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An analysis of core-level binding-energy shifts of adsorbed atoms and molecules is used to determine
important thermochemical quantities which are often otherwise unmeasurable. Also presented are a new
approach to interpreting adsorbate core-level spectra and a novel technique for probing adsorbed molecules

in energetically unfavored orientations.

Attempts to interpret x-ray photoelectron spectra (XPS)
of core levels of adsorbed atoms and molecules in terms of
chemical shifts and screening shifts have played a major role
in the field of surface science. However, an alternative ap-
proach can be based on the equivalent-core approximation
(ECA), together with Born-Haber cycles. Such an approach
has been used on gas phase molecules! and on metallic ele-
ments? to correlate thermodynamic quantities with core-
level shifts, and it now appears?® it can also be used to ex-
tract thermochemical properties which determine molecular
adsorption and dissociation phenomena.

The purpose of the present work is to demonstrate that
the application of this approach to adsorbed molecules and
atoms provides a variety of thermochemical values such as
heats of adsorption and dissociation which often cannot be
measured by any other method.* Some such quantities,
e.g., the orientational dependence of molecular heats of ad-
sorption, are important parameters in understanding surface
molecular dynamics.® Also, this method of analysis suggests
a new conceptual approach to interpreting adsorbate core-
level spectra in cases in which traditional methods are inade-
quate.

The work reported here was performed under ultrahigh-
vacuum conditions (10! Torr) according to standard pro-
cedures.® Figure 1 presents XPS experimental data typical
of that recorded in this work. Figure 1(a) is the spectrum
of the region containing the fully screened part of the nitro-
gen 1s core-level photoemission for 0.5 monolayer (ML) of
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FIG. 1. The x-ray photoelectron spectrum of N, adsorbed on
Ni(100) is presented in (a) and resolved into two peaks in (b).
Also shown are the equivalent-core approximation final states.
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N, adsorbed at 100 K on Ni(100) in the c(2 x2) structure.
(A satellite peak at larger binding energy corresponds to in-
complete screening and is off scale here.) Since the N, axis
is perpendicular to the Ni(100) surface,’ it is reasonable to
associate the two features evident in Fig. 1(a) with the two
inequivalent nitrogen atoms.! In Fig. 1(b), the data are
resolved into a smoothly rising background and two identi-
cal Gaussian peaks having binding energies of 400.96 and
399.63 eV. According to simple, conventional analysis it
would be expected that for a weakly adsorbed molecule like
N, on Ni(100) there would be little chemical-shift difference
between the two nitrogen atoms but that core-hole screened
by the metal would be different and larger for the nitrogen
atom closer to the surface. The nitrogen atom closer to the
surface would therefore exhibit the smaller binding energy;
in this case, it would be the 399.63-eV peak. However,
such an analysis is misleading. The best way to see this is
to view the photoemission process of Fig. 1 as a transition
from a single initial state, namely N, on Ni(100), to either
of two final states, a fully screened nitrogen 1score hole on
either the inner or the outer nitrogen atom. At this point,
the ECA is applied to equate a nitrogen atom containing a
fully screened core hole to an oxygen atom.” Then the
ECA final states can be represented, as in Fig. 1(b), by a
NO molecule bonded in either of two orientations. Assign-
ment of the two XPS peaks to the two orientations is based
on the well-known fact that NO bonds nitrogen-end down;
i.e., this is the preferred or lower-energy state. Thus, the
energy required to go from the initial state to the final state
of lower energy must be the smaller of the two energies, or
399.63 eV. Thus the 399.63-eV peak corresponds to the
outer nitrogen atom. The present analysis is clearly superior
to simple chemical-shift—screening-shift arguments since it
treats the photoelectron spectrum as. what it really is, a
group transition from the same initial state to a variety of fi-
nal states. )

The data of Fig. 1 can also be used to determine heats of
adsorption for NO molecules adsorbed in the orientations il-
lustrated in Fig. 1(b). This is based on the Born-Haber cy-
cle (two energy pathways from the same initial point to the
same final point) shown in Fig. 2(a). The starting point in
Fig. 2(a) is an N, molecule on Ni(100). The first step is N,
desorption. The energy change for this step was measured
by thermal desorption in the present work to be 11
kcal/mol. The second step is the excitation of a 1s electron
in gas phase N, to the IT* orbital. The energy for this step
is 400.64 €V.!° This transforms the molecule into the
equivalent-core version of NO.!! The other path to this
same final point starts with the adsorbed N, molecule and
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FIG. 2. The Born-Haber cycles used (a) to interpret Fig. 1, (b)
for determining the heat of atomic oxygen adsorption on Ni, (c) for
determining the atomic nitrogen 1s excitation energy, and (d) for
determining the heat of dissociation of adsorbed NO.

uses the XPS result of Fig. 1 to convert it into either of the
illustrated NO states.!>!*> The next step is to desorb NO
from these adsorbed orientations. The energies for this step
can be determined since the energies of all other steps in
the Born-Haber cycle are known. The values obtained are
34.3 and 3.5 kcal/mol for NO bonded nitrogen-end down
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and oxygen-end down, respectively.!* These values indi-
cate, as expected, that NO is moderately strongly chem-
isorbed nitrogen-end down but physisorbed oxygen-end
down. An orientational difference in heats of adsorption
such as this, far from being a mere intellectual curiosity, is a
key parameter required in model calculations of surface
molecular dynamics.> Moreover, it should be noted that
this is the first measurement of an orientational difference
in heats of adsorption and that such a difference cannot, at
present, be measured by any other method.

Figure 2(b) illustrates how this approach may be applied
to atomic chemisorption. The nitrogen 1s binding energy
measured in the present work for the ¢(2x2) structure of
atomic nitrogen on Ni(100) is 397.60 eV. When compared
with the gas phase excitation value for atomic nitrogen
[derived in Fig. 2(c)] of 397.38 eV, in the context of the
ECA and the Born-Haber cycle of Fig. 2(b), it is clear that
the heat of adsorption of atomic nitrogen AHJY,, must be
0.22 eV larger than that of atomic oxygen. This is signifi-
cant since the heat of adsorption atomic oxygen, AHS,, on
Ni has so far been measured only by rather crude tech-
niques.’> The value of AHY, for Ni has, however, been
determined from thermal desorption measurements to be
135 kcal/mol.!® Since this must be 0.22 eV (=5 kcal/mol)
larger than AHS,, we now have a new and far more reli-
able!* value for AHQ, of 130 kcal/mol. Note that this value
has not been and, in fact, cannot be determined by thermal
desorption since oxygen does not desorb even at the Ni
melting point. Thus, the present approach constitutes the
only technique currently available for making reliable deter-
minations of such important physical properties as AHQ, on
Ni.

Figure 2(d) illustrates how the present approach may be
used to measure heats of dissociation of adsorbed molecules
that could not otherwise be determined. This case starts
with the adsorbed N, molecule and the first step is for the
heat of dissociation of adsorbed N, AH:i;T:Z. The value for
this quantity is just AHa? +AHSm? —2AHN =11 keal/
mol +9.76 eV —2(135 kcal/mol) = — 34 kcal/mol. The next
step uses the data of Fig. 2(b). Note one nitrogen atom is
photoionized, and the other is a spectator. The other path
to this final state is to photoionize the outer nitrogen atom,
with an energy of 399.63 eV, to go to NO (as in Fig. 1) and
then to dissociate the NO molecule. Since the energies as-
sociated” with the other three steps are known, AH4$XNO is
found to be —81 kcal/mol. The minus sign means the pro-
cess is exothermic. It should be noted that prior to this
work, the only way available to estimate such a quantity re-
quired the use of an outdated and suspect value for AHQ.1’

In conclusion, the present work demonstrates how the
core-level binding-energy-shift analysis of adsorption and
dissociation provides important thermodynamic quantities
that often cannot be measured by any other method. It also
provides a new approach to interpreting XPS peaks of adsor-
bates when the peak assignment is not immediately clear.
Finally, it provides a novel technique for probing molecules
adsorbed in configurations other than their energetically
favored ones.
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