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A method for  the g a s - c h r o m a t o g r a p h i c  analysis  of high-boil ing polycondensed he t e roa roma t i c  
compounds with a thiophene r ing (CHC) containing up to five condensed r ings was developed.  
The opt imum analysis  conditions were  found, the re tent ion t imes  were  de termined,  and the 
dependence of the elution c h a r a c t e r i s t i c s  on the column t e m p e r a t u r e  and CHC s t ruc tu re  was 
followed. Elution occurs  in conformi ty  with the number  of r ings in the CHC molecule ,  and 
compounds with the same number  of r ings (with allowance for  subst i tuents  with a benzene 
ring) are a r r anged  in suff icient ly isola ted groups .  The phenomenon of invers ion  of the r e t e n -  
t ion volumes  of some CHC as the t e m p e r a t u r e  r i s e s  was noted. A method for  the indirect  
analysis  of CHC by ch roma tog raphy  of the products  of desulfur izat ion of them was developed.  

In connection with the synthes is  and invest igat ion of the dependence between the s t ruc tu re  and phys i -  
cal  and chemica l  p rope r t i e s  of condensed he t e roa roma t i c  compounds with a thiophene r ing (CHC), we a t -  
t empted  to develop ga s - l i qu id -ch roma tog raphy  (GLC) methods for the analysis  of CHC in o rder  to d e t e r -  
mine the degree  of pur i ty  of the compounds,  e s tab l i sh  s t ruc tu re s  (in conjunction with other  phys icochemi -  
ca lmethods)  [1], and s tudy the products  obtained when they are  desulfurated.  In addition, a method for the 
accura te  and re l iable  exp re s s ion  of data on re tent ion was worked out, and a s ea rch  was c a r r i e d  out for  de-  
pendences that link the re tent ion values with the s t r u c t u r e s .  This is n e c e s s a r y  for  the s t andard less  ident i -  
f icat ion of CHC in complex mult icomponent  mix tu res  and, in par t i cu la r ,  in the h igh-molecu la r -we igh t  p o r -  
tion of sulfurous oils, in which, as demons t ra ted  by other  methods,  thiophene homologs with condensed 
cyclic  s y s t e m s  are  widely r ep re sen ted  [2, 3]. The pecul ia r i t i es  of the physica l  and chemica l  p rope r t i e s  of 
t r i - ,  t e t r a - ,  and pentacycl ic  CHC (high boiling points,  capaci ty  of the sulfur  a tom not only for  donor but 
also for  acceptor  in terac t ions ,  etc.)  and the fact  that many  of the compounds examined in this paper  were  
synthes ized  for  the f i r s t  t ime caused cons iderable  difficulties in the solution of the formula ted  p r o b l e m s .  
These difficulties were  aggrava ted  by the fact  that at p resen t  the se lect ion of iner t  and stable sorbents  and 
s ta t ionary  phases  for  h i gh - t em pe ra t u r e  GLC is becoming more  and more  l imited.  Data on the separa t ion  
of CHC only into groups of subs tances  with the s ame  number  of condensed r ings in the molecule (up to four 
rings) but not into Individual components  are  p resen ted  in a smal l  number  of papers  devoted to the GLC of 
some CHC [4] of individual pe t ro leum f rac t ions ;  this is due to both the difficult ies indicated above and to 
the absence of s tandard  compounds .  

In the p resen t  paper  we have invest igated var ious  condensed a romat ic  and he t e roa roma t i c  compounds 
(14 of them with thiophene rings) with f rom 2 to 5 condensed r ings at 250, 275, and 325~ A s t a i n l e s s - s t e e l  
column (600 • 0.3 cm) with 2.22 wt.% Se-30 on C h r o m o s o r b  W (80-100 mesh) ,  washed with acid, p roved  to 
be the mos t  suitable column for  the analys is  of the CHC. In o rde r  to dec rease  adsorpt ion  on the act ive 
cen te r s  that s t rongly  tie up molecules  of the subs tances  to be separa ted ,  the ent i re  chromatograph ic  s y s -  

*See [1] for communica t ion  XXI. 
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tern was silanized by repeated introduction of 5-gl i ter  
samples of hexamethyldisi lazan at a column and vapor -  
izer  temperature  of 80-100 ~ in a s t r eam of helium. The 
following values were calculated for the charac te r i s t i c s  
of the investigated CHC: the retention t ime 0"), the r e -  
tention time of the nonsorbed gas (~-0), the cor rec ted  r e -  
tention time (~ '), the retention volume (V), the dead 
volume (V0), the co r r ec t ed  retention volume (V'), the 
cor rec ted  retention volume related to starfdard condi-  
tions (0 ~ and 760 mm) (V0') [5], the co r rec t ed  relative 

o r . . 
retention volume (Vrel), the ef fmmncy of the chromato-  
graphic column (N) [6], the a symmet r i ca l  cha rac te r  of 
the peak (As) [7], the degree of separat ion of adjacent 
peaks (0) [8], and the separat ion coefficient (~). An 
analysis of the data obtained (Table 1} makes it possible 
to draw a number of conclusions that are  important for 

Fig.  1. Chromatogram of a mixture of CHC 
at 275 ~ and a helium flow rate of 53 m l / m i n :  
1) benzene, thiophene, and I; 2) IV; 3) VIII; 
4) XI; 5) XIII; 6) XV; 7) XVI; 8) XVII; 9) 
XVIII; 10) XX; 11) XXI; 12) XXIII; 13) XXIV. 

the identification of CHC. 

The compounds are eluted as a function of the number of condensed rings in the molecule.  The sharp 
jumps in the V, V0', and V~el values as the number of rings in the CHC molecules changes attests to this .  
An increase  in the number of condensed benzene rings in the molecule of a "l inear" he teroaromat ic  c o m -  
pound leads to a proport ional  change in the indicated values.  It follows f rom Table 1 and Fig.  1, in which 
the chromatogram of a 14-component mixture of CHC is presented,  that the peaks of these substances are 
a r ranged in distinctly separate groups as a function of the number of r ings in the molecule of the condensed 
compound. These results  differ f rom those previously  obtained with a silicone column [4]. We note that 
although the loss of aromat ic i ty  of one of the condensed rings or the introduction of an alkyl substituent in- 
to the CHC molecule leads to a cer ta in  change in the retention values, it does not cause migrat ion of the 
peak to the adjacent groups.  At the same time, the introduction of benzene ring substituents (phenyl and 
benzyl) into the CHC changes the retention considerably and is equivalent to the addition of another con-  
densed ring to the CHC molecule.  Similar  relationships are also observed in a number of polycyelic a rom-  
atic hydrocarbons .  

The separat ion coefficients (c~) in the ser ies  benzo[b]thiophene (II), dibenzothiophene (IV), benzo[b]- 
naphtho[2,3-d] thiophene (XIII) ,and anthra[2,3-b]benzo [d]thiophene (XXIII) are 5.44, 5.22, - -  a t  ?50 ~ ; 4.39, 
4.45, and 4.39 at 275~ and - -  , 3.37, 3.30 at 325 ~ As in the case of the ser ies  benzene, naphthalene, 
anthracene,  sa t i s fac tory  constancy of the coefficien~t values is observed at a given tempera ture  for all of 
the members  of the se r i e s .  It is interest ing to note that the ratio of the ~ coefficients at two different t em-  
pera tures  is the same for both se r i es .  

An appreciable decrease  in the retent ion time and of all of the remaining elution charac te r i s t i c s  is 
observed on passing f rom the l inear anthra[2,3-d]benzo[d]thiophene s t ructure  {XXIII) to the angular an thra-  
[2,1-b]benzo [b]thiophene s t ructure  (XXI). 

Despite the cer ta in  increase  in molecular  weight, the replacement  of one benzene ring by a cyclohex-  
ane or cyclohexene ring in the benzo[b]naphtho[2,3-b]thiophene molecule (compare XI and XIII and XV and 
XVI) leads to a decrease  in the elution time, which is observed at all t empera tu res .  

The position of the methyl group in the benzo[b]naphtho[2,3-d]thiophene molecule (XIII) has compara -  
t ively little effect on the elution cha rac te r i s t i c s .  However, a change in the o rder  of elution is observed on 
passing f rom 250 to 275 and 325~ 4-methylbenzo[b]naphtho[2,3-b]thiophene (XVII) emerges  after 7-methyl-  
benz o [b]naphtho [2,3-g]thiophene (XVI). 

The optimum conditions for the separat ion of most of the investigated CHC (with different numbers  
of rings) are achieved at 275 ~ and a helium flow rate of 38 m l / m i n .  However, not all of the substances are 
eluted with a sufficient degree of separat ion under these conditions. Separation coefficient a ranges f rom 
1.05 to 1.01 for the following pairs  of substances:  VII and VIII, XII and XIII, XIIIand XIV, XVIand XVII, 
XVIII and XIX, and XXIV and XXV. In general ,  separat ion improves when the temperature  is lowered to 
250~ XIII and XIV and XVIII and XIX are completely separated,  and bet ter  separat ion is achieved for XII 
and XIII and X-VI and XVII; in the latter two cases ,  the order  of elution changes.  Coefficient ~ remains  
prac t ica l ly  constant only for VII and VIII; moreover ,  the order  of elution also changes.  Raising the t em-  
perature  to 325 ~ causes  a decrease  in a ,  but not for all of the pairs  of substances .  In individual cases ,  an 
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XXVI1 

XXVI1 

XXlX 

TABLE 1 (continued) 

XXVI 7,!2-Dioxo-7,122di- 
hydroanthra[2,3 - d] - 
benzo[b]thiophene 

n:C2#48 

,n-CzTH46 

n-Ca3Hss 

f( 27512 , 00 
250 4,470 
275 2,280 
325 ] 0,567 
25O [ 12A00 
275 [ 5.770 
29"?5 l 1,204 
250 ] 55,6OO 
2751 22.300 
325 / 3,480 

2|0,0 / 

38,5 t 
19,5 
4,5 

06,9 I 
48.11 
K6- 

~78,0 
91,0 
27,7 I 

732 -- / 5,452 

0,558 
0,514 
0,417 
1,550 
1302 
0,?85 
6,959 
5,034 
2,560 

477 

*With a 600 • 0.3 cm column with 2.22 wt.% SE-30 silicone on Chromo-  
sorb  W (80-I00 mesh).  The helium flow rate {at 25~ was as follows: 
36 m l / m i n  (250~ 38 m l / m i n  (275~ and 37 m l / m i n  (325~ The p r e s -  
sure at the inlet of the column was 5.7 atm (250~ (275~ and 6.9 
atm (325~ The p ressu re  at the outlet was 1 atm. The recording ribbon 
rate was 1440 m m / h .  The amount of SE-30 in the column was 0.236 g. 
The retention time (and volume) of benzene (from the instant of introduc-  
t ion of the sample) coincides with the retention time of the  unsorbed gas 
(methane, ethane, etc.) ,  ~-,, min: 2.21 (250~ 2.16 (275~ and 2.14 (325~ 
r Coeff ic ients  was calculated with respec t  to the compounds below it in 
the table or  with respec t  to the compound indicated in parentheses ,  
which emerges  afterwards at a given tempera ture .  
$ This was determined f rom the graph of the dependence of the logari thm 
of the co r rec t ed  retention time on the boiling point of normal  h y d r o c a r -  
bons.  

increase  in ~ is observed:  Thus (~ increases  f rom 1.01 (at 275 ~ to 1.10 for XXIV and XXV, f rom 1.04 to 
1.12 for  VII and VIII, f rom 1.03 to 1.13 for XXIIand XXIII, and 1.04 to 1.15 for XIi and XIIL 

As a rule, an increase  in the s e t e c t t v i t y  os separat ion is observed as the tempera ture  r i ses  for those 
pairs  of substances the order  of elution of which changes with tempera ture  (for exampie, VII and VIII, XII 
and XIII, etc .). The change in the order  of elution in the ease of XVII and XVIII is par t icu lar ly  striking: 
they are  completely separated at 275 ~ and even at 325 ~ and XVII is eluted ea r l i e r  than XVIII; at 750 ~ the 
o rder  of elution is reversed ,  also with complete separat ion of these compounds. The observed fact of the 
change in the o rde r  of elution as the tempera ture  r i ses  requi res  a thorough investigation. We note only 
that the change in o rder  of etution is determined by the fact tha~ the curves  of ~he dependence of  the log- 
ar i thm of the presented co r rec t ed  retention volume on the rec iproca l  of the absolute tempera ture  intersect  
one another for each such pair  of substances,  and the angle of intersect ion determines  the cha rac t e r  of the 
inversion of the elution. This sor t  of inversion is probably a more or  less common phenomenon in high- 
tempera ture  gas chromatography,  and it should be taken into account in pract ical  work.  

On the basis  of the examination of the data obtained, one can conclude that the most  suitable t e m p e r a -  
tures  for separat ion of CHC with four and five rings are 275 and 325 ~ while 250 and 275 ~ are the most  sui t-  
able t empera tu res  for the separat ion of compounds with three and four r ings.  The exit t imes for  anthra-  
benzothiophenes (XXI, XXIII, and XXVI) are ve ry  grea t  at 250 ~ . 

As seen from the data in Table 1, the efficiency of the action of the column (N), which is expressed  by 
the number of theoret ical  plates,  depends to a g rea t  degree on the column tempera ture ,  retent ion volume, 
and asymmet r i ca l  cha rac te r  of the peak (As) of the substance.  As a rule, N decreases  as the retention vol- 
ume dec reases .  Thus the maximum efficiency of the cotumn at 275 ~ was observed with respec t  to quinone 
(XXVI) - 7320 theoret ical  plates - while the minimum efficiency was observed with respec t  to benzo[b]thio- 
phene (II) ~ about 30 theoret ical  plates.  One should bear  in mind that somewhat depressed  N values are ob- 
tained for the components that  are eluted rapidly because a cor rec t ion  for the half width of the peak of the 
nonsorbed gas was not introduced into the peak half width. 

While N general ly  charac te r i zes  the sharpness  of the peak, As indicates the degree of deviation of its 
shape from the ideally symmet r i ca l  fo rm because of overloading of the column (As < 1), absorption, or  
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Fig, 2. Chromatogram of a mixture of prod-  
ucts of desulfuration of some CHC at 275 ~ and 
a helium flow rate of 38 m l / m i n :  1) VI; 2) 
Ix;  3) XlI; 4) XIX. 
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Fig.  3. Dependence of the logari thm of the 
co r rec ted  retention time (rain) on the boiling 
point of a number of normal  hydrocarbons 
(curve 1) and on the number of carbon atoms 
(curve 2). 

other reasons (As > 1). For  most  of the investigated 
compounds, As differs only slightly f rom unity at differ-  
ent t empera tures .  However, As was three (XXII) and 
even four (XXIII) for some compounds.  The peaks of 
these compounds had a diffuse tailing edge and were c h a r -  
acter ized by re la t ively low Nvalues .  The independence 
of A s o f  the size of the introduced sample served as a 
c r i te r ion  of reliabil i ty of the elution retention c h a r a c t e r -  
istics determined.  

In o rder  to identify a number of the CHC, their  
ehromatograms  were compared  with the chromatograms  
of the corresponding desulfuration products .  The ch ro -  
ma togram of the de sulfurafion products  (Fig. ?) shows that 
the peaks of four hydrocarbons formed during their  de-  
s u l f u r a t i o n -  2-phenylnaphthalene (VI), 5 -me thy l - ? -  
phenylnaphthalene (IX), 1-phenylanthracene (XII), and 2- 
phenylanthracene (XIX) - cor respond  to the peaks of the 
four s tar t ing CHC - benzo [b]naphtho [3,3-d]thiophene 
(XIII), 7-methylbenzo 0o]naphtho [?,3-d]thiophene (XVI), 
anthra[2,1-b]benzo[d]thiophene (XXI), and anthra[2,3-b]-  
benzo [b]thiophene (XXIII). It was found that elimination 
of a sulfur atom from the CHC molecule leads to a sharp 
cur ta i lment  in the elution time by a factor  of 2.5-3 at dif-  
ferent  t empera tu res .  This method opens up the possibi l -  
ity for the indirect  analysis of CHC at substantially lower 
t empera tures  by gas -chromatographic  investigation of 
the desulfuration products .  

We found it was possible to est imate the boiling 
points of most of the investigated compounds on the basis 
of the chromatographic  data. Since the boiling points are 
unknown for any of the CHC or s imi lar  compounds, C19- 
C34 normal  hydrocarbons,  which are present  in paraffin 
with mp 65-75 ~ were selected as substances for c o m -  
par ison.  The interpretat ion of the peaks onthe c h r o m a t o -  
g r a m  of paraffin was ca r r i ed  out with severa l  s tandard 
normal  hydrocarbons .  Analysis of paraffin with a s i l i -  
cone column filled with SE-30 demonstrated that the de-  
pendence of log ~" ' on the number of carbon atoms in the 
normal  hydrocarbon is conveyed by a line, while the de- 
pendence of log ~' on the boiling point is conveyed by a 
slightly curved line (Fig. 3). It was assumed that the de- 

pendence of the logari thm of the co r rec ted  retention time on the boiling point in the ser ies  of normal  hydro-  
carbons on the SE-30 nonpolar silicone e las tomer  will also be retained on passing to other c lasses  of com-  
pounds. This assumption is valid only to a cer ta in  degree.  While thianthrene (VIII) with bp 360 ~ [9] actual-  
ly lies on the curve of the dependence of log T' on Tb, one obtains a calculated boiling point that is 10 ~ lower 
than that presented in the l i terature for anthracene (V) (bp 340 ~ [10]). The boiling points found for some of 
the aromatic  and he teroaromat ic  compounds f rom their  co r rec ted  retention t imes and the curve of the de-  
pendence of log ~" on T b are presented in Table 1. The values calculated in this manner are approximate,  
as demonstra ted by the example with anthracene.  

E X P E  RI  ME N T A  L 

The investigation was ca r r i ed  out With an LKhM-7A ser ia l  chromatograph (developed by the Scientific 
Design Bureau of the Institute of General Chemis t ry  of the Academy of Sciences of the USSR), which we 
modified somewhat for h igh- tempera ture  work: a special  heater  for the gas communicat ions that link the 
thermos ta t  of the columns with the ca tha romete r  thermosta t  and the flame ionization detector  (FID) was 
introduced; the latter was let down into the inner wall of the upper cover  of the thermosta t  of the column 
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and was additionally heat insulated; the heating coil of the vapor ize r  was rewound to ensure uniform heating 
over its entire length. The vapor ize r  temperature  in all cases  exceeded the limiting tempera ture  of the 
column by 50-60 ~ . All of the communications and par ts ,  commencing with the vapor ize r  and ending with 
the column and detector,  were made of stainless steel .  The indicated changes in the design of the apparatus 
eliminated the possibil i ty of slow evaporation and condensation of the CHC vapors  in the vapor izer ,  at the 
inlet and outlet f rom the column, and also at the inlet into the detectors ;  this increased the efficiency of 
separat ion at 250-325 ~ The samples (0.5-5 ~1 during operation with a ca tha romete r  and 0.05-0.1 ~1 during 
operation with an FID) were introduced with a microsyr inge  with a long steel needle (35-40 mm) through a 
2-3 mm thick white vacuum rubber  gasket .  The sensit ivit ies of the T-26 ca tharometer  (at a bridge cur ren t  
of 120 mA) and of the FID with respect  to ether  and benzene at a helium flow rate of 36-38 m l / m i n  and 
room tempera ture  were 700 and 300,000 ml �9 m V / m g ,  respect ively .  The resul ts  were recorded  with an 
~ P P - 0 9  (with a 2-mV scale), and the rate of t r ave r sa l  of the scale by the r e c o r d e r  pen was ] sec.  The 
rate of drawing of the diagram ribbon was set at 1440 m m / h  and 360 m m / h  for accurate determination of 
the elution time relative to low-volati l i ty CHC and highly volatile CHC, respect ively .  The scale of attenua- 
tion of the detector  signal var ied  f rom 1 : 1 to 1 : 4096, depending on the conditions. 

The following s ta in less -s tee l  columns were prepared and tested:  1) a 200 by 0.3 cm column packed 
with 10 wt.% SE-30 silicone e las tomer  on acid-washed Chromosorb  W (80-100 mesh);  2) a 600 by 0.3 cm 
column packed with 2.22 wt.% SE-30 on Chromosorb  W; 3) a 600 by 0.3 cm column packed with 0.5 wt.~ 
SE-30 on chemical ly  pure sodium chloride c rys ta l s  (0.25-0.5 mm); 4) a 600 by 0.3 cm column packed with 
1 wt.% SKTV-4 silicone on analytically pure sodium chloride c rys ta l s  (0.25-0.5 ram); 5) a 15 by 0.3 cm 
column packed with 15 wt.% polyethylene glycol adipate on Chromosorb  W. In addition, a copper capi l lary  
column (25 m by 0.25 mm), through which a 15% solution of Apiezon L in benzene was passed,  was also 
tes ted.  The testing was ca r r i ed  out at column operating tempera tures  f rom 170 to 325 ~ . P r i o r  to operation, 
the columns were conditioned in a helium s t r eam at 20-30 ~ above the operating tempera ture .  In the case of 
columns with SKTV-4 and SE-30 on sodium chloride,  an intensive and incessant  loss of the liquid phase at 
80 ~ for SKTV-4 and at 130 ~ for SE-30 below the maximum operating tempera ture  of the phase was noted. A 
gradual  shift and simultaneous pronounced fluctuation in the zero  line were observed at t empera tures  above 
160-170~ these effects increased as the tempera ture  rose and were appreciable even during pronounced at-  
tenuation of the detector  signal.  In the case of operation with an F1D, these phenomena became noticeable 
at lower t empera tures  than during operation with a ca tharometer .  Moreover,  the bottom of the cover ,  the 
e lec t rodes ,  and the nozzle of the detector  were coated with a deposit (apparently sil icon dioxide), which 
could be removed only by mechanical  means .  Replacement of the NaC1 sorbent by Chromosorb  W comple te-  
ly el iminated these phenomena; SE-30 silicone on Chromosorb  W is quite stable up to 330 ~ . The resul ts  ob- 
tained are evidence that silicone e las tomers  SKTV-4 and SE-30 undergo intensive decomposit ion in the 
presence of NaC1. We note that a silicone grease  has been used in studies devoted to the use of NaC1 in 
GLC [11-14], and that no decomposition of the silicone liquids on the sodium chloride was noted i n t h i s c a s e .  
This is possibly associa ted with the fact that detectors of low sensit ivity were used. The problem of the 
stability of silicone on NaC1 requi res  additional study, while the notion of the chemical  inertness of NaC1 as 
a l iquid-phase support and sorbent in GLC should be verif ied thoroughly taking into account the data of a 
number of investigations of sodium chloride as an ionic catalyst  of var ious  cleavage reactions [15, 16]. 

The data on the inapplicability of copper columns, which were obtained in this study, are in confor -  
mi ty  with the conclusions of a review devoted to the chromatographic  analysis  of compounds related to CHC 
[17]. 

The method used to prepare  the CHC and their  physical  constants were presented in [1, 18, 19]. In 
addition, the following compounds were used: benzo[b]thiophene (II), synthesized by the method in [20], mp 
31-32~ thianthrene (VIII), obtained by the method in [21], mp 157.5-158~ 2,6-dimethylthianthrene (X), ob- 
tained by the method in [22], mp 117-118.5~ commerc ia l ,  chemical ly  pure, previously sublimed naphthalene 
(I), anthracene (V), phenanthrene, anthraquinone (VII), te tracene (XIV), pentacene (XXV), and diphenylmeth- 
ane (III). 
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