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In the temperature range of 300O to 50000 bituminous coals
pass through one or more plastic stages, but after each occur-
rence continued heating causes solidification (1). In the direct
liquefaction of coals or processing of coal-derived liquids at
pyrolytic temperatures catalytic surfaces become fouled with
carbonaceous deposits (2,3,4). In jet fuels the presence of het-
erocyclic aromatic compounds containing nitrogen in the rings
causes sludge to form (5). Carbazoles and related compounds
tend to form carbonaceous electrode deposits at anodes in elec-
trochemical cells.

Each of these effects is caused by an increase in molecular
weight which might arise from a number of different chemical re-
actions. However, in these specific oxidation-reduction reactions
a favored oxidation half reaction is the oxidative coupling of
aromatic ring structures. The first clue to the operation of
aromatic oxidative coupling as a route to products of higher mol-
ecular weight and lower solubility resulted from the observation
of electrode film formation on anodes when coal-derived liquids
were being examined electrochemically (6).

EXPERIMENTAL

The electrode films formed by anthracene o0il and SRC-II
type product oils derived from Blacksville No. 9 coal were stud-
ied by means of cyclic voltammetry and double potential step
chronoamperometry. A Princeton Applied Research Model 170 Elec-
trochemistry System was employed. The electrolyte was tetrabutyl
ammonium fluoroborate, and solvents were acetonitrile for the
anthracene o0il and tetrahydrofuran for SRC-II type product oils.

DISCUSSION

Anthracene oil and many samples of SRC-II type product oil
from the 1000 pound per day pilot plant at Pittsburgh Energy
Technology Center (PETC) were examined electrochemically and
found to form electrode deposits under oxidizing conditions.
Successive voltammetric traces show the insulating effect of the
film deposited by anthracene oil (Figure 1a). Progressive chang-
ing of the switching potential toward more cathodic potentials
shows a decrease (Figure 1b) and elimination (Figure 1c) of the
film-forming tendency.
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In a different experiment the initial potential of an SRC-II
type solute was held at +1.000 volt for different lengths of
time, and the resulting films were reduced in the voltammetric
scan toward more cathodic potentials. The peak heights reflect
the currents used to reduce the films formed by oxidation at
+1.000 volt. A linear variation in peak height with time is
shown (Figure 2). In these samples the films are much more re-
active than those formed from anthracene oil.

The films formed on anodes proves the reaction to be an
oxidation., The formation of electrode films, which, depending on
conditions, varied from soft, brown, and soluble to hard, glossy,
black, and insoluble in pyridine, proves an increase in molecular
weight. The presence of reactive aromatic structures in coals and
coal-derived liquids (7) suggests the operation of the aromatic
oxidative coupling reaction. Table I comprises a list of selected
compounds that undergo oxidative coupling.

As reported by Dworkin and others(8) and illustrated with

anthracene, C 4H y aromatic oxidative coupling proceeds by way
of a radical éatlgn intermediate.
Oxidations: _

Ci4ty0 > Oty + @

Cthlo + C14H10 —D~ 028H1o + 2H + 2e
Reduction:
Civflio + 20t 4+ 20 —> C,H
14712

Net Reaction:

3C1uty0 —> Gty + Gy
Many common reagents and catalysts cause radical cation formation
which initiate aromatic oxidative coupling. These include H,SO
(9,10),0xidizing agents in acidic media (9,11,12,13), Lewis fcids
(14-26), halogens (27), Ag(Cl0,) and iodine (28,29), and metal
salts (30,31). Free radical ca%ions are also formed by such solid
catalytic surfaces as gamma-alumina (32), silica alumina (33),
and zeolites (34). They may also be generated by photoionization
(35,36,37) and electrochemical oxidation(38). Both radical cat-
ions and radical anions were generated at PETC by electrolysis
of SRC-II type solutes in an ESR cavity (39).

In support of this information Ross and Blessing report,
"In the absence of an H-donor, then, oxidative crosslinking takes
place within the coal upon heating, yielding a product even less
soluble in solvents such as pyridine than was the starting coal"
(40). Others have reported the same behavior (41,42). Thus, one
may conclude that Lewis acids cause oxidative hydrogen transfer
from hydrogen donors or oxidative polymerization through a
sequence of coupling reactions. Other radical cation forming
catalysts and reagents may be expected to behave similarly.

CONCLUSIONS
Aromatic structures may polymerize by a stepwise, oxida-
tive coupling reaction, initiated by formation of radical cat-

ions, Common reagents and catalysts cause radical cations
to form.

107




REFERENCES

1.

2,

10.
11.
12.
13.
14,

15.
16.

17-

18.

19.
20.

Davis, J.D., Reynolds, D.A., Naugle, B.W., Wolfson,D.E., and
Birge, G.W., Technical Paper 726, U.S. Department of the In-
terior, U.S. Government Printing Office, 1949.

Kriz, J.F., and Ternan, M. A.C.S. Div, Fuel Chem. Preprints,
Vol.25, No. 2, p 146, March 24-28, 1980.

Sivasubramanian, R., Olson, J.H., and Klatzer, J.R., A.C.S.
Div. Fuel Chem. Preprints, Vol. 25, No. 1, p 86, March 24-28,
1980; ibid. p 149.

Shih, S.8., Angevine, P.J., Heck, R.H., and Sawruk, S., A.C.
S. Div. Fuel Chem. Preprints, Vol. 25, No. 1, p 154, March
24-28, 1980.

Frankenheld, J.W., and Taylor, W.F., A.C.S. Div. Fuel Chem.
Preprints, Vol. 23, No. 4, p 205, September 10-15, 1978.

Pierce, J.B., "New Approsches in Coal Chemistry", A.C.S.
Symposium Series, Ed. by Blaustein, B.D., Bockrath, B.C.,
Friedman, S., and Retcofsky, H.L. (in press).

Philip, C.V., and Anthony, R.G., A.C.S. Div. Fuel Chem. Pre-
prints, Vol.24, No. 3, p 204-14, September 10-14, 1979.

Dworkin, A.S., Poutsma, M.L., Brynestad, J., Brown, L.L.,
Gilpatric, L.0O., and Smith, G.P., J. Am., Chem. Soc., 1979,
101, 5299.

Hoijtink, G.J., and Weijland, W.P., Rec. Trav. Chim., 1957,
76, "836.

Carrington, A., Dravnieks, F., and Symons, M.C.R., J. Chem.
Soc., 1961, 905,

MacLean, C., and Van der Waals, J,H., J. Chem. Phys., 1957
27, 287. ,

Aalbersberg, W.I., Gaaf, J., and Mackor, E.L., J. Chem. Soc.
1961, 905.

Dallinga, G., Mackor, E.L., and Verrijn Stuart, A.A., Mol.
Phys., 1958, 1, 123.

Weissman, S.I., de Boer, E., and Conradi, J.J., J. Chem, Phys.
1957, 26, 963.

Lewis, I.C., and Singer, L.S., J. Chem, Phys., 1965, 43, 2712.
Lewis, I.C., and Singer, L.S., J.Chem. Phys. 1966, 4L, 2082,

Forbes, W.F., and Sullivan, P.D., J. Am. Chem. Soc., 1966,
88, 2862.

Shine, H.J., and Sullivan, P.D., J. Phys, Chem., 1968, 72,
1390.

Sullivan, P.D., J. Am, Chem. Soc., 1968, 90, 3628.

Buck, H.M., Bloemhoff, W., and Qosterhoff, L.J., Tetrahedron
Lett. 1960, 5.

108



21. Rooney, J.J., and Pink, R.C., Proc, Chem., Soc., 1961, 142.

22, iato, H., and Aoyama, Y., Bull. Chem. Soc. Japan, 1973, 46,
31.

23. Forbes, W.F., and Sullivan, P.D., J. Am. Chem. Soc., 1966,
88, 2862.

24, Bell, F.A., Ledwith, A., and Sherrington, D.C., J, Chem.
Soc. (B), 1962, 2719.

25. Aalbersberg, W.I., Hoijtink, G.J., Mackor, E.L., Weijland,
W.P., J. Chem. Soc., 1959, 3055.

26 Buchanan, III, A.C., Dworkin, A.S., Brynstad, J., Gilpatrick,
L.0., and Smith, G.P., J. Am. Chem., Soc. 1979, 101, 5430.

27. Fitzgerald, Jr., E.A., Wuefling, Jr., P., and Richtol, H.H.
J. Phys. Chem., 1971, 75, 2737.

28. Sata, Y., Kinoshita, M. Sano, M., and Akamatu, H., Bull.
Chem. Soc. Japan, 1969, 42, 548, 3051.

29. ﬁistagno, C.V., and Shine, H.J., J. Org, Chem., 1971, 36,
050.

30, Heiba, E.I., Dessau, R.M., and Koehl, Jr., W.J., J. am. Chem,
Soc. 1969, 91, 6830.

31. Dessau, R.M., Shih, S., and Heiba, E.I., J. Am. Chem. Soc.,
1970, 92, 412.

32. Flockhart, B.D., Scott, J.A.N., and Pink, R.c., Trans. Fara-
day Soc., 1966, 62, 730.

33. Rooney, and Pink, R.C., Trans. Faraday Soc. 1962, 58, 1632,

34. Kurita, Y., Sonoda, T., and Sata, M. J. Catalysis, 1970,
19, 82.
35. Lewis, G.N., and Lipkin, D., J. Am., Chem., Soc., 1942, 64,2801,

36. Lewis, G.N., and Bigeleisen, J., J. Am. Chem. Soc. 1943, 65,
2419,

37. Land, E.J.,, and Porter, G., Trans. Faraday Soc., 1963, 59,
2016, 2027.

38. Bard, A.J., Ledwith, A., and Shine, H.J., "Advances in Phy-
sical Organic Chemistry", Vol. 13, Ed. bt V. Gold and D.
Bethell, Academic Press, 1976, pp. 156-278.

39. Sprecher, R.S., and Pierce, J.B., Unpublished Work, 1980.

40. Ross, D.S., and Blessing, J.E., A.C.S., Div. Fuel Chem. Pre-
prints, Vol. 24, No.2, p 130, April 2-6, 1979.

44, Low, J.Y., and Ross, D.S., A.C.S., Div. Fuel Chem. Preprints,
Vol. 22, No. 7, p 121, August 29-Septemberz, 1977.

42, Mobley, D.P., Salim, S., Tanner, K.I., Taylor, N.D,, and
Bell, A.T., A.C.S., Div. Fuel Chem. Preprints, Vol. 23, No.
4, p 138, September 10-15, 1978.

109




L3,

L,
Ls.

Lé.
L7,
Lg.,
L.
50.
51.

52.
53.

Sh.
55.
56.

57.

Osa, T., Yildiz, A., and Kuwana, T., J. Am. Chem. Soc.,
19691 ﬂ; 3994'

Nyberg, K., Acta Chemica Scandinavica 1970, 24, 1609.
Bobbitt, J.M., Weisgraber, K.H., Steinfeld, A.S., and
Weiss, S.G., J. Org. Chem., 1970, 35, 2884,

Bobbitt, J.M., Yagi, H., Shibuya, S., and Stock, J.T., J.
Org., Chem,, 1971, 36, 3006,

Bobbitt, J.M., Noguchi, I., Yagi, H., and Weissgraber, K.H.,
J.Am. Chem. Soc., 1971, 93, 3551.

Bechgaard, K., and Parker, V.D., J. Am. Chem. Soc., 1972,
b, 4749,

Nelson, R.F., and Adams, R.N., J. Am Chem. Soc., 1968, 90,
3925,

Marcoux, L.S., Adams, R.N,, and Feldberg, S.N., J. Phys.
Chem. 1969, 73, 2611.

Nelson, R.F., and Feldberg, S.W., J. Phys, Chem., 1969,

73, 2623,

Bacon, J. and Adams, R.N., J.Am. Chem. Soc, 1968, 90, 6596.
Ambrose, J.F., Carpenter, L.L., and Nelson, R.F., J. Elec-
trochem. Soc., 1975, 122, 876.

Ambrose, J.F., and Nelson, R.F., J. Electrochem. Soc.,
1968, 115, 1159.

Frank, S.N., Bard, A.J., and Ledwith, A., J. Electrochem.
Soc., 1975, 122, 898.

Solis, V., Iwasita, T., and Giordano, M.C., J. Electroanal..
Chem, 1975, 105, 169.

Jordan, J., Ankabrandt, S.J., Robat, A., and Stutts, J.D.,
Abstract No. 133, 12th Central Regional Meeting, Am. Chem.
Soc., Pittsburgh, Pa., November 12-14, 1980.

110



Table I

Compounds Susceptible to Oxidative Coupling

Compounds References Compounds

Benzene 43 ATriphenylamines 49,50,51
p-Xylene Ly Anilines 2
Mesitylene L Carbazoles 53,54
Durene Ly Iminobibenzyls 55
Phenolic Tetrahydro- o-Phenylenedianine 56
isoquinolines L45,46,47 Dibenzothiophene . 57
Catechol Ethers L8
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Figure 1. Effect of Film Formation
on Voltammograms of Anthracene 0il.
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