat is t ical  
ca lcu la t ions  pe r fo rmed  p rev ious ly  a - l ~  and  in t he  p resen t  
work. 

The  results of  s e m i e m p i r i c a l  m o l e c u l a r  stat ist ical  
ca lcu la t ions  (Table  4) p e r f o r m e d  by d i f f e ren t  au thors  
using different  AAP and  init ial  p a r a m e t e r s  are  close. Ti le  
adsorp t ion  heat  values c a l c u l a t e d  w i t h o u t  a n d  with re-  
f i n e m e n t  o f  the  AAP p a r a m e t e r s  are c lose ,  w i th in  the  
expe r imen ta l  e r ror  (see Table  4, va r i an t s  I and  11). T h e  
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influence of  correct ions  for the ortho-effect is also insig- 
nificant;  therefore,  the adsorption heats can be calcu-  
lated with sufficient accuracy without labor-consuming 
re f inement  o f  the AAP parameters. According to the 
data o f  all authors,  the increment  per CI a tom is virtu- 
ally unchanged and amounts  to 8- -9  kJ tool -~, which 
corresponds to the a tom-a tomic  approximation on which 
the calculat ions  are based. Compar ison of  the experi-  
menta l  (see Table  2) and calculated (see Table  4) values 
asserts that  the most  reliable and consistent  values of  
adsorption heats were obtained by the calculation method.  
It is no tewor thy  that  the differences in the calculated 
a d s o r p t i o n  hea t s  a re  ve ry  ins ign i f i can t  and for 
te t rachlorobenzenes  they do not correspond to those 
de te rmined  exper imental ly ,  le 

The  possibility o f  determining adsorpt ion heats of  
the molecules  for which experimental  values cannot  be 
measured is an impor tant  advantage of  calculations.  In 
part icular ,  hexach lorobenzene  is a molecule  whose high 
boil ing t empera tu re  does  not  allow reliable T P A  to be 
obta ined even by G C .  The  calculated adsorption heats 
for hexach lorobenzene  are presented in Table  4. It is 
seen that  the in t roduct ion  of  the correct ions for the 
ortho-effect  affects their  values weakly. 

Grea t  difficulties appear  for calculat ions of  H e n r y ' s  
constants ,  first o f  all, because the adsorption on G T C B  
character ized by this constant  depends mainly on  the 
geomet r ic  s t ructure and polarizability o f  molecules ,  and 
the calcula t ion based on the a tom-a tomic  approxima-  
t ion cannot  take into account  the differences in polar iz-  
ability o f  the isomers. 7-9 To  take into account  these 
differences,  we used the correct ions to the ortho- and 
ortho-ortho-arrangement of  CI atoms in molecules  (see 
Table  I).  

Table 4. Differential adsorption heats (q) calculated by 
the semiempirical molecular statistical method 

Molecule q/kJ mo1-1 

I a IIb III e 

1 a 2 e Y 

Chlorobenzene 41 45 44 44 44 
1,3-Dichlorobenzene 50 54 53 53 53 
1,2-Dichlorobenzene 51 54 54 53 53 
1,4- Diehlorobenzene 50 54 53 53 53 
1,3,5-Trichlorobenzene 58 61 61 61 61 
1,2,4-Trichlorobenzene 59 62 61 61 61 
1,2,3-Trichlorobenzenc 60 62 62 62 62 
1,2,3,5-Tetrachlorobenzene 68 70 70 70 69 
1,2,4,5-Tetrachlorobenzene 68 70 69 69 69 
1,2,3,4-Tetrachlorobenzene 70 70 70 70 69 
Pentachlorobenzene 77 79 78 78 77 
Hexachlorobenzene -- 87 87 87 85 

See Ref. 10. b See Refs. 8 and 9. 
c Data of this work. 
a Without corrections for the ortho-effect. 
e The correction for the ortho-effect was introduced. 
/ T h e  correction for the ortho-orrho-effect was introduced. 

The  values of  Hen ry ' s  constants  obtained g- jz  by G C  
are presented in Table 5. It is seen that H e n r y ' s  con-  
stants are more sensitive than the adsorpt ion heats to 
differences in the geometr ic  structure and polarizabili ty 
o f  isomeric molecules.  This  is indicated by the differ- 
ences  in retent ion t imes observed by all authors for 
isomeric  di- and t r ichlorobenzenes ,  except  for the  reten-  
t ion value for 1 ,2 ,3- t r ichlorobenzene,  which  coincides  
with that  obtained ~~ for the 1,2,4-isomer.  Considerable  
divergences are observed l~ for the  re tent ion t imes  o f  
1,2,4,5- and 1,2,3,4-tetrachlorobenzenes.  Only the val- 
ues obtained in several works s,9,1~ coinc ide  within  the 
exper imental  error, and the data o f  o ther  authors  differ 
by 20--30%. It is noteworthy that  H e n r y ' s  cons tant  for 
1 ,3-dichlorobenzene obta ined previously n is incorrect ,  
because it does not  correspond to the order  observed by 
o ther  authors for the elut ion of  d ich lorobenzene  s - l e  and 
d imethylbenzene  ~s isomers from the chromatograph ic  
co lumn.  

Since absolute re tent ion t imes cannot  be calculated 
without  introducing correct ions into the AAP param- 
eters,  reliable exper imental  data should be chosen  for 
use as reference values. 

It is known 7,1~ that for each chromatograph ic  col-  
umn  with a certain weighed sample and specif ic  adsor- 
bent  surface, the most  reliable values o f  H e n r y ' s  con-  
stants can be obtained for average re tent ion values. That  
is why 1,4- and 1 ,2-dichlorobenzenes  have been used 
previously 8,9 and in this work as the reference molecu les  
to refine the parameters  and introduce correc t ions  for 
the ortho-effects. 

The  relative differences in the retent ion t imes of  
homologs and isomers CI'able 6) are close. If  the chlo-  
robenzene molecules studied are arranged in the order  of  
their  increasing H e n r y ' s  constants  and the differences in 
these values for the nearest neighbors are calculated,  one 
can observe that the results obtained by different authors 

Table 5. Comparison of experimental 8-1:t values of  Henry "s 
constants (lnK 0 at 473 K for adsorption of  chlorobenzenes 
on GTCB 

Chlorobenzene In(Ki/cm 3 m -2) 

ia., Ii b III c IV d" 

Chlorobenzene -0.30 -0.44 -1.23 -0.58 
1,3-Dichlorobenzene 1.37 0.93 0.85 --  
1,2-Dichlorobenzene 1.41 1.01 0.60 - -  
1,4-Dichlorobenzene 1.47 1.06 0.69 0.92 
1,3,5-Trichlorobenzene 2.64 2.23 t.97 - -  
1,2,4-Trichlorobenzene 2.82 2.41 2.16 2.32 
1,2,3-Trichlorobenzene 2.82 --  --  -- 
1,2,3,5-Tetrachlorobenzene 4.26 -- -- --  
1,2,4,5-Tetrachlorobenzene 4.42 3.89 3.99 --  
1,2,3,4-Tetrachlorobenzene 4.64 -- 4.00 -- 
Pentachlorobenzene 6.20 -- 5.51 --  
Jtexachlorobenzene - -  --  7.07 --  

a See Ref. 10. b See R.efs. 8 and 9. c See Ref. II. 
d See Ref. 12. 
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Table 6. Relative differences in Henry's constant values 
(InKI) for the closest isomers and homologs of chloro- 
benzenes 

Compared ln(Kl/cm 3 m -2) 

molecules I a II b III c 

1,3-Dichlorobenzene-- 1.67 1.37 2.08 
chlorobenzene 

1,2-Dichlorobenzene-- 0.04 0.08 --0.25 d 
I, 3 -diehtorobenzene 

1,4- Dichlorobenzene-- 0.06 0.05 0.09 
1,2-dichlorobenzene 

1,3,5-Trichlorobenzene-- 1.17 1.17 1.28 
1,4-dichlorobenzene 

1,2,4-Trichlorobenzene-- 0.18 0.18 0.19 
1,3,5-trichlorobenze ne 

1,2,3-Trichlorobenzene-- 0.00 -- -- 
1,2,4-trichlorobenzene 

1,2,3,5-Tetrachlorobenzene-- 1.44 -- -- 
1,2,3 -trichlorobenzene 

1,2,4,5-Tetrachlorobenzene-- 0.16 -- -- 
1,2,3,5-tetrachlorobenzene 

1,2,3,4-Tetrachlorobenzene-- 0.22 -- 0.01 
1,2,4,5-tetrachlorobenzene 

Pentachlorobertzene-- 1.56 -- 1.51 
1,2,3,4- tetrachlorobenze ne 

Hexachlorobenzene-- -- -- 1.56 
pentachlorobenzene 

a See Ref. 10. b See Refs. 8 and 9. e See Ref. 11. d This 
value should not be taken into account, since the lnK~ 
value for 1,3-dichlorobenzene was determined incorrectly. 

coincide, first of  all, for di- and trichlorobenzenes. This 
indicates that the relative arrangement of  isomers and 
homologs of  di- and trichlorobenzenes have been chosen 
correctly. When the most reliable experimental data s,9 are 
chosen for these molecules (see Table 5), we can refine 
the AAP parameters (see Experimental). 

The  absence o f  reliable experimental  data for 
1,2,3-tri- and 1,2,3,4-tetrachlorobenzenes does not al- 
low them to be used directly for the determination of 
corrections for the ortho-ortho-effect; however, for this 
purpose, their relative arrangement on the chromato-  
graph can be used. 

The order of  elution of  isomers from the chromato- 
graphic column is the most important criterion that 
allows one not only to evaluate the reliability of  experi- 
mental and calculated data but also to introduce correc- 
tions into AAP. In particular, as can be seen in Tables 5 
and 7, the correction for the ortho-ortho-effect makes it 
possible to reach a correspondence between the experi- 
mentally found and calculated order ofelution of  1,2,3,5- 
and 1,2,4,5-tetrachlorobenzenes (see Table 7). For mol- 
ecules containing no substituents in the ortho-positions, 
it is enough to introduce one correction factor to reach 
agreement with the experiment. In the case of ortho- 
substituted isomers, a special correction for the ortho- 
effect should be introduced, whose value depends on the 
parameters of the AAP used. Only in the case of intro- 

Table 7. Comparison of calculated values of Henry's constants 
(InK~) at 473 K for adsorption of chlorobenzenes on GTCB 

Molecule ln(Ki/cm 3 m -2) 

I a l l  b I IF  

1 2 ~ 3" 

Chlorobenzene -0.68 
1,3- Dichlorobenzene 0.68 
1,2-Dichlorobenzene 0.79 
1,4-Dichlorobenzene 0.82 
1,3,5 -Trichlorobenzene 1.99 
t, 2,4-Triehlorobenzene 2.27 
1,2,3 -Trichlorobertzene 2.39 
1,2,3,5-Tetraehtorobenz~ne 3.82 
1,2,4,5-Tetrachlorobenzene 3.86 
1,2,3,4-Tetrachlo~benzene 4.05 
Pentachiorobenzene 5.7 
Hexaehlorobenzene 

-0.47 -0.44 -0.44 -0.44 
0.94 0.98 0.98 0.98 
1.02 1.15 1.01 1.01 
1.05 1.06 1.06 1.06 
2.26 2.25 2.25 2.25 
2.50 2.59 2.44 2.44 
2.62 2.82 2.59 2.52 
4.04 4.19 3.95 3.86 
4.06 4.23 3 . 9 2  3.92 
4.25 4.47 4.16 4.03 
5.88 6.15 5.76 5.54 
7.74 8.12 7.64 7.21 

~ See Ref. 10. b See Refs. 8 and 9. ~ Data of this work. 
a Al%r introducing the correction for the ortho-effect. 
e After introducing the correction for the ortho-ortho-effect. 

ducing an additional correction for the ortho-ortho- 
effect, can one obtain experimental and calculated val- 
ues consistent within the experimental  error and the 
correct order of elution of  isomers from the chromato-  
graphic column. 

Calculations performed with these refined param- 
eters and corrections for the ortho-effect and ortho- 
ortho-effect (see Table 7) are most  reliable. Comparison 
of the experimental and most reliable calculated values 
of  Henry ' s  constants shows that the ortho-arrangement 
of CI atoms results in a decrease in the adsorption value, 
probably, due to a decrease in the total polarizability of  
the molecule. This decrease in the polarizability and, 
correspondingly, in the adsorption compensates for the 
energetically more favorable arrangement  of  ortho-sub- 
stituted isomers on the graphite surface, which by itself 
tends to increase the adsorption. As a whole, the ortho- 
effect results in a decrease in the differences between the 
values of  Henry 's  constants of  isomers. This result should 
be taken into account for prognostication of  the possi- 
bility of  chromatographic separation of  isomeric mol- 
ecules containing substituents in ortho-positions. 
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