3832

Linear Free Energy Relationships. V.14
Triboelectric Charging of Organic Solids
Sir:

Electrical charging by contact, either frictional (tribo-
electrification) or nonfrictional, of dissimilar materials has
been known since about 600 B.C.5-7 This electrification
phenomenon is a necessary component for the process of
xerography,® for the electrostatic separation of materi-
als,'0 for the behavior of self-clinging wrapping materials,
and for electrostatic paint application. However, the pro-
duction of electric charges by contact of human footwear
with carpeting is a nuisance; the triboelectrification of
flammable fuels by flow through pipes is an extreme haz-
ard. Yet in spite of the importance of the phenomenon, no
relationship between the sign and magnitude of charging
and chemical structure has been reported; some qualitative
rankings of materials have appeared, however.!!

We now wish to report the first quantitative correlation
of solid state triboelectric charging and molecular structure.

On the assumption that charge exchange between dissim-
ilar bodies might constitute a molecular electrochemical
phenomenon, subject to the same structural rules that gen-
erally govern the reactivity of organic species, several ho-
mologous series of compounds were chosen for examination
in order to apply linear free energy relationships to the elu-
cidation, control, and prediction of triboelectric charging.
The monomeric salicylaldehyde anils, 1, chosen because
they are well characterized,® were recrystallized several
times to analytical purity.? The substituted polystyrenes, 2,
the simplest homologous aromatic polymer series, were like-
wise purified by repeated precipitations. Films ~10 u thick
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were cast from solution or applied from the melt onto alu-
minum substrates, dried in vacuo (<1 Torr) at room tem-
perature for 60 hr, and examined using the simple device
depicted in Figure 1. This is an adaptation!? of a device re-
ported for the charging of glasses and minerals.!® The en-
tire apparatus was contained in a drybox maintained at con-
stant relative humidity by means of air circulation through
desiccant scrubbers or saturated salt solutions. The films
were 9 in. long and were mounted at a 30° angle to the hor-
izontal. The hopper was mounted 1 cm above the film.!3
Steel beads (250 u) or zinc powder (Baker C.P.) that has
been washed with tetrahydrofuran and dried in vacuo at
100° for 4 hr was employed;!* from 5 to 30 g were used per
measurement. An average of at least three measurements
was taken. The quantity determined is Q/M, the ratio of
charge (in nanocoulombs) to mass of the metallic beads,
since the charge acquired by the films is directly related to
the mass of beads employed up to a certain saturation
level.!0 The precision of the determination is 5-10% of the
average value.

The experimental results of this study are shown in Fig-
ure 2, where log (Q/M) is shown as a function of the Ham-
mett substituent constant, ox. As can be seen good linear
correlations exist for the anils 1 and for the polystyrenes 2.
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Figure 1, Device for determination of triboelectric charging of organic
solids.
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Figure 2. Triboelectric charging as a function of substituent constant
for salicylaldehyde anils (1) using 250 u steel beads at 0% relative hu-
midity, organic films positively charged, In (Q/M) = —1.980, — 0.136
(correlation coefficient » = 0.966) O—O, and substituted polystyrenes
(2) using zinc powder (Baker) at 6% relative humidity, organic films
negatively charged: In (Q/M) = 4.160x — 1.23 (correlation coefficient
r=0978) 0---0O.

The triboelectrification phenomenon is viewed as a solid
state electrochemistry, whereby one molecule loses an elec-
tron to another. However, unlike solution electrochemistry
there is no transport medium (eletrolyte) and therefore the
reaction depends upon physical contact.

By analogy to electrochemistry the electron exchange
process may be considered to be governed in an exponential
manner by the difference in the energy levels of the orbitals
of the acceptor and the donor. Thus for positive charging of
the organic solids In (@/M) « Enyomo — E a, when Exomo,
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the energy of the highest occupied molecular orbital, is sig-
nificantly higher than E 4, the acceptor level of the metal.!*
In previous work we have related molecular energy levels to
structure through the use of substituent constants;!~* in
particular it has been shown that the gas phase ionization
potentials of mono- and disubstituted benzenes are well cor-
related in this way.! This seems to be general.!® Therefore,
for compounds 1 the ionization potentials would increase
with the Hammett substituent constant, oy, and in fact their
electrochemical oxidation potentials in solution indicate
that this is true.? Therefore, under the assumption that this
relationship also holds in the solid state, substitution of
EvoMmo = —m oy + by (my, b, are positive constants) into
the equation above for positive charging of the organic com-
pounds yields In (Q/M) « —m o, — Ea + b;. Thus, for a
given metallic bead acceptor!” and constant experimental
variables In (Q/M) « —oy. Similarly for negative charging
of the organic solid In (Q/M) « Ep — Erumo, when Ep,
the donor level of the metal, is significantly greater than
Eyumo, the energy of the lowest unoccupied molecular or-
bital.!> Since the electron affinities, which are direct mea-
sures of Eyumo, can be shown to be linear functions of the
Hammett substituent constant in aromatics generally,'® one
can substitute Ef ymo = —maox + by (my, by are positive
constants). Using a given metallic donor!7 then In (Q/M) «
+0. This treatment therefore predicts a linear dependence
of In (Q/M) on substituent constant, but having negative
slope for positive charging of the organic and positive slope
for negative charging. Thus, the relationships derived not
only correctly rationalize the linear nature of the depen-
dence of In (Q/M) on substituent, but also the sign of the
slope relative to the sign of charging.

Significantly, the present results demonstrate that tribo-
electric charging of solids is directly related to the molecu-
lar structure of the bulk and moreover apparently to the
molecular orbital energy levels of the isolated molecules (in
gas phase or solution).!® In this regard the results for the
polystyrenes 2 are especially noteworthy. While the rela-
tionship of triboelectrification and triboluminescence? is
obscure, both clearly relate to molecular properties. A re-
cent report from these laboratories describes similar corre-
lations for injection of charge from amorphous solids in a
less explicit but analogous manner.?! The application of lin-
ear free energy relationships (and other chemical princi-
ples) to the correlation and elucidation of these and related
physiochemical interactions of solids makes the processes
amenable to study at the molecular level and allows molec-
ular structural control of the phenomena.

Acknowledgment. The author wishes to express his grati-
tude to Dr. W. H. H. Gunther whose continuing encourage-
ment and enthusiasm were instrumental, to Mr. J. L. Min-
cer for his patience in sharing his practical experience in
this field, to Mr. F. C. Bailey for technical assistance, and
to Dr. J. E. Kuder and Professor P. Zuman for many help-
ful discussions.

References and Notes

(1) H. W. Gibson, Can. J. Chem., 51, 3065 (1973).
(2) H. W. Gibson and F. C. Bailey, Tetrahedron, 30, 2043 (1973).
(3) J.QE. Kuder, H. W. Gibson, and D. Wychick, J. Org. Chem., 80, 875
(1975).
(4) H. W. Gibson and F. C. Bailey, Can. J. Chem., in press.
(5) "Encyclopedia Britannica”, Vol. 8, Chicago, Ill., 1955, p 169.
(6) W. Gilbert, "’'De Magnete”, London, 1600.
(7) G. C. Lichtenberg, Novi Comment. Géttingen., B, 168 (1777).
(8) C.F. Carlson, Electrophotography, U.S. Patent 2,297,691, Oct 6, 1942;
Electrophotographic Apparatus, U.S. Patent 2,357,809, Sept 12, 1944,
(9) J. H. Dessauer and H. E. Clark, "Xerography and Related Processes”,
Focal Press, New York, N.Y., 1965.
(10) M. B. Donald, App/. Res. ind., 11, 19 (1958).
(11) J. C. Wilcke, ""Disputatio Physica Experimentalis de Electricitatibus Con-
trariis”’, Academy of Rostock, 1757; H. W. Ballon, Textile Res. J., 24,

3833

146 (1954); S, P. Hersh and D. J. Montgomery, Text. Res. J., 25, 279
(1955); J. Henniker, Nature (London), 198, 474 (1962); E. Tsuchida, M.
Kitajima, T. Yao, and |. Shinohara, Kogyo Kagaku Zasshi, 69, 1978
(1966); E. lonue, I. Endo, and S. Horiguchi, Canon Camera Co., German
Patent 1,572,237 (1970).

(12) D. Hays, Xerox Corp., private communlcation.

(13) The charge acquired by the beads has been shown to be a function of
the film length, the angle to the horizontal, and the bead drop height;
these geometric factors relate to the number of bead contacts per unit
length of the film (R. Menchel, O. Hauser, and M. W. Williams, Xerox
Corporation, private communlication). For these homologous com-
pounds the observed number of bounces appears relatively constant.
The effects of surface morphology appear to be minimal since melt
coating and solution coating of films of 1 give the same results.

(14) Metalllc beads are used since they can easily be made electrically neu-
tral. Against a fllm of the same metal, the charge acquired by the bead
is negligible.

(15) The restriction that Eomo be significantly greater than Ea or that Ep be
significantly greater than E uwmo avoids intermediate cases where the
electrochemical analogy is not as straightforward. In these other cases,
very low and irreproducible charging levels result.

(16) For example we find that the first four ionization potentials of substituted
pyridine N-oxides {(data of J. P. Maier and J. F. Muller, Tetrahedron Lett.,
2987 (1974)) are linearly correlated (correlation coefficients r = 0.994,
0.995, 0.945, 0.935, respectively) by the sums of the apara+ substituent
constants.

(17) It is important to note that the metallic beads serve only as “‘reference
electrodes” in these experiments. Thus the presence of oxide coating,
etc. is not important.

(18) M. E. Peover, Trans. Faraday Soc., 58, 1656, 2370 (1962); P. Zuman
“’Substlituent Effects in Organic Polarography”, Plenum Press, New
York, N.Y., 1967.

(19) While this discussion has been in terms of the HOMO's and LUMO’s it is
possible, as a perceptive referee has inferred, that levels other than
these are involved. However, there is no direct evidence bearing on this
point,

{20) J.l. Zink, J. Am. Chem. Soc., 88, 8775 (1974).

(21) P. J. Cressman, G. C. Hartmann, J. E. Kuder, F. D. Saeva, and D. Wy-
chick, J. Chem. Phys., 81, 2740 (1974).

Harry W. Gibson

Webster Research Center, Xerox Corporation
Webster, New York 14580

Received February 18, 1975

Theoretical Models for Oxidized Rubredoxin.
SCF-Xa-SW Calculations on FeS 53—, Fe(SH)4,
and Fe(SCH3)4™

Sir:

Determination of the X-ray structure of oxidized rubre-
doxin to nearly small-structure accuracy' has stimulated in-
terest in correlation of measurable properties of this iron-
sulfur protein with the structural results.® Especially in-
triguing is the question of the reasons for and the effects of
one of the four approximately tetrahedral Fe-S bonds being
significantly shorter (2.05 (3) A) than the other three (2.24
(3),2.32 (3), and 2.34 (2) A). Rubredoxin is also an impor-
tant model for understanding the more complex ferredox-
ins, which contain iron-sulfur clusters with significant
Fe-Fe as well as Fe-S bonding.** Common to rubredoxin
and most ferredoxins are Felll - Fell reduction potentials
which are low compared to an aqueous environment,? and
there is much interest# in how the proteins create this par-
ticular degree of stability for Felll relative to Fell.

We have begun a comprehensive theoretical study of
models for the Fe(SR)4 core in rubredoxin using the SCF-
Xa scattered wave method,® which, in the overlapping
sphere modification,®7 yields quite accurate electronic
structures at moderate cost.®® The only previous calcula-
tions on rubredoxin!® used ‘the iterative extended-Hiickel
LCAO technique. Direct comparison of extended-Hiickel
and Xa-SW methods have shown them to be comparable in
speed, despite the much more approximate nature of the
former.!! Here we report preliminary results for FeS,5,
Fe(SH)4™, and Fe(SCH3)4™ as models for oxidized rubre-
doxin. The first was calculated in T, and the last two in Dayg
symmetry, using Fe-S = 2.29 A, S-H = 1.34 A, S-C =
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