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2.3 Condensed molecules

2.3.0 ][ntroduction and general remarks
Molecular solids exhibit a unique characteristic:
-The electronic structure of the isolated molecule in the gas phase is to a large extent preserved upon

formation of the molecular solid.
I This, of c~ur.se, .is caused by the generally weak inteffi1olecular .van. der Waals interaction be~ween the

molecular moieties In the crystal. Therefore, X-ray structure deteffi1lnatlon on molecular crystals IS usually
believed to provide us with the "gas phase structure" of the molecule. The above stated persistence is
in contrast to the case for metals and many solid compounds with strong electron-sharing bonding, where
the constituents often do not maintain their atomic or molecular identity. In photoelectron spectra the
persistence of the electronic structure of the gas phase moiety is documented by a one-to-one correspondence

I between the spectrum of the solid and the vapor. However, certain changes between solid phase and gas
i phase spectra have been observed. The main differences are:

-A shift of the ion states in the solid towards lower binding energies
-A broadening of the photoemission peaks in the solid.
Theories have been developed [7802, 800] that allow one to understand this shift via polarization

of the surrounding molecules by the created hole localized on one moiety. The polarization of the surrounding
I molecules stabilizes the final ion state, and thus leads to a decrease in binding energy (polarization energy).
, It is quite evident that holes remain localized in the solid state. The local or extended nature of electronic

states in molecular solids is deteffi1ined by a competition between /1uctuation in the local site energies
of these states (which tend to localize them) and the hopping probability for inter-site excitation transfer
(which tend to delocalize them). These site /1uctuation ingredients determine the larger line widths in the
photoemission spectra of molecular solids, and also the temperature dependence of the line widths, whichI 
has been observed experimentally [80S I]. In thinking about excitations in molecular solids it may cause
conceptual difficulties to consider these excitations in teffi1s of the traditional energy band theory of solids.
Rather, such excitations should be regarded as localized entities which move through the solid via hopping. !
The localized nature of the hole states reflects itself in the population of hole states that involve the excitation
of more than one electron i.e. so called shake up states. Shake up satellites [86C] are caused by excitations
among the valence excitations in the presence of a hole, and are thus due to 2-hole-particle (2hp) states.
Their intensity is governed by the projection of the created 2hp-ion state onto the frozen hole state, which
can be thought to be created through a sudden removal of an electron, fast enough that the remaining I
electrons cannot adjust to the change of the potential. The shake up lines show the same polarization
shifts as the regular hole states as expected if the valence electron distribution does not change upon condensa-
tion into a van der Waals solid.

UV photoelectron spectra have been reported for a wide variety of molecular compounds exceeding
the present data collection by far. The criterion for inclusion of a species in the present data base was
the existence of rather complete sets of infoffi1ation covering a wide range of experimental results using
electron spectroscopic techniques and related theoretical calculations. For those readers interested in specific
aspects of the physics of special molecular solids for which electron spectroscopy was used as a peripheral
method several detailed review papers are recommended [790, 7801, 85S, 80S2, 83K3, 87K, 871, 87Ft].
All of these papers stress various aspects of the fact that molecular solids offer important prospects in
material science, covering polymers, organic superconductor, Langmuir-Blodgett films for application as
molecular membranes, and new types of electronic devices, as well as applications in non-linear optics, I
and lithography.

The presented data collection provides a data base for selected relatively simple molecules which have
been studied in the gas phase and in the solid phase. We have selected mostly small and medium sized
molecules with up to ten atoms, and only added benzene, annulated hydrocarbons, oligo-phenyls, and satu-
rated hydrocarbons. Table A lists the types of spectroscopic information we present for 21 species of different
size, varying from diatomics (e.g. ~2' CO: °2) to !,oly~t~mi~ (e.g. .anthracene: C\4H\o), ~nd two molecular

Iseries. For each molecule the available mfoffi1atlon IS indicated In Table A. We combine structural and
spectroscopic information on the free gaseous molecule, and compare this with structural and spectroscopic
infoffi1ation on the molecular solid.

landolt-BOrnstein
New Series 11//23&Freund



Ref. p. 273] 2.3.0 Introduction and general remarks 163

Table A. Type of spectroscopic information for selected molecules in the gas phase and in the solid phase
given in this chapter.

No. Species Gas Molecular solid

2 3 4 5 6 7 8 9 12 13 14 1510 11 16

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Nz
CO
Oz
NO
Iz
HzO
COz
NH3
CZH2
C2H4
CH4
CF4
CCI4
SF6
Ss

C6H6
NCsHs
CloHs
CI4H\o
C\sH\z
Glycine
p-Phenyls
CnHZn+2

x x x
x x x

x x
(x) x (x) (x) (x) x

x
x

x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x

x x x
x
x
xx

x
x

x
x
x

xx
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x

x
x x x

x
x
x
x
x
x
x

x
xx x

x
x
x x

xx
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

x
x

x x
x

x
x
x

x
xx

xx
xx x

1: Point group of the isolated molecule.
2: Bond lengths and bond angles.
3: Electro]1ic configuration in the ground state of the isolated molecule.
4: Space group of the molecular solid.
5: Structure of the solid.
6: Outer valence electron spectrum of the molecular solid in comparison with the gas phase spectrum.
7: J nner valence electron spectrum of the molecular solid in comparison with the gas phase spectrum.
8: Core electron spectrum of the molecular solid in comparison with the gas phase spectrum.
9: Theoretical assignment of the observed ion states.

10: Polarization energies of some ion states.
11: Ion state cross-sections as a function of photon energies.
12: Table of resonance structures in the cross-sections.
13: Auger spectrum of the molecular solid.
14. Penning ionization electron spectrum of the molecular solid in comparison with the gas phase spectrum.
IS: Electronic excitation spectrum in the valence electron region.
16: Electronic excitation spectrum in the core Tegion.

For some small di- and triatomics rather full sets of data are available. Examples are N2, CO, O2,
CO2. For some condensed molecular solids data even on the cross-sections of inner valence satellites exist.
On the other hand, reports of angle resolved valence electron spectra with respect to band mapping (E
vs. k) have been very scarce so far [790, 86S]. However, for some of the species physisorbates on metal
surfaces (see for example [87K]) have been studied using angle resolved techniques. These data are not
included in the present review because the observed intermolecular arrangement may be dictated by the
structure of the substrate. Thus the data may not represent the properties of the condensed molecular

solid.
There are other small molecules, e.g. NO, 12, H2O, and glycine, listed which show rather strong intermole-

cular interactions in the solid state, either in the neutral ground state of the system, i.e. NO, or in the

ionized state, i.e. 12,

landolt-BOrnstein
New Series 111/23a Freund

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x

x

x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x





164 2.3.0 Introduction and general remarks [Ref. p. 273

Large amounts of data have been collected by several research groups on various organic molecules
I [85KI]. The quantity of interest is the polarization energy which has been discussed on the basis of extended

sets of different organic molecules in a land mark paper by Inokuchi and collaborators [8IS2]. We concentrate
here on some series of compounds, namely saturated hydrocarbons, CnH2n+2 (with n varying from I to
36), annulated benzoid hydrocarbons with the number of rings increasing from I to 4, and oligo-phenyl
compounds varying the number of rings from I to 4.

In order to be able to use the present collection, we explain in the following, using the CO (molecule
No.2) as an example, the type of information and the ordering of the data: The first three columns areI 
dedicated to properties of the. free g~seous molecule cove~ng the poin~ gr~up (C"" for CO), bond lengthsI 
(1.13 A for CO) and angles (If possIble) and the electroOlc configuratIon In the ground state (IE+). The
remaining 13 columns are concerned with properties of the molecular solid. Columns 4 and 5 mark the
space group and the structures of the molecular solid. As indicated within the data collection, CO exhibits
two solid phases. They differ in the intermolecular arrangement of the CO molecules. Since these arrangements
are isomorphic with solid N2 we refer to the drawings shown for the latter solid, The temperature ranges
in which the various solid phases exist are given (if known). The size of the unit cell is indicated by u,
b, and c. Columns 6, 7, and 8 cover the photoelectron spectra of the outer valence region (in comparison
with gas phase spectra), the inner valence electron region, and the core region. The spectrum of the solid
(taken with synchrotron radiation at hw = 40 eV) exhibits the characteristic differences with respect to the
gas phase spectrum (taken with Hell radiation hw=40.8 eV) mentioned above: Firstly, the binding energies
of the ion states in the solid shift to lower binding energies by about 1.2 eV. Secondly, the line widths
increase in the solid so that the vibrational fine structure observed in the gas phase is lost. The presentation
of the inner valence region has been separated from the outer valence region, because it is well known
that in the inner valence region strong many-particle effects are effective leading to the appearence of satellite
structure which sometimes do not allow a straightforward interpretation and assignment even for the gas
phase spectra. We show spectra taken at different photon energies of the gas (hw= 1487 eV and 50.3 eV)
in comparison with the solid phase (hw= 60 eV). In addition we present a computer simulation of the
inner valence region on the basis of results of ab-initio calculations which are summarized as a table. Core-

Ielectron spectra of solid CO have not been published. The following column (9) indicates that the asssignment
of the observed features on the basis of theoretical calculations for the isolated molecule is reported. Column
10 indicates whether the differences in binding energies between the ion states in the gas phase and in
the solid phase, i.e. the polarization energies of the various ion states, are tabulated. The energies tabulated
are vertical binding energies and are given with respect to the vacuum level. Column II refers to the photon
energy dependences of the cross-sections of the various ion states in the solid. The set of figures connected
with cross-sections begins, if possible, with a series of electron distribution curves taken at different photon
energies. Here, kinetic electron energy of binding energy is plotted versus photon energy. The range of i
photon energies for CO covers 14 e V ...140 e V. The cross-sections of the various ion states as a function I
of photon energies have been plotted and compared with those in the gas phase. Column 12 marks whether
any resonance feature appearing in the cross-sections plotted can be assigned. The last four columns cover
the Auger (AES) spectrum (column 13), the Penning ionization electron spectrum (PIES, column 14), and
the electronic excitation spectra (valence: column 15; core: column 16) if available. While the Auger spectra
as well as the PIE-spectrum of solid CO have not been published the core electron excitation spectrum
has been recorded using EELS.
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2.3.1 Nitrogen (Nz)
Isolated molecule

1. Point group: DCX)h
2: Bond length: 1.055 A

! 3: Ground state electron configuration:

\1:.+: (IO'J2(IO'u)2/ (20'J2(20'u)2(I7tu)4(30'.)2 / (I7tJO(30'u)O
N(ls) N(2s), N(2p) empty

Molecular solid

I a) Cubic N2 T<35 K [73LI, 65W]! 
4: Space group: T: (Pa3) (evidence for P2\3 structure are, to [88L])
5: Structure of the solid:

unit cell: a=5.644 A (at 4.2 K) [65W]; 5.684 A (T=34 K) [88L]

Atomic positions:
+(u,u,u;u+1/2, 1/2-u,ii;ii,u+1/2, 1/2-u; 1/2-u,ii,u+1/2)
u~0.054

See also Fig. 1.

b) Hexagonal N2 35 K < T< melting [7ILl, 65W]
4: Space group: P6J/mmc [88L]
5: Structure of the solid:

unit cell: a=4.037 A, c=6.592 A (T=36 K) [88L]

Atomic positions:
hcp with center positions at 0, 0, 0; 1/3, 2/3, 1/2.
Atoms are not in fixed positions but rotate around the center positions.

6. Outer valence photoelectron spectrum of the molecular solid [82LI] in comparison with the gas phase
[70T]: Fig. 2.

7: Inner valence photoelectron spectrum of the molecular solid [83E] in comparison with the gas phase
[74GI, 80K]: Figs. 3,4.

8: Core photoelectron spectrum of the molecular solid in comparison with the gas phase:
not reported.

9: Theoretical assignment of the observed ion states: Table I.

A computer simulation of the spectra on the basis of the results in Table I is shown in Fig. 4.

10: Polarization energies of some ion states: Table 2.
11: Ion state cross-sections as a function of photon energies of solid N2 in comparison with gaseous N2:

Figs.5...ll.
12: Table of resonance structures in the cross-sections: Table 3.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region: Fig. 12.
16: Electronic excitation spectrum in the core electron region: Fig. 13.
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Table I. N 2' Vertical binding energies Eb and intensity coefficients (x~n)2 obtained from 2ph- TDA calculations
for gaseous N2. States with (x~n)2<o.OI are omitted except for the first satellites in each symmetry [83SI].
tp: Hartree-Fock orbital energy. All energies relative to E.ac. 2ph- TDA: 2particle-hole- Tamm-DancofT-
approximation a) [70T], b) [74A2], c) [80K]. d) These orbitals are not occupied in the Hartree-Fock ground

state. Non-vanishing intensity coefficients (x~n)2 for the satellite states n arise from ground-state correlation.

Orbital HF 2ph- TDA Ext. 2ph-TDA Experiment Leading

-ep Eb [eV] (X~»2 Eb [eV] (x<;»2 Eb [eV] configurations

Inu 16.80 16.38 0.91 16.85 0.92 17.08) In;; 1

28.63 <0.01 28.63 <0.01 2a;;13a;11nK
35.53 <0.01 35.57 <0.01 2 a;; 1 3a; 1 InK

3aK 17.28 14.21 0.88 15.70 0.91 15.68) 3a,-1
2au 21.17 17.22 0.81 18.96 0.82 18.88) 2 a;; 1

24.98 0.04 25.13 0.07 25.2 b) 3 a,- 1 Inu- I InK
35.9 0.04 35.34 0.02 3 a; 1 In;; 1 InK

40.2720"1 2 -I I -I IO"u 7tu 7t.
2 -I I -I IO"u 7tu 7t.

30";240".3 -I I -1 20". 7tu 7tu
3 -1 2 -1 30". o"u O"U

20";;240".
17t;;250".2 -I0".

28.87
36.41
37.53
39.18
39.25
40.02
40.76

0.14
0.49
0.01
0.01
0.04
0.09
0.09

29.20
37.43
37.56
38.97
39.25
39.94
40.62

0.10
0.30
0.10
0.14
0.04
0.15
0.06

29.4°)

I1t. d) -3.66

17t;217t1
3cr;217t1

24.38
24.56

<0.01
<0.01

24.36
24.56

<0.01
<0.01

loud) -58.55
3 -I I -I I0". Xu x.
3 -I I -I I0". Xu x.

25.48
26.26

<0.01
<0.01

25.47
26.26

<0.01
<0.01

1 Old) -43.78 2 -1 1 -1 1au Itu Itl
2 -1 1 -I 1au Itu Itl

<0.01
<0.01

29.33
31.56

<0.01
<0.01

29.33
31.55

Table 2. Nz. Vertical binding energies for solid and gaseous N2. and polarization energies Epol; Eb w.r.
to E..c. For (A-D) see Fig. 6.

Epol [eV]Vertical binding energies [eV]State

Solid

[79S] [83E]

Gas

[70T][75Hl] [78N]

*t Adiabatic binding energies.
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Table 3. Energy positions of resonance structures in absorption and photoemission cross-sections [83FIJ

Orbital Solid
[83Ft, 83E]

Gas
[77Pl, 80K]

Assignment

11(1)

eV
Et
eV

hw
eV

Ek
eV

30', 18.5

28.0

3.4
12.9

-

28.1

14.2
(20.0)
12.8

~50

-

12.5

-2.8

(3.0)
-4.6

11tu -
19.5

-
2.9

20". -
21.3

53.0

-
3.0

15.520", ~12.0

-
30',-+ 3 O'u

lxu -+ I x,
lxu -+ 30'u

2 O'u -+ lx,

20', -+ 3 O'u

ba I 51~

Fig. I. N 2. a) A projection down a cubic axis oC the low-temperature Corm oC solid N 2. Fractional coordinates oC
the atoms are indicated (x lOO~ b) A packing drawing oC the close-packed cubic structure oC solid N 2 viewed along
a cubic axis [65W].

Nz

gas
~

reI.
units!~~i~_-A.AllA~fJCI) = 21.2 eV 2 au 1xu i

(2!;+) (2IIu)u
I

10I-
solid

f1cu= 21 eV

19 18 17 16 11.

£:b

Fig. 2. Nz. Photoelectron spectra of gaseous [70T] and solid [82L1] Nz in the outer valence region (system at T=20 K).
Eb W.f. to Eva..

1520 eV
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.21;; ~XX~
N2(gas) .

liw= SD.3eV

orb.
units

..
:..
,~ .
,-I
I III

I-
...

...1.., ..
....,

I ..'.
\ ,./._ ~"L~::::7~ ~..;'--', \~t::A / U \...

/ .: 0..0
y o. 0 0

50 eV 1.5 1.0 35 30 25 20

~Eb

Fig. 4. N 2' Inner valence-shell photoelectron spectrum of
gaseous N2 for hw= 50.3 eV incident photons; circles: exper-
imental values obtained employing a synchrotron light
source and an ~0.2 eV electron monochromator band pass
[80K]. (-) POLCI and ( ) SECI calculations [8ILI]
obtained employing the energies and spectroscopic factors
reported in [77S1], and static-exchange orbital transition
moments determined from the Stieltjes- TchebychelT develop-
ment. SECI: single-excitation CI calculation, POLCI: polar-
ization CI calculation.

N2(solld)
.100

CI 20'uCI

/
11;'/' '-- "" /c3r / 7/

/
/

;,-

~

.20
12

~T

20

~
Fig. S. N2. Electron distribution
curves of solid N2 as a function or
photon energy (hw: 15 eV ...40 eV)
[82Ll, 83Fl]. CI: configuration
interaction (structures).

10 15 200 5 eV 2S
[k ..
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I

50 eV 1,5 40 35 30 25 15 10

[b

Fig. 6. Nz. Electron distribution curves [83E] of solid Nz as a function of photon energy. All curves are normalized
to show the same intensity for the emission on the lit. orbital. Integration regions for peaks A through E are shown
as well as the background correction (dashed curve) for inelastically scattered electrons. The total accumulated counts
for the outer valence band vary from 1.0.106 (50 eV) to 3.2.104 (120 eV).

20

rial c

Fig. 7. N2. Emission intensities of the three outer valence
ion states of solid N2 [83FI] in comparison with gas phase
N2 [77PI]. The arrows indicate the photoemission thresh-
olds.
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f
~

-:;

ijl I I I I

50 52 51, 56 58 eV 60
fiOJ ~

Fig. 9. Nz. Intensity of the Nz photoemission in solid Nz
signal at 36 eV binding energy measured relative to the Ixg
emission as a function of photon energy showing the cou-
pling to the O"g final state shape resonance [83E].

Mb

2.0

1,.5
b '.0

05

35 ,,0 "5 50 55 60 65 eV 70
flw-

Fig. II. N2- Inner-valence-shell D 21:: -band partial-chan-
nel photoionization cross-section in gaseous N2- (e) Syn-
chrotron-radiation measurements [SOK]; (0) dipole (e,2e)
measurements [76H]; (- --) dipole (e, e + ion) measurements
[76W]; (-) POLCI and ( ) SECI calculations [SILl]
and static-exchange orbital transition moments.

65 eY 70

II

rei.
units

R

-reflection

--fotol PES

JO'g
-.-'xu
---2 Cfg

1
v

=
b 1Jtu-X'E; "

"["'-j.F. ., ..' / ' '-.,- ..' v' "I I ..I ---

10 13 16 19 22 eV 25
fiw -

Fig. 12. Nz. Comparison between the optical reflection spectrum [71H2] and photoemission total and partial cross-section
(PES) in solid Nz [83Fl].
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395 ~oo ~O5 ~10 ~15 ~20 ~25 eV ~30
fial ~

Fig. 13. N1. e-photoexcitation-yield spectra of solid N1 [8SR] compared with the EELS spectrum of gaseous N1 [80HI].

2.3.2 Carbonmonoxide (CO)

Isolated molecule

1: Point group: C",v
2: Bond length: 1.13 A
3: Ground state electron configuration:

1 + (10")2(20")21 (30")2(40")2(ln)4(50")2 1: .

.O(ls) C(ls) 0(2s), C(2s), 0(2p), C(2p)

(27t)O(6cr)O

empty

Molecular solid

a) Cubic CO T<61.5 K [65W, 15L]
4: Space group: T4 (P213)
5: Structure of the solid:

unit cell: a=5.655 A (T=23 K) [1SL]

Atomic positions:
isomorphic with cubic N 2

b) hexagonal CO 61.5 K < T< melting [65W, 1SL]
4: Space group: O:b (P63/mmc)
5: Structure of the solid:

unit cell: a=4.10 A; c=6.80 A (T=63 K)

Atomic positions:
isomorphic with hcp N 2

6: Outer valence photoelectron spectrum of the molecular solid [83E] in comparison with the gas phase
[15G]: Fig. 14.

1: Inner valence photoelectron spectrum of the molecular solid [83E] in comparison with the gas phase
[14Gl, 83Kl]: Figs. 15, 16.

8: Core photoelectron spectrum of the molecular solid in comparison with the gas phase: not reported.
9: Theoretical assignment of the observed ion states: Table 4.

A computer simulation of the spectra on the basis of the results in Table 4 is shown in Fig. 16.

10: Polarization energies of some ion states: Table 5.
11: Ion state cross-sections as a function of photon energies of solid CO in comparison with gaseous CO:

Figs. 17...23.

landolt-BOmstein
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12: Table of resonance structures in the cross-sections:
not reported.

13: Auger spectrum of the molecular solid in comparison with the gas phase:
not reported.

14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:
not reported.

15: Electronic excitation spectrum in the valence electron region:
not reported.

16: Electronic excitation spectrum in the core electron region: Figs. 24, 25.

Table 4. CO. Vertical binding energies Eb and intensity coefficients (x~n)2 in CO obtained from 2ph- TDA
calculations. States with (x~»2<O.OI are omitted except for the first satellites in each symmetry [83SI].
Bp: Hartree-Fock orbital energies. All energies relative to E."c. 2ph-TDA: 2 particle-hole-Tamm-DancofT-
approximation ") [70T], b) [83KI], C) this state has a small intensity coefficient (x~n)2 for the orbital 30-,
d) this state has a small orbital coefficient (X~»2 for the orbital 40-, e) these orbitals are not occupied in
the Hartree-Fock ground state. Non-vanishing intensity coefficients (x~n»2 for the satellite states n arise
from ground-state correlation.

Orbital

50"
In

15.10
17.47

13.03
16.45
22.96
28.70
18.60
22.84
30.03

0.87
0.88

<0.01
0.01
0.87
0.04 C)

<0.01

13.97
16.99
22.98
28.75
20.11
22.99
29.81

0.89
0.90

<0.01
0.01
0.79
0.11 C)

<0.01

14.08)
16.918)

= 27.0 b)

19.688)
= 23.0 b)

40" 21.88

50'-1
17t-1
50'-227t

40'-150'-127t

40'-1
50'-1 17t-127t

30" 41.54
0.20
0.02
0.01
0.15

33.82
34.08
35.12
37.75
38.34
38.57

0.06d)
0.08d)
0.01
0.02
0.01
0.04

33.54
34.01
35.10
37.60

50--260-40--150--160-

30--1

38.15
38.45
38.68
39.30
39.87

0.18
0.08
0.06
0.05
0.01

50--200-

40--15x-IOo-
50--11x-10x
30--1

39.01
39.23
39.44
39.89
40.13
40.26
40.42
40.83
41.67
41.76

0.18
0.01
0.28
0.05
0.03
0.02
0.01
0.02
0.01
0.02

0.01
0.01

40.11
40.31

0.0140.85

0.0141.81
10.) -38.19

21.91
24.57

<0.01
<0.01

21.91
24.57

<0.01
<0.01

5a-117t-127t
5a-117t-127t

"

landolt-BOmstein
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174 2.3.2 Carbonmonoxide (CO) [Ref. p. 273

co
Sa

IX2E)~O'

IB2EI lx
/A2m

TT"", "
flU) = /'0.8 eV

gas
TT T

~
I -i , , I I

1-

21. eV 18

.[b

Fig. 14. CO. Photoelectron spectra or gaseous [75G] and solid [83E] CO in the outer valence region (system at T=20 K).

22 20 10l' 12

co
21;+

gas

E2E+ o2n
F2E+ C2E'

flw= 1i,87eVt I-
1""",-,

.-/

--~~ /

60eV

""'--

I I I I I I I .

27 eV 21. 2t 18 15 12 9 6 3 0
~ E.

r

Fig. 15. CO. Photoelectron spectra of gaseous [7401] and solid [83E] CO in the inner valence region. E,: energy
relative to 40.

landolt-BOrnstein
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Ref. p. 273] 2.3.2 Carbonmonoxide (CO) 175

Fig. 16. CO. Inner valence-shell photoelectron spectrum"
or gaseous CO for hw=50.3eV incident photons; circles:
experimental values obtained employing a synchrotron light
source and an ~O.2 eV electron monochromator band pass
[83KI]; (-) POLCI and ( ) SECI calculations
[81 L 1] obtained employing the energies and spectroscopic
factors rcported in [77SI], and static-exchange orbital tran-
sition moments determined from the Stieltjes- TchebychefT
development. SECI: single-excitation Cl calculation, POL-
CI: polarization CI calculation.

CO (solid)
.100

1~ 5(11,(11\
CI

CI (I [I r'\.

AT
.20

1-

l!

r"\.
.5"'""-

L

/,
r I I , I I I

0 5 10 15 20 25 eV 30
Ek

Fig. 17. CO. Electron distribution curves of solid CO as a function of photon energy (hw: 14eY...40eV) [82L2]. CI:
configuration interaction structures.

Landolt- BOmstein
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2.3.2 Carbonmonoxide (CO)176 [Ref. p. 273

1%

1,<1/\ 5<1

CO (solid)

1\

~90

~/--' "'.._"""" ~

70
---"""""'--/""' ""--.""'-- 60

co
T= 20K

arb.
units

X2E+

'----

I 821:+

l .L~..~~\~ =-=======~~- --
0 '" 15 20 25 30 35 eV 1,0

fI(lJ-
Fig. 19. CO. Emission intensities or the three outer valence
ion states or solid CO [82L2] in comparison with gas phase
CO [77PI]. Arrows indicate photoemission thresholds.

landolt-BOmstein
New Series 111/238Freund

~~~=:]
I I I I I I I ~ I --

50 eV 1.5 1.0 35 30 25 20 15 10

.Eb

Fig. 18. CO. Electron distribution curves [83E] or solid CO as a runction or photon energy. All curves are normalized
to show the same intensity ror the emission on the In. orbital. Integration regions ror peaks A through F are shown
as well as the background correction (dashed curve) ror inelastically scattered electrons.



Ref. p. 273] 2.3.2 Carbonmonoxide (CO) 177

35 ,,0 ,,5 50 55 60 65 eV 70
flw -

Fig. 23. CO. Inner-valence-she1l2}:+-band partial-channel
photoionization cross-section in gaseous CO. (.) synchro-
tron-radiation measurements [77PI]; (0) dipole (e, 2e) mea-
surements [76H]; (-.-) dipole (e,e+ion) measurements
[76W]; (-) POLCI and ( ) SECI calculations [8ILt]
and static-exchange orbital transition moments.

1,0 60 80 100 120 eV 11,0
!I<tI-

Fig. 21. CO. Partial photoionization cross-section for the
inner and outer valence states of CO. The data points are
normalized at hw =40 eV to the gas phase outer valence
results [83K 1]. These independently determined data are
also shown as dashed lines [83E].

25 30 35 40 45 50 55 eV 60
fliD ~

Fig. 22. CO. Inner-valence-shell (A) C 21;+, (B) D 2n, (C)
F, G 21; + -band partial-channel photoionization cross-sec-

tions in gaseous CO. (e) synchrotron-radiation measure-
ments [77Pl]; (0) dipole (e, 2e) measurements [76H]; (-.-)
dipole (e, e+ion) measurements [76W]; (-) POLCI and
( ) SECI calculations [SILl] and static-excbange orbital
transition moments.

IV EELS gos

.--, ,-U' I ~ , , , I -

520 530 5/,0 550 560 570 eV 580flU) -
Fig. 24. CO. C+- and O+-photoexcitation-yield spectra
of solid CO [S5R] after 0(1 s) excitation compared with
the EELS spectrum of gaseous CO [SOH 1].

landolt-BOrnstein
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178 2.3.3 Oxygen (02) [Ref. p. 273

.16

EELS gas

--L--",-.. I

280 290 300 310 eV 320
fill) ..

Fig. 25. CO. C+- and O+-photoexcitation-yield spectra of solid CO [85R] after C(ls) excitation compared with the
EELS spectrum of gaseous CO [80HI].

2.3.3 Oxygen (01)
Isolated molecule

1: Point group: D"'b
2: Bond length: 1.208 A
3: Ground state electron configuration:

J}:;-. (1 a.)2 (I au)2 1 (2a.)2 (2au)2 (3a.)2 (11tu)4 (11t.)2 1 (3au)o

I .0(1 s) 0(2s), 0(2p) empty

Molecular solid

a) monoclinic (IX) O2 T<23 K [7201, 85K2]
4: Space group: C2/m (C~J
5: Structure of the solid:

unit cell: monoclinic a = 5.403 A, b = 3.429 A, c = 5.086 A
p= 132.530

Atomic positions:
(0,0,0; 1/2, 1/2,0):tX,0,Z
X =0.089 (10), Z=0.153 (15)
nearest neighbours: six molecules, 4 at 3.20 (12) A., 2 at 3.25 (18) A. distance

See also Fig. 26.

b) hexagonal (~) °2: 24 K < T<43.6 K [721>1, 85K2]
4: Space group: RJm
5: Structure of the solid:

unit cell: a=3.307 A., c= 11.256 A. (at T<28 K) [7ILI]

landolt-BOmstein
New Series Ili/23aFreund



Ref. p. 273] 2.3.3 Oxygen (OJ 179

Atomic positions:
distorted cubic close packed.

See also Fig. 27.

c) cubic (r) O2 43.6 < T < 54.4 K [720 I, 85K2]
4: Space group: Pm3n (O~)
5: Structure of the solid:

unit cell: a=6.83 A (at 50 K)

Atomic positions:
not reported.

6: Outer valence photoelectron spectrum of the molecular solid [82L2] in comparison with the gas phase
[70T]: Fig. 28.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:
not reported.

8: Core photoelectron spectrum of the molecular solid in comparison with the gas phase:
not reported.

9: Theoretical assignment of the observed ion states [81H]: Table 6.
10: Polarization energies of some ion states: Table 7.
11: Ion state cross-sections as a function of photon energies of solid O2 in comparison with gaseous O2:

Figs. 29, 30.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region:

not reported.
16: Electronic excitation spectrum in the core electron region: Fig. 31.

Table 6. O2, I. Vertical binding energies Eb (eV), calculated intensities S, and II. weights of important configu-
rations (%) for gaseous O2 ion states [8IH] in comparison with experimental values.

I.

Expo Calc. [8tH]

Ebb)
eV

Sb)Final
state.)

Eb
eV

s

x 2n.
a 4nu
A 2nu
b 41:.
B 21:.
2nub)

2nI

4nu
2nu
4}:;-I
2}:; I

2}:;U

2nu
4}:;-u

2}:;;;
4}:;;;
2}:;-I
2}:;;;

2}:;;;

4}:;;;
4}:;-I
2}:;-I

12.33
16.70

18.17
20.39
23.0

o.
o.

o.
o.
o.

I

I
12.3
16.5
17.7
18.2
20.6
24.1
24.3
25.8
29.0
29.0
34.6
34.9
36.6
41.9
42.2
42.5

1
2
3

I
4
5

III
4~-

C ~u

2~-
C ~u

1.00
0.35

6
7

24.51
27.25 II

II
V

III
IV
V
V

VI

33.68)8

4~-I 39.6&)9

0.08
0.09
0.01 C)
0.29
0.13
0.03
0.03
1.00
0.23
0.19
0.03
0.22
0.09
0.07
0.78
0.08

(continued)
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2.3.3 Oxygen (OJ180 [Ref. p. 273

Table 6 (continued)

Exp.
Final
state")

Ebb}
eY

Sb)

2I;-. 21;-u
21;;
21;-.
41;-.
21;-u

21;-.

10 41.68) VII
VIII

IX
VIII

IX
XI

44.2
46.0
47.8
50.2
51.6
51.7

0.05
0.03
0.03
0.06
0.03
0.24

11
12

468)
488)

13 568)

") [7IS].
b) [768].

lie

State Other configuration (weight ~ 10%)Hole
configuration

20--1. 30'-1.
9241:-. I

V
VIII

I
V

VI
IX
XI

75
6 2 -1 3 -1 3O"u 0". O"u 47 3(1;2 lit: I I 7t. 3cru 20

21:-I 90
30'-lln-2In2, u ,
2 -I I -I IO'u nu n,

lnu-3ln,30'u2 -1 3 -1 3O'u 0', O'u

8
19
4

40
2 -1

O"u

71
13
7
3

32
30
11

5

7

2
1 -17t.
87
1 -1

7tu

95
93
61

48 2 a;; 1 In;; 1 In, 34

25 3a;2In;;lln,3au 20 3a;llnu-2In;
75 3a-1 In-23a2 II, u u
25 2 a;; 1 In;;l In, 16

18

4~; I
II
V
I

II
III
IV

VII

VIII

IX

23
11 2cr;13cr.-111tu-l11t.3cru 11

21:;

21 30'.-ll1t;lln. 17

30;1 17t;1 17t. 23
30;1 17t;1 17t. 53 30;230.
3o; 2 3 °. 53 3o; I 1 7t; I 17t.

30;1 17t;1 17t. 94
30;1 17t;1 17t. 59
30;230. 22 17t;230.
17t,,-230. 74
30;230" 37 2a;117t;217t~

{20;117t;117t~ 20 3a;230.
30;217t;217t.3a. 13 3a;II7t;1 17t.
2 -I 1 -1 1 59 2 -I 1 -2 1 2O. 7t. 7t. a" 7t. 7t.

20 2cr.-1 17t;117t. 15
16 2cr-I7t-217t2 16u u .
II
14 2cr;13cr.-II7t;;II7t.3cru II

2n. I

4nu
2nu

I
I

III 20 I1t-311t2U I
3 -1 1 -1 30'. X. O'u 15

Landoll-BOm.loin
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Ref. p. 273] 181

Table 7. O2' Vertical binding energies and polarization energies Epol

State Vertical binding energies [eV]
Epo(**) [eYJ

Solid Gas

11.3
15.8

x 2n.
a 4nu
A 2nu

4~-b .
2~-B .

2nu
4, c "'u

2, C "'u

12.01.)
16.12.)

13.1
17.0

12.33
16.7

1.03...1.9
0.9...1.2

17.25
19.4

16.5*)
18.7*)

18.17*)
20.29*)

18.8
21.1

18.17
20.39
23.0
24.51
27.25

0.92...1.55
1.0...1.7

23.4 21.5*) 25.3
27.9

1.11 9

*) Adiabatic binding energies.
**) With respect to Eb (solid) of [82L2].

landolt-BOmstein
New Series 1Il/23a
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182 2.3.3 Oxygen (02) [Ref. p. 273

gas

I-
11(1) = 21 eV solid

23 eV 1921 17 15 13 11
£b

Fig. 28. O2. Photoelectron spectra or gaseous [70T] and solid [82L2] O2 in the outer valence region.

O2 (solid)
.100

30'g 1".
1\
"""'

211. 311g~""""Ah'"~ 
A--

"'u
1/1,0 v

35

~( ..
-20

20 25 eV 300 5 10 15

Ek

Fig. 29. O2. Electron distribution curves of solid O2 as a function of photon energy (hw: 13...40eV) [82L2].

undoll-BomsteiJI
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Ref. p. 273] 2.3.4 Nitric oxide (NO) 183

I-..
I..
---

520 530 51,0 550 560 570 eV 580
"OJ ~

Fig. 31. °2. e-photoexcitation-yield spectra or solid O2
[85R] compared with the EELS spectrum or gaseous O2

[80HI].

2.3.4 Nitric oxide (NO)
Isolated molecule

1: Point group: Ca>¥
2: Bond length: 1.12 A
3: Ground state electron configuration

(6a)O

empty
(3 crf (4cr)2 (In)4 (5 cr)2 (2n)1

0(2s), N(2s), 0(2p), N(2p)
(1 cr)2 (2cr)2

0(1s) N(1s)
In

Molecular solid

Monoclinic NO [61L,65W]
4: Space group: C~b (p2./a)
5: Structure of the solid:

unit cell: a =6.68 A, b=3.96 A, c=6.S5 A
fJ= 127°54'

Atomic positions:
::!:(x,y,z;x+l/2, 1/2-y,z)
dimer formation

See also Fig. 32.

landolt-BOmstein
New Scries 111/23a Freund



2.3.4 Nitric oxide (NO) [Ref. p. 273184

6: Outer valence photoelectron spectrum of the molecular solid [84Bl] in comparison with the gas phase
[70E2, 71E, 82S2, 87F2]: Fig. 33.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:
not reported.

8: Core photoelectron spectra of the molecular solid [83T] in comparison with the gas phase [7IS]: Figs. 34,
35.

9: Theoretical assignment of the observed ion states [8IH]: Table 8.
10: Polarization energies of some ion states: Table 9.
II: Ion state cross-sections as a function of photon energies of solid NO in comparison with gaseous NO:

Figs. 36...38.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region:

not reported.
16: Electronic excitation spectrum in the core electron region: Fig. 39.

Table 8. NO. I. Vertical binding energies Eb (in eV), calculated intensities S, and II. weights of important
configurations (%) for gaseous NO ion states [8tH] in comparison with experimental values [7IS].

I.

s
Exp. [71S]

Eb
eV

Eb
eV

It+
3t+
3n
311
In
3n
3n
In
3n
In
In
In
3n
3n
In
3n
3n
3n
3n
In
3n
3n
In

9.6
15.0
15.6
16.8
17.4
21.3
22.3
22.4
24.4
26.4
27.1
30.3
30.6
31.4
34.0
36.4
39.7
40.6
41.6
41.7
42.3
42.9
44.0

0.05
0.04
0.56
0.07
0.14
1.00
0.09
0.19
0.40
0.07
0.20
0.11
0.07
0.05
0.05
0.11
0.07
0.04
0.22
0.04
0.72
0.12
0.17

X 11:+
a 31: +

3n

10
14
16.7

I
I
I
I
I

II
III
II
IV
III
IV
V

VIII
IX

VII
XV

XVIII
XIX
XX

XIV
XXI

XXII
XV

2
3

Ai"
3"

18.5
21.7

4
5

In 23.36

~317

3n 40.68

In 43.89

(continued)

landolt-BOmstein
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Ref. p. 273] 2.3.4 Nitric oxide (NO) 185

Table 8 (continued)

II.

30--140--150--1

1 84
52 4
5 1

22
3

3n I
II

III
IV

VIII
IX

XV

XVIII
XIX
XX

XXI

XXII

I
II

III
IV
V

VII
XIV
XV

Sa-1ln-12n 33
Sa-lln-12n 86
Sa-lln-12n 69
Sa-lln-12n 37
4a-1ln-12n 44

{4a-l1n-12n 25
4a-lln-22n2 14
5a-26a 32
4a-15cr-22n2 47
4a-15cr-22n2 13
4a-lln-22n2 13
4a-15n-16cr 20
3a-lln-12n II

4cr-lln-12n 19
5cr-1ln-22n2 26
5cr-1ln-22n2 22

50"-260" 14
4

6

1
2

14
38

6

I

I1t-26a 16

2 40--150--227(2 23
1

40--111[-221[2 12
1

40-llx-22x2 15 50--217t-127t60- 10

In 85

6
3
2

29
Ix-
1

91
92

5cr-lln-121t
5cr-lln-12n
5cr-1ln-12n
4cr-lln-12n
5cr-1ln-12n
5cr-26cr
4cr-lln-12n

63
78
58
35
37
40
11

3 50--1 lx-2 2X2 21
50--260- 18

17t-127t-16cr

4cr-II7t-127t
14
14

1

11:+
31:+
3A

I
I
I

Table 9. NO. Vertical binding energies and polarization energies Epol.

State Epol [eV]Vertical binding energies [eV]

Solid Gas

[87F2]

X 11;+ (2n)
a 31; + (1 x)

b 3n (5 a)
w3L\ (In)
b' 31:- (In)
A' 1:- (In)
w IL\ (Ix)
A In (5 a)
c 3n (4 a)
BIn 4a)
B'I1:+ (In)

8.25 9.55
16.1
16.6
17.3
17.9
18.4
18.5
18.3

9.7
16.1
16.6
17.2
17.9
18.4
18.9
18.3
21.7

1.3

14.6 2.0

2.416.0

1.220.5 21.7
23.3
24.8
26.6
29.2
29.8

(continued)

landolt-BOmstein
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186 2.3.4 Nitric oxide (NO) [Ref. p. 273

Table 9 (continued)

State Vertical binding energies reV] Epol reV]

Solid Gas

[87F2]

B' 1~+ (Ix) 30.3
31.1
32.0
32.6
33.9
34.6
35.3
36.0
37.8
39.2
40.4
45.1

30"
30"

coNO CO

C(:;
For Fig. 33 see next page.

COO;
I ,

51

.EDa
555 eV 550 51.5 51.0 535 530

I I I I I ,-

NO (solid) /Au
T = UK

0(15)

shake up

I-
N (Is)

I1,25 
eV 1,20

0 0

L 101.3'I~\_- 1-- -.
c N 2.18 A N

Fig. 32. NO. (a) A projection along b or the monoclinic
structure or N2O2. Nitrogen and oxygen atoms cannot be
distinguished experimentally. Origin in lower lert [65W].
Fractional b coordinates are indicated (x 100). (b) A packing
drawing or the monoclinic N 202 structure viewed along the
b axis. It is not known whether the dotted or the hatched
atoms are oxygen [65W]. (c) Geometry or the N2O2 dimer

[7IB].

I I I I

1,15 1,10 1,05 1,00 395
~ Eb

Fig. 34. NO. X-ray induced N(l s) and 0(1 s) spectra of
solid [83T] NO at T=22 K. The binding energy is given
relative to the Fermi energy of the substrate (Au).

landolt-BOmstein
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l I l

'"
!iw= 21.0eV

'"
solid

"
1 ~ peak C

A/

peak E-J

pe.ok B

21, eV 22 20 18 16 tl, 12 to 8 6

.Eb

Fig. 33. NO. Photoelectron spectra or gaseous [70E2, 71E, 82S2] and solid [8481] NO in the outer valence region.
Solid lines in (c): Lorentzian fit to the measured spectrum.

[b

Fig. 35. NO. X-ray induced N(1 s) and 0(1 s) spectra of gaseous NO [7IS]. Binding energy relative to E.ac.

landolt-BOrnstein
New Series 111/23. Freund



2.3.4 Nitric oxide (NO) [Ref. p. 273188

NO (solid)

~

0 cEIlw[e~

1'2-
AB

~
.,-.)

".
-\ r-

(~~./

/\
r-

Ar--'
---'

~

"",r-

i--,
15~

--'

/\

L

-4

Fig. 36. NO. Electron distribution
curves of solid NO as a function of
photon energy (hw: 7...40 eV)

[8481].

=~~L , -~:.-- ~
I , 1 ,~ _'- -'- ~_.. -~
0 5 10 15 20 25 30 eV 35

Ek

r~i~r NO ( solid) ,

units 8.. peak A (22t)-1
0.4 11.

0.2

~
0.8I...

peak E (/'0')-1+8'11;+
0.6

0,1,

0.2

~
Fig. 37. NO. Emission intensities of some outer valence
ion states of solid NO [8481]. Cf. Fig. 36 for peaks A, E.

~~
-15 15' 25 25 310 35 ~v70

1101 -
Landolt-BOmslein
New Series 111/230Freund
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OO'
/ NO ,( SOlid,1 ."~~' ~ r~l. NO (so lid) 0 0 0 peak B

urnts 0 0 0

0 .
0

1.0 peak C

I I I ,~:::~~ ~

NO

I 0
3.0

solid

N+

peak D
2.0 ~~

-I I I01
0;

...:;

1.0 °"","~~ I

01 I I I I I~ ~

10 15 20 25 30 35 eV 1,0
fir.> .

Fig. 38. NO. Emission intensities of some outer valence
ion states of solid NO [84BI]. Peaks B, C, D, see Fig. 36.

EELS gas

--~:~:~~~./~..." UI I I I I .

390 1,00 1,10 1,20 1,30 eV 1,1,0
flw-

Fig. 39. NO. N + photon-ion-yield spectra from solid NO

[85R] in the N(I s) region compared with the EELS spec-
trum of gaseous NO [74W].

1 I ed I I 2.3.5 Iodine (IJ
so at mo ecu e

I: Point group: D"'b
2: Bond length: 2.70 A

3: Ground state electron configuration:

I 56 electrons
I (70".)2(70"0)2 1 (80".)2(47[0)4(47[.)4(80"0)2

.2 Kr-cores 1(4s) 1(4p)

(90".)2 (57[0)4 (20.)4 (20J4 (57[.)4 (90"0)2

1 (4d)

(100".)2 (67[0)4 (30.)4 (I 11>0)4 (I 11>.)4 (300)4 (67[.)4 (100"0)2

1(41)

1 (110".)2 (II 0"0)2 / (120".)2 (77[0)4 (77[.)4 1 (110"0)0
I1(5s) 1(5p) empty

11:+., .

Molecular solid
4: Space group: V~8(Bmab) [65W];(Cmca) [7ILI]
5: Structure of the solid:

unit cell: orthorhombic; a=7.27 A, b=9.79 A, c=4.79 A (T=291 K) [65W, 7ILI]

Atomic positions:
::1::(0, u, v; 1/2, u+ 1/2, v; 1/2, U, v+ 1/2; 0, u+ 1/2, 1/2-v)
u=O.1156, v=O.1493
nearest neighbour distance of molecules (center): 3.54 A

See also Fig. 40.
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6: Outer valence photoelectron spectrum of the molecular solid [87Y] in comparison with the gas phase
[7IC, 7IP]: Fig. 41.

7: Inner valence photoelectron spectrum of the molecular solid [81S2] in comparison with the gas phase
[7IP, 8ISI]: Fig. 42.

8: Core photoelectron spectra of the molecular solid in comparison with the gas phase [8ISI]: Figs. 43,
44.

9: Theoretical assignment of the observed ion states:
not reported.

10: Polarization energies of some ion states: Table 10.
II: Ion state cross-sections as a function of photon energies of solid 12 in comparison with gaseous 12:

not reported.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region:

not reported.
16: Electronic excitation spectrum in the core electron region:

not reported.

Table 10. 12. Vertical binding energies and polarization energies of some ion states [87Y].

Vertical binding energies [eV] EpoJ [eV]State

2n3/21
2nl/21
2n3/2u
2nl/2u
1;+I

2.2
2.2
2.2
1.7
1.5

7.2
7.8
8.8

10.1
11.4

lz

:-SJ
'-'

0
c

~

°1

')~2__.~~-
({; G5:C

a' sA I b

Fig. 40. 12, (a) Projection drawing or solid (2 along the a direction. (b) Packing drawing or solid 12 along the a direction

[65W].
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-

___fiJ 1 .A

-I I 1-

15 eV 13 11 9 7 5

.Eb

Fig. 41. 11. Photoelectron spectra of gaseous [71C] and solid [87Y] lz in the outer valence electron region.

landolt-BOrnstein
New Series 111/23& Freund



2.3.5 Iodine (IJ192 [Ref. p. 273

"C
:!I2(solid)

~=
roi=
I

:5~
-;;. ~ ..~\

U; ;:: "
--". ,--.:~ ~ { ..:

-2 « ,_:
"""'II ',--'" ' '

'".1."",

"0
VI

~..
i'
, "0

.,' C
,..., c

.c
..~
.u..c

~
"0
>

, : ~. .,
'.,.; : g

, ~ ,.".
': i j' ~ .1,
., d... :
'\n'i ","-"~"'--":'" ,:.'-" :J"\ /~ -

" I I .I I I I --

100 eV 90 80 70 ro 50 1.0 30 20 10 0

-Eb

-4
Fig. 43. 12. Photoelectron spectrum
of solid 12 between 0...90 eV binding
energy [8ISI]. A weak Au(4fs/z. 7/z)
doublet is seen from the substrate and
was used to calibrate the Eb-spectrum.
s.u. = shake-up satellite. aisat: satellites
due to non-monochromatized radia-
tion.

/-.~

~

fgos

I.d -

3 P312 -.-/

I 3dJ/2 ./'"""'""
I I I -.-I.

-!
shake-off

.I
xl.

i,d

---~"/--"",~-,A3P31l

solid

--./ 3d3/2

, , I I I-

SO eV 1.0 30 20 10 0
4 Er

Fig. 44. 11. Core-photoelectron spectra concerning the range of 3p, 3d and 4d electrons in the gas- and in the solid-phase

[8ISI]. E,: relative binding energy.
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2.3.6 Water (H2O)

Isolated molecule

(See also [87L].)
I: Point group: C2.
2: Bond length and bond angles: O-H: 0.976 A

H-O-H: 107.20
Ground state electron configuration:

(lat)2 (2al)2(lb2)2(3al)2(lbt)2'

3

(4a,)O (2bJo
IAI

0(1 s) 0(2s), 0(2p), H(l s) empty

I Molecular solid

a) Hexagonal ice (I) [65W], [15L]
I 4: Space group: D~b(P63/mmc)

5: Structure of the solid:I; 
unit cell: 0=4.5190 A, c=1.3616 A(T= -10 DC) [75L]

Atomic positions:
oxygen atoms: :f:(1/3, 2/3, u; 2/3, 1/3, U+ 1/2)
u= 1/16 at T= -20 DC

See also Fig. 45.

b) Cubic ice (Ic) [65W], [75L]
4: Space group: 0~(Fd3m)
5: Structure of the solid:

unit cell: 0=6.35 A (T= -185 DC) [15L]

Atomic positions:
oxygen atoms: (0,0,0; 1/4, 1/4, 1/4; F.C.)

c) Tetragonal ice (III) [65W]; (acc. to [15L] H2O(IX»
4: Space group: D:.S(P41,32\2)
5: Structure of the solid:

unit cell: a=6.13 A, c=6.83 A, p= 1 bar, T= -115 DC [75L]

Atomic positions:
oxygen atoms:
(u, u, 0; u, u, 1/2; 1/2-u, u+ 1/2,1/4; u+ 1/2, 1/2-u, 3/4)
u=0.392
each oxygen atom is tetrahedrally surrounded by four others at distances 2. 13...2.90 A.

See also Fig. 46.

6: Outer valence photoelectron spectrum of the molecular solid [82CI, 19C, 11M] in comparison with
the gas phase [82CI, 10T, 11M]: Figs. 41...49.

1: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase [71M]:

see Fig. 51.
8: Core photoelectron spectra of the molecular solid [17M] in comparison with the gas phase [11M]:

Fig. 50.
9: Theoretical assignment of the observed ion states [12Cl, 82C2, 82N]: Tables 11...13.
10: Polarization energies of some ion states: Table 14.
11: Ion state cross-sections as a function of photon energies of solid H2O in comparison with gaseous

H2O:
not reported.
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2.3.6 Water (H2O) [Ref. p. 273194

12: Table of resonance structures in the cross-sections:
not reported.

13: Auger spectrum of the molecular solid in comparison with the gas phase:
not reported.

14: Penning ionization electron spectrum of the molecular solid [SlY] in comparison with the gas phase
[77C]: Fig. 51.

15: Electronic excitation spectrum in the valence electron region:
not reported.

16: Electronic excitation spectrum in the core electron region [700]: see Fig. 52 in comparison with the
core photoelectron spectrum.

Table 11. H2O. Calculated ion state energies of gaseous H2O [11M]

Level Eb [eV]

Ib)
3a(
1 b2

2a)
1 a(

12.4
14.6
18.7
32.4

540.0

For Table 12 see next page.

Table 13. H2O. Calculated shake-up satellite energies accompanying the 0(1 s) spectrum of gaseous H2O
[75A, 76S]. (See Fig. 52 (or comparison with experiment.)

Line
No.

Calculated vertical

binding energies")")
eV

Transition.)

1 15.91
17.28
19.83
20.81
21.22
21.98
22.93
24.60
b)
34.73
36.31

3a.-4a.
1 b.-2b.
Ibz-2bz
3al-5a.
Ib.-2b.
3a.-5a.
Ibz-2bz
Shake-off

2

3
4
5
6
7

2a,-4aa

8) From [76S].
b) From [75A].
') Relative to 0(1 s).

Table 14. H2O. Vertical binding energies and polarization energies Epol of some ion states.

Vertical binding energies [eV] EpolLevel

1.6
1.3
1.3
1.1
1.9

12.6
14.7
18.6
32.1

539.9

1 bt
3a.
1 b.
2at
I at

11.0
13.4
17.3
31.0

538.0
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196 2.3.6 Water (H2O) [Ref. p. 273

H2O

0@@ /

0 @ CD~)f

12V 0 @

(2"9)@m
a

ba
I .

51

Fig. 46. HzO. (a) A projection along the c axis showing the distribution of the oxygen atoms in the tetragonal high-pressure
modification III of ice. Fractional c coordinates of 0 atoms are indicated (x 100). (b) A packing drawing of the oxygen
atoms of ice III, viewed along the c axis [65W].

H2O
1bz 3°1 1b,

+gas (Herl
-+- f.. 1-

"':""""':'\ '..:-.:~: ):
gas (Henlf-

0:::: :'.:o:o"-"",:,:"":r':oo;~

/",: :
: 00

Jf 0,
,
\

..,
:.:.."..:;.

solid ( He n I
...

/-.~ L-

~.i
Y :;

/ \ '.
--'---~

I , I

24 eV 20 16 12 B

..Eb

Fig. 47. HzO. The He II UPS of solid and gas phase HzO
together with the He I gas phase spectrum. Band positions,
relative peak heights and FWHM taken from [70T]. The
broken curves show the derived peaks as a result of curve

fitting.
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J

,,0 35 25 20 15 10eV 30

.-Eb
a

201

:".~ solid
(150K cubic ice)

I-
.~~. "'. 30, 1b,, .

cO , ._, ,~~ '"'~
~ ""' 1b2 :,', "

I I I ~'\ ""f'/"""" I ,:~--", " '\. .
~.--

35 eV 30 25 20 15 10 5
b .Eb

Fig. 49. H2O. The valence electron spectrum for H2O in the gas (a) and solid phases (b) [11M]. The figure also marks
the poles from a theoretical 2al excitation spectrum [12CI]. The energy scales are adjusted so that the I b, lines fall
above each other. Fig, (a): Eb w,r. to E...; Fig. (b): Eb w.r. to EF.

I

, .~ J-.I'
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t-

'~,'...i {..,:,...':. solid,
.".."..;.;i. I.;:.. ~""!

---':7 ~. 10' ~'4. ~
'; "" '. -;'"',.:"'...":"

, .
:: 0 (1s):".\

t
flwp

-0.067

I-

-; "

f ..:,...1 '-
I I I I I I I I I

,,5 eV ,,0 35 30 25 20 15 10 5 0 -5
--~ Eb

Fig. 50. H2O. The 0(1 s) electron spectrum and the corresponding low kinetic energy satellites from H2O in the gas
and solid phases [11M]. The two spectra are comparable on a common intensity scale. The full line represents the electron
energy loss spectrum for ice [100]. The bars have been taken from theoretical calculations [76S, 15A]. For line numbers
and transitions, see also Table 13.

I-

20 16eV 12 8 I,

Eb

Fig. 51. HzO. Penning ionization spectrum of solid [SlY] and gaseous [77C] HzO. Dashed line: background.
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2.3.7 Carbondioxide (COz)
Isolated molecule

(See also [87L].)

1: Point group: D"'b
2: Bond length and bond angle

3

11;+I

Molecular solid

Cubic CO2 T=83 K [65W], [75L]
4: Space group: T~(Pa3)
5: Structure of the solid:

unit cell: a=5.579 A

Atomic positions:
carbon atoms: (0,0,0; F. C.)
oxygen atoms: ::!:(U, u, u; U+ 1/2. 1/2-u, u; u, u+ 1/2, 1/2-u; 1/2-u, u, u+ 1/2)

u=O.ll

See also Fig. 52.

6: Outer valence photoelectron spectrum of the molecular solid [84FI, 83FI] in comparison with the
gas phase [70T]: Fig. 53.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase [86F,
72A]: Fig. 54.

8: Core photoelectron spectra of the molecular solid in comparison with the gas phase:
not reported.

9: Theoretical assignment of the observed ion states [790, 83C]: Table 15.
See Fig. 56 for a graphical representation of the calculational results.

10: Polarization energies of some ion states: Table 16.
11: Ion state cross-sections as a function of photon energies of solid CO2 in comparison with gaseous

CO2: Figs. 55, 56.
12: Table of resonance structures in the cross-sections [83Ft]: Table 17.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region [72KI, 84A]: Figs.: 57, 58; Table 18.
16: Electronic excitation spectrum in the core electron region:

not reported.
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2.3.7 Carbondioxide (CO2)200 [Ref. p. 273

Table 15. CO2. Calculated binding energies (EJ, 2 ph-TDA ionization potential (IP) and pole strengths
(P) in the diagonal approximation for gaseous CO2 obtained with two different basis sets. Only lines with
IP<50 eV and P>O.OI are given. All energies in eV [79D].

Orbital Basis I Basis II

Eb
eV

IP
eV

p Eb
eV

IP
eV

p

14.79 12.65
36.73
17.08
21.98
28.02
32.80
33.31
16.56
37.72
17.51
32.84
35.83
37.28
32.22
34.68
36.65
37.39
38.18
39.98
43.02
48.74
34.74
36.41
38.88
39.13
40.27

0.88
0.02
0.79
0.02
0.06
0.02
0.03
0.88
0.01
0.86
0.01
0.02
0.01
0.01
0.36
0.03
0.03
0.35
0.02
0.02
0.01
0.19
0.11
0.15
0.15
0.20

14.84 12.63
38.45
16.62
22.75
28.33
32.37

17[, 0.90
0.01
0.83
0.01
0.04
0.03

1 Jtu 20.20 19.58

20.27 16.83 0.893cru 20.11

21.79 18.12
33.68
36.39

40', 21.50 0.87
0.01
0.02

41.06 40.35 33.07
34.40
35.30
38.30
38.76
39.10
45.25

0.02
0.03
0.54
0.04
0.03
0.13
0.02

Zag

42.45 41.78 33.18
35.39
36.84
37.96
39.42
39.83
40.54

0.01
0.22
0.26
0.01
0.01
0.20
0.11

](:1.

Table 16. CO2, Vertical binding energies and polarization energies of some ion states.

Vertical binding energies [eV] Epol
eV

Level

GasSolid

[82Cl][77N]
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Table 17. CO2, Energy positions of resonance structures in absorption and photoemission cross-sections

(83FI].

Orbital Solid
[83Fl]

Gas
[7981], [7882], [78G2]

Assignment

flw
I:V

Ek
eV

hw
eV

E..
eV

lit. 12..
18.2
32.0
22.0

14..
23.0

14 lit. -+ lit.-1.28

(16...20)

3.4
2.9
-3.9

20...23

17[..+30-..

40". 16

(-1)...(+1)
5.2
19.0
4.4...5.3

-(2.8...4.8)
4.2

12.5

(31...35)

21.0
21.0
15.5

39...42

17t,-+40"u

17tu-+50",
3 O"u -+ 5 0",

40",-+27tu

40",-+ 4 o"u

Table 18. COz. Lower valence and Rydberg vertical excitation energies of gaseous COz(in eV).

[83N]d)State") Orbital
picture b)

[73W] [79E] [83N]C)

31:+u
3n.(R)
3~
1n.(R)
31:-u
11:-u

1~
11:: (R)
3nu(R)
1nu(R)
31:+.
3A.

8.15
8.73
8.80
8.93
9.19
9.27
9.32

11.00
11.31
11.39
11.79
12.44

8.1
8.3
8.8
8.4

1 7t. -+ 4 7tu

17t.-+50".(8)
17t.-+ 4 7tu
17t.-+ 5 0".(8)
17t.-+ 4 7tu
1 7t. -+ 4 7tu
17t.-+ 4 7tu
17t.-+ 2 7tu (PJ
17t.-+ 4 O"u (Pc)

17t.-+40"u(Pc)
17tu -+47tu
17tu -+ 4 7tu

7.24
9.31
8.02
9.83
8.66
8.66
8.99

12.19
12.28
12.46
11.04
12.22

7.35
8.95
7.83
9.23
8.24
8.27
8.38

11.07
11.49
11.53

8.65
8.86
9.02
9.10
9.42
9.42
9.43

11.20

11.43
11.45

12.13C)
12.91C)

8.04

8.67

9.05
9.13
9.25

8.6

9.3...9.4
11.08...11.20

11.4...11.6

12.4

8) (R) denotes Rydberg excited state.
b) In the calculations by the valence plus Rydberg basis, the 27t.. 37t.. and 47t. MOs are mainly Rydberg orbital

on C, Rydberg orbital on C and 0, and valence 7t-antibonding orbital, respectively.

e) [77E].
d) SECI.
C) SACCI.

landolt-BOmstein
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flU)=
CO2(90S)

C B A

'IH 

G FEDr\l-1' ,K

'~I

-

,, 

:..~

I 

flU) = 100 eV

~

aa

I flw = 55eV

N

2ph -TO n
t-

6

2Fig. 52. CO2, (a) A projection on a cube face of the atomic
arrangement in solid CO2. Both the resemblance to the py-
rite structure and the different parameters that make this
a molecular crystal are evident. Numbers give fractional co-
ordinates. (b) A packing drawing which shows the way the
linear CO2 molecules pack in the crystalline state. The larger
spheres are oxygen atoms, C atoms are hatched [65W].

6523 2 255

2ph- TD I
5

66

II

6

j ~ .1 .,,- -~ --.
!~~~~-_P,~1.~I~.- 2{o,2,3.5 I ~I ~ I ~ ~I 
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6
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fIw= 40eV
0

~
, ri

y '\:' J' I \
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5

I I 16.1 ~5}~~_1'

1.5 eV 1.0 35 30 25 20

.Eb

Fig. 54. CO2. Comparison or inner valence photoelectron
spectra or gaseous CO2 at 55 and 100 eV photon energy
with a soft X-ray-induced spectrum (Mg K.: 1253.6 eV)
[72A] and with results or theoretical calculations [79D.
83C]. (I: lit., 2: lit., 3: 30.,4: 40,,5: 20.. 6: 30J. [86F].
HAM/3: calculated scheme [83C]. + +: double ionization
continuum threshold. 2ph- TD: 2 particle-hole- Tamm-Dan-
colT approximation.

~
Fig. 53. CO2, Outer valence photoelectron spectra or solid
CO2 [83Ft, 84FI] in comparison with the gas phase [70T].
Dashed lines: Lorentzian fit or rour components to the ex-

perimental spectrum.
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-
CO2 (solid)

.10C 30'.
1xu 1",",

I'/UJ leV)1.0 '.
1,00g

~~

7-'-~" '--~ /\'.I.I"""'-_~)L

,~.,~ ~-/",-~,~-- .r
" ..I \ ;-

\/
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tk. .

Fig. 55. CO2- Electron distribution curves or solid CO2 as a runction of photon energy (l4<hC1J<40eV) [83Fl].

.! I 18 I~~~~~~""~ -
15 20 25 30 35 eV ,,0

{)oo .~

Fig. 56. CO2. Emission intensities of the four outer valence ion states of solid CO2 [83Ft]. Arrows indicate photoemission

thresholds.
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fI 
~...

I

10 15 20 25 eV 30

IIw-
Fig. 57. CO2, Optical renection spectrum and photo-
emission total and partial cross-sections of solid CO2 at
T=30 K [83Ft, 84FI, 12K I].

2.3.8 Ammonia (NO])
Isolated molecule

(See also [87L].)

1: Point group: C3y
2: Bond length and bond angle: N-H: 1.019 A

H-N-H: 109.10
3: Ground state electron configuration:

(1 aJ2 1 (2al)2 (I e)4 (3 aJ2 1 (4al)O (2e)o
IA:

N(1 s) N(2s), N(2p), H(1 s) empty

Molecular solid
Cubic ammonia T= 77 K [65W], [78L2]
4: Space group: T4(p213)
5: Structure of the solid:

unit cell: a = 5.084 A

Atomic positions:
N -N distance: 3.4 A

See also Fig. 59.

6: Outer valence photoelectron spectrum of the molecular solid [82Cl] in comparison with the gas phase
[82Cl, 70T]: Fig. 60.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:

not reported.
8: Core photoelectron spectra of the molecular solid in comparison with the gas phase:

not reported.
9: Theoretical assignment of the observed ion states: [78K, 80H2].
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10: Polarization energies of some ion states: Table 19.
11: Ion state cross-sections as a function of photon energies of solid NH3 in comparison with gaseous

NH3:
not reported.

12: Table of resonance structures in the cross-sections:
not reported.

13: Auger spectrum of the molecular solid in comparison with the gas phase:
not reported.

14: Penning ionization electron spectrum of the molecular solid [SlY] in comparison with the gas phase
[75Y]: Fig. 61.

15: Electronic excitation spectrum in the valence electron region:
not reported.

16: Electronic excitation spectrum in the core electron region:
not reported.

Table 19. NH3o Vertical binding energies and polarization energies of some ion states.

Level Vertical binding energies [eV] Epol
eV

Solid
[82Cl]

Gas
[82Cl, 70T, 75Bl]

11.04
16.74
27.74

405.6

1.34
2.14

3a1
Ie
2a.
I a.

9.7
14.6

NH3
NH3

3011e

+
.",;0

:-.. _¥~o

gos ( He I

.
:-':.

gos(Helll'\~~

.~::.
O-N;>-i\~

"".. ..i:,:..;.:. "';.';

I- :.:.:
,;'" ""'v

..-':.:,:" :" "...",,;, .
;""': '"'::':""".'1..."':~' ,-

.'

.1

ND~""""

Fig. 59. NHJ. The crystal structure or cubic ammonia.
Only the six closest neighbours to the atom No (0.04, 0.04,
0.04) are shown. The hydrogen atoms are ror simplicity
placed on the lines between the nitrogen atoms, although
there is experimental evidence that they are somewhat off

these lines [65W].
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relative peak heights and FWHM taken rrom [70T]. Ener-
gies are rererred to the vacuum level. The spectra are cor-
rected ror an analyser transmission efficiency [82CI].



2.3.9 Acetylene (C2HJ [Ref. p. 273206

NH3

(,J,~"\.~ J\-
I I , I I

16 eV 12

gas

solid1eI- 30,

I I , I .j

20 eV 16 12 8 I,

.Eb

Fig. 61. NHJo Penning ionization spectra of solid [8IY] and gaseous [75Y] NHJ.

2.3.9 Acetylene (CzHJ
Isolated molecule

(See "also [87L].)

1: Point group: D"'b
2: Bond length and bond angle: C-C: 1.20 A

-C-H: 1.05A
C-C-H: 1800

3: Ground state electron configuration:

I (10",)2 (1 O"u)2/ (20".}2 (20"u)2 (30",)2 (17tJ4
C(l s) C(2s), C(2p), H(l s) c

I (17t,)0 (40".}0 (3 O"u)o (40"u)0 '

empty

I~+I

Molecular solid
Cubic acetylene (-140 °C< T< -84 °C) [66W], [79N2]
4: Space group: T:(Pa3)
5: Structure of the solid

unit cell: a=6.14 A (T= -117 °C)

Atomic positions:
carbon atoms: :t(u, u, u; u+ 1/2, 1/2-u, ii; ii, u+ 1/2, 1/2-u; 1/2-u, ii, u+ 1/2)

u=0.056
shortest intermolecular distances: C-C: 3.89 A

H-H: 3.28 A

See also Fig. 62.
6: Outer valence photoelectron spectrum of the molecular solid [83FI, 84FI] in comparison with the

gas phase [80BI, 70T]: Fig. 63.
7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase [82M2]:

not reported.
8: Core photoelectron spectra of the molecular solid in comparison with the gas phase [82A. 82M2]:

not reported.
9: Theoretical assignment of the observed ion states [80BI]: Table 20.
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Ref. p. 273] 2.3.9 Acetylene (C2HJ 207

10: Polarization energies of some ion states: Table 21.
11: Ion state cross-sections as a function of photon energies of solid C2H2 in comparison with gaseous

C2H2: Figs. 64...68.
12: Table of resonance structures in the cross-sections: Table 22.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region:

not reported.
16: Electronic excitation spectrum in the core electron region:

not reported.

Table 20. C2H2. Calculated vertical electron binding energies Eb and intensity coefficients S for the outer
and inner valence electron states of gaseous C2H2 (Ref. 44 in [80B1]).

Eb reV]Level s

I1tu

30",
20"u

20",

-

11.17
17.07
19.10
23.83
28.82
29.41

-

0.56
0.20
0.085

Table 21. C2H2. Vertical binding energies and polarization energies of some ion states.

Vertical binding energies [eV]Level Epol
eV

Solid
[84Ft]

Gas
[70T, 80Bl, 82M2]

11.49
16.7
18.7
23.5
26.7
27.8

0.45
0.5
0.7
0.7

17tu

30",
20"u

20",

11.04
16.24
18.0
22.83

Table 22. C2H2. Energy positions and structures in the partial cross-sections of solid and gaseous C2H2

Gas
[8IL2,82H2]

AssignmentOrbital

hw
eV

Et
eV

Solid
[83Ft]

Ek
eV

landolt-BOrnstein
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208 2.3.9 Acetylene (C2HJ [Ref. p. 273

---ED

Fig. 63. CzHz. The outer valence electron spectra of solid [83FI, 84F2]
and of gas phase CzHz [70T,80B1].

-
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Ref. p. 273J 2.3.9 Acetylene (C2H2)
209

Fig. 66. C2H2. Photo ionization cross sections for the
X 2n. state of gaseous C2Hz: (-) dipole length form
[84L]. ( ) dipole velocity form [84L]. (circles) normal-
ized to the dipole length cross sections at 24 eV photon

energy [8IL2].

Fig. 67. CzHz. Photoionization cross sections for the
A z1:. state of gaseous CzHz: (-) dipole length fonn
[84L], ( ) dipole velocity fonn [84L], (circles) normal-
ized to the dipole length cross sections at 24 eV photon
energy [81 L2], (-.-) Stieltjes moment theory results [82MI].
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210 2.3.10 Ethylene (C2H4) [Ref. p. 273

2.3.10 Ethylene (C1,"4)
Isolated molecule
(See also [87L].)
1: Point group: D2b
2: Bond lengths and bond angles: C-C: 1.3327 A

C-H: 1.084 A
H-C-H: 115.50
H-C-C: 122.250

3: Ground state electron configuration:

(la,}2(lblu)2 1 (2a,}2 (2b1u)2 (I b2u)2(3a,}2 (I b3,}2(1 b3u)2

C(l s) C(2s), C(2p), H(I s)

(I b2,}o (4a.)O (3 bl u)o (2 b2u)o (4 b I u)o (2b3.)O

empty

I A .
leo

Molecular solid

Orthorhombic ethylene T= -175 °C [66W]
4: Space group: V~2(Pnnm)
5: Structure of the solid:

unit cell: a=4.87 A, b=6.46 A, c=4.14 A

Atomic positions:
carbon atoms: 4(g) :!:(u, v, 0; u+ 1/2, 1/2-v, 1/2) with u=O.II, v=0.06

See also Fig. 69.

6: Outer valence photoelectron spectrum of the molecular solid [83FI] in comparison with the gas phase
[70T]: Fig. 70.

7: Inner valence photoelectron spectrum of the molecular solid [84M] in comparison with the gas phase
[80BI, 7401, 75B2]: Fig. 71.

8: Core photoelectron spectra of the molecular solid in comparison with the gas phase [7401, 75B2]:
not reported.

9: Theoretical assignment of the observed ion states [80Bl, 78C2]: Table 23.
10: Polarization energies of some ion states: Table 24.
II: Ion state cross-sections as a function of photon energies of solid C2H4 in comparison with gaseous

CZH4: Figs. 72...75.
12: Table of resonance structures in the cross-sections: Table 25.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region (Ref. 196 in [83FI]): Fig. 76.
16: Electronic excitation spectrum in the core electron region:

not reported.

For Table 23 see next page.

Table 24. C2H4. Vertical binding energies and polarization energies Epol [83Fl].

Vertical binding energies [eV] Epol
eV

Level

Solid
[84Ft]

Gas
[79B2]

10.51
12.85
14.7
15.87
19.1
23.68

0.31
0.55
0.6

-0.33

0.5
0.8

10.2
12.3
14.1
16.2
18.6
22.9

1 b3u
1 b3.
3a.
1 blu

2b1u

2a.
Landolt-BOrnslein
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Ref. p. 273] 2.3.10 Ethylene (C2H4) 211

Table 23. C2H.. Vertical binding energies Eb and intensity coefficients S in gaseous C2H. obtained from
2 ph- TDA calculations. 2 ph- TDA: 2 particle-hole- Tamm-DancolT-approximation. Eb: [80BI], S: [80BI,78C2].

Eb leV] sLevel

1 b3u
1 b31

3a.
1 b2u

2b1u

2al

10.44
13.04
14.70
16.07
19.4
23.10
23.83
26.95
28.02
30.34
30.88
33.12

-

-

0.36
0.27
0.07
0.08
0.04
0.01
0.01

Table 25. C2H4. Energy position of resonance structures in absorption and photoemission cross-sections
in gaseous and solid C2H4 [83FJ].

Gas
[8001]

Orbital Assignment

hw
eV

Ek
eV

(15.0)
(15.3)

(4.8)
(3.0)

10.5
12.9

0
0

Ib3u
1 b31

3.7,4.9 14.7
22.0
15.9
19.1
25.0

0
7.3
0
0
5.9

3aJ+lb2u 19.0

Ib3u-+a" bl,
1 b31-+3blu+4b.u

Ib31-+2b2u
3al-+2b2u
3a,-+3blu+4blu
Ib2u-+a" bll
2blu-+a,
2blu-+2b31

28.0 9.42b\u

For Fig. 69,
see next page.

gas

fiCIJ = 21 eV

solid

-" --.

~

-----
,-

12 10 820 18 16 11,eV

Eb
Fig. 70. C2H.. Photoelectron spectra of gaseous [70T] and solid [83FI] C2H4 in the outer valence region.
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2.3.10 Ethylene (C2H4)212 [Ref. p. 273

a

I-

b

Fig. 69. CzH.. (a) A projection
down the c axis of solid ethylene.
(b) A packing drawing of solid
CzH. viewed along the c axis

[66W].

C2H" solid
flCIJ = 100 eV

I

"""' J'

:,2b'll
gas' ,

flU! =1i,S7eV , ,
shoke,uP. .

30, .' 9
,:',-:,,'.lbzll lbJIl

, ,.,..,..' ',: :.: ..1bJg":,:"",, ?,~" .'..- ~"~"' "..'.,,.~,I I -.' j""~"--""""'-

i,O eV 30 20 10

.Eb

Fig, 71, CZH4. Photoelectron spectra of gaseous [7401, 7582] and solid [84M] CZH4 in the valence region, E. relative

to E..c'

2ag:~
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Ref. p. 273] 2.3.10 Ethylene (C2H4) 213

"I.

.outer valence
2b,uv 18.7eV
2og 0 23.2 eV inner
5, ~ 26.9 eV valence

x

~~::::=

80

~::;:::::::;

0

',60

: 

,,0

f

E
""
c

°.c:
u
c
c
;r,

20
-4
Fig. 75. C2H~. Inner valence satellite branching ratios
measured relative to the outer valence level of solid C2H~
[84M]. The corresponding values for gas phase C2H~ [768]
are also shown (crosses).

200150 eV0 50 100
f/w-

landolt-BOmstein
NewSon.. IIIj23a Freund

I 

CZHi, (solid)

-Eb
Fig. 73. C2H.o Electron distribution curves [84M] of solid
C2H. as a function of photon energy. The binding energies
are obtained by referencing the I b2u feature to the gas phase
results. 51 and 52 label satellite features.

100. I



214 2.3.11 Methane (CH4) [Ref. p. 273

10 22.,'
tic!) ~

Fig. 76. CZH4' Comparison between the optical reflection spectrum and photoemission spectrum (PES) [83Fl]. Arrows
indicate photoemission thresholds.

" 18 eV£0

2.3.11 Methane (CU.)
Isolated molecule

(See also [87L])

1: Point group: Td
2: Bond lengths and bond angle: C-H: 1.107 A

H-H: 1.811 A
H-C-H: 109.50

3: Ground state electron configuration: Fig. 77

Molecular solid

Cubic methane T<89 K [66W], [85L]

4: Space group: P2.3 in the range 7.8...21 K [85L]
5: Structure of the solid:

unit cell: a=5.84 A (T= 13.9 K). See also Fig. 78

Atomic positions:
not reported.

6: Outer valence photoelectron spectrum of the molecular solid in comparison with the gas phase [8481]:
Fig. 79.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:
not reported.

8: Core photoelectron spectra of the molecular solid in comparison with the gas phase [76P]:
not reported.

9: Theoretical assignment of the observed ion states [78CI]: Table 26.
10: Polarization energies of some ion states: Table 27.
II: Ion state cross-sections as a function of photon energies of solid CH4 in comparison with gaseous

CH4: Figs. 80, 81.
12: Table of resonance structures in the cross-sections:

not reported.
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Ref. p. 273] 2.3.11 Methane (CH4) 215

13: Auger spectrum of the molecular solid in comparison with the gas phase:
not reported.

14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:
not reported.

15: Electronic excitation spectrum in the valence electron region:
not reported.

16: Electronic excitation spectrum in the core electron region:
not reported.

Table 26. CH4. Calculated vertical binding energies Eb [78Cl].

Table 27. CH4. Vertical binding energies and polarization energies Epol' See also Table 49.

Level Vertical binding energies [eV] Epol [eV]

Solid Gas

~9__-
Molecular
orbitals

CHi,

Atomic
orbitals

H

Weak
Td -field

Fig. 77. CH4. Molecular orbital diagram after [84Bl]. Binding energies of various levels are indicated.

Landolt- BOrnstein
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orn
units

" gas 1'2
..> .

.-,:' ..:;:~
~ 'y

CHI.

fico = 28 eV

201
CO,- (solid)

I-
-4

Fig. 78. CD~. Arrangement of
molecules in solid CD~.

lt2201

.,

~I

.z

---:)L=-"'

, "

~

- ' I

c-

- ~
Fig. SO. CH4. Electron distribution
curves or solid CH4 as a runction or
photon energy (h(J) = 11...40 eV)

[8481].
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reLI
units

,,0

CH~ (solid)00

1 0 I

I
I
I
I
I
I
I
I
I
I
I
I

112

30

10

1-
10

"
1.0

201

0.5

w I II I

15 20 25 30 35 eV 1,0
flco-

Fig. 81. CH.. Emission intensities of the first two outer valence ion states of solid CH. [8481]. Solid line: fit to the
data.

2.3.12 Carbon tetrafluoride (CF 4)
Isolated molecule
I: Point group: T d
2: Bond length and bond angles: C-F: 1.31 A

F-C-F: 109.50
3: Ground state electron configuration: Fig. 82.

Molecular solid
Monoclinic carbon tetrafluoride (10 K < T < 70 K) [72S2]

4: Space group: P21/a (probably Cc acc. to [85L])
5: Structure of the solid:

unit cell: a= 8.435 A, b=4.310 A, c=8.369 A, p= 119.400
(a=8.71 A, b=4.16 A, c= 12.27 A, p= 150.70; T=40 K [85L])

Atomic positions:
Intermolecular F... F-distances: 3.03...3.18 A (T= 10 K)

6: Outer valence photoelectron spectrum of the molecular solid in comparison with the gas phase [8481]:
Fig. 83.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase [7581]:
not reported.

8: Core photoelectron spectra of the molecular solid in comparison with the gas phase [76P]:
not reported.

9: Theoretical assignment of the observed ion states [80M]: Table 28.
10: Polarization energies of some ion states: Table 29.
11: Ion state cross-sections as a function of photon energies of solid CF 4 in comparison with gaseous

CF.: Figs. 84...86.
12: Table of resonance structures in the cross-sections: Table 30.

landolt-BOmstein
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218 2.3.12 Carbon tetrafluoride (CF 4) [Ref. p. 273

13: Auger spectrum of the molecular solid in comparison with the gas phase:
not reported.

14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:
not reported.

15: Electronic excitation spectrum in the valence electron region:
not reported.

16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with
the gas phase [73L2, 79T, 78B1]:
not reported.

Table 28. CF 4. Calculated vertical binding energies Eb for gaseous CF 40 (80M].

Level Eb [eV]

It.
4t2
Ie
3t2
4a.
2t2
3a.

16.5
17.51
20.60
24.00
27.26
43.87
44.54

Table 29. CF 4' Vertical binding energies and polarization energies Epolo

Level Vertical binding energies reV] Epol [eV]

Solid

[84BI]

Gas

[84BIJ

1 t1

4t2
Ie
3t2
4al

15.8
16.9
18.1
21.9
24.7

16.2
17.4
18.5
22.1
25.1

16.2
17.4
18.5
22.1
25.1

0.4
0.5
0.4
0.2
0.4

Table 30. CF 4' Energy positions of features in photoemission cross-sections of gaseous and solid CF 4 [8481].

Orbital Gas Assignment

Ek
eV

undoll-BOmstein
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(20, )2'
301.8

0,(115)2288 ---

Weak
Td -field

Atomic
orbitals

F

Atomic
orbitals

C CF"

Weak
Td -field

Fig. 82. CF4. Molecular orbital diagram after [84BI]. Binding energies of various levels are indicated.
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220 2.3.12 Carbontetrafluoride (CF 4) [Ref. p. 273

30 eV 26 22 18 11. 10
-Eb

Fig. 83. CF4. Photoelectron spectra of gaseous and solid CF4 in the outer valence region [8481].

CF" (solid)

~

11,0
~

---'
--I
--I,i
--J

JL
v-:-

---'
--"'
30.=--'I-

~.1L.J

:~~===-

5 2015 25

Ek-
Fig. 84. CF4. Electron distribution curves of solid CF4 as a function of photon energy (frw= 15..:40 eV) [8481].

eV 30
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f/(D ~

Fig. 85. CF.. Emission intensities of the first two outer
valence ion states of solid CF. [84Bl].

2.3.13 Carbontetrachloride (CCI4)
Isolated molecule

(See also [76L])

1: Point group: Td
2: Bond length and bond angle: C-Cl: 1.769 A

CI-C-Cl: 109.50
3: Ground stlite electron configuration: Fig. 87.

Molecular solid
Cubic face-centered carbon tetrachloride.
(For various high-pressure forms of CCI4, see [85L]; see also [7IL2])

4: Space group: not reported.
5: Structure of the solid:

unit cell: a=8.34 A (T= -35°C)

Atomic positions:
not reported.

6: Outer valence photoelectron spectrum of the molecular solid in comparison with the gas phase [85F]:
Fig. 88.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:

not reported.
8: Core photoelectron spectra of the molecular solid in comparison with the gas phase:

not reported.
9: Theoretical assignment of the observed ion states [77P5]: Table 31.
10: Polarization energies of some ion states: Table 32.
11: Ion state cross-sections as a function of photon energies of solid CCI4 in comparison with gaseous

CCI4: Figs. 89,90.
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222 2.3.13 Carbon tetrachloride (CCI.) [Ref. p. 273

12: Table of resonance structures in the cross-sections: Table 33.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region:

not reported.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase [6852, 820]:
not reported.

Table 31. CCI4. Vertical binding energies Eb (eV) as calculated via a Xm-MS calculation for gaseous CCI4

[77P5].

Level Eb [eV]

2t.
7t2
2e
6t2
6a.
5t2
5a.

12.8
13.2
13.7
16.4
20.6
25.9
28.3

Table 32. CCI4o Vertical binding energies and polarization energies Epol'

Vertical binding energy [eV]Level Epol

Solid
[85F]

Gas
[81Kl,70P] eV

11.69
12.62
13.44
16.58
20.00

2t.
7t2
2e
6t2
6a.

10.27
11.27
12.22
15.26
18.66

1.42
1.35
1.22
1.32
1.34

Table 33. CCI4. Energy positions of features in photoemission cross-sections of gaseous and solid CCI4

[85F].

GasOrbital Assignment

13.0

15.5

13.5

18.0

14.5

23.0

18.0

(25.0)

2.7

5.2

2.2

6.7

2.3

10.8

2.7

(9.7)

2.4
2.4
4.4
6.4
2.6
8.6
2.4
8.4

2t1 2t1-t1
2tl -e

7t2 -e

7t2 -t2

2e -t1
2e -t1

6t2-e
6t2 -t1

7tz

2e

6tz
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Fig. 87. CCI~. Molecular orbital ..
diagram after [8SF]. The energies have
been taken from [81KI. 70P. 78H].

flw(eV)
35
I

CCI~ I solid)For Fig. 88,
see next page.

60, 6t2 2e 712111

"~'--.
-5

.2.'5

~

.,

..
Fig. 89. CCI4. Electron distribution
curves of solid CCI4 as a function of
photon energy (1Iw= 11...30 eY)

[85F].
I I I f

5 10 15 20 eV 25
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2.3.13 Carbon tetrachloride (CCI4)224 [Ref. p. 273

~
Fig. 88. CCI4. Photoelectron spectra
or gaseous [83KI] and solid [8SF]
CCl4 in the outer valence region. Gas
phase spectrum is shifted by 1.4 eV (cr.
Table 32).

~
Fig. 90. CCI4. Emission intensities or the outer valence
ion states or solid CCI4 [85F]. Arrows indicate photo-
emission thresholds.
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2.3.14 Sulfurhexafluoride (SF 6)
Isolated molecule

(See also [87L].)

1: Point group: Db
2: Bond length and bond angles: S-F: 1.56 A

F-S-F: 900
3: Ground state electron configuration: Fig. 91.

Molecular solid .-

Cubic SF 6

4: Space group: Im3m
5: Structure of the solid:

unit cell: a= 5.915 A (T= 193 K)

Atomic positions:
S: (0,0,0), (2/3, 1/3, Z), (1/3, 2/3, z)
F: :i:(x, x, z), :t(x, 2x, z), :t(2x, X, Z) x, z: S-F bond length

See also Fig. 92.

6: Outer valence photoelectron spectrum of the molecular solid [85F] in comparison with the gas phase
[83K2]: Fig. 93.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:
not reported.

8: Core photoelectron spectra of the molecular solid in comparison with the gas phase [7402]:
not reported.

9: Theoretical assignment of the observed ion states [75N, 79Nl]: Table 34.
10: Polarization energies of some ion states: Table 35.
11: Ion state cross-sections as a function of photon energies of solid SF6 in comparison with gaseous SF6:

Figs. 94...96.
12: Table of resonance structures in the cross-sections: Table 36.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region [72Bl]: Fig. 97.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase [72L, 78A2]:
not reported.

Table 34. SF6. Calculated vertical binding energies Eb (in eV) for various ion states in gaseous SF6 [75N,

79Nl].

Level Eb [eV]

[75N]

Itl,
St1u
1 t2u

3e,
1 t2,
4t1u

Sat,

16.22
17.43
17.52
18.44
20.32
23.02
27.41

16.10
17.38
17.39
18.61
20.20
22.99
27.31

landolt-BOrnstein
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2.3.14 Sulfurhexafiuoride (SF6)226 [Ref. p. 273

Table 35. SF6- Vertical binding energies and polarization energies Epolo

Vertical binding energies [eV]Level Epol [eV]

Solid
[85F]

Gas
[76K]

15.67
16.93

18.3
18.66

19.76

22.7
27.0

15.08
16.40

17.82

0.59

0.53
0.48
0.84
0.61

0.79
0.84

Itl,
5tlu+ itlu

3e,

1 tzi

4tlu

Sail

19.15

21.91

26.16

Table 36. SF 6' Energy positions of features in photoemission cross-sections of gaseous and solid SF 6 [85F].

Orbital Solid
[85F]

Assignment

hw
eV

Et
eV

Et
eV

Et
eV

17.0
20.0
24.0

18.0
23.0

19.0
23.5

23.0

24.0
28.0

17.0
20.0
23.0
27.0
29.0

20.0
23.0
29.0

20.0
22.5
26.5

22.5
27.0

23.5
28.0

1.9
4.9

7.9

11.9

13.9
3.6

6.6
12.6

2.2
4.7

8.7

3.4
7.9

1.6

6.1

1.3
4.3
8.3

1.1
6.1

0.5
5.0

3.2

1.3
5.3

1 t11-+ 6 t 1 uItll
-

23.0

29.0
18.5
22.5

(29.0
20.0
23.0

22.5

23.0
28.0

-

1.3

13.3

1.6

5.6

12.1)

1.5

4.5

2.7

0.3
5.3

5tlu+lt2u
5t1u-+2t2.
It2u-+2t2.

3e.-+6t1u3e.

Itz.-+6tlu1 tIJ

4t,u
4t,u -+2t21

C

SF6(solid)
For Fig. 91,
see next page.

1..1..0
2 2

i ,
2Z'U

a-
1,0,0

Fig. 92. SF 6. Packing model of low-temperature structure of solid SF 6' The F-atoms are hatched [82R2].

landolt-BOmstein
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Ref. p. 273] 2.3. t 4 Sulfurhexafluoride (SF 6) 227

S/2p)6169 11u (211u)6 18J.~-=== -:::.=,.-
2 -2 181.7~ ~-__~~~.7

229

695{~le}' !!.!! ~~~20 e. ,,/7 685
1. --.&--" /

--a1a //

( 11,u)6
t ,--

~---~~--- ~
2'72 -2'90

Atomic Moleculor Atomic
orbitols orbitals orbitals

S SF6 F

Fig. 91. SF6. Molecular orbital diagram after [8SF]. The energies have been taken from [8IKI. 7202, 72SI].

undoll-BOrnslein
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2.3.14 Sulfurhexafluoride (SF 6)228 [Ref. p. 273

1,(

J"""'-=: I ~ --
J ""' """'"'

!I

m

~

0 5 10 15 20 25 eV 30
Ek ~

Fig. 94. SF6. Electron distribution curves of solid SF6 as a runction or photon energy (hw= 16...40 eV) [8SF].

5 10 20 25 eV
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New xries 111/231Freund



Ref. p. 273] 2.3.14 Sulfurhexafluoride (SF6) 229

20

1G

17

15 20 25 30 35 eV 1.0
flU) -~

Fig. 96. SF 6. Emission intensities of the outer valence I t II
and combined Itzu+Stlu ion states of solid SF6 [8SF]. Ar-
rows indicate photoemission thresholds.

1

12 -) 20 -c,:J 28

71(1) --
Fig- 97. SF6o Optical reflection spectrum or the solid SF6 [7281] in comparison with total and partial photoemission

intensities [85F].

16

21.

eV
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230 [Ref. p. 273

2.3.15 Sulfur (S8)
(Data on physical properties of sulfur are also given in [83L])

Isolated molecule

1: Point group: D4d
2: Bond length and bond angle:

I A .
10

(e3)4 (a 1)2 (ez)4 (bl)2 (eJ4 (bJ2 (el)4 (eJ4 (a J2 (e3)4

S(3p)

Molecular solid

Orthorhombic sulfur ((X-S) [65W], [83L]. (For further S-modifications, see [83L].)

4: Space group: V~4 (Fddd)
5: Structure of the solid:

unit cell: a= 10.4633 A, b= 12.8786 A, c=24.4784 A (T=298 K) [83L]

Atomic positions:
:f:(x,y,z;x,lj4-y,lj4-z; Ij4-x,y,lj4-z; Ij4-x,lj4-y,z)

F.C.

Atom x y z

S(l)
S(2)
S(3)
S(4)

0.8554
0.7844
0.7069
0.7862

0.9526
0.0301
0.9795
0.9073

0.9516
0.0763
0 .0040
0.1290

Closest contact: 3.69 A

See also Fig. 98.

6: Outer valence photoelectron spectrum of the molecular solid [77S2] in comparison with the gas phase
[738]: Fig. 99.

7: Inner valence photoelectron spectrum of the molecular solid [77S2]: Fig. 100.
8: Core photoelectron spectra of the molecular solid in [75S]: Fig. 101.
9: Theoretical assignment of the observed ion states [75S. 77S2], see also [77G]: Table 37.
10: Polarization energies of some ion states:

not reported.
11: Ion state cross-sections as a function of photon energies of solid S8 in comparison with gaseous S8:

not reported.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectrum in the valence electron region [75E]: Fig. 102.

I16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase:
not reported.

Freund



Ref. p. 273] 2.3.15 Sulfur (Ss) 231

Table 37. Sa- Orbital energies in the occupied and unoccupied valence region of Sa (a, antibonding; n,
nonbonding; b, bonding orbitals) [7752].

E [eV]Symmetry

Unoccupied 0.82 (a)
0.78 (a)
0.50 (a)
0.17 (a)
0.19 (a)

9.11 (0)
9.38 (0)
9.63 (0)

10.13 (0)
11.65 (b)
12.35 (b)
12.46 (b)
12.58 (b)
14.16 (b)
14.34 (b)
16.73 (b)
17.52 (b)
21.53 (b)
25.85 (b)
28.27 (b)

el
b2
e2
b2
e2

e3
31
e2
el
b2
e2
bl
el
e3
3,
b2
e3
e2
e,
3,

Occupied

rt-S

.--',
~

L,'"
i"':i"':~

1]/ "7"
,i

~,~?

K

7-1

~

~ .51 .

Fig. 98. 58, A packing drawing of the portion of the structure of rhombic sulfur as viewed along its a axis. The nature

of the 58 molecules is apparent in this drawing [65W].
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2.3.15 Sulfur (S8)232 [Ref. p. 273

...°:
° °

° °

58

XPS «<-S,solidJ -~

.I:
..
..,.." .",,'..J ...........

..".. ..

f-
.1
.tE,
..IUPS Igos)

[738] II 1,1 I IIII ~
I' ;-{/I , ":""

I0, e) e, biez bz e, ezo, e)
I

I I I I I I I

l' eV 12 10 8 6 , 2 0
.Eb

Fig. 99. S8. Photoelectron spectra of gaseous [738] and
solid [77S2] S8 in the outer valence region. Results of molec-
ular orbital calculation are shown at the bottom with the
states labelled according to the symmetry of the S8-molecule.
Ebw.r. to EF.

S8(Zp) I
..0"

I-

I"':.:J..J.'-~.'.'-'...~"

-.
-""':'~-'V"-~'

166 eV 16" 162 160

.Eb

Fig. 101. S8. The XPS spectrum of the S(2p) core level.
The binding energy of the S(2PJ/2) line, 162.25(15)eV, is
an average value for five separate samples. The sample-to-
sample variation is within the +0.15 eV limits. The S(2PJ/2)
splitting is 1.15+0.05 eV. The energy referenced to the
Au (4f7/J line 83.8 eV [75S].

Fig. 102. Sa. Comparison
optical dielectric function for
culated dipole allowed transit
E of light.

landolt-BOmstein
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Ref. p. 273] 2.3.16 Benzene (C6H6) 233

2.3.16 Benzene (C6"6)
(Data on physical properties of benzene may also be found in [85K I])

See also Fig. 103

Molecular solid

Orthorhombic benzene [58C, 71W]

4: Space group: D1~ (Pbca)
5: Structure of the solid:

unit cell: a=7.46 A, b=9.666 A, c=7.034 A (at T=270 K)
unit cell: a=7.292 A, b=9.471 A, c=6.742 A (at T=78 K)

Atomic positions: (T=218 K):

y

-0.0054
0.1264
0.1295

-0.0177
0.2218
0.2312

-0.0569

-0.1335

-0.0774

-0.0976

-0.2409

-0.1371

0.1387
0.0460

-0.0925
0.2447
0.0794

-0.1631

C(I)
C(2)
C(3)
H(I)
H(2)
H(3)

See also Fig. 104.

6: Outer valence photoelectron spectra of the molecular solid [790] in comparison with the gas phase

[70T]: Fig.IOS.
7: Inner valence photoelectron spectra of the molecular solid [77R] in comparison with the gas phase

[7401]: Fig. 106.
8: Core photoelectron spectra of the molecular solid [8IR, 84R2] in comparison with the gas phase [78L]:

Figs. 107, 108.
9: Theoretical assignment of the observed ion state [82B3]: Table 38.
10: Polarization energies of some ion states: Table 39.
II: Ion state cross-sections as a function of photon energies of solid benzene:

not reported.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase [84R2]: Fig. 109.
14. Penning ionization electron spectrum of the molecular solid [8IK2] in comparison with the gas phase:

[79M]: Fig. 110.

Landolt-BOmstein
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234 2.3.16 Benzene (C6H6) [Ref. p. 273

15: Electronic excitation spectra in the valence electron region:
not reported.

16: Electronic excitation spectra in the core electron region of the molecular solid in comparison with
the gas phase:
not reported.

Table 38. C6H6. Calculated vertical binding energies Eb of gaseous benzene [76N]. For different assignment
of levels, see [76N].

Level Eb [eV]

lell (n)
2ell
I alu (n)
2e1u
I blu

I bl u

2all
I ell

9.1
11.95
12.26
14.46
14.83
15.75
17.48
20.01

Table 39. C6H6' Vertical binding energies of gaseous and solid benzene and polarization energies.

State Vertical binding energies [eV] Epol [eV]

XPS (gas)
[78L]

XPS (solid)
[77R]

UPS (solid)
[79G]

UPS (gas)
[70T]

lell

Je21
I a2u

Jelu
I b2u

2blu

Jail
2e21
2elu
2all

C(I s)
su*)
su
su
su
su
su
su
su

9.5
12.0

7.9
10.5

9.3
11.8
12.5
14.0
14.9
15.5
17.0
19.2
22.6
25.8

8.0
11.9

1.6
1.5

14.0
15.2

(12.3)
14.0

13 (1.7)
(1.2)
1.5
1.5
1.5
1.5
1.2

2.3
2.3
2.0
2.0
1.9

14.0
15.5
17.717.7

21.2
24.5

288.1
294.0
295.4
296.7
299.2
301.9
303.7
307.4
313.4

19.0
22.7
25.7

290.42
296.32
297.42
298.72
301.12

*) su: shake up satellites

landolt-BOmstein
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Ref. p. 273] 2.3.16 Benzene (C6H6) 235

W
C6H6c H

Fig. 103. C6H6. Molecular orbitals of benzene in the va-
lence electron region.

Fig. 104. C6H6' Packing drawing of a projection along
c in solid benzene [58C].

C6H6

0
1bzu 3e1u

solid
1ozu3ezg

2b,u 1e19
EF

301g
2e2g

1-

Fig. 105. C6H6' Outer valence ..
photoelectron spectrum of solid [79G]
benzene (HeI) in comparison with the
gas phase (HeI) [70T].

landolt-BOrnstein
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2.3.16 Benzene (C6H6) [Ref. p. 273236

C6Hs

0
C(ls)

gos

I-

35 eV 30 25 20 15 10 5

-Eb

Fig. 106. C6H6. Complete valence electron spectrum
taken with hw= 1475 eV in the solid (77R] and in the gas
phase of benzene (7402].

300 eV 295 290 285 280

-Eb

Fig. 108. C6H6. Core photoelectron spectra of solid [8IR,
84R2] and gaseous [78L] benzene. su: shake up satellites.

Ek -

Fig. 107. C6H6' Complete ESCA spectrum of solid benune [84R2}

landolt-BOrnstein
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2.3.16 Benzene (C6H6) 237Ref. p. 273]

f-

8 61016 !!V 11. 12
.fb

t-

-Eb

t-

Fig. 110. C6H6- The first three valence states of the Pen-
ning ionization spectrum of solid [81K2] and gaseous
[19M] benzene in comparison with the corresponding He I

spectra. Eb: binding energy (= ionization potential).

Fig. 109. C6H6. Auger spectra or solid and gaseous ben-
zene [84R2]. E~bP: two-hole binding energy. IP: ionization
potential. EAES: electron excited AES; XAES: X-ray ex-
cited AES. Eb=O at E.8c ror gaseous C6H6. Eb=O at Ef

(Au) ror solid C6H6.

landolt-BOmstein
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238 2.3.17 Pyridine (NCsHs) [Ref. p. 273

2.3.17 Pyridine (NCsHs)
Isolated molecule

(See also [87L])

1: Point group: C2v
2: Bond lengths and bond angles: Fig. 111
3: Ground state electron configuration: Fig. 112

Molecular solid
Orthorhombic pyridine T= 153 K [81M]
4: Space group: Pna21
5: Structure of the solid:

unit cell: a= 17.524 A, b=8.969 A, c= 11.352 A

Atomic positions: [81M]: Fig. 113.

6: Outer valence photoelectron spectrum of the molecular solid [84EI] in comparison with the gas phase
[82Rl]: Fig. I 14.

7: Inner valence photoelectron spectra of the molecular solid [84El]: see Fig. 114.
8: Core photoelectron spectra of the molecular solid [81 E] gas phase, [80B2]: Fig. I 15.
9: Theoretical assignment of the observed ion states: Table 40.
10: Polarization energies of some ion states: see Table 40.
II: Ion state cross-sections as a function of photon energies of solid pyridine [84E I]: Fig. 116.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectra of the solid in the valence electron region: not reported.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase: not reported.

Table 40. NCsHs. Assignment of valence ion states of gaseous and solid pyridine on the basis of many-body-
ab-initio calculations [79Nl]. Energy values in eV.

MO calculation
[79Nl]

ExperimentAssignment

Solid
[84Ft]
Eb

Epo'

Eb

9.66
9.85

10.51
12.45
13.2
13.8
14.5

15.84

17.1

9.6 A

B

15.3

16.8

19.4

0.54

0.3

c

9.59
9.51
10.24
12.81
13.43
14.18
15.11
16.32
16.31 and 16.05
11.94 and 18.40
21.32 and 21.16
21.29
26.1 and 26.28)
21.508)
32.38)

23.5

27.8

D

E

") Values are taken from a figure in [79Nl].

landolt-BOmstein
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Ref. p. 273] 2.3.17 Pyridine (NCsHs) 239

NCsHs(gos)
4H

Fig. 111. NC$Hs. Schematic structure of gaseous pyridine
with bond lengths and bond angles as determined by micro-
wave spectra [58 B).
Bond lengths in A:
N--C(2): 1.3402; C(2}-H(2): 1.0843
C(2}-C(3): 1.3945; C(3}-H(3): 1.0805
C(3}-C(4): 1.3944; C(4}-H(4): 1.0773
Bond angles:
C(6}-N--C(2); 116°50'
N--C(2}-C(3); 123° 53'
C(2}-C(3}-C(4): 118°32'
C(3}-C(4}-C(5): 118°20'
N--C(2}-H(2): 115°53'
C(4}-C(3)-H(3): 121° 18'.

Fig. 113. NC5H5. Crystal structure of solid pyridine down
to basis [81 M].

8

Landolt- BOrnstein
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2.3.17 Pyridine (NCsHs)240 [Ref. p. 273

30 eV 25 20 15 10

-Eb Evoc=O

Fig. 114. NCsHs. Comparison of the valence photoelectron spectrum of solid pyridine (hClJ = 170 eV) with the gas phase

spectrum (hClJ=21.21 eV) [84FI, 82Rt].

--Eb

Fig. lIS. NCsHs. N(l s) X-ray photoelectron spectrum of solid pyridine (11(11= 1253.4 eV) [8IE].

-n

I E 0 r: A
-' I I ,8 I

30 eV 25 20 15 10
-Eb O=E~c

Fig. 116. NC5H5. Angle integrated photoelectron spectra of solid pyridine at 120 K ror photon energies 70, 140, 170 eV

[84F1].
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Ref. p. 273] 2.3.18 Naphthalene (CaoHs) 241

2.3.18 Naphthalene (C1oH.)
(For further data on naphthalene, see also [85K 1])

Isolated molecule

1: Point group: D2b
2: Bond lengths and bond angles (see also [87L]): Fig. 117
3:- Ground state electron configuration: Fig. 118

Molecular solid

Monoclinic naphthalene [49S, 71W, 85KI]

4: Space group: C~b(P21/a)
5: Structure of the solid:

unit cell: a=8.2606 A, b=5.9872 A, c=8.6816 A, p= 122.670 (T=296 K) [85Kl]

Atomic positions:

Atom x y z

0.3251
0.2200
0.0351

-0.0784
-0.2541

C(A)
C(B)
C(C)
C(D)
C(E)

0.0856
0.1148
0.0472
0.0749
0.0116

0.0186
0.1588
0.1025
0.02471
0.1869

See also Fig. 119.

6: Outer valence photoelectron spectra of the molecular solid [790] in comparison with the gas phase
[748,7282]: Fig. 120.

7: Inner valence photoelectron spectra of the molecular solid [77R]: Fig. 121.
8: Core photoelectron spectra of the molecular solids [77R]: Fig. 122.
9: Theoretical assignment of the observed ion state: Table 41.
10: Polarization energies of some ion states:

not reported.
11: Ion state cross-sections as a function of photon energies of solid naphthalene:

not reported.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectra of the solid in the valence electron region [78AI] in comparison with

gas phase spectra: Fig. 123.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase:
not reported.

Landolt-BOmstein
New Series 1II/23a Freund



242 2.3.18 Naphthalene (C10Hs) [Ref. p. 273

Table 41. CloHs. Theoretical assignment of some ion states of gaseous naphthalene [S2Y].

Level Eb [eV]

~ (n)
b1u(n)

b31(n)
bl,(n)
bl,
al

b3u

bl u (n)
b3u
blu
bl,

8.56
9.26

11.05
12.61
12.80
13.30
14.89
15.64
15.94
16.17
16.95

c,o H8 C,oHg

Fig. 117. C1oHa, Schematic drawing of the molecular
structure. Distances in A [71 W].

Laodoll-Bomslcio
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Ref. p. 273] 2.3.18 Naphthalene (CloHs) 243

I-

20 eV 18 16 1" 12 10 8 6 " 2 0
.Eb = fvoc

Fig. 120. C1oHso Outer valence photoelectron spectrum of solid naphthalene (He I) [79G] in comparison with the gas

phase (He I) [72B2].

16 1~ 12 10

-Eb

B 6 2

C,oH8(solid)
r?~
~JV

..'~'
./

y,l",~","'-"'-'; 1-f-

Fig. 122. C1oH.. Core photoelectron spectra of solid
naphthalene [77R]. E,: binding energy relative to C{I s)

main peak.

::;J?~ I I I I

30 eV 20 10 0

-£b

Fig. 121. C.oH.- Complete valence electron spectrum
taken with hro= 1457 eV in solid naphthalene [77R].
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244 2.3.19 Anthracene (C14H1o) [Ref. p. 273

I

r
?

( 1A;,'[
J,d '!old _S,d" J I ?

J

~.
UV(72Kl)

'\.I""

energy loss -

.v//"\"\v"'-,J2~~ -
eVI,

flU) .
Fig. 123. CloHs- Valence electron excitation spectrum of naphthalene including a theoretical assignment [68G. 72H.

72K2, 78Al].

2.3.19 Anthracene (CI4H1o)
(Data on physical properties (also photoemission) are given in great detail in [85KI])

Isolated molecule

1: Point group: D2b
2: Bond lengths and bond angles (see also [87L]): Fig. 124
3: Ground state electron configuration: Fig. 125

Molecular solid
Monoclinic solid anthracene [50S], [85Kl]

4: Space group: C~h(P21/a)
5: Structure of the solid

unit cell: a=8.562 A. b=6.038 A, c= 11.184 A; p= 1240 42'(T=290 K)
a=8.443 A, b=6.002 A, c= 11.123 A; p= 1250 36'(T=95 K)

Atomic positions: Table 42 and Fig. 126

6: Outer valence photoelectron spectra of the molecular solid [790] in comparison with the gas phase

[74B]:Figs.127...129.
7: Inner valence photoelectron spectra of the molecular solid [77R]: Fig. 130.
8: Core photoelectron spectra of the molecular solid [77R]: Fig. 131.
9: Theoretical assignment of the observed ion state: Table 43.
10: Polarization energies of some ion states:

not reported.

landolt-BOrnstcio
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Ref. p. 273] 2.3.19 Anthracene (C'4H,o) 245

11: Ion state cross-sections as a function of photon energies of solid anthracene [82K]: Fig. 132.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectra in the valence electron region [79G], [71 K]: Figs. 133, 134.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase:
not reported.

Table 42. C14H 10' Atomic positions of solid anthracene [84Rl].

Atom x y

C(I)(A)
C(2)(B)
C(3)(C)
C(4)(D)
C(5)(E)

C(6)(F)
C(7)(G)
H(I)
H(2)
H(4)

H(6)
H(7)

0.0873(6)
0.1187(6)
0.0586(5)
0.0879(5)
0.0304(5)

0.0606(6)
0.0034(6)
0.131(6)
0.196(6)
0.155(6)

0.121(6)
0.024(6)

0.0271 (10)
0.1578(8)
0.0803(7)
0.2094(8)
0.1307(7)
0.2594(8)
0.1806(9)
0.108(8)
0.325(8)
0.376(8)

0.430(8)
0.324(9)

0.3656(5}
0.2807(4)
0.1382(4)
0.0474(4)

-0.0899(4)

-0.1835(4)
-0.3166(5)

0.472(4)
0.317(4)
0.085(4)

-0.143(4)
-0.379(4)

Table 43. C14H1o. Calculated vertical binding energies Eb of some ion states of gaseous anthracene [82V].

Level Eb reV]

7.83
9.47
9.93

11.50
11.62
12.24
13.19
13.86
14.19
14.74
15.04
15.64
16.14

b3.
b2.
~
b3.
bIg

hI.a.

b3u

b2.
b2u
b3ua.

bIg

[,i.H,o

Fig. 124. C14H1o. Schematic drawing of the molecular structure. Distances in A [84Rl].
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CK H1o ,-.a~

-3b,u Y..,A~

-2bzg 1::X:::O

-1a,u (I:::x)

1 b 3g ~:I:J)
== 2b,u 0:1)

-lb2g 0:1)

-lb,u 0:1)
Fig. 125. Ct.H.o. It-electron orbi-
tals of anthracene. The a-orbitals
have been omitted [84RI].

20 eV 18 16 1" 12 10 8 0
..Eb =Erec

Fig. 127. C..H.oo Outer valence photoelectron spectrum of solid anthracene (He I) [790] in comparison with the gas

phase (He I) [748].

6 I,
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go~

C",H,o

r?"r-7""~
V~J.V

fI", = "°.8 eV
"I\,

~ 1-

flw=1.0,8eV
kll b

solid
single crystal

-,
\ I
\ Iv 'kl.b

~ \

N21-
l,

N, solid
single crystal

r"",J ,

'\Ii
hw = 21.2 eV (-~

\

~ .'\'III ,, -

!~~ I
.,~;,(~ r~---~~-""'~""-

I flU) = 21.2 eV ~- gas

Id I I I V~\ I
21. eV 20 16 12 B I. 0

~ Eb = Evat

Fig. 128. CI4H1O. He I and He II spectra of single crystalline anthracene in comparison with the corresponding gas
phase data. The solid and the dashed lines refer to the orientation of the b axis of the single crystal relative to the
light propagation direction [79G]. M1.Z. L1.Z: short and long axes of the two crystallographic equivalent molecules
in the unit cell.
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2.3.19 Anthracene (CI4H10) [Ref. p. 273248

-

~

30 eV ZO 10 0
e- Eb

Fig. 130. CI4H\o- Complete valence electron spectrum
taken with hClJ= 1457 eV in the solid anthracene [77R].

Fig. 129. C14H1o. He I spectra of the first ion state of
solid anthracene taken at two extreme electron emission
angles in comparison with gas phase [74B] results. A surface
chemical shift for the first layer of 0.3 eV is found [78S].
J,(I)=Epo.. Eb w.r. to E.o..

Er..
Core photoelectron spectra or solidFig. 131. Cl4H1o

anthracene [77R].
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New Series 1111238Freund
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3.0 3.5 1..0 1..5 5.0 5.5 6.0eV 6.5
hw -

Fig. 133. C14H1o. Unpolarized absorption and quantum
yield of crystalline anthracene in the valence electron region

[79G].

~
Fig. 134. C14H\oo Electron energy loss spectra or 30 eV
electrons in anthracene vapour (top) and solid (bottom)

[7IK].

2.3.20 Naphthacene or tetracene (CIsHI2)
(For data on physical properties, see also [85Kl])

Isolated molecule
1: Point group: D2b
2: Bond lengths and bond angles: Fig. 135
3: Ground state electron configuration: Fig. 136

Molecular solid
Triclinic tetracene [61S, 71W, 85L]

4: Space group: C{ (PI)
5: Structure of the solid:

unit cell: a =7.90 A, b=6.03 A, c= 13.53 A
1%= 100.3°, p= 113.2°, }'=86.3°(RT)

Atomic positions: Table 44 and Fig. 137.

6: Outer valence photoelectron spectra of the molecular solid [79G, 81S2] in comparison with the gas
phase [74B]: Fig. 138.

7: Inner valence photoelectron spectra of the molecular solid [77R, 75U]: Figs. 139, 140.
8: Core photoelectron spectra of the molecular solid [77R]: Fig. 141.

landolt-BOmstein
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250 2.3.20 Napthacene or tetracene (C1sH1J [Ref. p. 273

9: Theoretical assignment of the observed ion state [82Y]: Table 45.
10: Polarization energies of some ion states [73S]: Table 46.
11: Ion state cross-sections as a function of photon energies of solid tetracene [73S]: Fig. 142.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase: Fig. 143.
15: Electronic excitation spectra in the valence electron region [75U]: Fig. 144.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase:
not reported.

Table 44. ClsH 12' (Tetracene). Atomic positions and deviations (11) from the mean planes of the molecules

[618,71W].

if [A]Atom x y z

C(I) 0.1194 0.0331
C(2) 0.1494 0.1564
C(3) 0.0811 0.0724
C(4) 0.1094 0.1899
C(5) 0.0467 0.1089
C(6) -0.0691 -0.2228
C(7) -0.0035 -0.1405
C(8) -0.0378 -0.2646
C(9) 0.0267 -0.1832

C(I') 0.5428 0.5680
C(2') 0.4799 0.6861
C(3') 0.4997 0.5864
C(4') 0.4425 0.7007
C(5') 0.4638 0.6140
C(6') 0.5948 0.2758
C(7') 0.5758 0.3649
C(8') 0.6306 0.2568
C(9') 0.6148 0.3374
cr(X) = cr(y)= cr(z) = 0.020 A(mean value).

0.3890
0.3219
0.2040
0.1360
0.0211
0.0516
0.1637
0.2355
0.3483

0.3787
0.2930
0.1947
0.1048
0.0052
0.0832
0.1811
0.2685
0.3645

-0.002
+0.011
-0.017
+ 0.002

-0.002
+0.006
+ 0.032
-0.019
-0.001

+0.036
-0.011
-0.008
-0.022
+0.025
+0.010
-0.012
+ 0.002
-0.017

Table 45. C1sH12o Theoretical assignment of some ion states in gaseous tetracene [82Y].

Level Eb [eV]

3u
b3.
blu
3u
bzl
b31
bll
a,
blu
b3u
bzu

a.
b3u

7.39
9.12
9.38

10.66
11.00
11.71
11.93
13.07
13.13
13.46
13.79
14.43
14.57

Landoll-uomstciD
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Table 46. C1sH 12. Vertical binding energies and polarization energies of some ion states of telraccne.

Vertical binding energies [eV]
Epol [eV]

5.9
7.3

5.83
7.28
8.29
8.70
9.40

5.76
7.15
8.25
8.60
9.50

7.01
8.41
9.56
9.7

10.25
11.1
12.0
13.4
14.1
15.7

1.1
1.1

8.7
9.2

10.0
10.9
12.3
13.2
14.4
15.3
16.2

1.0
1.1
1.1
1.1
1.1
0.9
1.3

10.7
11.9

C18H12

3b29 I:X:(I)

2 Q , u ~A:X:1:)

Fig. 135. C1sH12' Schematic drawing of the molecular
structure of tetracene. Distances in A [71 WJ.

-

-1bzg 0:):1)

-1b,u 0:(1)
Fig. 136. C18H12. It-eleclron
orbitals of tetracene. The cr-or-
bilals have been omitted
[84Rl].
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20 eV 18 16 11. 12 10 8 6 I. 2 0

.Eb

Outer valence photoelectron spectrum of solid tetracene (He I) [790] in comparison with the gasFig. 138. C1sHI2
phase (He I) [748].

f-

Ek~

Fig. 140. C1sH12' Photoelectron spectrum ortetracene polycrystal excited with He II radiation [750].

C'8H'2 (solid) r7'r7"~'~~/~/~/V
...

;,."

~

""..

, :O-I-
"'-"',

"
'.

-~Er

Fig. 141. CI.Hlz. Core photoelectron spectra of solid te-
tracene (77R]. hw= 1457 eV.

"

I ""'.
\

j I I "~-'-I

30 eV 20 10 0

.Eb

Fig. 139. C1sH12' Complete valence electron spectrum of
tetracene taken with 1Iw= 1457 eV in the solid [77R].

Landolt-BOrnstan
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..
Fig. 142. C1sH12' The energy distri-
bution curves for solid tetraCene taken
with different photon energies. A:
21.22 eV, B: 16.67 eV and 16.85 eV, C:
11.62 eV and 11.83 eV, D: 10.33 eV

[73S].

C18 H 12 (solid)

1

6 8 10 eV 12

[k

Fig. 143. C1sH12. Penning ionization spectra oftetracene
excited by Ne. [8SH].

Ep = 50 eV

..
Fig. 144. C1sH1z. Electron energy loss spectra or sol~
tetracene in the valence electron region measured with SO eV
and 70 eV primary energy (Ep) [75U]. 015 eV 10 5

-AE
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254 2.3.21 Glycine (HOOC -CHz -NHJ [Ref. p. 273

2.3.21 Glycine (HOOC -CH2 -NHJ
Isolated molecule

1: Point group: C1
2: Bond lengths and bond angles: Fig. 145

Ground state configuration: Fig. 146

Molecular solid
a) Monoclinic <:x-glycine [7252; 66W]
4: Space group: C~h(P21/n)
5: Structure of the solid:

unit cell: a= 5.1054 A, b= t 1.9688 A, c= 5.4645 A, p= It 1.697°(T= 298 K)

Atomic positions: Table 47 and Fig. 147.

b) Monoclinic ~-glycine [60S2, 66W]
4: Space group: C~(P21)
5: Structure of the solid:

unit cell: a= 5.077 A, b=6.268 A, c= 5.380 A, p= 113° 12'

Atomic positions: Table 48 and Figs. 148, 149.

c) trigonal r -glycine [66W]
4: Space group: C~(P32)
5: Structure of the solid:

unit cell (hexagonal setting): a=7.037 A, c=5.483 A

Atomic positions:

Atom x y z

N
0(1)
0(2)
C(I)
C(2)
H(N, 1)
H(N,2)
H(N,3)
H(C, 1)
H(C, 2)

0.3522
0.3772

-0.0896
0.1378
0.1145
0.540
0.340
0.337
0.125

-0.091

-0.0440
0.0270
0.0773
0.0532
0.0719
0.012

-0.031
-0.203

0.241
0.008

-0.2619

0.2420
0.0970
0.0633

-0.2265
-0.135

-0.449

-0.216
-0.274
-0.362

See also Fig. 150.

6: Outer valence photoelectron spectra of the molecular solid [8282] in comparison with the gas phase
[740]: Fig. 151.

7: Inner valence photoelectron spectra of the molecular solid [84S 1]: Fig. 152.
8: Core photoelectron spectra of the molecular solid [84S1, 76C]: Fig. 153.
9: Theoretical assignment of the observed ion state: (see Fig. 146 and Fig. 151).
10: Polarization energies of some ion states:

not reported.
11: Ion state cross-sections as a function of photon energies of solid glycine:

not reported.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.

landolt-BOrnstein
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15: Electronic excitation spectra in the valence electron region:
not reported.

16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with
the gas phase:
not reported.

Glycine

c;
I

I
/

/
, /

~,~'- \" \

~-~

~
10 " \.

12

j 11,

" !, ,l ~~ V'--'~ "",,~
~ 1,\ "

/ '\ ,,/J.a "" ' // /~', I "--,,,," ~4 '--", / ' ,/
, , I.. , / -\1", ""
~ ', J/ ",' //" ~,~ I ">="~ ' 'f- ~ "---' I >/ "

,
Zwitterion Free neutral
(solid stole) molecule

(undissocioted)
Zwitterion

Fig. 146. Glycine. Orbital energy diagram [828].

/

16 ~
I

~18

ev

ZOL

Fig. 145. Glycine
(HOOC-CH2-NH2). Schematic
drawing or the molecular structure or
glycine. Distances in A [66W].
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256 2.3.21 Glycine (HOOC -CH2 -NHJ [Ref. p. 273

Fig. 148. Glycine. (a) The monoclinic structure oc the 13- ~
glycine modification projected along its b axis. Fractional
coordinates oCthe atoms are indicated (x 100). (b) A packing
drawing oC the monoclinic I3-glycine structure along its b
axis. The oxygen atoms are dark shaded, the carbon atoms
light shaded, and the nitrogens are not shaded [66W, 72S2].

~- Glycine

~
~- Glycine

c

~~ ~
I

D.B6 I

~
a

0.53

nj6"'-'

I I

51(
) I

?"
0.52 !

,",
i

I
I

II
/

I/i
,0.86~ I / D~ 0(1)

0.86 0.88 a 0.91 -~C(11

~~CHl

NH1a
I .

51 b

r-Glycine

~,

a

I I

51

FIg. I SO. Glycine. Two packing
drawings or the hexagonal r -modifica-
tion or glycine along two different pro-
jection directions. Fractional coordi-
nates or the atoms are indicated
(x 100) [66W], [72S2].

b
Fig. 147. Glycine. (a) The monoclinic structure of a-glycine
projected along its b axis. The larger, heavily ringed circles
are oxygen; the smaller are the carboxyl carbon atoms. The
largest, lightly outlined circles are CHI; those that are some-
what smaller are NHz. Fractional coordinates of the atoms
are indicated. (b) A packing drawing of the monoclinic struc-
ture of a-glycine seen along the b axis [66W]. [72S2]. For Fig. 149, see next page.
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\\
Mb

HOb

~ h~Q j v \
((2) \~

"
\\

N f-
't," Ha

30 eV 20 10 0
Eb

Fig. 152. Glycine. Complete valence electron spectrum
taken with 11(1)= 1457 eV in the solid [84S1].

f-

532 530 5285,,0 eI 538 536 531.

.Eb

I-
1.00 398 3961,08 eV 1,06 1,01, I,OZ

4Eb

\
\

((15)

t-
I \

\'-

\ /
\/

; \ I
\ /

/ V/-25 eV 20 15 10 5

.Eb

Fig. 151. Glycine. Outer valence photoelectron spectrum
or solid glycine (He I) [8282] in comparison with the gas
phase (He I) [74D] and calculated results (CNDOjS method)
ror the isolated molecule and a model ror the solid state.
Eb: binding energy or solid phase spectrum, relative to Eva..

I I I I I

293 eV 291 289 287 285 283 281
4 -Eb

Fig. 153. Glycine. Core photoelectron spectra of solid gly-
cine (76C).
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Fig. 149. Glycine. Intermolecular contacts in l3-glycine.
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2.3.22 p-Oligophenyls (C6Hs-(C6H4)a-C6HS; n=O, 1,2(3,4»258 [Ref. p. 273

2.3.22 p-Oligopbenyls (C6Hs -(C6H4)a -C6Hs; n = 0, 1, 2(3, 4»

(For physical properties see also [85Kl])

Isolated molecules
1.: Point groups: not reported
2: Bond lengths and bond angles: Figs. 154, 155.
3: Ground state electron configurations: Fig. 156.

Molecular solids
a) monoclinic biphenyl (C6Hs)2 [85L, 71L2, 71W]
4: Space group: C~b(P21/a)
5: Structure of the solid:

unit cell: a=8.12 A, b=5.63 A, c=9.51 A; p=95.1°(RT)

Atomic positions:

Atom zy

C(l)
C(2)
C(3)
C(4)
C(5)
C(6)

-0.0042
0.1694
0.1636

-0.0161
-0.1825
-0.1792

0.0759
0.1707
0.3130
0.3569
0.2666
0.1241

0.0355
-0.0093

0.0592
0.1665
0.2119
0.1420

See also Fig. 157.

b) monoclinic terphenyl C6Hs -C6H4 -C6Hs [70S], [85KI]
4: Space group: Clb(P2.!a)
5: Structure of the solid:

unit cell: a= 8.119 A, b= 5.615 A, c= 13.618 A; p=92.07°(RT) [85KI].

Atomic positions:

Atom z) y

0.064
0.100
0.036
0.204
0.268
0.368
0.402
0.339
0.239

C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)

0.059

-0.046

-0.105

-0.094

-0.036

-0.082

-0.187

-0.246

-0.200

0.182
0.000

-0.182

0.000
0.182
0.182
0.000

-0.182
-0.182

See also Fig. 158.

c) monoclinic quaterphenyl C6Hs -(C6H4)z -C6Hs [71L2]
4: Space group: C~b(P21/a)
5: Structure of the solid:

unit cell: a=8.05 A. b=5.55 A. c= 17.81 A; .8= 95°(RT) [71L2]

Landolt-uomstei4
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Atomic positions:

Atom x y z

C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(lO)
C(ll)
C(12)

-0.018

0.043

0.009

-0.087

-0.149

-0.115

-0.123

-0.061

-0.096

-0.192

-0.254

-0.220

0 .(XX)

0.186

0.186

O.(XX)
-0.186

-0.186

0 .(XX)

0.186

0.186

0 .(XX)

-0.186

-0.186

0.040
0.089
0.165
0.192
0.144
0.067
0.272
0.321
0.398
0.425
0.376
0.300

See also Fig. 159.

6: Outer valence photoelectron spectra of the molecular solids [81R] in comparison with the gas phase
[8482]: Figs. 160...163.

7: Inner valence photoelectron spectra of the molecular solids: see Figs. 160, 161.
8: Core photoelectron spectra of the molecular solids [8IR]: Figs. 164(a, b).
9: Theoretical assignment of the observed ion state:

not reported.
10: Polarization energies of some ion states: see [85L].
11: Ion state cross-sections as a function of photon energies of solid terphenyl [75H2]: Figs. 165, 166.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectra in the valence electron region: [82Hl]: Fig. 167.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase:
not reported.

Biphenyl

-c
.~

Fig. 154. Biphenyl. Bond lengths and bond angles in the isolated biphenyl molecule [71W]. Distances in A.
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2.3.22 p-Oligophenyls (C6Hs -(C6H4)n -C6Hs; n=O, 1, 2(3, 4» [Ref. p. 273260

Biphenyl Terphenyl Quaterphenyl

"'- 0-0 3 b , u --"

~OO-Ol,bIU~
"- 5 b 1 u 0-0-0-0

i,b2g 0-0-00
r 0-00 3b2g

i,b,u 0-0-00
0-02b29 -<. O-o-<J2b)g 2o,u 0-0-0-0~ 0 0{:> lo,u =::::~~ 0-0-0 1°'u,~d2b3g O-{)-{}-O

()} le1g 0-0 lb)g O-OO3b,~="" -~10,u 0--0-0-0
.0-O-Olb)g "",,---~1b)g 0-0-0-0

3b2g 0-00-0
00 2b,u

/'

L.,.

f

-10

-11

., O-O{}2b1U-- 2b29 0-0-0-0

/~O -0-0lb29---"""- 2b1u 00-0-0
-0-00 1 b, u--.o:::::::::: == 1 b 2 9 0-0-0-0

lb1u 0-0-00

-12
-OO1bzg

-
01°2u-,-< """-- 00 1b,u

Fig. 156. p-Oligophenyls. Molecular orbital diagram of p-oligophenyls after [84B2]. a-orbitals have been omitted. Only
It-orbitals are shown.

Biphenyl c

a\ I~fie

!-..
67

.-.

~

18

I I

51
Fig. 157. Biphenyl. The monoclinic structure of biphenyl projected along its b axis. Fractional coordinates of the C

atoms are indicated ( x 100) [71 W].
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~

Fig. 158. p- Terphenyl. Structure of p-terphenyl [71W].

~ ~ Quaterphenyl

~
~

'""""

's
~'---"

'?'
~
~
--{ry

~

~ ~

ba. "-"
I 51 '

Fig. 159. Quaterphenyl. (a) The monoclinic structure of quaterphenyl projected along its b axis. Left hand axis. Fractional
b coordinates are indicated. (b) A packing drawing of the monoclinic quaterphenyl structure seen along its b axis. Left

hand axis [71W].
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2.3.22 p-Oligophenyls (C6H,-(C6H.)a-C6H,; 0=0, 1,2(3,4) [Ref. p. 273262
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2.3.22 p-Oligophenyls (C6H.s -(C6H4)n -C6H.s ; n = 0, 1,2(3,4»264 [Ref. p. 273

~ Fig. 161. p-Oligophenyl compounds. X-ray induced outer
and inner valence electron spectra of bi-, ter-, and quater-
phenyl in the solid phase [81 R]. Polyphenyl is shown for

comparison.

(solid)

flw: 11.73 eV
solid

\.,~~-I--
9.76

,'--=~ -

~-
9.18

8.61

8.16

I

30 0eV 20 10
--£b

()--{:)--{)--{)
(solid)

((Is!
7

.r~""~-'~"'.'~"~
.10

3

I.
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D---~- 1&1 I I I I I I I I I I ~

1,0 eV 30 20 10 0 16 eV 12 8 I, 0

.Er .Er
Fig. 164. Quaterphenyl. Core (C(I s» photoelectron spectra of solid quaterphenyl including the complete shake up spec-

trum (a); (b) detailed view of the low energy shake up spectrum [81 R].
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Fig. 166. p- Terphenyl (solid). Energy distribution curves
obtained by photoemission with line sources in comparison
with gaseous terphenyl [7SH2]. The spectra have been lined

up artificially.

5 5 7 B eV 10
flcu-

Fig. 167. p- Terphenyl. Absorption of solid p-terphenyl in
the valence electron region (solid line) in comparison with
the gas phase (dashed line) [82Hl]. A...: excitation wave-

length.

8 6 2eV I,
e Er

0
£, = 6.1 eV

2.3.23 Saturated hydrocarbons (Ca"" a +,,; n = 2.. .10, 13, 36)

Isolated molecules
a) ethane (C2H6) [68S1], [87L]
1: Point group: D3d
2: Bond lengths and bond angles [87L]: C-C: 1.5351 A

C-H: 1.0940 A
C-C-H: 111.170

3: Ground state electron configuration:

(lalJ2(la2U)2 1 (2alJ2(2a2U)2(leu)4(3alJ2(leJ4'

C(I s) C(2s), C(2p), H (I s) .

-(3a2u)O(2eJo ,

I empty

b) propane (C3Hs) [60S I], [76L]
1: Point group: C2.
2: Bond lengths and bond angles: C-C: 1.526 A

C-H: 1.096 A (CH2 group)
C-H: 1.091 A (CH3 group)

3: Ground state electron configuration:

I (lal)2(lbJ2(2aJ2 \ (3at)2(2bJ2(4aJ2
C(I s) C(2s)

(I b.)2 (5al)2 (3bJ2 (laJ2 (2bl)2 (6a.)2 (4bJ2
C(2 p), H (I s)

IAI,:

c-c-c: 112.4c
H-C-H: 106.10
H-C-H: 107.70

1 A .

1. (3bl)O(7aJo
empty

landolt-BOmstein
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266 2.3.23 Saturated hydrocarbons (CaH2a+2; n=2---10, 13,36) [Ref. p. 273

c) n-Butane (C4H10), n-Pentane (CSH1J,
n-Hexane (C6HI4), n-Heptane (C7HI6), n-Octane (CSH1s) [598], [87L], [76L]

I: Point groups: C4H10: C2b(trans), C2(gauche) [87L]
2: Bond lengths and bond angles (see also [87L] and [76L]):

Molecular solids
a) hexagonal ethane [66W]
4: Space group: O:b(P63/mmc)
5: Structure of the solid:

unit cell: a=4.46 A. c=8.19 A(T= -185 °C)

Atomic positions:
carbon atoms: 4(1), :t(1/3, 2/3, u; 2/3,1/3, U+ 1/2)

with u between 0.15 and 0.16
CH3-CH3 separation between adjacent molecules: 3.6 A

See also Fig. 168.

c) orthorhombic n-pentane [67S]
triclinic n-octane [67S]

4: Space groups: n-pentane: °l:(Pbcn)
n-octane: C~(PI)orC~(PI)

5: Structure of the solids:

unit cells: n-pentane: a=4.10A, b=9.076 A. c= 14.859 A
n-octane: a=4.22 A, b=4.79 A, c= 11.02 A,

cz = 94.7°, 1>'=84.3°, y= 105.8°

Atomic positions:
n-pentane:

y zx

0.0878
0.1685
0.25

-0.1959
-0.0923

0.0

0.1325
0.0374
0.1313

C(l)
C(2}
C(3)

n-octane:

zx y

6: Outer valence photoelectron spectra of the molecular solids in comparison with the gas phase [77P2,

8281]: Figs. 169...174.
7: Inner valence photoelectron spectra of the molecular solids: see Figs. 169...175.
8: Core photoelectron spectra of the molecular solids [76P]: Figs. 175, 176.
9: Theoretical assignment of the observed ion state: see Fig. 160.
10: Polarization energies of some ion states: Table 49.
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Ref. p. 273] 2.3.23 Saturated hydrocarbons (CDH2n+2; n =2 10,13,36) 261

II: Ion state cross-sections as a function of photon energies of solid alkanes [77S3]: Figs. 177, 178.
12: Table of resonance structures in the cross-sections:

not reported.
13: Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.
14: Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.
15: Electronic excitation spectra in the valence electron region:

not reported.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

the gas phase:
not reported.

Table 49. Vertical binding energies and polarization energies of saturated hydrocarbons. G: gas, S: solid

[74P2, 76P, 77P2, 77P3, 77P4].

Vertical binding energies [eV]

(15.0) 14.45
14.01
0.3

(13.6)290.76 22.93
22.70
0.2

23.91

CH4 G
S

Epol

G
S

Epol

G
S

Epol

G

15.35 12.6920.42

22.08

23.00

290.64

290.52

290.44

C2H6 -

13.70

15.0
12.1

12.0415.6419.5724.60C3Hs

(15.72)
(12.67)

(14.46)
(11.36)

19.1120.8124.73C.H,o

S

Epol

G

-

23.6
18.7
18.2
5.4

21.79

-

290.36 25.0
19.9
19.5
5.5

CSHI2 15.7 12.4

14.2
5.1

16.6
5.2

284.70
5.72

290.31
284.58

5.78

S

Epol

G
S

Epol

G
S

Epol

G
S

Epol

G
S

Epo!
G
S

Epol
G
S

Epol

S

C6H14
-

18.5 16.4 14.920.0

C.,HI6
-
16.4 14.119.5

14.1
broad

broad
broad

broad
broad

broad

-

290.23
284.47

5.72

C8HI8
-

17.8

22.7
18.1
4.6

14.220.0 16.1
-

broad
broad

18.8
14.2
4.6

20.2
15.2
5.0

21.4
16.8
4.6

24.5
19.6
4.9

C9H211
-
284.60

290.19
284.47

5.80
290.15
284.60

5.66

C1oH22

18.7
14.0
4.7

15.1

24.3
19.5
4.8

21.2

CI3H28

-
broad

broad
broad

broad
C36H74
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[R~r. p. 273

~
Fig. 168. C2H6. (a) A basal projection of the carbon atoms
in four unit cells of the hexagonal structure of ethane. (b)
A packing drawing of several molecules in the hexagonal
structure of ethane as projected on a vertical plane whose
trace is the dot-and-dash line in Fig. (a). Molecules are simi-
larly lettered in the two drawings [66W].b

For Figs. 169,170,
see pages 269, 270.

I-

-4
Fig. 171. C.H2.+2. Complete elec-
tron spectrum taken with
11(1) = 1457 eV of several saturated hy-
drocarbons (from C1o to C36) in the
solid phase [77P2J.
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Ref. p. 273] 2.3.23 Saturated hydrocarbons (CnH2n+2; n=2...10,13, 36) 269

Fig. 169. C"H2n+2. ...
Complete valence elec-
tron spectra of solid sat-
urated hydrocarbons
[77P2] (left) in compari-
son with calculated den-
sities of states in the
C(2s) region (right). For
molecules ofn~7 the
second derivative of
each spectrum is also
shown. Eb (solid) rela-
tive to Ef (Au).
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Fig. 173. n-C36H,.. Nonna! emission spectra Orn-C36H,."
as a runction or photon energy in valence region [865]. Eb
w.r. to E

n- C36H7i, UPS

$olid
B

~

BE XPS
~!)Iid

Ac

D

-f

~ I I I I I I ~

BD UPS

gasH£ E
A

J/'W

=E..,
" , .,-, j

28 eV 25 ZZ 19 16 13 10 7

-Eb

Fig. 172. n-C36H74. Comparison or the photoelectron
spectra in the solid and gaseous phases [82SI]. (a) He II
spectrum or the solid. (b) XPS valence electron spectrum
or the solid. (c) He II spectrum or the gas. Peaks assigned
to He + are due to the ionization or He gas rrom the light

source by He II P (48.4 eV) and He II cx (40.8 eV), respective-
ly. The intensity or the spectra in (a) is normalized at peak
B. Arrow without letter: photoemission threshold.

10

'-'

15

~---r?-_- B~~°-tov-v9 vv.,,; {~

----"-
20

.-""
0 00 0 618' 86 6 6 V 6_-- A I

25 ~i$-~ 1

J r-- I I I -

k ~/a

Fig. 174. n-C36H14. Measured band structure E(k) of"
n-C36H74 in comparison with data from Langmuir-Blod-
gett-films and theoretical calculations [865 and literature
therein]. Energy in eV.
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291.0.
eV CnHn+2(gOS)

~

""'io---1 + -

.290.0 I I I I I I

1 3 5 7 9 11 13
n -

Fig. 175. C.H2a+2. Binding energies from core photoelectron spectra or saturated hydrocarbons in the gas phase as
a function of the number of C-atoms in the chain (n) [76P].

For Fig. 177, see next page.

C36H71. (solid)

E

Ethane(CzH6)
(gas) ((1s)

2

2;
_J

1 f
._.~'.

~

]
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t

~

E
I

.20

0

Propane(C3Hs)
(gas)

((1s)
,-D

2

3 ,

\
f

.20

0
20 eV 16 12

.Eb

Fig. 178. C36H74. Comparison of the results of Fig. 177
with the XPS results of Fig. 171 [77P2, 77S3].

-I ,I -I .

30 eV 20 10 0
-E.

Fig. 176. CDH2D + 2. Core photoelectron spectra or gaseous
alkanes [76P]. I.S.: contribution rrom inelastic scattering.
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-26 2 010 8 I.12 eV

-£,
Fig. 177. C36H74. The photoelectron spectra of hexatriacontane evaporated film. A-D show the features from the conduc-
tion bands. (a) Series of measurements from the C36 alkane using the following photon energies: I: 11.7eV. 2: 16.8eV.
3: 21.22eV. (b) Series of measurements for the same compound using the following photon energies: 1: 11.4eV. 2: 12.5eV,
3: 13.4 eV. 4: 14.9 eV, 5: 16.3 eV. 6: 17.3 eV. 7: 18.1 eV. 8: 18.5 eV, 9: 19.3 eV. The spectra are nonnalized by the incident

photon intensity [77S3]. E, w.r. to E.8. of collector.
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