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From measured Compton profiles of CHy, C,H,, and C,H;, experimental values are
found for the Compton profiles of C-H, C-C, and C=C bonds. These profiles are then
used successfully to predict within experimental accuracy the measured Compton pro-
files of C3Hg, CgHg, CgHyy, CgHyy, and CgHyy. This success is strong evidence that the
identified C-H, C-C, and C=C bonds are indeed localized and transferrable,

We report here Compton x-ray scattering ex-
periments which provide strong evidence for the
existence of localized bonds in the hydrocarbons
and which for the first time provide detailed mi-
croscopic information about the nature of the lo-
calized bonds. The existence of a set of bonding
orbitals which is transferrable from one mole-
cule to another would offer the hope of theoreti-
cally being able to calculate wave functions for
large complex molecules while only having to cal-
culate small simple ones. The search for such
orbitals has consequently been the focal point of
numerous investigations since Pauling' and Slater?®
introduced the concept. The additivity of the di-
pole moments in the hydrocarbons has for a long
time strongly suggested the existence of localized
bonding orbitals. In this work we use a simple
model to decompose the valence electrons of
some hydrocarbons into C-H, C-C, and C=C bond
electrons. We determine the Compton profiles of
those bond electrons by measuring the Compton
profiles of CH,, C,H,, and C,H;. The bond pro-
files are then used successfully to predict within
experimental accuracy the measured Compton
profiles of CgHy, C¢Hg, CH,,, C.H,,, and C.H,,.
An analysis of the transferrable bond profiles
yields some interesting observations about 7
bonding and provides an indication of the cause of
the surprising success of a pure C-C and C=C
bond description of the resonant benzene ring.

The Compton-scattering technique is well docu-
mented in the literature.*”® Previous work on
H,,” N,, and O,%° has demonstrated the technique’s
ability to measure the effects of molecular bind-
ing. As previously described, the Waller-Har-
tree'® theory of inelastic x-ray scattering when
applied to weakly bound electrons is referred to
as the impulse approximation.>!* The resultant
cross section for the process is given as
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where do 1,/dQ2 is the Thomson cross section,

w, and w, are the initial and final energies of the
photon, w=w, —w, is the energy loss, and k=k

- Ez is the momentum transfer to the system, k,
and Ez being the initial and final photon momenta,
respectively. The quantity p(p) is the three-di-
mensional electron density distribution in mo-
mentum space. It appears in Eq. (1) because the
impulse approximation permits a substitution of
the original inelastic form factor of the Waller-
Hartree theory by an expectation value involving
only the momentum of the ground state of the sys-
tem. For isotropic or spherically averaged sys-
tems, Eq. (1) can be written to take the form
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where J(g) is the Compton profile, I;(p) is the ra-
dial probability distribution in momentum space
for the ith electron in an N-electron system, and
g is the projection of the electron’s momentum on
the scattering vector k in atomic units. The ex-
pression [Eq. (2)] for J(g) assumes an indepen-
dent-particle model for the electronic system.

An experimental valence Compton profile (VCP)
is found by subtracting from the measured J(g)
for the molecule those orbital contributions which
one identifies with the 1s carbon core electrons,!*!3
The usual approach is to study the variation of
the intensity of scattering as a function of the en-
ergy of the scattered photon at a fixed angle of
scattering. The characteristic radiation from an
x-ray tube is used as the input beam. By use of
Egs. (1) and (2), the Compton profile J(g) is found
from the scattered intensity with the energy 6
function in Eq. (1) providing the relationship be-
tween w and q.

The experimental procedure used in this study
is identical to that previously discussed.”® In
this study both silver and molybdenum radiations
were used to study gaseous CH,, C,H,, and C,H;
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and liquid C4H,,. Only molybdenum radiation was
used to study gaseous C,Hg and liquid C;Hg, CgH,,,
and C;H,,. When both radiations were used, the
results for the Compton profile agreed within ex-
perimental error. In that case, the average re-
sults were used in the analysis. Experimental in-
vestigations on thick liquid samples revealed the
presence of a 2-5% distortion in the Compton
profile due to multiple scattering. To eliminate
the effects of multiple scattering only thin liquid
samples were studied. Previous measurements
of Compton profiles of some hydrocarbons!* ap-
pear to have been made on thick samples.

To a chemistry novice the simplest way of de-
composing the valence electrons in the hydrocar-
bons is to assign them to bonds associated with
the schematic classical pictures used in chemi-
cal designations of the hydrocarbons found in any
elementary chemistry book. For the molecules
studied here (no triple bonds), the building blocks
required to construct the hydrocarbons are C-H,
C-C, and C=C bonds. This simple approach is
used here.

We regard that there are two electrons in a C-H
bond, two in a C-C bond, and four in a C=C bond.
On basis of the simple model, one can write down
immediately the linear combinations of the bond
Compton profiles which at each value of ¢ should
give the measured value of the VCP for the sys-
tems studied if the profiles are additive. The
combinations are

J@)cna=8J@)c-n, (3)
J(Q)czﬂq=8J(¢I)C-H+4J(Cl)c=c, (4)
J@)cyue=12J (@) c-n+29(q)c-c, (5)

J@) cshs =120 @) c-n+ 4T (@) c=c + 2T @) c-c, (6)
J@) cgus=12J@)c-u+12J(@)cac+ 6T @)c-c,  (T)

I @) cenye =249@) c-n+12J(q)c-c, ®)
J(9) cohys =287(q)c-n+10J(q)cc, 9)
J@) cghiyo = 209(q) c-n+ 12 (@) c=c

+10J(q)c-c, (10)

where we have normalized the bond profiles to

1. Therefore, the numbers in Eqgs. (3)-(10) cor-
respond to the numbers of electrons in given
bonds.

We initially used our experimental results for
CH,, C,H,, and C,H; together with Eqs. (3)-(5) to
determine the values of J(@)c-y, J(@)c-c, and
J(g)c=c. Using those values we found we could
predict our experimental results within experi-
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mental error for the other five molecules by use
of Egs. (6)-(10). Having established a strong in-
dication of Compton profile additivity and bond
transferability, we then determined the optimum
values for J(q)c-u, J(q)c-c, and J(q)c-c by making
a least-squares fit to our data for all eight mole-
cules using Eqs. (3)-(10). The results are given
in Table I, columns 1-3. This latter approach
should give greater accuracy. The average of the
absolute magnitudes of the percentage deviation
of the fit from the experiments for all eight mole-
cules is given in the last column in Table I. Since
the experimental error for each molecule at g=0
was about +1% and at ¢ =2 was about + 5%, the
agreement is within experimental accuracy. This
provides strong proof for the additivity of the
Compton profiles and, consequently, for the lo-
calized nature of the bonding orbitals.

To obtain the experimental value for a Compton
profile for one of the molecules measured, one
need only use Egs. (3)-(10) together with Table I
which will give the VCP and then add on the con-
tributions from the carbon 1s electrons!®!® pres-
ent in that molecule. Thus, for example, the
VCP for C4H,, at ¢ =0.4 is 20(0.4838) +12(0.4443)
+10(0.4002) or 19.060, while the profile for the
whole molecule including the 1s core at ¢ =0.4
would be 23.882. We feel that the same procedure
can be used to predict Compton profiles of as
yet unmeasured molecules.

The C4Hg and C H,, molecules deserve special
comment. It is known that because of the reso-
nant nature of the benzene ring, the bonds are
neither C-C nor C=C. This is clearly shown by
x-ray data which find a 1.54-A separation of the
carbons in a C-C bond, a 1.34-A separation in a
C=C bond, but a 1.40-A separation for all the car-
bons in the benzene ring. The view of the benzene
ring used in our analysis is therefore certainly
incorrect in that one cannot identify a particular
site with a particular bond. But in a temporal
and spatial average prediction of a property of
the benzene ring, the view of benzene used in this
work may not be incorrect.

It is known that there is a relationship between
the amount of 7 bonding, bond order, and bond
length.'® From the definition of J(g) given in Eq.
(2), it is easily seen that J(0) is the average val-
ue of 1/p. Therefore, J(0) should be proportion-
al to the bond size. In Fig. 1, we have plotted the
J(0) for the C-C bond in ethane (bond order 0) and
C=C bond in ethylene (bond order 1) against bond
order and bond length. We then use our mea-
sured results for the benzene VCP, subtract the
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TABLE 1. The first three columns contain the C-H, C-C, and C=C
Compton profiles found by fitting the experimental data for the eight mole-
cules studied at each ¢ by least squares using Egs. (3)-(10). The last col-
umn contains the average error (absolute magnitude) for the eight mole-
cules between the experimental results and the fit.

4 I(g_g I(a)g—g I(a)g_g é;ig?%%)
.0 .585 .516 412 43
.1 .578 .510 410 4o
.2 .558 498 410 .38
.3 .525 475 408 .34
4 484 Jahh .4oo .38
.5 434 .408 .391 .48
.6 .380 .368 374 .57
7 .325 .326 .352 .64
.8 271 284 .324 .71
.9 221 .23 .291 .73
1.0 .176 .205 .255 .79
1.2 106 .134 .181 1.17
1.4 .064 .087 .112 1.97
1.6 .ol42 .057 .063 2.59
1.8 031 L041 .034 2.69
2.0 .022 .030 .024 3.46

contribution of the C-H bonds, and then divide by
18. This gives us a J(0) for benzene in which all
the carbon-carbon bonds are considered to be
identical. We include in Fig. 1 the results for
benzene (bond order 0.667) and note that it lies on
the straight line connecting the results for C-C
and C=C bonds. Thus, the successful prediction
of the Compton profile of the carbon-carbon bond
of benzene on the basis of ethane and ethylene re-
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FIG. 1. The experimental values for J(0) for the car-
bon-carbon bonds in ethane, ethlyene, and benzene are
plotted against bond order (1) and bond length (2).

sults can be attributed to the relationship which
exists in the hydrocarbons between the phenom-
ena of resonance, bond order, bond length, and
the Compton profile,

The effect of 7 bonding on delocalizing the bond
is dramatically illustrated by Table I and Fig. 1.
In spite of the bond length getting smaller in go-
ing from a C-C to C=C bond, J(0) is getting larg-
er. This means the delocalization in the plane
perpendicular to the bond direction due to 7 bond-
ing more than compensates for the increased lo-
calization occurring in the o part of the bond due
to the contraction of the bond length. If one as-
sumed that J(0) for the ¢ part of the bond scaled
as the bond length, one would find

1.34
J(0)(c=c)s= —I'_SZJ(O)(C=C)O°

If in addition one assumed that one could separate
the o and 7 parts of the double bond,

2J(0)(c=c)=J(0)(c=c), + I(0)(c=c),» (12)

one would find using Table I that J(0)c=c),=0.358
and J(O)(c=C),, =0.674, These results can be con-
trasted with what one would obtain on the basis of
an atomic model for the the double bond. The sp?
hybrid o orbital is usually considered to be com-
posed of + atomic carbon 2s and £ carbon 2p
charge density while the m orbital is pure atomic
carbon 2p in character. Using the pure atomic
forms of those orbitals, one finds'® that J(0)c-c),
=0.59 and J(0)(c =), =0.48. Note that not only

are the atomic and deduced molecular values

(11)

1415



VOLUME 27, NUMBER 21

PHYSICAL REVIEW LETTERS

22 NOVEMBER 1971

quantitatively different, but their relative o-m
magnitude has also changed. These contrasts
dramatically illustrate the large effects of bond-
ing and the large delocalization of the 7 bonds in
the hydrocarbons [i.e., the large value deduced
for J(0)(c=c),). The large effect of binding is al-
so illustrated by the approximately 30% differ-
ence in the value for J(0) found for the molecules
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and that predicted by atomic theory [i.e., for
atomic C,H,, J(0)=12.2 compared with the mea-
sured value for molecular C,H, of 7.8].

There is a large body of theoretical work!®™1°
which has attempted to identify localized and
transferable bonds in the hydrocarbons. There
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structs with the experimentally measured VCP
for C-C, C=C, and C-H bonds. For even though
we have emphasized qualitatively here some in-
teresting points based on the pattern of the values
for J(0), it should not be forgotten that there is
an equivalent amount of quantitative information
throughout the Compton profile.
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A many-atom representation has been derived in which bound atoms or molecules are
described by elementary Bose or Fermi operators, the field operators for nuclei and
electrons referring only to unbound particles. The Hamiltonian thus obtained contains
not only nucleus-nucleus, electron-electron, and nucleus-electron Coulomb interactions,
but also atom-atom, atom-nucleus, and atom-electron Coulomb and exchange interac-
tions, including breakup and recombination terms.

There are many problems involving systems of composite particles in which their internal degrees
of freedom cannot validly be ignored. Examples are high-temperature gases and partially ionized plas-
mas, molecular gases, and chemical and nuclear reactions. In these and other problems, a represen-
tation in which the existence of the composite particles is treated kinematically, through use of appro-
priate composite-particle dynamical variables, is desirable. One such representation, in which dy=
namical variables of the constituents are completely eliminated in favor of those of botk bound and con-
tinuum states of the composite particles, has been described previously.! However, such a represen-
tation is difficult to apply in practice because of the nonlocality and complicated structure of the atomic
continuum states. A different representation, in which the atomic annihilation and creation operators
refer only to bound atoms and the continuum states are described by free-nucleus and free-electron
field operators, has been developed recently by Stolt and Brittin,? and a related but apparently distinct
representation has been obtained by Sakakura.® A similar representation can be constructed* by a se-
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