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steam and carbon.}®* This makes it appear that
sodium catbonate catalyzes the formaldehyde-
forming step: C + Hy0 & C(Hy0)uqe, = H,CO;
according to this theory, sodium carbonate is a
promoter for the catalytic activity of carbon,
which by itself is able to decompose formalde-
hyde catalytically.’® This mechanism for the
acceleration of the steam-carbon reaction by
sodium carbonate is in contrast to that of Kréger,’
whose explanation involves a set of reactions com-
pletely divorced from the ordinary steam-carbon
reaction.

Acknowledgment.—The author wishes to ex-
press his appreciation for the helpful criticism
given by Dr. G. von Elbe, physical chemist,
Central Experiment Station, U. S. Bureau of
Mines, Pittsburgh, Pa.

Summary
1. Interpretation of available data on the
steam—carbon reaction corroborates the generally
accepted conclusions that the primary products
of the reaction are carbon monoxide and hydrogen
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and that carbon dioxide is formed from the water—
gas reaction which reaches or tends to reach equi-
librium.

2. Available data suggest that the rate of
gasification is governed by an adsorption iso-
therm for the steam and that a steam saturation
pressure exists (its value depending on the carbon
and the temperature), above which the rate of
gasification at a given temperature becomes con-
stant.

3. The nature of the intermediate adsorption
complexes is discussed, the postulated reaction
scheme being the following

(a} C + HyO 2 C(HyO)aas. = (CH;0) 2 CO + H;
adsorbed
formaldehyde
(b) CO + He0 2 (CO)ads.(H2O)ags & (HCOOH) 2
adsorbed
formic acid
CO; + H;

4. A theory for the catalysis of the steam-
carbon reaction is offered.
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An Electron Diffraction Investigation of Biphenylene

By JurRG WASER AND VERNER SCHOMAKER

W. C. Lothrop! has synthesized an aromatic
hydrocarbon CypHs to which he assigns the struc-
ture (I) and the name biphenylene. It was
thought worth while to establish the structure
of Lothrop’s biphenylene by other than chemical
means. In this we have succeeded, mainly by
the electron diffraction investigation described
below. Our work confirms structure (I) and in
particular rules out structure (II)

—— \/

0))] (11)
which has been proposed by W. Baker? and sup-
ported by C. A. Coulson.? Biphenylene and its
derivatives synthesized by Lothrop are thus the

first molecules of definitely established structure

(1) W. C. Lothrop, TH1s JourNaL, 63, 1187 (1941);
(1042).

(2) W. Baker, Nature, 180, 211 (1942).

(8) C. A. Coulson, ibid., 150, 577 (1942).

84, 1698

to contain the interesting aromatic four-ring.
They should prove very valuable for studies of
orientation effects due to conjugation and to
strains of the bond angles (Mills-Nixon effect).

Our investigations were carried out with a 1.5-g.
sample of the compound, kindly given to us by
Dr. Lothrop.

Electron Diffraction Investigation

Procedure.—The electron diffraction investi-
gation was feasible because of the relatively high
vapor pressure of biphenylene. It was carried
out with the use of the high temperature nozzle,
which had to be heated to around 200°. The
wave length of the electrons used, A = 0.0615 A.
was determined by transmission pictures of gold
foil (@ = 4.070 A.). Of the sixty pictures which
were taken at nozzle-film distances of about 10
or 20 cm., about a fifth showed satisfactory rings,
some out to about s = 25 A.—1,

In principle, the problem of an electron diffrac-
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tion investigation by the visual method is the
correlation of the observed features of the diffrac-
tion pattern with the corresponding features of an
appropriate theoretical intensity function. In
this study we have used functions of the form**

I's) = C Z'éésin(sm)
3

7ij

in which s = (47/)) sin (¢/2), ¢ is the angle be-
tween direct and scattered beam, the 7;; are the
interatomic distances and the Z; are constants
representing the scattering powers of the atoms.

From the appearance of the rings and their
measured positions the visual curve (solid Z, Fig.
2) was drawn in accordance with our experience
with the visual method to correspond to the gen-
eral characteristics of curves of the type of I'(s).
(The position and height of the first peak were
actually taken from the theoretical functions
which were calculated after the rest of curve Z
had been drawn.) The curve Z was used for the
calculation of the radial distribution function de-
scribed below and for a preliminary analysis of the
theoretical scattering functions calculated for
various models of the molecule. After this pre-
liminary analysis the pictures were carefully re-
examined and directly compared with the calcu-
lated scattering curves. Modifications of the
original curve Z, as suggested by this reéxamina-
tion, are indicated by dotted lines. For example
it was found that features 6, 9 and 15 must corre-
spond merely to small inflections of the curve.

The Radial Distribution Curve.—With the
aid of the original visual curve (solid Z, Fig. 2) a
radial distribution function

rD(r) = K [sin(sr)]'(s) ds
was obtained. This integral was approximated,
with the introduction of a convergence factor
exp.( —as?), by a sum®
Esin(s;r)l’(si)e”“f As

taken in steps of As = 7/10 out to s = 27. The
value of @ was chosen so that the exponential had
the value 0.10 for the last term in the sum.

This radial distribution function R (Fig. 2)
confirms the general structure (I) assigned to the
compound by Lothrop. E. g., the peak at 1.42 A.
corresponds to the average bonded C-C distance,
while the peak at about 2.1 A. corresponds to the
diagonals of the four-ring and some C-H .dis-
tances, and the peaks at 2.44 A.(1.73 X 1.41) and

(4) L. O. Brockway, Rev. Modern Phys., 8,231 (1936).
(8) R, Spurr and V. Schomaker, THis JOURNAL, 64, 2693 (1942).
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at 2.78 A. (2 X 1.39) represent the meta and para
distances of the six-ring, respectively. The dis-
tance spectrum of model D (¢f. Table I) is shown
below the radial distribution curve R (Fig. 2).
It is seen that the agreement continues to be satis-
factory out to large distances. From a more de-
tailed examination of the curve R one would ex-
pect an average six-ring C-C bond distance of
1.41 A. Parameters e and « (Fig. 1) are interre-
lated in a somewhat complicated fashion; for
« equal to 120° one finds e to be about 1.46 A.
If we examine now structure (II), proposed by
Baker, we find its distance spectrum to be in com-
plete disagreement with the curve R. Let us
e. g., take a model like P (Table I) as representa-
tive, consisting of a regular hexagon and two regu-
lar pentagons with a C-C bond distance of say
1.42 A, The peak at 1.42 A. is accounted for in
this way, while the meta and para distances of
the six-ring have perhaps not enough weight and
the peak at 2.1 A. is only accounted for by some
C-H distances. Serious trouble however arises
from the ten diagonals of the pentagons, having a
length of 2.30 A. The curve R has no peak at all
near this distance. Any reasonable modification
of this model would also give rise to pentagon
diagonals centered around 2.30 A. At larger dis-
tances the agreement is entirely unsatisfactory
for model P and for modifications of this model.
Structure (II) is therefore ruled out.

Theoretical Intensity Functions.—Theoretical
scattering functions I’(s) were calculated for

TasLe I

DiISTANCES € AND ANGLES a FOR MoDELS A 10 J (ALL
Otaer C-C Bonp Di1sTances ARe 1.39 A.))

e 119° 120° 121° 122°
1.39 A C
1.44 B D H
1.48 G 1
1.50 E
1.52 J
1.54 F
DISTANCES @ 70O ¢ AND ANGLES a FOR MopELS K To O
Model a b I3 '3 ] «
K 1.41 1.38 1.41 1.41 1.45 118¢
L 1.41 1,38 1.41 1.41 1.45 121°
M 1.41 1.38 1.41 1.41 1.45 124°
N 1.38 1.40 1.38 1.41 1.47 122°
(0} 1.38 1.40 1.38 1.41 1.47 124°

Model P consists of a regular hexagon and two regular
pentagons with a C~C bond distance of 1.30 A. The
bonded C~H distances in all models are 1.08 A. These
models are all about 1.59, too small and the theoretical
curves are shown in Fig. 2 with the corresponding change
in scale.
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fifteen centrosymmetric, planar models with
Lothrop’s structure (Table I, curves A to O, Fig.
2), and for a single model representing Baker’s
structure (curve P, Fig. 2). The ratio of the scat-
tering powers of carbon and hydrogen, Zc/Zy,
wae assumed to be five. In models A to J only
the distance ¢ and the angle « (Fig. 1) were varied,
while a, b, ¢ and d were kept at 1.39 A.

b.c
e

g

ad

Fig. 1.

In models K to O the distances a, b, ¢ and & were
varied also; for models K to M the distances
were taken from a simple valence bond treatment
of the molecule,® while the distances of models N
and O came from a molecular orbital treatment’
(see below). Curve P was calculated for a regu-
lar hexagon and two regular pentagons with a C-C
bond distance of 1.39 A. The C-H bond dis-
tances were assumed for all models to be 1.08 A.
at directions bisecting the angles of the rings.
(A1l of these distances were found to be somewhat
too small and were finally increased by 1.5%;
this has been accounted for in the final drawing of
the intensity curves.)

The molecule was taken as rigid except for the
C-H distances. For the bonded C-H terms the
temperature factor exp(-bs?), b = 0.0022, was
used. For the non-bonded C ... H terms the
effect of the appropriate temperature factor exp-
(—b's?), b’ = 0.004, was obtained by plotting two
curves for each model, the upper one out tos = 17
where exp(—5's%) =~ 0.3 including these terms, and
the lower one beginning at s = 8 where exp(—>5’s?)
=~ 0.8 omitting them. Out to about s = § the
intensity function is well represented by the upper
curve, from s = 17 on it is approximated by the
lower curve, and in the intermediate region it is
found by interpolation.

In the discussion of the resulling intensity
curves (Fig. 2) all features except 2, 3 and 18 were
helpful. Comparison between the calculated
intensities and the pictures ruled out model P, as
was to be expected from the disagreement of its
distances with the radial distribution curve. No
reasonable variation of the C-C distances of this
model could possibly improve curve P, which
looks so totally different from the visual curve Z.

(6) L. Pauling, “The Nature of the Chemical Bond,"’ seeond
edition, Cornell University Press, lthaea, N. Y., 1940, p. 174,
(7) C. A. Coulson, Proc. Roy. Soc. (London), A169, 413 (1939).
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Of the models A to J, with equal ring C-C bond
distances, A, C, D and I are about equally good.
Models B, E, G and J are unsatisfactory and pro-
vide upper limits of the distance ¢ for various
choices of the angle a. Models M and O are
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TaBLE 11
AGREEMENT BETWEEN OBSERVED AND CALCULATED ¢ VALUES, (g = 15s/7)
Obs, D 1 L N
Max. Min o P a/ Pl a/q q /a0 q 4/
4 25.3 25.9 1.024 26.1 1.032 25.9 1.024 25.9 1.024
7 36.1 36.3 1.006 36.3 1.006 36.3 1,006 36.6 1.014
B 46.0 47.0 1.002 46.7 1.015 46.8 1.017 46.6 1.013
11 52.5 59.9 1,007 59.6 1.002 59.4 0.998 59.6 1.002
i 5.1 66.8 1.026 66.9 1,028 66.5 1.022 66.9 1.028
14 ®3.2 84.2 1.012 83.7 1.006 82.4 0.990 83.8 1.007
14 88.9 90.0 1.012 89.9 1.011 83.6 1.008 90.0 1.012
16 95.5 98.4 1,020 98.9 1.025 97.9 1.015 99.0 1.026
16 101.3 1021 1.008 102 .4 1.011 100.6 0.993 102.6 1.013
Av. 1.015 1.015 1.008 1.015
a.d. 0.007 3.009 0.011 0.007
very unsatisfactory and serve to give an upper « (Fig. 1). In order to provide a guide to the

limit for @ at 124°. (In these two models the
ring C-C bond distances are not all alike.) Lower
limits for the parameters ¢ and « are not provided
by our intensity curves, but a value for e smaller
than the ring C-C bond distances can safely be
ruled out on the basis of the same knowledge of
molecular structure which prompted us to dis-
regard non-planar and unsymmetrical models.
Similarly a value of o smaller than say 118° is
very improbable, as the strains in the molecule
would tend to make « larger than 120° rather
than smaller. As tomodels K to O, it is seen that
L and N represent lhe scattering about equally
well (N is perhaps somewhat better), although
the ring C-C distances in the two models do show
interesting differences. E. g., b is the smallest
ring distance in model L, while & and d are the
largest ring distances in model N. On tlie basis
of the present pictures it is therefore not possible
to make any exact statements as to the different
ring bond distances.

Table I1 gives the ¢ values (¢ = 1bs/w) for
the nine most easily measured features and the
values calculated from models D, I, I. and N.
The ratio ¢/¢s and its average for each of these
four models are also given. It is seen that the
respective models have to be enlarged by 0.8 to
1.5%. The best agreement with all of them and
with A and C is reached with the following choice
of distances: average ring C-C bond distance
1.41 = 0.02 A., bridge C-C distance ¢ = 1.46 =
0.05 A., C-H distance = 1.10 A. (assumed), angle

a = 121° = 3°.
Quantum Mechanical Calculations

If we assume that structure (I) is planar and
centrosymmetric, we still are left with six parame-
ters, ¢. g., the five distances ¢ to e and the angle

values which might be expected for these five
distances, some quantum mechanical calculations
were carried out.

The distances of models K, L and M were ob-
tained by superimposing the five unexcited va-
lence-bond structures of the molecule with equal
weights.? From the double-bond characters thus
found the distances were obtained by interpolation
between the values 1.20 A, for acetylene, 1.33 A
for ethylene, 1.39 A3 for benzene, and 1.54 A.
for ethane. The resonance energy of structure
(I) also was calculated by the valence bond
method,® taking into account only the five unex-
cited structures with the result 2.093 «. The
resonance energy of the molecule which was found
by the molecular orbital method™ is 4.505 8.
The two results give a ratio of /3 = 2.22, which
agrees with the same ratio for benzene, provided
the resonance energy between unexcited struc-
tures only is taken in the valence bond method.
On the basis of the molecular orbital treatment
the ''bond order’’” p of the various bonds was
calculated with the result p, = 0.691, p, = 0.621,
P = 0.683, pg = 0.565, p. = 0.263 (the ethylene
double bond has p = 1, the single bond, p = 0).
From these values the distances for models N and
O were obtained by interpolation between the
values for various C-C distances given above.
In all these calculations no account was taken

(8) W. 8. Gallaway and E. F. Barker (J. Chem. Phys., 10, 88
(1942)) recently found the higher value of 1.35 A. for the ethylene
C-C bond. The correct value of the benzene C-C bond distance
also may be somewhat higher than the one chosen here. For models
K to O this may possibly account for the increase in size which was
finally required.

(9) L. Pauling, J. Chem. Phys., 1, 280 (1933).

(10} L. Pauling and E, B. Wilson, "lntroduction to Quantum
Mechanics,” MceGraw-Hill Book Co., 1nc., New York, N, Y,, 1935,
p. 381,

(11) The same value for the resonance energy was found by C. A,
Coulson ¢
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of the strain of the four-membered ring (¢f. how-
ever Coulson, ref. 3).

Both sets of distances had to be increased some-
what to make the corresponding intensity curves
agree more closely with the observed scattering.
It is interesling to note that the two methods give
even qualitatively different results for the vari-
ous distances. If, however, we were to replace
our somewhat coarse valence bond treatment by
the more refined method of Penney'? we would
probably obtain the same results as we did using
Coulson’s method. The results of these two
methods agree in all cases which have been carried
through so far.

Discussion

As pointed out above, our investigations give
conclusive evidence that biphenylene has the
structure (I) proposed by Lothrop. It is, how-
ever, not possible at this stage to give precise
values for all of the structural parameters.
Average values only have been found for the ring
distances, and the distance.e between the two
rings and the angle « (Fig. 1) have been fixed
only within wide limits. It is therefore impos-
sible to draw any very definite conclusions about
such details of the electronic structure of the mole-
cule as the double bond character of the bond e or
the distribution of the strains of the bond angles.

In collaboration with Dr. Chia-Si Lu a crystal
structure investigation of biphenylene is being
carried out, and will be described in a later paper.
The following preliminary results have been ob-
tained. The monoclinic unit cell contains six
molecules of biphenylene and the space group is
very probably C,i-P2i/a. The general position
in this space group is fourfold; in addition there
are four twofold positions with the point sym-
metry C;. Therefore, if we assume the above
space group assignment to be correct, at least
two of the molecules must have a center of sym-
metry. This makes highly improbable any
structure of biphenylene which has no center of
symmetry.

Because structure (II) is definitely eliminated
by our investigations of both the vapor and the
crystal, it seems worth while to discuss briefly the
arguments given by Baker in favor of structure
(I1) and against structure (I). It is no doubt
true that structure (I) is considerably more

(12) W. G. Penney, Proc. Roy. Soc. (London), A168, 306 (1937).
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strained than structure (II) and probably less
stable, as pointed out by Baker? and Coulson,?
but it must be remembered that a reaction does
not necessarily lead to the most stable of all pos-
sible products. Although cyclobutadiene has
never been prepared, cyclobutane, cyclobutenes,
cyclopropane and cyclopropene!® have been pre-
pared, showing that strain is no unsurmountable
difficulty for the existence even of unsaturated
four-rings or three-rings. Baker's catalytic re-
duction experiments resulted in the absorption
of about three molecules of hydrogen per mole-
cule of biphenylene. . Since he expects a molecule
of structure (I) to yield biphenyl upon catalytic
hydrogenation, Baker used the above result as
an argument for structure (II). But this result
is as easily explained on the basis of structure (I)
by the assumption that one of the six-rings be-
comes completely saturated without damage to
the four-ring. Although a reliable prediction of
the course of hydrogenation of biphenylene (struc-
ture (I)) could hardly have been made, the ob-
served reduction of one of the six-rings in prefer-
ence to a splitting of the four-ring is at least not
surprising, inasmuch as hydrogenation of cyclo-
butene can be made to give cyclobutane rather
than a straight chain butylene or butane and the
hydrogenation of polynuclear aromatic hydro-
carbons often stops at a stage such that the re-
sulting molecule is partly aromatic and partly
alicyclic (e. g., naphthalene, anthracene, phenan-
threne).

We are indebted to Dr. Linus Pauling for help-
ful discussion and criticism, and to Dr. W. C.
Lothrop for the sample of biphenylene.

Summary

1. An electron diffraction investigation of bi-
phenylene has been carried out, substantiating
the formula (I) assigned to this compound by
Lothrop and leading to the following distances and
angles for the molecule (Fig. 1) averageof a, b, ¢, d
=141 = 002 A, e = 146 = 005 A, C-H =
1.10 A. (assumed), a = 121° = 3°,

2. Quantum-mechanical calculations of the
resonance energy and relative bond strengths in
biphenylene have been made.
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(18) M. J. Schlatter, THIS JOURNAL, 68, 1733 (1941); Demjanow

and Dojarenko, Ber., 86, 2200 (1928): Bull. Acad. Sci. Russ., [6] 297
(1922).

PASADENA, CALIFORNIA



