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‘. Manifestations of the condensed phase dimer formation on the N 1s and O 1s core-hole shake-up structure of nitrosoben-
zene are examined theoretically within the CNDO/S CI equivalent-core approximation. Computations on the mu-osobcmme !
d:.mer (diazobenzene dioxide) were performcd to simulate the solid state environment. Results obtained using singly excited
and singly and doubly excited (“singlet™coupled) conﬁgux:mons are contrasted to emphasxze the importance of correlation

" contributions. Although intermolecular interactions are found to strongly determine the nature of the solid state spectra, lhc
‘final statc energy and intensity distributions are similar for the vapor (monomer) and condensed phase {dimer) systems as
“observed experimentally. This “*accidental™ comspondencc is discussed in terms of component contributions to the spectral -
functions. Computations on the N 1s and O 1s hole states of the nitric oxide (NO) dimer yield results in close agreemcm with R
existing condensed phase spectra of NO. Various similarities between the' core-hole induced “intermolecular™ interactions in .
the nitrosobenzene dimer and nitric oxide dimer systems are noted and dzscussed. F‘mally. comparison of the UPS specxmm of
oondensed phase nitric oxide with appropriate valence level ‘calculations on' the d.xmer also mdxmts strong bolc-mduccd

tcxmolecula.r" ef!ccts consistent wnh thc analysxs of the oorc-levcl rchon. T ] T o

I.Inu'oductlon ) - 7 -

Recently it has been recogmzed Lhat core-ioni-

zation spectra of molecules in the gas phase may
differ considerably from those obtained on the

condensed molecular solid {1-4]. Not only does
the binding energy of the core-hole state change
upon -condensation, - but ‘the comp!ete specltal
function may be altéred. p—mtroanihne (PNA) 1s

the most: promment example of such-a system. In -

;. the case of condensed PNA" ‘three dlstmct pmks
-are’ observed m. the N ls xomzauon spectrum .Of |
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-one more than cxpected ma system w1th only two .
" types of nitrogen. A single peak was atu'ibuted to -
the amino group, whereas two components with

. .equally lugh intensity were found for ionization of |
~ the —NO2 group. There is general agreement with

~. the original assignment of the PNA spectrum given

by Pignataro and Distefano.. {5} that. the latter .

- feature arises from a shake-up excitation mvolvmg )

charge ‘transfer  from - the :amino (donor) to the -
- 'nitro (aooeptor) group. “The i intensity and energy of
this - shake-up : -excitation . changes:: consnderably,;—'
however, 1f the, spectrum xs taken on the vapor
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phase species as shown by Banna [1}. Bigelow and
Freund [2,3] proposed an explanation of this effect
in terms of intermolecular screening induced by
strong coupling of the localized ion state to the
surrounding neutral molecules. It turned out that
calculations on dimer systems resuited in spectral
changes relative to the free molecule which were
very similar to those observed experimentally when
going from the vapor to the solid phase, provided
that correlation contributions were included in the
analysis [6]. It was possible to show that the active
coupling mechanism was not hydrogen-bonding as
had been suggested [6].

So far PNA and 2-amino-6-nitronaphthalene [6}]
are the only examples wher= both vapor and con-
densed phase spectra, as well as a series of ap-
propriate calculations, have been reported. To fur-
ther elucidate the electronic properties leading to
vapor-to-condensed phase spectral changes it is
worth carmrying through an equivalent study on an
additional system. '

Very recently Slaughter et al. {7] reported the
gas phase core-ionization spectra of nitrosoben-
zene which provides, together with the correspond-
ing solid state spectra of Distefano et al. [8].
another set of spectra on which to test whether
solid state dimer interactions reasonably explain
the observed changes in the spectral function.
Nitrosobenzene is particularly well suited for such
a study because it is known that dimers are actu-
ally formed upon condensation [9,10]. No mono-
meric species were detected in a X-ray analysis of
the crystal [11]. The dimer is formed by coupling
two nitroso groups via a strong N-N bond with
1.32 A bondlength [11}. The crystal exclusively
contains dimer molecules with a cis-configuration.
This dimer formation is accompanied by a rather
strong distortion of the local nitrosobenzene geom-
etry compared to the planar structure of the
monomer in the gas phase [12]. The trans-config-
uration, where the NO-benzene moiety should have
a structure similar to the gas phase, is not found in
the crystal, although it is not certain whether this
configuration . is formed in a frozea vapor [11].
However, there is no doubt from an experimental
point of view that specific and strong dimer inter-
actions exist in the crystalline solid.

It is therefore somewhat surprising that the core

‘photoelcctron spectra - of gaseous and sohd

nitrosobenzene are rather similar. The purpose of
this work is to address this apparent ambiguity. In
addition, unlike the case of PNA, where “pairing™

..occurs between adjacent donor/acceptor moieties

(not dimerization in a chemical sense), nitroso-
benzene exhibits “strong™ dimer’ interaction be-
tween atoms on adjacent acceptor. groups. The
question is: does the N-N bond formed on con-
densation influence the core-hole spectra; and if
so, why are gas and solid phase spectra so similar?
In this connection it is useful, as we shall see in the |
course of this paper, to compare the spectra of
nitrosobenzene dimers (dy = 1.32A [11]) with
those of solid NO {13,14}, where dimers are formed
in the solid with a N-N bond length of =22 A
[15.16). Recently, Tonner et al. [13] reported strong
changes in the spectral function upon con-
densation of NO which were interpreted as being

"due to intermolecular screening within the NO

dimer moiety.

We report in this paper the results of calcu-
Iations on monomeric and dimerized nitrosoben-
zene (cis-and trans-configuration), as well as a
brief excursion on the relationship to NO dimers,
to show the influence of intermolecular bond
strengths on the spectral function. Qur compu-
tations indicate that the similarities between gas
and solid phase spectra are “accidental”. The na-
ture of the transitions involved in the satellite
excitation are significantly different. While in
nitrosobenzene the charge transfer between sub-
stituent and phenyl group is the important screen-
ing process, the intermolecular charge transfer be-
tween NO moieties is the dominating mechanism
influencing the satellite intensity within the
nitrosobenzene dimer. In comparison to the nitric
oxide dimer the nature of this intermolecular
screening process is discussed. It is shown that
electron correlation is important in correctly de-
scribing satellite intensities.

2. Computational
Calculations were performed within.the semi-

empirical all-valence-electron closed shell CNDO/
S formalism [17,18] including up to doubly excited
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configuraliohs [19] using  the PansereParr ap-

proximation [20] to the two-center Coulemb repul-

sion integrals.” Core-ionized species were treated
within the equivalent-core approximation [21.22)
where the atom to be ionized (atomic number Z)
was replaced by the next highest atom in the
periodic table (Z'=
achieved for all N 1s and O 1s monomer and dimer
geometric configurations considered. Excited state
computations were then performed on the “equiv-
alent-core™ closed. shell species assuming only
singlet coupling between all valence electrons. In
~ all core-ion state calculations which include dou-
bly excited state configurations the 300 lowest
energy excitations were selected from 5000 created
configurations of proper symmetry. Relative inten-
sities, I} ,, were obtained within the sudden ap-
proximation by projection of the correlated ion-
state wavefunction (¥!S2, ) onto that of the
“frozen™ ion state (¥} E ) given in terms of the
one-electron orbitals of the neutral system,
I & | Ratanca| EE )l

Projections of the relaxed ion-state wavefunc-
tion onto the correlated and uncorrelated initial
state were performed to examine the importance
of correlation contributions [6,23].

The calculations on the valence-ionization spec-
tra were performed using an open shell version of
the CNDOQO/S program [24]. We calculated the
lowest energy doublet state of the radical cation
self-consistently and then treated the higher ex-
cited doublet states by configuration interaction in
the basis of determinants created from the
one-electron excitations of the ground doublet
state. The intensities for the ionization spectrum
were calculated from the projection of ground and
“excited doublet states onto the determinant of the
neutral species [25]. For the valence spectra only
singly excited states are included.

Molecular coordinates used in the computations
were calculated from bondlengths and bond angles
given by Pople and Bevendge [26].

Using our semi-empirical wavefunctions we
calculated electron density diagrams and electron

density difference diagrams [23]. We also calcu- .-

lated bond- indices according to a prescription

Z + 1). Convergence was

_given by Cohen [27] as dxscussed in detaxl elsewhere‘ :
[28]. : . B

3. Results and discussion

- 3L Nttrosobemene monomer (NB)

The computational results for N 1s- and O 1s-
ionization of the nitrosobenzene monomer (NB) .
are compared in fig. 1 to the experimental gas
phase spectra given by Slaughter et al. [7]. Since
neutral molecule correlation contributions had lit-
tle effect on the final state spectra, only the results
obtained by projection of the ion states onto the
uncorrelated neutral ground state are shown. The -
computations clearly reflect experiment, particu-
larly with respect to the differences between N 1s -
and O 1s ionization. For example; a satellite is
obtained at 2.6 €V for N 1s ionization and 3.6 eV
for O 1s ionization. These energies are in close
agreement with the experimental values of 2.43 eV
and 3.75 eV, respectively [7]. The experimental O
1s shake-up features appear asymmetric and
broader than the main line, whereas the shake-up
band associated with N 1s ionization is consider-
ably sharper. Such relative behavior is reproduced
in the computations. As indicated in fig. 1 the
asymmetry in the O 1s shake-up spectrum arises
from a second relatively intense excitation not
present in the N 1s results. In addition, the broad
shake-up feature observed in the O 1s spectrum
between 10.0 and 15.0 eV is reflected in the com-
putational results. Although a similar intensity
pattern is predicted for N 1s ionization, the experi-
mental spectrum was not extended to sufficient
energies to allow a similar correlation.

Localization of the orbitals which contribute
most strongly to the shake-up interpretation is
given in fig. 2. Within the present set of one-elec-
tron orbitals the highly excited configuration (19 -
— 21) separately accounts for only a small portion
(8%) of the shake-up intensity as indicated in

" tables 1-4. The shake-up transitions thus “gain”

the appropriate additional intensity through con-

~ structive interference between the highly excited

configuration, the ionic ground state and the dou- ..

~bly excited configurations in the final state inten- -
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. sxty summauon (s“e tables 1 and 2) The complex— L
ity of final state interaction is emphasized by the - .

 fact that the higher-lying transxnons of tables 1-4 =
~cannot be repmemed in terms of a dommant,

component. -

Distefano et al- [8] reported the results of

Table l

The encrg.cs and wavcfuncuons of..the - ion states of the
nitrosobenzene monomerlabclledasmdxwedm fig. 1. The

cnergies are relative to the uncorrelated core-ionized ground
state. The wavefunctions are characterized by their CI coeffi-
cients and the corresponding dc(ermmants given as a set of
four numbers in brackets representing orbitals of the equiv-
alent-core ground state. Occupied and unoccupied orbitals are
separated by a double'siash . '

State Energy
{cV)
)3 -1.1776 .

Wavefunction

. —0.50 904 (0.0]0.0)
~0.17 264 (0.19]21.0)
+0.29 250 {19.19|21,21)
+0.106 779 (16,19[21,21)
1.4507 0.29 383 (0.0[0.0)
—0.75 810 (0,19]121.0)
—0.12 720 (0.191122.0)
+0.11 275 (19.20]]21.23)
+0.4 199 (1919121 21)
—0.12 139 (0.0[0.0) -
—0.37 387 (0.19]22.0)
+0.23 924 (0.20{23.0)
+0.41 249 (0,16}21.0)
—0.2 356 (19.19]R21.21)
+0.4777 A9.19|R122) + ...
—0.49 497 (0.19]R2.0)
+0.34 998 (0,2CI23.0) -
- —03 117 (0.16]21.0)

w

4 6.5300
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" State . -Energy -

‘1 ..~ 082

.

—0.36 406 (19,19[21.21)+ ...

Table 2

Overlap integrals between the ionic and necutral molecule SCF
determinants for N 1s i xomzauon ol' the ml.rosobenzenc mono-
mer

,Ovcrlap with neutral

Ion configuration

o . . ground state
©Oopo) .. .. . .07861 ,
(.I9RLY9) . ... -023061 - L
19.19[2121) - ’ J 006765 ST
(16.19121.21) - 0004545 - R
©.I9220) .- < © 0064056 < - v o
(1920[R1.23) - - - - =0.000009 - = - : :
©201230) .. ...~ .—00265.. .
(1919121,22) . - 7001879
©a621L0) T —0.01549

The energies and wave!’uncl.ons ef the O ls ion s._ats of th
mu'osobcnzcne monomer (see csptxon to table l) T ’

" Wayefunction - = -~
N V) . cn Sl R
=096 007 (0,010.0) SRS
© o +017 504 29,19}21 11)*- -
012173 (0.0]0.0) ; e
+0.85 473 (0.19]21.0)
_+0.17982(0.201R2.0) - - -
+0.31 855 (19.191121,21) e
—0.17 185 (19.2C|R1.22)
038013 (020|220)
+03 937 (0.19]23.0)
—0.36 319 (0,15[121.0)
—0.37 144 (20.2021.21)
0.30 693 (0.26{i22.0) -
+0.40 829 (01521 0)
+0.55 818 (19.2021,22)
—033317Q020|R12N)+ .

27184

3 o 47906

4 : 5.5536

Table 4

Overlap mtchal_ between the ionic and neutral molc':ulc SCF
determinants for O 1s ionization of the nitrosobenzene mono-
mer : : )

Ion configuration Overlap with neutral
: -ground state
(0.0}j0.0) 0.70 983 :
(19.19]21,21) 0.136 309 i -
(0,19|21,0) 0.311 056
. (0,20[22,0) —0.012688
(0.1923.0) 0.0168744
(20,20{21,21) 0.000024
(19.20]21.22) 0.0000204
0.143 802

(0.15[121.0)

CNDO/S CI calculations on the-nitrdsobenzene
monomer where only singly excited configurations

- were considered. The one-particle energies calcu-

lated by Distefano et al. differ from ours due to
variations in parameterization. The N1lsand O 1s

shake-up energies obtained within the smgly ex--.
cited scheme are higher than the present values by -
= 1.0 and 0.7 eV, respectively. In addition, the N
1sand o 1s shake—up intensities given by Dlstefano
et al. are considerably smaller than those shown in -

- fig. 1. 'We attribute these: differences to the- incln- -

sion of . doubly excited confi gurauons in the pres-

_ent analysis_ Nevertheless, the present interpreta-
" tion as to the nature of the most. mtense shake—up' :
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Fig. 3. Elecron density difference maps of various ground and excited states of the N 1s tonized nitrosobenzene monomer (sex text).

features parallels the assignment given by Dis-
tefano et al_ [8}.

To iilustrate the nature of the ion states which
lead to the N 1s spectral function appropriate
electron density difference plots are given in fig 3.
Fig 3a shows the difference between the core-hole
ground state and the ground state of the neutral
system. Solid lines represent electron gain in the
ion, whereas dashed lines correspond to electron
loss. The surface on which the electron densities
are indicated lies 0.5 A above the molecule in
order to include changes in =-electron density for
which the molecular plane corresponds to a nodal
plane. Clearly the plot shows a screened ion ground
state where a screening charge of 0.803 e ac-
cumulates on the ionized  nitregen. The gross
atomic populations, as well as the bond orders
calculated according to Cohen’s [27,28] proposal
are given in fig. 4. Obviously the entire molecule
contributes to the screening of the ionized center.
Fig. 3b indicates, however, that upon electronic

excitation 024 e is transferred back from the NO

moiety towards the benzene ring. It should be
noted that an interpretation of the shake-up pro-
cess in terms of the orbital localizations given in
fig. 2 suggests just the opposite direction of charge
transfer, i.e. from the aromatic ring toward the
NO moiety. The origin of this counter-intuitive
result lies in the fact that the final excited state is
not pure, but rather a mixture of five determinants
(table 1). The charge distribution is given by the
square of the complete wavefunction, including
interference terms. In this case the cross terms
dominate.. Decompeosition of the excited state
charge transfer into atomic components reveals
that the oxygen atom contributes 0.2 e (75% of the
total excited state charge transfer), whereas the
nitrogen looses only 0.04 e (25% of the charge-
transfer). The ionized N atom then carries iny 5%
less screening charge in the excited state than in
the ionic ground state. Shake-up excitation yields
an unscreened oxygen center, even with respect to
the neutral ground state. The manifestation of
charge transfer from the oxygen atom on shake-up



o 1 H.-J. Frmnd et al. / SImAe up :memre oj’ core mm.ed su[zmmrad ammauc moleruls

O1s

& e
Fi 12. 4. Atomic c!ectron densitics (arded) and bond orders
(=-bond -order in ‘parentheses) for the uncorrelated’ grotmd

slatsol’!hcnem.ra!.lexonmcdandOlszomzedmuoso- :
benzcncmonomets. s .

g ‘exc;tauon is qmte smﬂar to the suuatmn found -
" for N'1s (NO,) ionization of PNA::It: shoula be;
.“noted, however; that in PNA' excxted state charge E

transfer from the oxygen is to the oenter of -ioniza- -

- -tion rather Lhan the ring. In PNA it is mterferenoe :
vbetween the. NO2 (oxygen) and NH, charge trans-

fer that induces the intense satelhte. This cxplams
why- mt_robenzene, where only oxygen transfer is
possible, ‘does not exhibit intense satellite struc-
ture. The electron density difference plots for the
higher-lying shake-up satellites of interest are given
in figs. 3¢ and 3d. These are. charactenzed by a -
charge transfer from the benzene ring toward the
NO moiety. In these states the nitrogen atom -
carries a screening charge larger than in the ionic
ground state. The ““extra™ screening in these states
is delivered by the = electrons in the C-C and the -
C-N bonds. One can speculate that the molecule
dissociates when these states are excited.

Figs. 5a-5d°show the corresponding electron
density difference plots for ‘O 1s ionization. The
corc-xomzed ground state (fig. 5a) carries a screen- -
g charge of 0.708 ¢ on the oxygen center. The
nature of the most intense O 1s satellite parallels
that found for N 1s ionization. The orbitals of the
O 1s core-ionized species again suggest a rather’
massive charge transfer from the phenyl ring to-
ward the NO moiety (see fig. 2 and table 3).:Due
to the nature of the cross terms appearing in the
charge density evaluation, interference effects like
those noted for N 1s ionization inhibit excited
state charge transfer. As indicated in fig. 5b, there
is essentially no ner charge transfer. The electron
density difference given in fig. 5b can be viewed as

“charge density oscillation” moving between the
extremes of the molecule. The higher excited O 1s
satellites also exhibit similarities with the N-1s’
results. Again, there is negligible charge transfer
between the: phenvl and NO groups. The second .
shake-up state is more. intense than. the corre-
sponding N ‘1s transition because the projection of -
orbital #15 onto the LUMO level is much larger.
The satellites accompanymg O 1s ionization ap-
pear at higher energy than the corresponding N 1s

' features due to a larger HOMO-LUMO gap and N

the. stronger stabilization of ~orbital 19. This
latter selective interaction is ‘caused: by . the ‘con-
tracted oxygen funcnons which led to an enhanced
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. Fig. S. Electron density difference maps of various ground and excited states of the O 1s ionized nitrosobenzene monomer (see text).

Coulomb stabilization upon ionization for the
levels localized on the NO moiety. It is worth
noting that the differences in HOMO-LUMO sep-
aratior for O 1s and N 1s ionization are less
dramatic than found for PNA, for example.

3.2, Nitrosobenzene dimer

In order to theoretically address the photoelec-
tron spectra of solid nitrosobenzene, computations
‘must at least account for the cis-dimer pairing as
indicated by X-ray diffraction studies [11]. There-
fore, spectral functions of the cis-isomer of the
unsubstituted dimer were calculated based on a
model drawn from the experimental geometry [11]:

a planar O «— N—N — O cis-configuratior («<NNO

=120°); 1.32 A N-N separation; and, phenyl
groups rotated 90° relative to the NO-NO plane.
Fig. 6 compares the N 1s and O 1s ionization
spectra of the cis-nitrosobenzene dimer obtained

with and without neutral ground state correlation.

Fig. 6 indicates that correlation in the neutral
dimer species contributes significantly to the final
state dimer shake-up intensities, as opposed to the
monomer case where such contributions were
found to be minimal. As indicated in the top panel
of fig. 6 low-lying shake-up features accompanying
N 1s ionization are completely absent when initial
state correlation is neglected. The relative contri-
bution of double excitations to the neutral dime:

_ground state is indicated in table 5. - - :

In the case of N 1s ionization of the monomer
the intense shake-up feature was induced by an
interference. of phenyl - NO and oxygen —
nitrogen w-electron charge transfer.- Due to the
twisted configuration of the cis-dimer charge
transfer between fragments is inhibited in the solid
state. A detailed account of NO-NO interaction is
thus essential to describe the condensed phase N
1s shake-up structure. Analysis of the O 1s mono-
mer spectrum, however, revealed that phenyl -
NO charge transfer did not participate as strongly
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Fig. 6. Companson of the theoretical N 1s and O 1s core-hole
spectral functions of the cdis-nitrosobenzene dimer obtained
with and without neutral ground state correlation. -

in the shake-up prm as found for N 1s ioniza-

tion. Specific NO-NO interaction should, there- '

fore, be of less consequence to the O1ls ms-dlmer

spectral function. This conclusion is reflected mi

fig. 6 where considerable O 1s intensity is also
calculated when: g;round state wmlauon is ‘ne-

glected.. - .-
“The wavefunctlons of mterest for N ls and 0 ls

cxs-dlmer ionization are given in tables 5 and .7,
,rspecuvely. The localization ‘of ‘relevant- dimer -
- orbitals is given in fig. 7. ‘First, ‘the mteractlon :

_Energies aﬁd'w'avetuncuons of appropnate N ls ion stats of

Tablc 5

the c:s-mtrosobenzmc dimer compared ta the. con'dau:d neu-:
u'al ground state; energy relative to the ncutral species. SCF =

-ground state. The ion state labels oorrmpond o the features -

g;vcnmlhetoppa.ndofﬁg_é(seempnontotablel) :

State _ Energy. - - Wavefuncnon
. ’ T eV) .
ground state . —1.174 - .- 0.92 614 (0 o0y - -
neutral’ .- . . —0.32984 (40,40]181 41)
ionstate 1 —0s61 0.95 661 (0,0100) . °
o —0.15745 (037111.0) .
.- —0.14 405 (3737141 41)
fon state 2 ‘1.48 020 382 (0.00.0)
+0.88 537 (0,37[141.0)
+0.14 663 (0.38[141.0) -
+0.33 144 (37.37[161.41)
Table 6

Overlap integrals between ionic determmams of the \X 1s
ionized cis-nitrosobenzene dimer and (i) the neutral dimer SCF
determinant, (ii) the corresponding doubly excited determinant
created by (40,40]|41,41) excitation; the numbering system re- -
fers to orbitals of the neutral dimer SCF detezmmant g

Ion configuration Overlap with Overlap with doubly .
SCF determinant  excited configuration .
of nevtral ground (40,40[141,41)

state
(0.0[0.0) 073394 0137171
(0371}41,0) —~024150 0306 534
(0.381141.,0) —0.040 884 0523313
(37,37]41.41) | 0.079 465 0.685 009

leading to-dimer formation can be understood in

terms of fig. 7. For example, the HOMO -and
LUMO dimer levels are formed by combining the

antibonding NO = orbitals to yield a bonding and
antibonding combination (orbitals #40 and ‘41 .
in fig. 7). Due to steric Inndrancc these NO levels
do not couple to the phenyl ring orbitals, specxfi-

“cally orbital #21 of fig. 2, as found in the mono- -

mer. In the one-electron pxciure the dimer is stabi-
lized by doubly occupying the bondmg combina-
tion. Also, the determinant formed by doubly oc- -
cupying the antibonding combination i is only 492
eV higher in energy. Since the two states have the
same symmetry a strong interaction occurs which -
leads to a ground state stabilization of 1.17 eV:
Subsequent to interaction the ground state wave- .

- function aclneves approx!mately 11% doubly ex--
- cited character. - o : ; :
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Table 7'

. Encreies and wavefunctions of appropriate O 1s jon states of
the cis-nitrosobenzene dimer compared to the correlated nee-
wral ground state: encrgy relative to the ncutral dimer SCF
ground state. The ion state labels comespond to the features
given in the bottom panel of fig. 6 (sce caption to table 1)

Suare Energy
{eV)

C—1173

Wavefunctdon

0.92 613 (0.0[0.0)
—0.32 984 (40.50{}41.41)
0.97 919 (0.00.0)
0.83 986 (0.361121.0)
—0.22 975 (0.30[12.0)
2017 939 (0.40543.0)
+0.15 149 (035[41.0)
=031 635 (0.33[131.0)
—0.15 708 (03714.0)
~0.16 040 (5636031 41)
0.22 073 (0201310}
- 03% 623 (0391535.0)
- 031 538 (038143.0)
+031 240 (033541.0)
—0.40 315 (037142.0)
+0.38 236 (0.20;48.0;

ground siate
neutral

onstate 1 —0.57

ton staic 2 445

ion state 3 693

Tablc 8

Overlap integrals between ionic determinants of the O Is
ionized cis-nitrosobenzene dimer and (i) the nevtral dimer SCF
determinant_ (i) the corresponding doubly excited determinant
created by (40.40{131.21) excitation: the numbering system re-
fers 1o orbitals of the nevtral dimer SCF determmnant

Ion configuration. Overlap with Overlap with double
’ SCF determinant . excited configuration
of peutral ground  (46.10p31.31)

state

(0.00.9) 077763 . 0.15 506
(03621 .0} 0.201 599 —0:243 189
(0.40[:32.0) ~0.013 902 —0.002 972
{030123.0) ~0.03573 707 -0.047 439
(035521.0) —0.063 742 —0.047 459
(033531.0) —0.16 703 0.1 816 303
(037132.0) 0.006 591 00013143
(3636}81.21) . 0052263 0.331 408
(039125.0) 0.020 978 0.004 196

Upon creation of an N 1Is core hole the niuo-
genis are no longer equivalent. This leads to a
relative localization of the one-electron wavefunc-
tions on specific “fragments™ of the dimer. The
occupied orbital, for example, is localized on th=
NO moiety containing the core hole which implies

a transfer of charge toward the ionized atom. This.
is demonstrated more directly by comparing charge
distributions_ in the neuiral and the N 1s-jonic
ground state. Fig. 8 shows gross atomic popula-
tions and bond indices for the N,O, region. A
screening charge of 0.94 e is drawn toward the
ionized nitrogen atom. 67% of this charge comes
from the non-ionized or “neutral” NO moiety
with the remainder derived from the phenyl group.
Although the occupied and virtual ion levels of
interest are localized on different parts of the
N,O, region, their phase relatio, parallels that of
the neutral system orbitals. An excited state of the
ion. with orbital #41 occupied, is therefore likely
to have a small overlap with the uncorrelated
neutral ground state. The correlated ground state,
however. contains a determinant where the anti-
bonding “N,O, orbital” is occupied. The overlap
between this component and the excited ion state
therefore is expected to be larger (see table 6). The
result is that the satellite gains intensity through
ground state correlation (see fig. 6).

As noted above, corresponding interactions

* within the O 1s ionized dimer are less pronounced.

The accumulation of screening charge on the
ionized oxygen is less (0.49 e) than calculated for
N 1s ionization (see fig. 8). O 1s ionization, how-
ever. leads to a similar localization of one-particle
wavefunctions as found in the N 1s ionized sys-
tem. The main difference between N 1s and O 1s
ionization appears to arise from interference terms
involving overlap amplitudes between the corre-
lated neutral ground state and components of the
ionic ground and excited states. As indicated in
tables 6 and 8 overlap of the ionic terms with the
primary ground state determinant, (0,0}{0,0) are in
phase for O 1s ionization, but out of phase for N.
1s ionization. The reverse condition is found for
overlaps involving double excitation of the neutral
system.

Fig. 9 compares the ion-siate spectral ﬁmcuons
calculated for -the cis-dimer and a- hypothetical
trans-dimer configuration with the experimental
solid state spectra [8). Computations on the trans-
isomer are included to provide some mdxmuon of
the sensitivity of shake-up structure on:increasing
the interaction between the NO-NO part and the

- phenyl groups. Although the unsubstituted trans-.
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Fig. 7. Orbitals of the ncutral. N 1s ionized and O 1s icnized uncorrelated ground states of the cis-nitrosobenzene dimer as viewed
from above the molecular plane. The circles are proportional to the LCAO coefficients. The ionized atom is marked by an asterisk.

dimer is not found in the crystal, computations
were performed on a construction derived from
the - geometry of an ' experimentally confirmed
trans-dimer - species - of -a suitably substituted
nitrosobenzene [11]. Our model of the trans-dimer
assumed phenyl group rotations of only 30° from
the NO-NO plane. The agreement between theory
and experiment shown in fig. 9 is not as good as
obtained for nitrosobenzene in the gas phase. Cer-
‘tain * tren
are, however adequately reprmented by the cis-di-
mer model. For example, the relative O 1s shake-up

 intensity is decreased from 62% to 48% upon con-
‘densation [7,8] in comparison to the ‘calculated
decrease of 52% to 26%. In addition, the computa- .
_tions indicate a 1.3 eV increase in satellite energy S
on going to the solid compared to the experimen- -
_tal value of 0.25 cV. Although computations indi- - -

> on going from the vapor to the solid

cate a 0.5 eV shift-in the N 1s shake-up peak to
lower energy with an accompanying loss of inten-
sity on going to the solid which ‘is contrary to
experiment, the relative influence of dimer forma-
tion on the N 1s and O 1s shake-up energies is
correctly given. .

Corresponding -studies on PNA [2,3,6] and 2-
amino-6-nitronaphthalene [6]  have - shown quite

“.good agreement between calculated ‘and experi-
.mental differences in heteroatomic core-hole struc-

ture on going from the vapor to the condensed
phase. It is worthwhile to comment on possnble 7
origins - of the generally less' impressive compari- .

. sons obtained in‘the present analysis. For exam-

ple, it is: possible that when the solid is prepared

- by condensation of the nitrosobenzene Vapors onto - ’-
‘a "cooled . substrate ‘the - dimer- is .incompletely -
formed, or that a precursor state is achxe\,ed wnth :



226 H.-J. Freund et al. / Shake-up structure of core-ionized substituted MWi; molecules '

CIS—-DIMER
NEUTRAL 65735 - 65735
) Q. 0
N >
D848 I
£ (7154) e
) &
~ -4
35031\ /38031
Nis &20460 6.6251
o £\,
B .
< $
2 N L3302 @\
. {3872) o
f 2%
Dl =\
\-\\_ )
40184 453
N—— /
O1is 63228 @,7.0638
b o oh
/N
- N—L5444 ~
;. (5598] N ,
S >
_g 5
asme 39777

Fig 8 Atomic clecuon densities and bond orders for the
peutral. N Is tonized and O 1s fonized related gr d
states of the cis-nitrosobenzenc dimer. Values are only given
for the N,O, mwoiety and the attached carbon atoms. The
tonized atom is indicated by an asterisk.

-an enlarged N—-N separation. A carefu! X-ray pho-
toelectron spectroscopic study of well characterized
nitrosobenzene molecular crystals would provide
conclusive information on dimeric contributions to
intermolecular screening. Constderation of a single
dimer painng may also be inadequate. A theoreti-
cal aspect likely to be of even greater significance

‘1s the lack of size consistency in the CI evaluation
of thc monomer vessus the dimer structure. The
number of excited configurations included in the
monomer and dimer computations were identical,

"i.e. 300 singly and doubly excited configurations.

However, since the number of orbitals are doubled
on going to the dimer, certain higher-lying excita-
tions addressed in the monomer computations are
neglected in the larger system. The excited dimer
states are therefore not as completely described as
those in the monomer. Inclusion of a larger num-
ber of configurations in the dimer problem may
well influence the relative shake-up intensities and
enereies. The problem of size consistency is further
addressed in the following section.

3.3. NO-dimer

In order to reduce the magnitude of the size-
consistency problem and to address the issue of
“partial” dimer formation upon condensation of
nitrosobenzene, correspending computations were
performed on the nitric oxide dimer, (NO),. Ne-
glect of the phenyl groups appears to be a suitable
approximation in a detailed analysis of the “local-
zed” NO-NO interactions. Although some
screening charge was drawn from the aromatic
moieties in the O 1s and N 1s ionic ground states
of the cis-nitrosobenzene dimer, excitations involv-
ing the phenyl group orbitals were found to have a
neghigible effect on the resulting shake-up struc-
tures. The comparison computations noted above
on the trans-nitrosobenzene dimer further in-
dicates an absence of significant phenyl group
contributions to the satellite structure, i.e. a ro-
tation of the phenyl groups toward greater planar-
ity with the NO-NO projection yields an O 1s
shake-up structure without a distinct peak. This
result is contrary to experiment as shown in fig. 9.

. Although the one-electron coupling within the NO

dimer is found to be somewhat different from ihe
NO-NO coupling within the nitrosobenzene di-
mer, sufficient parallels exist to permit us to
qualitatively examine spectral consequences of
partial bond formation -in the latter system by
varying the bond distance in the NO dimer.
Fig. 10 shows the calculated N 1s and O 1s
hole-state spectra of (INO), for the indicated equi-
librium geometry [15,16,29-31). The influence of

" doubly excited states is cicarly demonstrated. As

indicated in fig. 11 a rather weak o bond is

. formed by interaction of the in#plahé components
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Fig. 9. Comparison of the experimental N Is and O 1s core-hole spectra of solid nitrosobenzene with the results of calculations on the
cis- and trans-nitrosobenzene dimers including ground state correlation.

of the two singly occupied 2=«* orbitals of
NO [13,14]). The orbital corresponding to the o
bond constitutes the HOMO ievel whereas the o*
_virtual level derived from bonding interactions
becomes the dimer LUMO level. The two out-of-
plane 2=* components form =« orbitals and are not
occupied. Upon ionization a screened hole state is
formed as exemplified for the N 1s core hole in fig.
12a. The total screening charge of 1.08 e accu-
mulated on the ionized atom is derived from the
adjacent oxygen atom (24%) and the “neutral”
NO moiety (76%). This characterizes the -ionic
ground state of the NO dimer as an intermolecular
screened state, similar to the situation found for
the nitrosobenzene dimer. The charge distribution
corresponding to the rather intense N-is shake-up
feature obtained when neutral ground state corre-

Iation is included is shown in fig. 12b. Clmrly,‘

_ charge is transferred ‘back to the “non-ionized”
moxety through the 2=o* cha.nnel (see the ion-state

orbitals of fig. 11). The reverse charge-transfer in
the N 1s shake-up state amounts to 56% of the
ground state screening charge. This result is in
essential agreement with the conclusions of Tonner
et al [13]. Tables 9 and 10 reveal that the large
influence of initial-state correlation arises from the

" Iarge overlaps involving the doublyv-excited config-

uration contributing to the neutral molecule ground
state where the o-character anubondmg 27* orbital -
is occupied. ,
At this point the correspondence between the
NO and nitrosobenzene dimers becomes obvious:
if the geometry of the NO dimer is changed simply
by enlarging the intermolecular separation the en- .
ergy and intensity of the primary N 1s shake-up
feature is modified (as indicated in fig. 13). The .
right-hand panel of fig- 13 graphically shows the
variations for the two core-hole’ lines resulting -

_ from N 1s ionization. As the interaction bétween

NO moieties becomes less, the splitting between .
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Tablc 9 i

Encrgies and vua\n:ﬁninons of appropriate N 1s jon-states of
the cis-mitric oxide dilrer compared to the correlated neuurat
youndsmtemgytﬂamtwmémualdmwgmud
state. The ton state Iabels correspond to the features given in
fig_ 10 (sce capticn xo.?nbxe n

Table 10

Overlap integrals between ionic determinants of the N 1s
ionized cis-pitric oxide dimer and (i) the ncutral dimer SCF
determinant, (ii) the corresponding doubly excited determinant
created by (11.11[112,12) excitation; the numbering system re-
fers to orbitals of the neutral dimer SCF determinant

State En:tgy Wavefunction .
T {eV
ground state —1.560 09"875(00{!.).0)
neutral —33 336 (IL11[12.12)
fon state 1 -1.22 —0.97 318 (0.0[0.0) ’
Y +0.13 299 (10.10§14.14)
094133 (0.1IH130) .
+025 362 (11.11p13.13)
—0.29 182 (0.9[13.0)
+0.20 309 (0.3}12.0)
—0.32 330 (10.11§13.143)
—0.62 302 (0.10}14.0)
—0.40 459 (0.6F13.0) -
. —037 164 (0.5§13.0)
—0.20 596 (10.11513.19)
- +0.18215(047139)

ton state 2 3

fon state 3 1229

Ion configuration . Overlap with ' Overlap with double
" . SCF determinant excited configuration
neutral ground of * (11.11§12.12)

state

(0.0[0.0) | 0710848 0220302 - :
(10.10[14.19) 0.023 687 0.007 341
(0.1113.0) —0357 381 - 03%4 778
(11.13113.13) _ 0.179675 0707436

(0.9}13.0) ~0.095 326 0.045 901

(03H12.0) —-0012222 20003788 -
(10.11713.19) 0.065 238 - 0072068 .
‘(0.10[14.0) —0129 761 . —0.040215 . - - -
(O.6[13.0) - - - 0.019 965 —00193629 | .
(05[13.0) —0.061 931 —0.0720 631
(04M30) 00004221 . 00061308
(10.1113.19) 70065238 | ~0070641
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1s jonized ground states of the nitric ovdc dimer as viewed from

above the N,O, plane. Alom:c electron densities as well as bond orders for the two states are also gn.en.

f&lur&c is reduced concomitant with an increase
in satellite intensity. At larger separations the
satellite corresponds to an intramolecularly
screened state. The satellite should thus gain in-
tensity as the NO moieties achieve greater “mono-
" mer-like” character. When the interaction is rather

strong the satellite intensity is reduced since in--

tennolecular screening dommat&s- e
- Since the NO dimer and nitrosobenzene duner
satellite intensities are experimentally similar, a

similar ON-NO bond strength is expected in the -
two systems. A comparison of heats of dimeriza~
tion indicates that this is indeed the case: 0.05 eV .~
for the nitrosobenzene dimer [9], and 0.07 eV -for
(NO), [15,16]. In the case of the mtrosobenzene RS

dimer, however, the total bmdmg energy is a su- . - -
perposition of the NO-NO interaction, and the

destabilizing interaction involving the phenyl rngs. . - :
plmg between the 2= “\rbhals m the dlmer is’

, If the phenyl groups are assumed to avoxd each

other, i-e. asin a-nitrosotoluene where CH, groups
“isolate” the NO groups from the phenvl rings,-

- the total binding enthalpy increases dramatically:

0.05 eV versus 0.87 eV [9]. On the basis of this.
result a rather small nitrosobenzene dimer satellite ~
intensity is expected which is neither observed or
calculated (see fig. 9). This apparent amblgmty can -
be resolved tbrcugh a comparison of the relevant
dimer orbitals. As noted above, - fig. 11 clearly
shows that the (NO), shake-up occurs within the:
manifold of o orbitals formed by weak interaction

“i.. of the two in-plane 2 orbitals. The “weakness” of
" this coupling determmts the satellite intensity. On -
. »t.be ‘other hand, ‘the . o interactions between

nitrosobenzene moxeh&s is much stronger due to",
the shorter N-N bondlength. The main contribu-

) tions te the nitrosobenzene. dimer shake-up, how-
. ever, are = electrons as outlined above. The cou--
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" ‘indeed much weaker than the accompanyirg o

interaction. The NO-NO = orbital coupling in the

* nitrosobenzene dimer is, in fact, comparable in
" .magnitude to the ¢ coupling in (NO),. The inter-
_actions leading to the high core-hole satellite in- .

tensity observed for the nitrosobenzene dimer thus
parallels the analysis of the (NO), shake-up fea-
tures, in spite of the shorter bondlength achieved
in dimer formation. Variation of the magnitude of
ON-NO coupling within the nitrosobenzene di-
mer would produce results similar to those shown
Further evidence indicating the significance of
“intermolecular” electronic coupling between
components of the NO dimer is given by the
appearance of new features in the valence ioniza-
tion spectrum on going from the vapor to the
condensed phase {13,32] (see fig. 14). .Con-
densation yields a reduced intensity peak =22 eV
above the first ionization band which is absent in
the zas phase. In accord with experiment open
shell CNDO/S CI computations on the valence
level ion states of (NO), yields a weak intensity,
or shake-up feature, at =32 eV above the first
ionization (see fig. 14). In line with symmetry
arguments [33], the computations indicate that the
solid state induced low-lying shake-up arises from
coupling between the HOMO — LUMO excited

254 %L 23K 22 2% 204
Run lAl=——

Fig. 13. The cnemjes and intensities of the two most intense features

intermolecular separation.

EgleV) o——- -

of the (NO), N is core-hole spectral function as a function of
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ooﬁﬁgu;ation and the second pnmaryhole state

_obtained by ionizing the second highest occupied
dimer orbital. The HOMO and LUMO orbitals of
the valence-ionized dimer are generated from cou-
pling between the in-plane NO 2=* componeats,
and thus correspond to those levels which are of
particular importance in the elucidation of core
tonization. The primary hole configuration from
which the valence level shake-up state of interest
receives intensity is likewise derived from ioniza-
tion of an in-plane orbital. Further analysis of the
valence spectrum is in progress [34).

4. Summary and condusions

Theoretical N 1s and O 1s core-ionization spec-
tra of monomeric nitrosobenzene and a model
nitrosobenzene dimer structure were calculated
within the CNDO/S Cl equivalent-core approx-
imation with allowance for up to doubly excited
configurations and favorably compared 10 existing
vapor and condensed phase spectra. Unlike the
dramatic differences in core-hole structure ob-
serived for some donor/acceptor-substituted
aromatic systems on going from the vapor to the
condensed phase, the satellite structures for N.1s
and O 1s ionization of nitrosobenzene are rela-
tively unchanged vpon condensation even though
specific intermolecular interactions are experimen-
tally indicated for the solid. Our analysis indicated
that such a similarity was *“accidental” due to
different coupling mechanims active in the two
cases_.

Specifically, the theoretical results for the planar

monomer icnizations were in excellent agreement
 with observation. Intense satellite structure for
both O 1s and N 1s ionization, at the approxi-
mately correct energies, were obtained. The nature
of the satellite features were analyzed in terms of
interactions between the aromatic and nitroso
_groups. Neutral molecule ground state correlation
had little effect on the final state spectra. Compu-
tations on the dimer structure provided less
quantitative agreement with the condensed phase

spectra, although subtle energy and intensity vari-~ .
ations noted experimentally on going to the con- .
densed phase were qualitatively reproduced. The

dimer geometry used to model lhe condensed phase

-environment was derived from the experimental

crystal structure ‘where specific NO-NO cis-dimer
pairing was indicated, with ‘the phenyl groups
rotated = 90° cut of the NO-NO plane. The less
than ideal agreement between theory and experi-
ment pointed out the importance of a careful
X-ray photoelectron spectroscopic study on molec-
ular crystals of the nitrosobenzene dimer (di-
azobenzene dioxide) to unequivocally demonstrate
the influence of well characterized intermolecular
interactions on the core-hole structures. Computa-
tions. nevertheless, indicated that solid state shake-
up arises from intermolecular screening between
the coupled NO moieties, and is thus quite differ-
ent in origin than found for the gas phase species.
The importance of neutral ground state correlation
in the description of the condensed phase spectra
was also demonstrated. Comparison computations
on -a hypothetical trans-nitrosobenzene dimer,
where the phenyl moieties were only rotated 30°
from the NO-NO plane, further verified the lack

_ of significant aromatic group contributions to the

condensed phase shake-up structure.

To further elucidate the consequences of “local-
ized” NO-NO coupling on the nitrosobenzene
condensed phase spectra the N 1s hole-state spec-
tral function of the nitrous oxide dimer was ex-
amined. Intense satellite structure was attributed
to intermolecular screening factors in accord with
prior theoretical arguments. Although relative
satellite intensity was shown to be strongly depen-
dent on N-IN scparation, the final state intensity
and energy distribution calculated at the equi-
librium geometry was in clcse agreement with
experiment. Parallels between the nature of the
coupling in (NO), and in the nitrosobenzene con-
densed phase and crystal habit were indicated.

Further evidence indicating the significance of

“intermolecular” - electronic -coupling ' between
components of the NO dimer was obtained through
a comparison of the existing UPS condensed phase

o spectrum with sem.x-empxn&l open shell computa-
‘tions in the valence level ion states. Orbitals de-

rived from solid state interaction, and which con-
tribute to the experimentally well-resolved valence
level shake-up peak, were found to correspond to

-those levels which were of partxcular unportanoe n
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the deiermiﬂauon of the' oore-hole shake—up fea-:

tures. -

Pmally, the prsent study emphasnzed that anal- '
ysis of solid state core-hole spectra based on com-’

putations restricted to an isolated molecuie model
-may lead to misleading interpretations.”
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