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2.3 Condensed molecuies

2.3.0 Introduction 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
Sformation of the molecular solid.

This, of course, is caused by the generally weak intermolecular van der Waals interaction between the
molecular moieties in the crystal. Therefore, X-ray structure determination 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
between the spectrum of the solid and the vapor. However, certain changes between solid phase and gas
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 [78D2, 80D] 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
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 determined by a competition between fluctuation 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 fluctuation ingredients determine the larger line widths in the
photoemission spectra of molecular solids, and also the temperature dependence of the line widths, which
has been observed experimentally [80S1]. In thinking about excitations in molecular solids it may cause
conceptual difficulties to consider these excitations in terms 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.. 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
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 information 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 [79G, 78DlI, 85S, 80S2, 83K3, 87K, 871, 87F 1].
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,
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. N,, CO, O,) to polyatomics (e.g. anthracene: C, H,,), and two molecular
series. For each molecule the available information is indicated in Table A. We combine structural and
spectroscopic information on the free gaseous molecule, and compare this with structural and spectroscopic

information on the molecular solid.
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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
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 N, X X X X X %X X X x x X X X
2 CO X X X X X X X X X X x
3 0, X x X X x X x X X x
4 NO X X X X X X X X X X x
5 I, x x X X X x x X X
6 H,0 X X X X X X X X x x X x
7 Co, X X X X X X X X X X X X
8 NH;, X X X X x X X X X
9 C,H, X X X X X X X X X X
10 C,H, X X X X X X X X X X X x
11 CH, X X X X X X X X
12 CF, X X X X X X X xX x X
13 CCl, X x X X X X X X X
14 SF, X X X X X X X X X X x
15 Ss X x X X X X X x X X
16 Ce¢Hg X X X X X X X X X X X X
17 NCsH, X X X X X X X x x x X
18 C,oH;g X x X X X X X x X X
19 C,.Hjo X X X X X X X x X X X
20 C,gH;, X x X X X X X x xX x X X
21 Glycine X x X X X X X X X
22 p-Phenyls X X X X x x x X x
23 C.H;o42 (x) x (x) (x)(x) x x x x x x
1: Point group of the isolated molecule.
2: Bond lengths and bond angles.
3: Electronic 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: Inner 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: Ton 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.
15: Electronic excitation spectrum in the valence electron region.
16: Electronic excitation spectrum in the core region.

For some small di- and triatomics rather full sets of data are available. Examples are N,, CO, O,,

CO,. 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 [79G, 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, I,, H,0, and glycine, listed which show rather strong intermole-

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

ionized state, ie. I;.
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Large amounts of data have been collected by several research groups on various organic molecules
[85K1]. 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 [8152]. We concentrate
here on some series of compounds, namely saturated hydrocarbons, C,H,, ., (with n varying from 1 to
36), annulated benzoid hydrocarbons with the number of rings increasing from 1 to 4, and oligo-phenyl
compounds varying the number of rings from 1 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 are
dedicated to properties of the free gaseous molecule covering the point group (C,, for CO), bond lengths
(1.13 A for CO) and angles (if possible) and the electronic configuration in the ground state (!T*). 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 N, 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 a,
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 iw =40 eV) exhibits the characteristic differences with respect to the
gas phase spectrum (taken with Hell radiation #w=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=260eV). 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-
electron 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 11 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
photon energies for CO covers 14 €V---140 eV. The cross-sections of the various ion states as a function
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 (N,)

Isolated molecule

1. Point group: D,

2: Bond length: 1.055 A

3: Ground state electron configuration:

(1o)’(10,)* | 2 6)* 20, (In)* (30, | (17)°(30,)°
N(ls) N(2s), N(2p) empty

Molecular solid

a) Cubic N, T<35K [73L1, 65W]

4: Space group: T§ (Pa3) (evidence for P2,3 structure acc, 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:
+uu, usu+1/2, 12—u, a; a4, u+1/2, 1/2—u; 1/2—u, i, u+1/2)
u~0.054

See also Fig. 1.

b) Hexagonal N, 35K <T< melting [71L1, 65W]
4: Space group: P6;/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.

D i

6. Outer valence photoelectron spectrum of the molecular solid [82L1] 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
[74G1, 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 1.

A computer simulation of the spectra on the basis of the results in Table 1 is shown in Fig. 4.

10: Polarization energies of some ion states: Table 2.

11: Ton state cross-sections as a function of photon energies of solid N, in comparison with gaseous N,:
Figs. 5---11.

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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2.3.1 Nitrogen (N,)
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Table 1. N,. Vertical binding energies E, and intensity coefficients (x{)? obtained from 2ph-TDA calculations
for gaseous N,. States with (x{")2<0.01 are omitted except for the first satellites in each symmetry [83S1].
&,: Hartree-Fock orbital energy. All energies relative to E,,.. 2ph-TDA: 2particle-hole-Tamm-Dancoff-
approximation * [70T], ® [74A2], © [80K]. ¢ These orbitals are not occupied in the Hartree-Fock ground
state. Non-vanishing intensity coefficients (x{)? for the satellite states n arise from ground-state correlation.

Orbital HF 2ph-TDA Ext. 2ph-TDA Experiment Leading
—¢, E V] (O E[eV] () Ey [eV] configurations
In, 16.80 16.38 0.91 16.85 0.92 17.0%) In,!
28.63 <0.01 28.63 <0.01 20, '30, ' Ix,
35.53 <0.01 35.57 <0.01 20, '30, ' I,
3o, 17.28 14.21 0.88 15.70 0.91 15.6%) 30, !
20, 21.17 17.22 0.81 18.96 0.82 18.8%) 20!
24.98 0.04 25.13 0.07 25.2% 30, ' 1n; ' 1m,
359 0.04 35.34 0.02 30, 'In; ' 1In
20, 40.27
28.87 0.14 29.20 0.10 29.4°) 20;'In; M 1Im,
36.41 0.49 37.43 0.30 20;'In; ' 1m,
37.53 0.01 37.56 0.10 30, %40,
39.18 0.01 38.97 0.14 30, ' 1n, ' 2m,
39.25 0.04 39.25 0.04 30,'20,'30,
40.02 0.09 39.94 0.15 20, %40,
40.76 0.09 40.62 0.06 In; %50,
20!
1m,9) —3.66
24.36 <0.01 24.38 <0.01 In;21m,
24.56 <0.01 24.56 <0.01 30, 1n,
15,9 —58.55
2547 <0.01 25.48 <0.01 30, ' In; ' 1Im,
26.26 <0.01 26.26 <0.01 30, 'In;'1n
15,9 —43.78
29.33 <0.01 29.33 <0.01 20; ' In; M Im,
31.55 <0.01 31.56 <0.01 20, 'In, ' Im,

Table 2. N,. Vertical binding energies for solid and gaseous N,, and. polarization energies E; E, W.I.
to E,,.. For (A-D) see Fig. 6.

State Vertical binding energies [eV] E. . [eV]
Solid ) Gas
[82L1] [7SH1]  [78N] [79S] [83E] [70T]
TS5 3oy 15.1 14.0%) 15.3 14.8 15.0 15.6 0.5---0.6
71, (17,) 16.6 15.2%) 16.7 16.3 16.5 16.98 0.4---0.5
2z (20y) 18.3 17.5%) 18.5 18.1 18.2 18.78 0.4---0.5
3F(A) 25.0 25.0 252 0.2
%z (B) 28.0 28.5 294 ~09---1.5
25+ (C) 320 325 ~0.5
25+ (D) 37.0 38.0 ~1.0

*) Adiabatic binding energies.
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Table 3. Energy positions of resonance structures in absorption and photoemission cross-sections [83F1].

Orbital Solid Gas Assignment
[83F1, 83E] [77P1, 80K ]
hw Ek h w Ek
eV eV eV eV
3o, 18.5 34 - - -
28.0 129 28.1 12.5 30,—30,
In, - - 14.2 —-238 I, —1n,
19.5 29 (20.0) 3.0) In,— 30,
20, - - 12.8 —4.6 20, 1n,
21.3 3.0 - - -
20, 53.0 15.5 ~50 ~12.0 20,—-30,

a cubic axis [65W].

Fig. 1. N,. a) A projection down a cubic axis of the low-temperature form of solid N,. Fractional coordinates of
the atoms are indicated (x 100). b) A packing drawing of the close-packed cubic structure of solid N, viewed along
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Fig. 2. N,. Photoelectron spectra of gaseous [70T] and solid [82L1] N, in the outer valence region (system at T=20 K).
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7 * + + *
arb. ’2, 229 ZEL 2Eu
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Fig. 3. N,. Photoelectron spectra of gaseous [74G1] and  Fig.4. N,. Inner valence-shell photoelectron spectrum of

solid [83E] N, in the inner valence region. Spectroscopic
final states are indicated. E,: energy relative to 2c,.

gaseous N, for i =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 [81L1]
obtained employing the energies and spectroscopic factors
reported in [77S1], and static-exchange orbital transition
moments determined from the Stieltjes-TchebychefT develop-
ment. SECI: single-excitation CI calculation, POLCI: polar-
ization CI calculation.
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| N, (solid)
! ‘ 3q,
il MWV\_‘ J/"\/
L
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|
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Fig. 5. N,. Electron distribution
L5 curves of solid N, as a function of
1 ) 1 1 photon energy (hw: 15 eV~--@ eV)
0 e 10 ;) 20 eV 25 [82L1, 83F1]. CI: configuration

interaction (structures).
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N; (solid)

I | A . |

1%,

30,

Nw=120eV

1 1

SU eV 4 131} 3H

15

arb.
units N2 ig
10 !
151 00° @°F° %ﬂuaxw"%oaoo 00 o
us‘. e, x10
0 T .
25 :
arh.
units .
20 solid
gas
15
-~
1.0 °°°°°°°0°o¢ o 0 ® 0110
05
0 T +
0.50
u_rtb,
units
0.25 — ° o o ° ° ’JU °
000, go‘,,‘, P % & ° o °
0 T 1
15 30 B eV W0
hwy ——
Fig. 7. N,. Emission intensities of the three outer valence

ion states of solid N, [83F1] in comparison with gas phase
N, [77P1]. The arrows indicate the photoemission thresh-

olds.

-—bh

Fig. 6. N,. Electron distribution curves [83E] of solid N, as a function of photon energy. All curves are normalized
to show the same intensity for the emission on the 1, 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 1.0-10% (50 eV) to 3.2-10% (120 eV).

U 25 2 15 10

40

°
o~

NZ (SOM ) satellite cross sections

204
C
B
10F
4 A
0 1 1 ) 1 1 1 1
50 60 0 80 30 100 10 120eV 130

o —e

Fig. 8. N,. Inner valence satellite cross-sections measured
relative to the outer valence level emission of solid N, [83E].
The integration is carried out for regions A through D after
background subtraction (see Fig. 6). Typical errors based
on the uncertainty in background subtraction and counting
statistics are indicated. :
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170 2.3.1 Nitrogen (N,)
5 100 T
N, (solid) Mbl N, (gas)
br 075 .
°| Eg(£=31--35eV)
3 0 s
5 050 s
\_f 2 | /—\ o
0.25 / —~—j o
1+ 0 i
1.25 T T T
Mb \, 2y s (£y=2731eV)
0 1 1 ! 1 A\ ° 9
50 52 54 56 58 ev 60 1.00 \; -
ﬁw ——
Fig.9. N,. Intensity of the N, photoemission in solid N, 075 /’&"
signal at 36 eV binding energy measured relative to the 1n, : 7
emission as a function of photon energy showing the cou- ©® \\_
pling to the o, final state shape resonance [83E]. 050 NG
| TS
25— s < B (B =23--27e) >~
Mb 05— o W T
N,(gas) | - gl RPER G 42 =
7~ \n"'-‘ho— ° T~
20 { 3 Tt 2
.\\ 0
A k NN B W 45 50 55 60 6 7
1S—t—/ - oo
¥/) I \\\ Fig. 10. N,. Inner-valence-shell 2X}, 22}, 2% *_band par-
o / /| D°Lq (£y=35-45eV) 3 8 tial-channel photoionization cross-sections in gaseous N,.
10 / (0) Synchrotron-radiation measurements [80K]; (@) dipole
(e, 2¢) measurements [76H]; (---) dipole (e, ¢ +ion) mea-
05 "} surements [76W]; (—) POLCI and (----) SECI calcula-
* tions [81L1] and static-exchange orbital transition mo-
/- ments.
oL
35 40 45 S0 55 60 65 &V T
hw

Fig. 11. N,. Inner-valence-shell D ?X; -band partial-chan-
nel photoionization cross-section in gaseous N,. (@) Syn-
chrotron-radiation measurements [80K]; (o) dipole (e, 2¢)
measurements [76H]; (---) dipole (e, e + ion) measurements
[76W]; (——) POLCI and (-——-) SECI calculations [81L1]
and static-exchange orbital transition moments.

(PES) in solid N, [83F1].

i}
rel.| N, (solid) —— reflection
unitz —— fatol PES
o (| Y I I . ]n'_;'
i Fi
........... N
'l \.\‘
+" - [ I ‘\“1
10 3 16 19 22 ev 25

Fig. 12. N,. Comparison between the optical reflection spectrum [71H2] and photoemission total and partial cross-section
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—
JA fotal ¢” yield solid
/\//\/f

EELS gas
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395 400 405 410 415 420 425 eV 430
fiw

Fig. 13. N,. e~ photoexcitation-yield spectra of solid N, [85R] compared with the EELS spectrum of gaseous N, [80H1].

2.3.2 Carbonmonoxide (CO)

Isolated molecule

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

15+ (16)*2o)*| (3o)*(@do)*(1m)*(50)* | (2n)°(60)°
© O(1s) C(1s) | O(2s), C(2s), O(2p), C(2p) empty
Molecular solid

a) CubicCO T<61.5K [65W, 75L]

4: Space group: T* (P2,3)

5: Structure of the solid:

unit cell: a=5.655 A (T=23 K) [75L]

Atomic positions:
isomorphic with cubic N,

b) hexagonal CO 61.5 K < T< melting [65W, 75L]
4: Space group: D¢, (P65/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,
6: Outer valence photoelectron spectrum of the molecular solid [83E] in comparison with the gas phase
[75G]: Fig. 14.
7: Inner valence photoelectron spectrum of the molecular solid [83E] in comparison with the gas phase

[74G1, 83K 1]: 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: Ton state cross-sections as a function of photon energies of solid CO in comparison with gaseous CO:

Figs. 17---23.
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2.3.2 Carbonmonoxide (CO)
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12:

13:

14:

15:

16:

Table of resonance structures in the cross-sections:

not reported.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.

Electronic excitation spectrum in the valence electron region:

not reported.

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

Table 4. CO. Vertical binding energies E, and intensity coefficients (x§)? in CO obtained from 2ph-TDA
calculations. States with (x{”)*<0.01 are omitted except for the first satellites in each symmetry [83S1].
&,: Hartree-Fock orbital energies. All energies relative to E,,. 2ph-TDA: 2 particle-hole-Tamm-Dancoff-
approximation *) [70T], ®) [83K1], ) this state has a small intensity coefficient (x)? for the orbital 3o,
9) this state has a small orbital coefficient (x},"’)2 for the orbital 40, ©) these orbitals are not occupied in
the Hartree-Fock ground state. Non-vanishing intensity coefficients (x&")? for the satellite states n arise

from ground-state correlation.

HF 2ph-DTA Ext. 2ph-TDA Experiment Leading
-k, E[eV] (o) Eo[eV] (o Ey [eV] configurations
5o 15.10 13.03 0.87 13.97 0.89 14.0%) 5¢7!
In 17.47 16.45 0.88 16.99 0.90 16.91%) In~!
22.96 <0.01 22.98 <0.01 567%2n
28.70 0.01 28.75 0.01 =27.0%) 467 !'507'2n
4o 21.88 18.60 0.87 20.11 0.79 19.68%) 407!
22.84 004°) 2299 0.119) =230Y So~'1n~!2n
30.03 <0.01 29.81 <0.01
3o 41.54
33.54 0.20 3382 0.06¢) 56”260
34.01 0.02 34.08 0.08¢) { 467 !567 160
35.10 0.01 35.12 0.01 307!
37.60 0.15 31.75 0.02
38.34 0.01
38.15 0.18 38.57 0.04 56" %no
3845 0.08 467 !'5r " 'no
38.68 0.06 39.01 0.18 Se”!'In " !'nn
39.30 0.05 39.23 0.01 3o07!
39.87 0.01 39.44 0.28
39.89 0.05
40.11 0.01 40.13 0.03
40.31 0.01 40.26 0.02
40.42 0.01
40.85 0.01 40.83 0.02
41.67 0.01
41.81 0.01 41.76 0.02
18°) —-38.19
21.91 <0.01 21.91 <0.01 S5c7'1n"!2n
24.57 <0.01 24.57 <0.01 S !'1In"!2n

o
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Table 5. CO. Vertical binding energies and polarization energies E,,,.
State Vertical binding energies [eV] E,y [eV]
Solid Gas ;
[78N] [79S] [82L2] [83E] [70T] [74G1] [74P1] [74A1] [77P1] [78N] [79S] [83K1]
X 2E* (50) 127 13.0 13.0 13.5 12.8 14.01 14.5 14.01 14.0 14.06 14.0 14.5 0.5---1.8
A3l (1m) 15.8 159 15.95 16.5 15.6 16.91 17.2 16.91 17.0 16.76 16.9 17.2 04---1.6
B2X* (40) 186 18.7 18.7 19.2 18.5 19.86 20.1 19.69 19.7 19.71 19.8 20.1 0.5---1.6
D 223 21.6 22.7 22.73 229 0.4---1.1
Cczt 23.29 234 23.38
E&x¢ 25.2 243 25.9 253 25.48 26.9 0.1---1.6
o s 27.6 270 28.6 28.1 28.09 28.0 0.5---1.6
315 30.5 321 31.8 31.5 0.3:--1.6
325 338 1.3
36.0 36.0 -
2zt (3o07Y) 37.5 38.6 373 383 38.3 -0.2---1.1
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174 2.3.2 Carbonmonoxide (CO) [Ref. p. 273

I 1 1 1 1 1
16

~ &

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

\'_‘/?:\
solid ~

)
27 eV % 2 18 15 14 9 ] 3 0
£

Fig. 15. CO. Photoclectron spectra of gaseous [74G1] and solid [83E] CO in the inner valence region. E,: energy
relative to 4 0.
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Ref. p. 273] 2.3.2 Carbonmonoxide (CO) 175

Fig. 16. CO. Inner valence-shell photoelectron spectrum p 07

of gaseous CO for hw=50.3 eV incident photons; circles: arb. EU(QGS)
experimental values obtained employing a synchrotron light units
source and an ~0.2 eV electron monochromator band pass 06| (3¢7)2z* F622* o'm (it
[83K1]; (——) POLCI and (----) SECI calculations &
[81L1] obtained employing the energies and spectroscopic 4
factors reported in [77S1], and static-exchange orbital tran- o5k o2 hw =503eV
sition moments determined from the Stieltjes-Tchebycheff "I"
development. SECI: single-excitation CI calculation, POL- | !\’
CI: polarization CI calculation. 04 - Il o
! i o=
0.3 u ) t o® © :o :
eou v o’ 1 A °°
o2 w0
¢ I \v \ % . d"’:
/ Vbews 00
01 / LV eer, o e
! oo o v
| / \\* T\
0 AT 1 PRl S

1
5'; 10 15 20 25 e 30

Ek'—"'

1 1

Fig. 17. CO. Electron distribution curves of solid CO as a function of photon energy (hw: 14 ¢V---40 ¢V) [82L2]. CI:
configuration interaction structures.
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176 2.3.2 Carbonmonoxide (CO) [Ref. p. 273

C0(solid) 1=

Lo 5¢

M(\/\X

\/E\N
\LF\IJ/\L_N\cp“’
A NRg

| g

1 1 1 1 1 1 1 1
S0 eV 45 40 35 30 25 20 15 10
&
Fig. 18. CO. Electron distribution curves [83E] of solid CO as a function of photon energy. All curves are normalized
to show the same intensity for the emission on the 1=, orbital. Integration regions for peaks A through F are shown
as well as the background correction (dashed curve) for inelastically scattered electrons.

3
arb. 1]
units XZE"’ T~ 20K
2r 5
) | CO (solid)
— solid
1} - gos 20 |
~——
U 1 T_—_l
15F satellite cross sections
<
2t z
-~
10F
x4
’ B —
—\\___~_—- E f
U A S —— c
1 ol A, T T
40 60 80 100 120 ev 0
————— \\\\~ Ay ——
0 1 Fig. 20. CO. Inner valence satellite cross-sections mea-
15 30 35 eV 40 sured relative to the outer valence level emission of solid
fawy ——e CO [83E]. The integration is carried out for regions A

Fig. 19. CO. Emission intensities of the three outer valence  through F (Fig. 18) after background subtraction. Typical
jon states of solid CO [82L2] in comparison with gas phase  errors based on the uncertainty in background subtraction

CO [77P1]. Arrows indicate photoemission thresholds. and counting statistics are indicated.

LANOOIL- DOT [diese

New Series (11/238

Freund




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 [83K1]. These independently determined data are
also shown as dashed lines [83E].

150 .
Mb| CO(gas)
125 o
/° N F2Ets GIE4 T
h ﬁ\ (Ey=25--35¢eV)
,mo / N
() ! / /,/\\\
- A v G
V/.[’\a °* i =
025 £ < D?IT (2535 &V) —
A S g
: e
075 . e
¢ /\ C?E*(22--25¢eV)
050 > \\
buzs /’-\\\~: ° °
et
\\-\_-\
0
25 30 35 4 45 0 55V 60
ho

Fig. 22. CO. Inner-valence-shell (A) C2Z*, (B) D I, (C)
F, G 2Z*-band partial-channel photoionization cross-sec-
tions in gaseous CO. (®) synchrotron-radiation measure-
ments [77P1]; (o) dipole (e, 2¢) measurements [76H]; (---)
dipole (e, e+ion) measurements [76W]; (——) POLCI and
(———-) SECI calculations [81L1] and static-exchange orbital
transition moments.

Ref. p. 273] 2.3.2 Carbonmonoxide (CO) 177
——
10 25 , |
Mb Mb
\ C0 C0(gas) ]
\ ‘ (36728 (£, =35 45¢eV)
8\ 20 7T .
\ o total outer valence band (50, 1x.46) / ’-\
\ o inner valence band (3¢ and satellites) ’ \
\ |[—— gas phase experiment 15 ,/ 2
5 ~ /N BN RN
\ / / o o N \
\ o ¥ / \\
o \ 10 7D o
- L
$ ‘\ 9 / \\‘\
b :
ers
\\4L \\ o
\l'\ 0
0 ) 35 40 45 50 55 60 65 ev 70
40 60 80 100 W e W en ' :
hw Fig. 23. CO. Inner-valence-shell 2X*-band partial-channel

photoionization cross-section in gaseous CO. (®) synchro-
tron-radiation measurements [77P1]; (0) dipole (e, 2¢) mea-
surements [76H]; (---) dipole (e, e+ion) measurements
[76W]; (——) POLCI and (——--) SECI calculations [81L1]
and static-exchange orbital transition moments.

750
co

5001

250 _..'..'-

3000

2000

rel -

1000 f

50 51 S50 50 560 S/mev 580

ho
Fig.24. CO. C*- and O*-photoexcitation-yield spectra
of solid CO [85R] after O(1s) excitation compared with

the EELS spectrum of gaseous CO [80H1].
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178 2.3.3 Oxygen (O,) [Ref. p. 273

2000
co .
solid
1000}
Wm
0 1 L !
10000
I solid
5000
< ot
0 1 1 1
L
? -
EELS
i L I
280 290 300 310 eV 320
ho

Fig.25. CO. C*- and O*-photoexcitation-yield spectra of solid CO [85R] after C(1s) excitation compared with the
EELS spectrum of gaseous CO [80H1].

2.3.3 Oxygen (0,)

Isolated molecule

1: Point group: D,

2: Bond length: 1.208 A

3: Ground state electron configuration:

- (l o)? (16,)? | 20,)* (20,)* Boy)* (In)* (1m)? | (30,)°
¢ O(ls) 0(2s), O(2p) empty
Molecular solid
a) monoclinic (0) O, T<23 K [72D1, 85K2]
4: Space group: C2/m (C3,)
. 5: Structure of the solid:
unit cell: monoclinic a=>5.403 A, b=3.429 A, c=5.086 A
B=132.53°

Atomic positions:
©,0,0;1/2,1/2,00+ X, 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 (B) O,: 24 K <T<43.6 K [72D1, 85K2]
4: Space group: R3m
5: Structure of the solid:

unit cell: a=3.307 A, ¢=11.256 A (at T<28 K) [71L1]

R
Landolt-Bornstein
Freund New Scries [1i/233




Ref. p. 273] 2.3.3 Oxygen (0,) 179

—

See

4:
S:

6:
7:
8:
9:
10:
11:
12:
13:
14:
15:

16:

Atomic positions:

¢) cubic () O, 43.6<T<544K [72D1, 85K2]

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

Atomic positions:

Table 6. O,. I. Vertical binding energies E, (eV), calculated intensities S, and II. weights of important configu-
rations (%) for gaseous O, ion states [81H] in comparison with experimental values.

distorted cubic close packed.
also Fig. 27.

Space group: Pm3n (O})
Structure of the solid:

not reported.

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

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

not reported.

Core photoelectron spectrum of the molecular solid in comparison with the gas phase:

not reported.

Theoretical assignment of the observed ion states [81H]: Table 6.

Polarization energies of some ion states: Table 7.

Ion state cross-sections as a function of photon energies of solid O, in comparison with gaseous O,:
Figs. 29, 30.

Table of resonance structures in the cross-sections:

not reported.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.

Electronic excitation spectrum in the valence electron region:

not reported.

Electronic excitation spectrum in the core electron region: Fig. 31.

L
Exp. Calc. [81H]
Band Final E,% s®) State : E, S
no. state®) eV eV
1 X M, 12.33 0.15 o, I 12.3 0.08
2 a *Il, 16.70 0.21 ‘n, 1 16.5 0.09
3 A, - } e 2y, I 17.7 0.01°)
b4z, 18.17 : ‘T; I 18.2 0.29
4 | 20.39 0.15 ’z, I 20.6 0.13
5 M,Y) 23.0 0.14 2z, I 24.1 0.03
iy, M 243 0.03
6 c4x; 24.51 1.00 Er I 25.8 1.00
7 c = 27.25 0.35 3 11 29.0 0.23
Tr I 290 0.19
8 - 33.6%) - x; \% 346 0.03
3 I 349 0.22
)i v 36.6 0.09
9 ‘“z; 39.6%) - T \' 419 0.07
N \% 42.2 0.78
iz VI 425 0.08
(continued)

Landolt-Bdrnstein
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180 2.3.3 Oxygen (0,) [Ref. p. 273
Table 6 (continued)
Exp. Cale. [81H]
Band Final E\Y sY) State E, 5
no. state®) eV eV
10 iz 41.6%) - 2x; VI 442 0.05
235 VI 46.0 003
22‘.‘_ IX 478 -0.03
11 - 46%) - ‘I, vl 50.2 0.06
12 - 48%) - 95 IX 51.6 0.03
%, XI 517 0.24
13 - 56%) -
* [71S]. L
®) [76B].
IL
State ~ Hole Other configuration (weight = 10%)
configuration
20;' 3o;!
700 92
vV 15
VIII. 6 1 20,8030, 47 30;%1In;'1n,30, 20
e | %
v 8 3o Miastind 48 20, '1In; ' 1m, 34
VI 19 1 20, LIk LIR 25 3c;zln,,“l1t53o,, 20 30, '1n; % In? 18
IX 4 1n;31n, 30, 75 3o, '1n; 230l 11
XI 40 20,'30;'3¢, 25520, In) Ing 16
20!
‘. I 7 30, 1n, ' 1m, 23
Im 13 3o, ' In; Im, §3 30,230, 23
v 17 3o e 53 3o, ' In; ' Im, 11 20;'30,'1n, ' 1n,30, 11
Do I 3 3o, 1n; ' Im, 94
Im 32 300 1! In, 59
I 30 30,230, 22 1n;%30, 21 3o, ' In; M Im, 17
VARRT 1n; 230, 74
Vil S 3o, 230, 37 20717312 20 207 'iIm;'im, 15
, 20, ' 100 1In 20 30 230G, 16 20, 'n; % 1n? 16
i 7 {30;2 1n;21ni30, 13 3o, 'im'in, 11 ’
X 2 20, 1, ' Im, 59 20, In;%1n} 14 20;'30;'1n;"In, 30, 11
In, !
7, I 87
In;!
‘M, 1 95
m, I 93
m 6l o7 1n 130, 20 Im;dln? 15

e
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Ref. p. 273] 2.3.3 Oxygen (0,) 181

Table 7. O,. Vertical binding energies and polarization energies E,,.

State Vertical binding energies [eV] E **) [eV]
Solid Gas
[82L2] [75H1] [70E1] [70T] [718] [76B]
XM, (1n,) 11.3 10.5%) 12.33 12.01%) 13.1 12.33 1.03---19
a*M, (In,) 15.8 14.5%) 16.7 16.12%) 17.0 16.7 09---1.2
A2, (Iny) 17.73
b*Z; 3o, 17.25 16.5%) 18.31 18.17%) 18.8 18.17 0.92---1.55
B %, (30, 19.4 - 18.7%) 2043 20.29%) 21.1 20.39 1.0---1.7
n, 240 23.0
c4z; 234 21.5%) 24.58 25.3 24 51 1.11.--.19
T 274 279 27.25

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

Fig. 26. 0,. ([a) Packing drawing of the a-form of selid Fig. 27. 0s (a) Packing drawing of the B-form ol solid
0 (b) schematic of the structure of the 2-0,. (3;; (b) schematic of the structure of the B-0,,

Landolt-Bdrnstein
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182 2.3.3 Oxygen (0,) [Ref. p. 273

0, gas "
hw="1.71¢V
1 1 ; 1 1 1 l‘b
hw =21V solid
i 1 1 1 1 1
23 eV 21 19 17 15 13 1

Fig. 28. O,. Photoelectron spectra of gaseous [70T] and solid [82L2] O, in the outer valence region.

0, (solid)

20,

AP
v

JT 1 | 1 1
0 5 10 15 20 5 eV N0

Ell'__.'

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

et
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2.3.4 Nitric oxide (NO)

183

e

2
orb,
unil1s i

— solid

T ——— e .

] —
w o —

0 1 )
0.50

0.25f

Fig. 30. O,. Emission intensities of the five outer valence
ion states of solid O, [82L2] in comparison with gas phase
[80G2]. Arrows indicate photoemission thresholds.

Isolated molecule

1: Point group: C,

2: Bond length: 1.12 A

3: Ground state electron configuration:

(30) (40)* (1m)* (So)* 2n)'
O(2s), N(2s), O(2p), N(2p)

op. o)’ (20)?
O(1s) N(1s)

Molecular solid

Monoclinic NO [61L, 65W]

4: Space group: C3, (P2,/a)

S: Structure of the solid:

unit cell: a=6.68 A, b=396 A, c=6.55A

B=127°54

Atomic positions:

+(x, 5, 2;x+1/2,1/2—y,2)

dimer formation

See also Fig. 32.

2.3.4 Nitric oxide (NO)

solid

total e yield

I

EELS gas

1 1 |
550 560 570 eV 580

hay —

0 1 1
520 530 540

Fig.31. O,. e photoexcitation-yield spectra of solid O,
[85R] compared with the EELS spectrum of gaseous O,
[80H1].

(60)°
empty
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2.3.4 Nitric oxide (NO) [Ref. p. 273

6:

7:

8:

9:

10:
I1:

12:
13:
14:
15:
16:

Table 8. NO. 1. Vertical binding energies E, (in eV), calculated intensities S, and II. weights of important
configurations (%) for gaseous NO ion states [81H] in comparison with experimental values [71S].

Outer valence photoelectron spectrum of the molecular solid [84B1] in comparison with the gas phase
[70E2, 71E, 82S2, 87F2]: Fig. 33.

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

not reported.

Core photoelectron spectra of the molecular solid [83T] in comparison with the gas phase [71S]: Figs. 34,
3s.

Theoretical assignment of the observed ion states [81H]: Table 8.

Polarization energies of some ion states: Table 9.

Ion state cross-sections as a function of photon energies of solid NO in comparison with gaseous NO:
Figs. 36---38.

Table of resonance structures in the cross-sections:

not reported.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.

Electronic excitation spectrum in the valence electron region:

not reported.

Electronic excitation spectrum in the core electron region: Fig. 39.

I.
Exp. [71S] Cale [81H]
Band Final Ey State E, S
no. state eV eV
1 X!z* 10 13+ I 9.6 0.05
2 a3zt 14 ) 3 I 15.0 0.04
3 n 16.7 n I 15.6 0.56
3A I 16.8 0.07
4 ' ATl 18.5 il I 17.4 0.14
5 n T 217 in II 21.3 1.00
n 111 223 0.09
m I 224 0.19
6 B 233 M v 244 0.40
- - - m 1T 26.4 0.07
m v 27.1 0.20
7 - ~31 M \'% 30.3 ©0.11
in VIII 30.6 0.07
in IX 314 0.05
- - - m VII 340 0.05
in XV 36.4 0.11
8 in 40.6 <N Xvill 39.7 0.07
in XIX 40.6 0.04
in XX 41.6 0.22
n XIv 41.7 0.04
’n XXI 423 0.72
n XXI1I 429 0.12
. mn XV 440 0.17
9 m 438
(continued)

e
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Ref. p. 273] 2.3.4 Nitric oxide (NO) 185
—
Table 8 (continued)
II.
State Hole configuration Other configuration (weight > 10%)
3671 467! So7!
in I 1 84
11 52 4 Se”'In 2 33
I 5 1 So™'1n " '2n 86
v 22 So”'1n 2 69
VIII 3 S5¢7'1n"'2r 37 4o '1n'2n 19 So %60 14
IX 4 1 407 '1n"'2n 4  So'In"22n2 26
XV 6 {40" In"12r 25 So '1x 22 22 1n 260 16
4671222 14
XVIII 1 2 567260 32 4067'507%2n%2 23
XIX 2 1 46715072282 47
XX 14 467150672212 13 4”17 2202 12
XXI 38 1 40 '1n"222 13
XX 6 {30:151:::60' 20 40 'In 2272 1S So %in'2m60 10
o 'In"'2r 11
m I 85
I1 26’ Sc™'In 21 63
I 10 So”'in " '2n 78
1A" 29 Se'1n"'2n S8
A" 6 6 3 4 'In 2 35 So~'1n~22n% 21 In"'2rn"'60 14
VIl 3 8 S5c™'In"'2n 37 So %60 18 4o 'In'2n 14
X1V 2 2 567260 40
XV 29 1 1 471 2 11
In~! 2n~!
Iy+ I 1 85
3x+ I 91
3A I 92

Table 9. NO. Vertical binding energies and polarization energies E,.

State Vertical binding energies [eV] E, . [eV]
Solid . Gas
[84B1] [71E, 70E1]  [87F2]
X1zt (2n) 8.25 9.55 9.7 1.3
a3zt (Im) 16.1 16.1
b3 (50) 14.6 16.6 16.6 20
w3 (In) 17.3 17.2
b’ 3%" (In) 179 17.9
A'Z” (In) 16.0 184 184 24
w!A (In) 18.5 18.9
ATl (50) 18.3 18.3
¢l (4o) 21.7
B!l 40) 20.5 21.7 1.2
B !T* (In) 23.3
248
26.6
29.2
29.8
(continued)
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2.3.4 Nitric oxide (NO)

[Ref. p. 273

Table 9 (continued)

State

Vertical binding energies [eV]

Epol [CV]

Solid Gas

[84B1] [71E, 70E1]  [87F2]

B 'Z* (1)

3o

303
311
320
326
339
34.6
353
36.0
37.8
39.2
40.4
45.1

c N"7218%

(71B1.

Fig. 32. NO. (a) A projection along b of the monoclinic
structure of N,0,. Nitrogen and oxygen atoms cannot be
distinguished experimentally. Origin in lower left [65W].
Fractional b coordinates are indicated ( x 100). (b) A packing
drawing of the monoclinic N,O, structure viewed along the
b axis. It is not known whether the dotted or the hatched
atoms are oxygen [65W]. (c) Geometry of the N,O, dimer

For Fig. 33 see next page.

555 eV 550
1 T

-—-—-Eb

545 540 535 530
T | T T

N2 fsolid) ZAu
I =21k

|
|
¥

di1sl

shike up

] 1

1 1
425 eV 420 415

solid [83T] NO at T=22

Fig. 34. NO. X-ray induced N(ls) and O(ls) spectra of

relative to the Fermi energy of the substrate (Au).

1
0 405 400 395
&

K. The binding energy is given

=
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I

]
NO q
He(l) gas
1
a ] ! 1 AAAAA 1 1
| | i fas
I Mo = 2430V i | B
|
i

pelukB /peukA
s , \, .

2% eV 22 20 18 16 % 12 0V ~ 8 6

Fig. 33. NO. Photoelectron spectra of gaseous [70E2, 71E, 8282] and solid [84B1] NO in the outer valence region.
Solid lines in (c): Lorentzian fit to the measured spectrum.

NO (gas)
1000k 0(1s)
arb. N(1s)
units
[ 750}
~ 5o}
250+ kx&&%h
0 ] L 1 1 -
550 eV 545 540 415 410 405

4--——-[b

Fig. 35. NO. X-ray induced N(1s) and O(1s) spectra of gaseous NO [71S]. Binding energy relative to E,,.
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188 2.3.4 Nitric oxide (NO) [Ref. p. 273

NG (solid)

LR LR

aﬁ%%z

<

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

s~ gt

1 1 1 1 1 1
5 10 15 20 25 30 ev 35 [84BI1]
Ek S——————
04
rel
units peak A (Zx)”
0s
i T
Q- \
il
] | 1 |
08

04| 1'
02t \»
= Ty
et 4
0 ] | 1 1 1 ° Fig. 37. NO. Emission intensities of some outer valence

1
10 58 B 30 35 eV 40 jon states of solid NO [84B1]. Cf. Fig. 36 for peaks A, E.
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0.1
rel. <
o] NO (solid) N
o-e
0 1 ! 1 1 1 ! ]
. r
| |
i NO .
N
- L peak e Y et
i l ."J_;"pa. T g
[ rtecas L. 1 L i
Z
1 2 EELS gas
0 " | i
10 15 20 25 30 35 eV 40 390 400 410 420 430 ev 440
hw hw
Fig. 38. NO. Emission intensities of some outer valence Fig.39. NO. N* photon-ion-yield spectra from solid NO
ion states of solid NO [84B1]. Peaks B, C, D, see Fig. 36. [85R] in the N(1s) region compared with the EELS spec-
trum of gaseous NO [74W].

2.3.5 Iodine (I,)

Isolated molecule

1: Point group: D,

2: Bond length: 270 A

3: Ground state electron configuration:

56 electrons | (70,)*(70,)* | (80 (4n,)* (4n)* (80,)®

2 Kr-cores I(4s) I(4p)

90, (57)* (28,)* (28)* (51)* 90.)’
I(4d)

(100,)% (67,)* 35)* (1®,)* (1®)* (38,)* (6m)* (105,) ,

140
(120 (Im,)* (T=y)*
I(5p)

5t

(11e,)°
empty

(11s)? (116,
1(55)

Molecular solid
4: Space group: Vi8(Bmab) [65W];(Cmca) [71L1]
S: Structure of the solid:
unit cell: orthorhombic; a=7.27 A,5=9.79 A, c=4.79 A (T=291 K) [65W, 71L1]
Atomic positions:
+(0, u, v; 1/2, u+1/2,v; 1/2, u, v+1/2;0,u+1/2, 1/2-v)
u=0.1156, v=0.1493
nearest neighbour distance of molecules (center): 3.54 A

See also Fig. 40.
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9:

10:
11:

12:
13:
14:
15:

16:

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

Fig.40. 1,. (a) Projection drawing of solid I, along the a direction. (b) Packing drawing of solid I, along the a direction
[65W1.

Outer valence photoelectron spectrum of the molecular solid [87Y] in comparison with the gas phase
[71C, 71P]: Fig. 41.

Inner valence photoelectron spectrum of the molecular solid [81S2] in comparison with the gas phase
[71P, 81S1]: Fig. 42.

Core photoelectron spectra of the molecular solid in comparison with the gas phase [81S1]: Figs. 43,
44

Theoretical assignment of the observed ion states:

not reported.

Polarization energies of some ion states: Table 10.

Ton state cross-sections as a function of photon energies of solid I, in comparison with gaseous I,:

not reported.

Table of resonance structures in the cross-sections:

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

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

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

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

not reported.

State Vertical binding energies [eV] E,, [eV]
Solid Gas
[87Y] [71P]
)5, 7.2 9.4 22
M, 7.8 10.0 22
My, 8.8 11.0 22
|1 PP 10.1 11.8 1.7
a 114 129 L5

a
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S

1 1 ] s
B e 13 1 9 7

Q——[b

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

XPS : solid

XPS : gos
-~
UPS : gas
(711P)
*
> %]
Fig. 42. 1,. Photoelectron spectra of
gaseous [81S1, 71P] and solid [81S1] |
I,in the.outer and inner Yalence elec- 8_8 | soso
tron region. Energy scale is that for the | %
gas phase spectra. Schematic atomic- (Sslay (Ssla, (Spldg (Sp)=y (Sp)mg ' (Sp)ay
orbital representation of the one-elec- tEac
tron inital state giving rise to peak in 1 ) ! 1 |
the spectra is shown. 0 e 30 20 10 0
£
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!

R |

Fig. 43. I,. Photoelectron spectrum
of solid I, between 0---90 eV binding
energy [81S1]. A weak Au(4fs,_ 4,2)
doublet is seen from the substrate and
was used to calibrate the E,-spectrum.
s.u.=shake-up satellite. o;sat: satellites
due to non-monochromatized radia-
tion.

Mo ——

o e,

100 ev 90 80 70 60 50 40 30 20 10

I
(=19

3y

Edj.‘i

1

50 eV 40 30 20 10 0
£
Fig. 44. 1,. Core-photoelectron spectra concerning the range of 3p, 3d and 4d electrons in the gas- and in the solid-phase
[81S1]. E,: relative binding energy.
B
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rf 2.3.6 Water (H,0)

Isolated molecule
(See also [87L].)
1: Point group: C,,
2: Bond length and bond angles: O—H: 0976 A
H-O-H: 107.2°
3: Ground state electron configuration:
1 (1a,)* | (2a,)*(1b,)* (32,)*(1b,)* | (42,)°(2b,)°
Ay
O(ls) O(2s), 0(2p), H(ls) empty

Molecular solid

a) Hexagonalice (I) [65W], [75L]
4: Space group: D¢, (P6;/mmc)
S: Structure of the solid:

unit cell: a=4.5190 A, ¢=7.3616 A(T= —10°C) [75L]

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

See also Fig. 45.

b) Cubic ice (Ic) [65W], [75L]
4: Space group: O;(Fd3m)
S: Structure of the solid:

unit cell: a=6.35 A (T=—185°C) [75L]

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

c) Tetragonal ice (III) [65W]; (acc. to [75L] H,O(IX))
4: Space group: D$%(P4, ;2,2)
5: Structure of the solid:

unit cell: a=6.73 A, c=6.83 A, p=1bar, T= —175 °C [75L]

Atomic positions:
oxygen atoms:
(w,u,0;d,a 1/2; 1/2—u,u+1/2, 1/4; u+1/2, 1/2—u, 3/4)
u=0.392

See also Fig. 46.

the gas phase [82C1, 70T, 77M]: Figs. 47 --- 49.
see Fig. 51.
Fig. 50.

10: Polarization energies of some ion states: Table 14.

H,0:
not reported.

each oxygen atom is tetrahedrally surrounded by four others at distances 2.73---2.90 A.

6: Outer valence photoelectron spectrum of the molecular solid [82C1, 79C, 77M] in comparison with
7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase [77M]:
8: Core photoelectron spectra of the molecular solid [77M] in comparison with the gas phase [77M]:
9: Theoretical assignment of the observed ion states [72C1, 82C2, 82N]: Tables 11---13.

11: Ton state cross-sections as a function of photon energies of solid H,O in comparison with gaseous

Landolt-Barnstein
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not reported.
not reported.
[77C]: Fig. 51.

not reported.

*) From [76S].
®) From [75A].
) Relative to O(15s).

For Table 12 see next page.

12: Table of resonance structures in the cross-sections:

15: Electronic excitation spectrum in the valence electron region:

Table 11. H,0. Calculated ion state energies of gaseous H,0 [7IM].

Level E, [eV]
1b, 124
3a, 14.6
1b, 18.7
2a, 324
la, 540.0

13: Auger spectrum of the molecular solid in comparison with the gas phase:

14: Penning ionization electron spectrum of the molecular solid [81Y] in comparison with the gas phase

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

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

Line Calculated vertical Transition®)
No. binding energies*)®)
eV
1 1591
17.28 3a,4a,
19.83 1b,-2b,
2 2081 1b,-2b,
21.22 3a,-5a,
3 2198 1b,-2b,
4 2293 3a,-5a,
5 24.60 1b,-2b,
6 ) Shake-off
7 3473
36.31 2a,-4a,

Table 14. H,O. Vertical binding energies and polarization energies E,, of some ion states.

Level Vertical binding energies [eV] E o
Solid Gas
[77M] [77M] eV
1b, 11.0 12.6 1.6
‘3a, 134 14.7 1.3
1b, 173 18.6 1.3
2a, 31.0 32.1 1.1
la, 538.0 539.9 1.9
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a

atoms of ice III, viewed along the ¢ axis [65W].

24 eV 20 16 12 8
B Eb
Fig. 47. H,0. The He Il UPS of solid and gas phase H,O
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.

Fig. f16. H ;0. (a) A projec(h?n along the c axis showing the distribution of the oxygen atoms in the tetragonal high-pressure
modification III of ice. Fractional ¢ coordinates of O atoms are indicated ( x 100). (b) A packing drawing of the oxygen

HZU Theory
b, a; by H-——U/H
/ \\ /7 \‘/\// \\ H
( ([ (1 ) jb-—#0”
A 0 A A D D H
] 1 | 1 1 1
Experiment
1L H,0

I

/ \\.-"' / \
'A/J ST N (Pt 1\ 1 a
5L H,0
—— H donor
------- H acceptor

. \ N \
P A0 e P AR
i / $ : \\

s ...‘5 \ i'.: .“.
/ A "\
{:-*’ 1 1\-—(/ \—,--’:\——?rl‘tﬂ
20 ev 18 1) 1% 12 10 8 6

<——-Eb

Fig. 48. H,0. Comparison of the photoelectron spectra
of a monolayer of physisorbed water (a) with multilayer (b)-
The splitting of the three H,O ion states is explained by
comparison with the calculated binding energies for the
sketched H,O-dimer [83S2]. E, w.r.to E,,..

e
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I

H"'I:|

et

0 25 2

o 1]
~J

gos

___‘__'.__.33:

T PR T =L
15 10
a £y
solid
(150K cubic ice)
301 1b1
e 7w
1, 4 VNN
~ -
_ L 1 =
B o 0 5 2 15 v g
b o

Fig. 49. H,0. The valence electron spectrum for H,O in the gas (a) and solid phases (b) [77M]. The figure also marks
the poles from a theoretical 2a, excitation spectrum [72C1]. The energy scales are adjusted so that the 1b, lines fall
above each other. Fig. (a): E, w.r. to E,,; Fig. (b): E, w.r. to Eg.
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-

| I-W./l\_ ,J

HZU 0{1s) shake-up and inelastic scattering gas
S 001s)
f ; b, - 2b, . 004
~ ¥ 30y - 50\
b, - 2b,
30;-ngy < | A / 30,- 50
LD \ s - /D\‘ZDi :
S, L 3P :
A [///_730‘4431 .

1b,-nb, \ 1,-nb
[y i i 11

45 ev 40 35 30 25 20 15 10 5 0 -5

‘-———Eb

Fig. 50. H,0. The O(ls) electron spectrum and the corresponding low kinetic energy satellites from H,O in the gas
and solid phases [77M]. The two spectra are comparable on a common intensity scale. The full line represents the electron
energy loss spectrum for ice [700]. The bars have been taken from theoretical calculations [76S, 75A]. For line numbers

and transitions, see also Table 13.

Fig. 51. H,0. Penning ionization spectrum of solid [81Y] and gaseous [77C] H,O. Dashed line: background.
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4:
S:

6:

7:

8:

9:

10:
11:

12:
13:

14:

15:
16:

2.3.7 Carbondioxide (CO,)

Isolated molecule

(See also [87L].)
1: Point group: D,
2: Bond length and bond angle: ~ C—0O: 1.162 A
O0-C-0: 180°
3: Ground state electron configuration:
' (16)*(16,)*(20,)?
O(1s), C(1s)
1T} | (30)? (206, (40,)* (30,)* (1n,)* (1 m)*
’ O(2s), O(2p), C(2s), C(2p)
2n,)°(50,)° 40,
empty

Molecular solid
Cubic CO, T=83K [65W], [75L]

Space group: T§(Pa3)
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=0.11

See also Fig. 52.

Outer valence photoelectron spectrum of the molecular solid [84F1 83F1] in comparison with the
gas phase [70T]: Fig. 53.

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

Core photoelectron spectra of the molecular solid in comparison with the gas phase:

not reported.

Theoretical assignment of the observed ion states [79D, 83C]: Table 15.

See Fig. 56 for a graphical representation of the calculational results.

Polarization energies of some ion states: Table 16.

Ion state cross-sections as a function of photon energies of solid CO, in comparison with gaseous
CO,: Figs. 55, 56.

Table of resonance structures in the cross-sections [83F1]: Table 17.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.

Electronic excitation spectrum in the valence electron region [72K 1, 84A]: Figs.: 57, 58; Table 18.
Electronic excitation spectrum in the core electron region:

not reported.
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Freund

New Series 111/23a







200

2.3.7 Carbondioxide (CO,)

[Ref. p. 273

Table 15. CO,. Calculated binding energies (E,), 2 ph-TDA ionization potential (/P) and pole strengths
(P) in the diagonal approximation for gaseous CO, obtained with two different basis sets. Only lines with
IP<50eV and P>0.01 are given. All energies in eV [79D].

Orbital Basis I Basis I1
E, P P E, IP P
eV eV eV eV
In, 14.79 12.65 0.88 14.84 12.63 0.90
36.73 0.02 3845 0.01
In, 20.20 17.08 0.79 19.58 16.62 0.83
21.98 0.02 22.75 0.01
28.02 0.06 28.33 0.04
32.80 0.02 32.37 0.03
33.31 0.03
3o, 20.11 16.56 0.88 20.27 16.83 0.89
37.72 0.01
40, 21.50 17.51 0.86 21.79 18.12 0.87
32.84 0.01 33.68 0.01
35.83 0.02 36.39 0.02
37.28 0.01
20, 41.06 32.22 0.01 40.35 33.07 0.02
34.68 0.36 34.40 0.03
36.65 0.03 3530 0.54
37.39 0.03 38.30 0.04
38.18 0.35 38.76 0.03
39.98 0.02 39.10 0.13
43.02 0.02 45.25 0.02
48.74 0.01
3o, 4245 34.74 0.19 41.78 33.18 0.01
36.41 0.11 35.39 0.22
38.88 0.15 36.84 0.26
39.13 0.15 37.96 0.01
40.27 0.20 39.42 0.01
39.83 0.20
40.54 0.11
Table 16. CO,. Vertical binding energies and polarization energies of some ion states.
Level Vertical binding energies [eV] E,,
eV
Solid Gas
[83F1] [77N] [82C1] [70T]
In, 13.0 12.7 142 13.78 0.8
I, 16.7 16.5 17.59 0.9
Jo, 17.6 17.0 18.5 18.08 0.5
4o 18.8 18.3 194 0.6

]
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Table 17. CO,. Energy positions of resonance structures in absorption and photoemission cross-sections
[83F1].

Orbital Solid Gas Assignment
[83F1] [79B1], [78B2], [78G2] :
ho E, ho E,
eV eV eV eV
In, 12.--14 (—1)---(+1) 12.5 —1.28 In,—2m,
18.2 5.2 - -
320 19.0 (31---35) (16---20) In,—40,
In,+30, 220 44...53 - - -
- - 21.0 34 In,—50,
- - 21.0 29 30,~50,
40, 14---16 —(2.8---48) 15.5 -39 40,—2m,
23.0 42 - - -
- - 39.--42 20---23 40,40,

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

State®) Orbital [83N]Y9) [73W] [79E] [83N]9) Exp.
picture®) [79E, 73W,

Valence  Valence plus 7, R, 71H1, 73H1]
only Rydberg

N In,—»4m, 7.24 7.35 8.65 8.04 8.15 8.1

I, (R) I, —50,(s) 9.31 8.95 8.86 - 8.73 83

3A, In,—4n, 8.02 7.83 9.02 8.67 8.80 8.8

', (R) I, —50,(s) 9.83 9.23 9.10 - 893 84---86

5 20 In,—4n, 8.66 8.24 9.42 9.05 9.19

'E; In,—4n, 8.66 8.27 9.42 9.13 9.27

A, In,—4m, 8.99 8.38 9.43 9.25 9.32 9.3---94

1THR) In,—2n,(p) 12.19 11.07 11.20 - 11.00 11.08---11.20

3, (R) In,—40,(p,) 1228 11.49 11.43 - 11.31

T, (R) In,—~40,(p;) 1246 11.53 11.45 - 11.39 114---11.6

b In,—4n, 11.04 12.13°) 11.79

3A, 1n,—4m, 12.22 12.91°) 12.44 124

*) (R) denotes Rydberg excited state. ) '
®) In the calculations by the valence plus Rydberg basis, the 2m,, 3n,, and 4n, MOs are mainly Rydberg orbital

on C, Rydberg orbital on C and O, and valence n-antibonding orbital, respectively.
) [77E).
) SECI.
¢) SACCIL
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Fig. 52. CO,. (a) A projection on a cube face of the atomic
arrangement in solid CO,. 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 CO, molecules pack in the crystalline state. The larger
spheres are oxygen atoms, C atoms are hatched [65W].

Co;
Lo, o, xy lay
ey = 21.7 Y
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Fig. 54. CO,. Comparison of inner valence photoelectron
spectra of gaseous CO, at 55 and 100 eV photon energy
with a soft X-ray-induced spectrum (Mg K,.: 1253.6 ¢V)
[72A] and with results of theoretical calculations [79D,
83C]l.(I: Iry, 2: Im,, 3: 30,,4: 40,, 5: 20, 6: 35,), [86F].
HAMY/3: calculated scheme [83C]. + +: double ionization
continuum threshold. 2ph-TD: 2 particle-hole-Tamm-Dan-
coff approximation.

<4
Fig. 53. CO,. Outer valence photoelectron spectra of solid

CO, [83F1, 84F1] in comparison with the gas phase [70T].
Dashed lines: Lorentzian fit of four components to the ex-
perimental spectrum.
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Fig. 55. CO,. Electron distribution curves of solid CO, as a function of photon energy (14 <hw <40 ¢V) [83F1].
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Fig. 56. CO,. Emission intensities of the four outer valence ion states of solid CO, [83F1]. Arrows indicate photoemission
thresholds.
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Eﬂg(sol'rd)

—— total 125

—1 . B
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Fig. 57. CO,. Optical reflection spectrum and photo- Fig 58. CO,. Absorption spectrum of solid CO, near the

emission total and partial cross-sections of solid CO; at
T=30K [83F1, 84F1, 72K1].

Isolated molecule
(See also [87L]))
1: Point group: C;,
2: Bond length and bond angle: N—H: 1.019 A
H—N-H: 109.1°

3: Ground state electron configuration:

(1a,)* | (a,)*(1e)*(32,)’| (4a,)°(2¢)°
1A:

N(1s) N(2s), N(2p), H(l1s) empty

Molecular solid

Cubic ammonia T=77 K [65W], [78L2]
4: Space group: T*(P2,3)

S: Structure of the solid:

unit cell: a=5.084 A

Atomic positions:
N—N distance: 3.4 A

See also Fig. 59.
[82C1, 70T]: Fig. 60.
not reported.

not reported.

2.3.8 Ammonia (NH;)

6: Outer valence photoelectron spectrum of the molecular solid [82C1] in comparison with the gas phase
7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase:
8: Core photoelectron spectra of the molecular solid in comparison with the gas phase:

9: Theoretical assignment of the observed ion states: [78K, 80H2].

fundamental edge at T=77 K (optical density vs. photon
energy). The peaks C, and C, are mainly produced by the
Davydow interaction between two degenerate states [84A].

—
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10:
11:
12:
13:
14:
15:

16:

NH,

Polarization energies of some ion states: Table 19.

Ion state cross-sections as a function of photon energies of solid NH; in comparison with gaseous

NH;:

not reported.

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

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid [81Y] in comparison with the gas phase

[75Y]: Fig. 61.

Electronic excitation spectrum in the valence electron region:

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

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

Level Vertical binding energies [eV] E,,
eV
Solid Gas
[82C1] [82Cl1, 70T, 75B1]
3a, 9.7 11.04 1.34
le 14.6 16.74 2.14
2a, 27.74
la, 405.6

2

20

16
&

Fig. 59. NH,. The crystal structure of cubic ammonia. Fig. 60. NH;. The He II UPS of solid and gas phase NH;
Only the six closest neighbours to the atom N, (0.04, 0.04,
0.04) are shown. The hydrogen atoms are for simplicity
placed on the lines between the nitrogen atoms, although
there is experimental evidence that they are somewhat off
these lines [65W].

together with the He I gas phase spectrum. Band positions,
relative peak heights and FWHM taken from [70T]). Ener-
gies are referred to the vacuum level. The spectra are cor-
rected for an analyser transmission efficiency [82C1].

12 8
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!

0 & 6 2 8 4
b

Fig. 61. NH,. Penning ionization spectra of solid [81Y] and gaseous [75Y] NH,.

2.3.9 Acetylene (C,H,)

Isolated molecule
(Seealso [87L].)
1: Point group: D,
2: Bond length and bond angle: C-C: 120A

C—H: 105A

C—-C—H: 180°
3: Ground state electron configuration:
(1o)*(1,)? | 2op*(2 c.)’ (o)’ (1n)*
C(1s) C(2s), C(2p), H(1s)
(1n)° 4o)°(30,)° (40,)°
empty

I+

Molecular solid
Cubic acetylene (—140 °C< T< —84 °C) [66W], [79N2]
4: Space group: Tf(Pa3)
S: Structure of the solid
unit cell: a=6.14 A (T=—117°C)
Atomic positions:
carbon atoms: +(u, u, u; u+1/2, 1/2—u, a; 4, u+1/2,1/2—u; 1/2—u, 4, u+1/2)
u=0.056

shortest intermolecular distances: C—C: 3.89 A
H-H: 328A

See also Fig. 62.

6: Outer valence photoelectron spectrum of the molecular solid [83F1, 84F1] in comparison with the

gas phase [80B1, 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 [80B1]: Table 20.

B
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10: Polarization energies of some ion states: Table 21.

C,H,: 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.

and inner valence electron states of gaseous C,H, (Ref. 44 in [80B1]).

Level Ey [eV] S
In, 11.17 -
3o, 17.07 -
20, 19.10 -
20, 23.83 0.56
- 28.82 0.20
- 2941 0.085

Table 21. C,H,. Vertical binding energies and polarization energies of some ion states.

Level Vertical binding energies [eV] E,,
eV
Solid Gas
[84F1] [70T, 80B1, 82M2]
In, 11.04 11.49 045
3o, 16.24 16.7 0.5
20, 18.0 18.7 0.7 -
20, 22.83 235 0.7
- - 26.7 -
- - 27.8 -

11: Ton state cross-sections as a function of photon energies of solid C,H, in comparison with gaseous

Table 20. C,H,. Calculated vertical electron binding energies E, and intensity coefficients S for the outer

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

Orbital Solid Gas Assignment
[83F1] [81L2, 82H2]
hw - E, hw E,
eV eV eV eV
1, 13.5 2.5 133 1.8 ? .
16 5.0 15.3 38 autoioniz.
2n,—1n,
3o 19 28 18 1.3 3o,—30,
20: 16 -2 153 34 20,—1m,
Landolt-Bmstein Freund

New Series 111/232
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CoH,
CZHZ 1z,

haw= 21.2/408eV

dd 0 gas 20, 20y
¢
c

D ) I —~
é) \\“‘sohd hes = 18 &V

[®
P Nos)Ne] e,

v,.h.
Fig. 62. C,H,. Stereoview of the /\.\,

packing of the molecules in the
cubic phase of acetylene [79V]. —

E
Fig. 63. C,H,. The outer valence electron spectra of solid [83F1, 84F2]
and of gas phase C,H, [70T, 80B1].

T
huw lev] C,H, (solid)
212
45
N
|
| 10, 20, 10y 1%,
|
40 .
|
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.t
|
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|
l
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125/ -& B
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20 N
&=
|
15 a,
4
Fig. 64. C,;H,. The electron distri-
10 bution curves of the outer valence
1 1 1 ! electron region of solid C,H; as a
0 5 0 15 0 25 eV 30 functionof photon energy [83F1].
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239 Acetylene (C,H,)

20
rel. @z(solid)

units

Tty

16.24

w
T

20,

[=]
T
o
o

o
w
1

Fig. 65. C,H,. The emission intensities of the outer va-
lence electron states of solid C,H, [83F1] as a function
of photon energy. Arrows indicate photoemission thresh-

olds.

20 ]

Mb
/Q\«Y C;H; (gas)
152

S ‘°\
\\“;\.

5 Ry
000, e >
q \\\\-.\\\.\\'
0
15 20 25 30 35 eV 40

fw ———

Fig. 67. C,H,. Photoionization cross sections for the
A 2%, state of gascous C,H,: (—) dipole length form
[84L], (-—--) dipole velocity form [84L], (circles) normal-
ized to the dipole length cross sections at 24 eV photon
energy [81L2], (—--) Stieltjes moment theory results [82M1].

60 :
* ° Esz(QUS)
50f—oo—2
fw AN
LA

[~

- \
20 ™

10 TS
0
10 15 20 25 30 eV 35

hy —

Fig.66. C,H,. Photoionization cross sections for the
X 211, state of gaseous C,H,: ( ) dipole length form
[84L], (-—--) dipole velocity form [84L}], (circles) normal-
ized to the dipole length cross sections at 24 eV photon
energy [81L2].

75 1
o \ C,H; (gas)
\

50

RN
5 do” ©9° ovahe
y \\\\

\'\4
0
15 20 5 30 3% eV 40
hw
Fig. 68. C,H,. Photoionization cross sections for the

B 2%, state of gaseous C,H;: ( ) dipole length form
[84L], (circles) normalized to the dipole length cross sections
at 28 eV photon energy [81L2], (---) Stieltjes moment
theory results [82M1].
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2.3.10 Ethylene (C,H,) [Ref. p. 271

2:

3:

4:
5:

6:
7:
8:

9:

Isolated molecule
(See also [87L].)
1:

A, :
% ] (1b,,)° (42,° (3b,)° (2b,,)° (4b, )° (2b3,)°

Molecular solid
Orthorhombic ethylene T= —175°C [66W]

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

Atomic positions:

See also Fig. 69.

10:
11:

12:
13:

14:

15:
16:

For Table 23 see next page.
Table 24. C,H,. Vertical binding energies and polarization energies E, [83F1].

2.3.10 Ethylene (C,H,)

Point group: D,,
Bond lengths and bond angles: C-C: 1.33274
C—H: 1.084 A
H-C-H: 115.5°
H-C-C: 122.25°
Ground state electron configuration:

(12)(1b,)* | (22)*(2b,,)* (1b;,)* (33,)% (1bs,)? (1by,)?
C(1s) C(2s), C(2p), H(ls)

empty

Space group: V}2?(Pnnm)
Structure of the solid:

carbon atoms: 4(g) +(u, v, 0; u+1/2, 1/2—v, 1/2) with u=0.11, v=0.06

Outer valence photoelectron spectrum of the molecular solid [83F1] in comparison with the gas phase
[70T]: Fig. 70.

Inner valence photoelectron spectrum of the molecular solid [84M] in comparison with the gas phase
[80B1, 74G1, 75B2]: Fig. 71.

Core photoelectron spectra of the molecular solid in comparison with the gas phase [74G1, 75B2]:

not reported.

Theoretical assignment of the observed ion states [80B1, 78C2]: Table 23.

Polarization energies of some ion states: Table 24.

Ion state cross-sections as a function of photon energies of solid C,H, in comparison with gaseous
C,H,: Figs. 72---75.

Table of resonance structures in the cross-sections: Table 25.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported. :

Electronic excitation spectrum in the valence electron region (Ref. 196 in [83F1]): Fig. 76.

Electronic excitation spectrum in the core electron region:

not reported.

Level Vertical binding energies [eV] E,,
eV
Solid Gas
[84F1] [79B2]
1b,, 10.2 10.51 0.31
1b;, 123 12.85 0.55
3a, 14.1 14.7 0.6
1b,, 16.2 15.87 —033
2b,, 18.6 19.1 0.5
2a 229 23.68 0.8

Léndoll-li()mslcln
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2.3.10 Ethylene (C,H,) 211

R

78C2].

For Fig. 69,
see next page.

Table 23. C,H,. Vertical binding energies E, and intensity coeflicients S in gaseous C,H, obtained from
2 ph-TDA calculations. 2 ph-TDA: 2particle-hole-Tamm-Dancoff-approximation. E,: [80B1], S: [80BI,

Level E, [eV] S
1b,, 10.44 -
1bs, 13.04 -
3a, 14.70 -
1b,, 16.07 -
2b,, 194 -
2a, 23.10 0.36
23.83 0.27
26.95 0.07
28.02 0.08
30.34 0.04
30.88 0.01
33.12 0.01

Orbital Solid Gas Assignment
[83F1] [80G1]
h(l) Ek hw Ek
eV eV eV eV
1b,, (15.0) 4.8) 10.5 0 1b;,—a,, by,
1bs, (15.3) (3.0) 129 0 1b;;—3b,,+4b,,
l bs' = 2 b2u
3a,+1b,, 19.0 37,49 14.7 0 3a,—-2b,,
22.0 7.3 3a,—+3b;,+4b,,
159 0 1b,,—a,, b,
2b,, 28.0 9.4 19.1 0 2b,,—a,
25.0 59 2b,,—2b;,
gas
s hw = 21eV
solid
I | | | \\l\‘
20 ev 1B % 12 10 8

-k

Fig. 70. C,H,. Photoelectron spectra of gaseous [70T] and solid [83F1] C,H, in the outer valence region.

Table 25. C,H,. Energy position of resonance structures in absorption and photoemission cross-sections
in gaseous and solid C,H, [83F1].
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2.3.10 Ethylene (C,H,)

[Ref. p. 273

Fig. 69. C,H,. (a) A projection
down the c axis of solid ethylene.
(b) A packing drawing of solid
C,H, viewed along the c axis
[66W].

|
et goH, (solid)

= 1b

Fig. 72. CyH,. Electron distribution curves of solid C,H,
as a function of the photon energy (hes=11---40 V) [BIF1].

CiHy  solia
frew = 100 eV

to E,,..

—
fas
feo =157V
E!‘.uk:-"._.u: B '_ ¥ 3'33
£ ORI T
-f:-—'*.v*:,.'-.‘v.-_---x'.-." S e b SR

> e T e

0 eV 30 pi 10

&

Fig. 71. C,H,. Photoelectron spectra of gaseous [74G1, 75B2] and solid [84M] C,H, in the valence region. E, relative

3 e¥ 30
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' |
C,H, (solid)
' 10— .
|- CyH¢ [solid)
05 \,\
1y,
he =200V i’ / i ,]
D L - 1 1 o
INERNCH
il b
1 |
1.0 ~ :
l 1181 Eﬂq ;
by s l b, 5
20 2by 650 S e =3
[T [
1 1 | JJ {1 1 L] i L i
35 eV 30 5 20 15 10 5 0 15 20 25 i0 35 eV 40
- Mgy ————
Fig. 73. C,H,. Electron distribution curves [84M] of solid ~ Fig 74. C;H,. Emission intensities of the outer valence

C,H, as a function of photon energy. The binding energies
are obtained by referencing the 1b,, feature to the gas phase
results. S, and S, label satellite features.

100
%

I
CH, (solid) |

o outer valence

ion states of solid C,H, [EIF1], Arrows indicate photo-
emission thresholds.

80 2oy, v 187eV]. ]
20g o 23.2eV
M n
N\S\ » 2696V valence
< 60 s e x ‘
g : |
o \
K- ‘
5 \
£ 5
S0 \
20 /v‘/‘(
'4,2—-@7 / <
S~ x2 Fig. 75. C,H,. Inner valence satellite branching ratios
,/‘/_‘ measured relative to the outer valence level of solid C;H,
0 50 100 150 eV 200 [84M]. The corresponding values for gas phase C;H, [76B]
are also shown (crosses).
hw ——e
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CZHL (solid)

10.19 12233 w13 1527 18.60 0.8

bood b e

— reflection
—— total PES
—-— 1by,
et 1blu
30g +1by,

He) ———

Fig.76. C,H,. Comparison between the optical reflection spectrum and photoemission spectrum (PES) [83F1]. Arrows

indicate photoemission thresholds.

2.3.11 Methane (CH,)

Isolated molecule

(See also [87L])

1: Point group: T,

2: Bond lengths and bond angle: C—H: 1.107A
H—H: 18114

H—C—H: 109.5°

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=139 K). See also Fig. 78

Atomic positions:
not reported.

6: Outer valence photoelectron spectrum of the molecular solid in comparison with the gas phase [84B1]:

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 [78C1]: Table 26.

10: Polarization energies of some ion states: Table 27.
11:
CH,: Figs. 80, 81.

Table of resonance structures in the cross-sections:

not reported.

12:

Ton state cross-sections as a function of photon energies of solid CH, in comparison with gaseous

Freund
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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. CH,. Calculated vertical binding energies E, [78C1].

Level Ey [eV]
It, 14.05
2a, 23.68

Table 27. CH,. Vertical binding energies and polarization energies E,,. See also Table 49.

Level Vertical binding energies [eV] E,, [eV]
Solid Gas
[84B1] [70P] [84B1]
13.6 13.6
1t, 14.1 14.4 143 0.3
15.0 15.0
2a, 22.7 2291 230 0.2
b 3
0 e
hasy _—3 o C3s)
t,)0
oty TR
/L. LU
/7 \\
\ A\
/ / A\
G110k t; / / \ N t C(Zp)zn.z
Hs)' 135 -~ . /‘l\\ (1t,)8 //\\’
T ipecmemt .\ C(2s) ws
ev N ,
\ /

& \
3 \ (202 0y ~”

(10,) 2008 e C{1s ) 08
Atomic Weak Molecular Weak Aio‘_mic
orbitals Tq -field orbitals Tg -field orbitals
H CH, C

Fig. 77. CH,. Molecular orbital diagram after [84B1]. Binding energies of various levels are indicated.
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8
CH,
°F gas
P = 28 eV
s
201
Il M
0 1 1 s ¥ WU GO
gr -
-, Ie=2 solid 1,
7 i o
A s
2
0l J ral R A
0 eV 18 % 10

&

Fig.79. CH,. Photoelectron spectra of gaseous and solid CH, in the
outer valence region [84B1]. Solid curves in the gas spectrum: Gaussian
fit. See also Fig. 170.

Z;. fev CH, (solid)
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I
I \ 2 "
| -
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I

CH, (solid)

1% 20 25 30 B eV 40

Fig. 81. CH,. Emission intensities of the first two outer valence ion states of solid CH, [84B1]. Solid line: fit to the
data.

2.3.12 Carbontetrafluoride (CF,)

Isolated molecule

1: Point group: T,

2: Bond length and bond angles: ~ C—F: 1.31 A
F—C—F: 109.5°

3: Ground state electron configuration: Fig. 82.

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

4: Space group: P2, /a (probably Cc acc. to [85L])
5: Structure of the solid:

unit cell: a=8435A, b=4310A, c=8.369 A, f=119.40°
(a=8.714,b=4.16 A, c=1227 A, =150.7°; T=40 K [85L])

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

6: Outer valence photoelectron spectrum of the molecular solid in comparison with the gas phase [84B1]:
Fig. 83.

7: Inner valence photoelectron spectrum of the molecular solid in comparison with the gas phase [75B1]:
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 [SOM]: 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, in comparison with gaseous
CF,: Figs. 84.--86.

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

Landolt-Bdrnstein
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2.3.12 Carbontetrafluoride (CF,)

[Ref. p. 273

Level E, [eV]
1t, 16.5
4t, 17.51
le 20.60
3t, 24.00
4a, 27.26
2t, 43.87
3a, 44.54

Table 29. CF,. Vertical binding energies and polarization energies E.

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,. Calculated vertical binding energies E, for gaseous CF,. [8SOM].

Level Vertical binding energies [eV] E,,[eV]
Solid Gas
[84B1] [70B] [84B1]

1t, 15.8 16.2 16.2 04

4t, 16.9 174 174 05

le 18.1 18.5 18.5 04

3t, 219 22.1 221 0.2

4a, 247 25.1 25.1 04

Table 30. CF,. Energy positions of features in photoemission cross-sections of gaseous and solid CF, [84B1].

Orbital Solid Gas Assignment
hiea E, ho E,
eV Y eV eV
1t, 170 12
29.0 12.8 27.0 11.2 1t, - 6t,
330 17.2 1t, - t,
4t, 18.5 1.7
25.0 82
330 16.2 4t,—> t,
le 20.0 19
21.7 32 7.3 autoioniz.
24.0 59
29.5 11.0 28.0 9.9 le—6t,
340 159 le— t,
3t; 240 22
34.0 12.2 3t2 _’6tz
4a, 350 103 4a, — 6t,
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2.3.12 Carbontetrafluoride (CF,)

219
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Fig. 82. CF,. Molecular orbital diagram after [84B1]. Binding energies of various levels are indicated.

Landolt-Brnstein
New Series 111/23a

Freund



220 2.3.12 Carbontetrafluoride (CF,) [Ref. p. 273
8
arb. CF 1h
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hw = 28 eV
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Fig. 83. CF,. Photoelectron spectra of gaseous and solid CF, in the outer valence region [84B1].
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Fig. 84. CF,. Electron distribution curves of solid CF as a function of photon energy (Aw=15---40 ¢V) [84B1].
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3
o CF, (solid)
2 -
S
s le
e CF, (solid) 1+ .
units
LI )
D 1 1 1 !
3 4
2 L ¥ ’
3t,
1 2r
0 =gk
-
0 1 1 ! !
3t 03 g
4t
2k : 02} by
1+ . uf
0 2ol 1 1 1 0 1 1 1 1
15 20 25 30 35 =M 15 20 25 30 35 ev 40
,70) — hw
Fig.85. CF,. Emission intensities of the first two outer  Fig. 86. CF,. Emission intensities of the outer valence ion

valence ion states of solid CF, [84B1]. states of solid CF, [84B1].

2.3.13 Carbontetrachloride (CCl,)

Isolated molecule
(See also [76L])

1: Point group: T4

2: Bond length and bond angle: C—Cl: 1.769 A

Cl—C—Cl: 109.5°
3: Ground state electron configuration: Fig. 87.

Molecular solid
Cubic face-centered carbontetrachloride.
(For various high-pressure forms of CCl,, see [85L]; see also [71L2])

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:
9:
10:
11:

Core photoelectron spectra of the molecular solid in comparison with the gas phase:

not reported.

Theoretical assignment of the observed ion states [77P5]: Table 31.

Polarization energies of some ion states: Table 32.

Ton state cross-sections as a function of photon energies of solid CCl, in comparison with gaseous

CCl,: Figs. 89, 90.
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2.3.13 Carbontetrachloride (CCl,)

[Ref. p. 273

12:
13:

14:

15:

16:

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

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase:

not reported.

Electronic excitation spectrum in the valence electron region:

not reported.

Electronic excitation spectrum in the core electron region of the molecular solid in comparison with
the gas phase [68S2, 820]:

not reported.

Level Ey [eV]
2t, 12.8
7t, 13.2
2e 13.7
6t, 16.4
6a, 20.6
5t, 259
Sa, 28.3

Table 32. CCl,. Vertical binding energies and polarization energies E,;.

Table 31. CCl,. Vertical binding energies E, (eV) as calculated via a X,-MS calculation for gaseous CCl,
[77PS].

Level Vertical binding energy [eV] Eoq

Solid Gas

[85F] [81K1, 70P] eV
2t, 10.27 11.69 1.42
7t, 11.27 12.62 1.35
2e 12.22 13.44 1.22
6t, 15.26 16.58 1.32
6a, 18.66 20.00 1.34

Table 33. CCl,. Energy positions of features in photoemission cross-sections of gaseous and solid CCl,
[85F].

Orbital Solid Gas Assignment
hw El . Ek
eV eV eV
2ty 13.0 27 24 2t, —t,
15.5 52 24 2t, —»e
7t, 13.5 22 44 7t, »e
18.0 6.7 6.4 Tt, >ty
2e 14.5 23 2.6 2e -t
230 10.8 8.6 2e oty
6t, 18.0 27 24 6t, —e
(25.0) 9.7 8.4 6t, > t,

_
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2.3.13 Carbontetrachloride (CCl,)

—

Fig. 87. CCl,. Molecular orbital »
diagram after [85F]. The energies have
been taken from [81K 1, 70P, 78H].

For Fig. 88,
see next page.

4
Fig. 89. CCl,. Electron distribution
curves of solid CCl, as a function of
photon energy (hw=11---30 eV)
[85F].

223
———
e
=
R 0y —
- /7
1F h
t2
G2+
U T
“h)‘\ 33 G2
(hoy)" ——Z=~ T
(3,8 ~—h
(2t)° b ces)
Cl1s)? & (30,2 o m
300 L 288 B B (201’2
(1) __h __Cnsy?
Oe\:] fo)? o 2828
300 Atomic Weak Molecular Weak Atomic
orbitals Te-field orbitals Tq -field orbitals
5 CCl, Cl

\\\"‘

U»llll

%5

1
1=

—

5

pury

0

[k-'_’

Landolt-Bdmstein
New Serdes 111/23a

Freund



224 2.3.13 Carbontetrachloride (CCl,) [Ref. p. 273
8
rel. | CCly L 2
; 1
units_ qas
how=21.2eV 61,
AN
2 -
0
-~
6F fw= 25V
AN
2r <
Fig. 88. CCl,. Photoelectron spectra
0 of gaseous [83K1] and solid [85F]
CCl, in the outer valence region. Gas
gl ) phase spectrum is shifted by 1.4 eV (cf.
1R sV 16 1% 12 10 8 Table 32).
-~
15 5
rel. CCl, (solid)
units
12F
9 - i
6k 2, \
3 1 ° > % .02\\\
0 1 1 1 1
12

s
nn o 0
i o
0 1 ] L e \
8 6t,
5.26 .
T ‘l ~ﬂ.\
0 1 ] L 1
3
6o, 18.66 =04 < L
- Fig.90. CCl,. Emission intensities of the outer valence
0 ] ! 1 ! H«\j"‘ ion states of solid CCl, [85F]. Arrows indicate photo-
10 % 18 22 26 ev 30 emission thresholds.
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e

2.3.14 Sulfurhexafluoride (SF)

Isolated molecule
(See also [87L].)

1: Point group: O,

2: Bond length and bond angles:  S—F: 1.56 A
F—S—F: 90°

3: Ground state electron configuration: Fig. 91.

Molecular solid ;
Cubic SF¢

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

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

Atomic positions:
S: (0,0,0), (2/3,1/3, 2),(1/3, 2/3, 2)
F: +(x, X, 2), +(x,2x,2), +(2%, X,2) 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 [74G2]:
not reported.

9: Theoretical assignment of the observed ion states [75N, 79N1]: Table 34.

10: Polarization energies of some ion states: Table 35.

11: Ion state cross-sections as a function of photon energies of solid SF¢ in comparison with gaseous SF:
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 [72B1]: 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. SF4. Calculated vertical binding energies E, (in eV) for various ion states in gaseous SF¢ [75N,
79N1].

Level E,[eV]
[79N1] [75N]
1t,, 16.22 16.10
5t,, 17.43 17.38
1t,, 17.52 17.39
3e, 18.44 18.61
1ty 20.32 20.20
at,, 23.02 2299
Sa,, 2741 27.31
Landolt-Bérnstein Freund
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2.3.14 Sulfurhexafluoride (SFy)

[Ref. p. 273

Table 35. SF,. Vertical binding energies and polarization energies E,,.

Level Vertical binding energies [eV] E ., [eV]
Solid Gas
[85F] [76K]
1t,, 15.08 15.67 0.59
Sty +1ty, 16.40 16.93 0.53
3e, 17.82 183 0.48
18.66 0.84
1t,, 19.15 19.76 0.61
4t,, 21.91 22.7 0.79
Sa;, 26.16 270 0.84

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

Orbital Solid Gas Assignment
(85F] [78G1] [82D]
hw Ek hw Ek hw El
eV eV eV eV eV eV
It,, 17.0 1.9 - - 17.0 1.3 1t,,—6t,,
20.0 49 - - 20.0 4.3
23.0 79 230 73 240 83
270 11.9 - - - -
29.0 13.9 29.0 133 - -
Sty +1ty, 20.0 3.6 18.5 1.6 18.0 1.1
23.0 6.6 225 5.6 23.0 6.1 Sty,—2t,,
29.0 12.6 (29.0 12.1) - - 1t,, -2t
3e, 20.0 22 20.0 1.5 19.0 0.5 3e,—6t,,
225 4.7 230 45 23.5 50
26.5 8.7 - - - -
1ty 225 34 225 2.7 230 32 1t,,—6t,,
270 79 - - - -
4t,, 235 1.6 23.0 03 240 1.3
28.0 6.1 280 53 28.0 5.3 4t,, - 2t,,
C
For Fig. 91, .
see next page. SFG (solid)

Fig.92. SFs. Packing model of low-temperature structure of solid SF¢. The F-atoms are hatched [82R2].
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2.3.14 Sulfurhexafluoride (SF)
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Fig 91. SFs. Molecular orbital diagram after [85F). The energies have been taken from [81K 1, 72D2, 72S1].
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2.3.14 Sulfurhexafluoride (SF,)

[Ref. p. 273

ol SFs
Uf;"-s_ e = 40.8 eV
Lk
il o, by
0 A AN
-8
6F hw=t0ev solid
L
2_

0
30 eV

&

Fig. 93. SF,. Photoelectron spectra of gaseous [83K2] and solid [85F] SF; in the outer valence region.
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Fig. 94. SF,. Electron distribution curves of solid SF as a function of photon energy (hw=16---40 V) [85F].
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B

12
rel.| SFg (solid)

units
81 3eg

°
17.82

1 :

0 ! ] L 1

50y

15 20 25 0 3B

hw ——

photoemission thresholds.

eV

40

Fig. 95. SF¢. Emission intensities of the outer valence 3e,,
1t,,, and 4t,, ion states of solid SF¢ [85F). Arrows indicate

8
rel. f115.08 0 .
unEIsL S NN SFs (solid)
L+ o2
Tty JC
0 ! . . .
2
+St,,
- 1
15 20 5 0 B & W

hw

Fig. 96. SF¢. Emission intensities of the outer valence 1t,,
and combined 1t,,+ 5t,, ion states of solid SF¢ [85F]. Ar-
rows indicate photoemission thresholds.

SFg (solid)

—— reflection
——— total PES
- ]'Zu' St‘\u

—-— Jgy

intensities [85F].

P
1 1 X ]
12 16 20 % eV I8

Fig. 97. SFe. Optical reflection spectrum of the solid SF¢ [72B1] in comparison with total and partial photoemission
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2.3.15 Sulfur (Sg)
(Data on physical properties of sulfur are also given in [83L])

Isolated molecule
1: Point group: Dy
2: Bond length and bond angle: S—S: 2048 A
S—S—S: 108.2° [83L]
3: Ground state electron configuration:
80 electrons | (a,)? (e,)* (e,)* (e3)* (by)?
8 Ne-cores S(3s)

A,:
(e3)* (@)? (e2)* (b1)? (€1)* (b2)* (e1)* (e2)* (1) (e3)*
S@3p)

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

4: Space group: VZ* (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:
+(x, y,2;x, 1/4—y, 1/4—2z;1/4—x, y, 1/4—2; 1/4—x, 1/4—y, 2)

F.C.

Atom x y z

S(1) 0.8554 0.9526 09516
S(2) 0.7844 0.0301 0.0763
S(3) 0.7069 0.9795 0.0040
S@4) 0.7862 0.9073 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
[73B]: Fig. 99.
Inner valence photoelectron spectrum of the molecular solid [77S2]: Fig. 100.
Core photoelectron spectra of the molecular solid in [75S]: Fig. 101.
Theoretical assignment of the observed ion states [75S, 77S2], see also [77G]: Table 37.
0: Polarization energies of some ion states:
not reported.
11: Ton state cross-sections as a function of photon energies of solid Sg in comparison with gaseous Sg:
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.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with
the gas phase:
not reported.
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2.3.15 Sulfur (Sg)
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nonbonding; b, bonding orbitals) [77S2].

Symmetry E [eV]

Unoccupied e, 0.82 (a)
b, 0.78 (a)
e, 0.50 (a)
b, 0.17 (a)
e, 0.19 (a)

Occupied e 9.11 (n)
a, 9.38 (n)
e, 9.63 (n)
e, 10.13 (n)
b, 11.65 (b)
e, 12.35 (b)
b, 12.46 (b)
e 12.58 (b)
€; 14.16 (b)
a, 14.34 (b)
b, 16.73 (b)
€, 17.52 (b)
e, 21.53 (b)
e 25.85(b)
a, 28.27 (b)

Table 37. Sg. Orbital energies in the occupied and unoccupied valence region of Sg (a, antibonding; n,

Fig. 98. Sg. A packing drawing of the portion of the structure of rhombic sulfur as viewed along its a axis. The nature
of the Sg molecules is apparent in this drawing [65W].
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Sg lee-S, solid )
Sg = o
XPS (cz-§,s0lid) . "
° ‘.'
:a.": &S . . o l ;
4 J :
UPS (gos) . :
(738] 01 @
1 1 ! |
1% eV 12 10 35 eV 30 25
Fig.99. Sg. Photoelectron spectra of gaseous [73B] and  Fig. 100. Sg. High resolution XPS valence-clectron pho-

solid [77S2] S, 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 Sg-molecule.
E, w.r. to Eg.

Sg(Zp) - .".'...

s,

T R N g .
e
<N e

1 1 !
166 eV 164 162 160

-~

Fig. 101. Sg. The XPS spectrum of the S(2p) core level.
The binding energy of the S(2p,;) 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(2p3,)
splitting is 1.154+0.05eV. The energy referenced to the
Au(4f;,;) line 83.8 eV [75S].

toemission spectra of sulfur in the inner valence region. The
3s-electron derived ring-quantized molecular orbitals are in-
dicated in the figure as are their D, 4 symmetry labels. The
shape of the circles represents amplitude and sign of the
wave function [77S2]. E, w.r. to Eg.

Sg (x-S, solid) 4

I optical transitions
| CNDO/S(CI) predictions

CNDO/S one -electron

[
B, By & By lf/bund gap
1 1 | 1 1
0 3 6 9 12 15 ev 18
ho
Fig. 102. Sg. Comparison of the imaginary part of the

optical dielectric function for orthorhombic sulfur with cal-
culated dipole allowed transitions [75E]. Two polarizations
E of light.
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A

3:

See

4:
S:

2.3.16 Benzene (C4Hy)

(Data on physical properties of benzene may also be found in [85K 1])

Isolated molecule
(See also [87L] and [76L))

Point group: Dy,
Bond length and bond angles: C—C: 1.398 A
C—H: 1.077 A
H—C—C: 120°

Ground state electron configuration:

(1a,)? (1ey,) (1e,)* (1by,)?
C(1s)

(22, (2¢,,)* (2¢5,)* (32,,)* (2b,,)

C(2s), C(2p), H(1s)
(1 bzu)z (3elu)‘(l aZu)2 (332;)‘(] ell)‘ (lez‘;)o (1 bz,)o
C(2s), C(2p), H(1s) empty

also Fig. 103.

Molecular solid
Orthorhombic benzene [58C, 71W]

Space group: D33 (Pbca)
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):

x y z
cw) —0.0569 0.1387 —0.0054
cQ) —0.1335 0.0460 0.1264
(olk)) —0.0774 —0.0925 0.1295
H(1) —0.0976 0.2447 —0.0177
H(Q2) —0.2409 0.0794 0.2218
HQ) —0.1371 —0.1631 0.2312

See also Fig. 104.

6: Outer valence photoelectron spectra of the molecular solid [79G] in comparison with the gas phase
[70T]: Fig.105.

7: Inner valence photoelectron spectra of the molecular solid [77R] in comparison with the gas phase
[74G1]: Fig. 106.

8: Core photoelectron spectra of the molecular solid [81R, 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.

11: 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 [81K2] in comparison with the gas phase:
[79M]: Fig. 110.

Landolt-Bomstein Freund
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234 2.3.16 Benzene (C4Hg) [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. C¢H,. Calculated vertical binding energies E, of gaseous benzene [76N]. For different assignment
of levels, see [76N].

Level E, [eV]
le,, (IT) 9.1
2e,, 11.95
la,, (IT) 12.26
2e,, 14.46
1b,, 14.83
Ib,, 15.75
2a,, 17.48
le,, 20.01

Table 39. C¢Hg. Vertical binding energies of gaseous and solid benzene and polarization energies.

State Vertical binding energies [eV] E,, [eV]
XPS (gas) XPS (solid) UPS (gas) UPS (solid)
[78L] [77R] [70T] [79G]
le,, 9.5 7.9 9.3 8.0 1.6
3e,, 120 10.5 11.8 119 1.5
la,, 12.5
3e,. 140 (12.3) 140 13.1 (1.7)
1b,, 15.2 14.0 149 (1.2)
2b,, 15.5 14.0 L5
3a,, 17.0 15.5 LS
2e,, 19.0 17.7 19.2 17.7 LS
2e,, 22.7 21.2 226 LS
2a,, 25.7 245 258 1.2
C(ls) 290.42 288.1 23
su*) 296.32 294.0 23
su 297.42 295.4 ' 20
su 298.72 296.7 : 20
su 301.12 299.2 1.9
su 301.9
su 303.7
su 3074
su 3134

*) su: shake up satellites.

]
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CBHE (solid)

C CsHs H

q——-[b

Fig. 103. C¢H¢. Molecular orbitals of benzene in the va-  Fig. 104. C4H,. Packing drawing of a projection along
lence electron region. c in solid benzene [S8C].
CeHs 1by, 38y,
solid
£
4

gas
Fig. 105. C¢Hg. Outer valence b
photoelectron spectrum of solid [79G]
benzene (Hel) in comparison with the h 1 | L | 1 1 I 1
gas phase (Hel) [70T]. 20 eV 18 - 16 1% 12 10 8 6 4 2 0
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2.3.16 Benzene (CgHg)
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1

1

]
35 e 30 25

20

-

15 10 5

Fig. 106. CgHg. Cc;mplete valence electron spectrum
taken with Aw=1475 eV in the solid [77R] and in the gas
phase of benzene [74G2].

CeHg

C(1s)

gas

solid

300 ev 295

1
290

<————£b

Fig. 108. C¢Hg. Core photoelectron spectra of solid [81R,
84R2] and gaseous [78L] benzene. su: shake up satellites.
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Fig. 107. C4Hs. Complete ESCA spectrum of solid benzene [84R2].
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2.3.16 Benzene (CgHe)
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CsHg

—_— Eb Thp

Fig. 109. Cg¢He. Auger spectra of solid and gaseous ben-
zene [84R2]. E2®P: two-hole binding energy. IP: ionization
potential. EAES: electron excited AES; XAES: X-ray ex-
cited AES. E,=0 at E,,. for gaseous Ce¢He, Ev=0 at Eg

(Au) for solid C¢Hs.

6
He*
gas
W O
gas
EAES
I C{KVV) 2:1p
-
1 i 1 | ll
100 eV 80 60 40 20
4———5h
solid 5
XAES
CIKVV)
Hel
gas
1 L ] 1 1 1 i 1
80 ev 60 40 20 0 1B eV 14 12 10 8

N N

Fig. 110. CgHg. The first three valence states of the Pen-
ning ionization spectrum of solid [81K2] and gaseous
[79M] benzene in comparison with the corresponding He I
spectra. E,: binding energy (=ionization potential).
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2.3.17 Pyridine (NC,Hy)
Isolated molecule
(See also [87L])

1: Point group: C,,
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: Pna2,

S: Structure of the solid:

unit cell: a=17.524 A, b=8969 A, c=11.352A
Atomic positions: [8§1M]: Fig. 113.

6: Outer valence photoelectron spectrum of the molecular solid [84E1] in comparison with the gas phase
[82R1]: Fig.114.
Inner valence photoelectron spectra of the molecular solid [84E1]: see Fig. 114.
Core photoelectron spectra of the molecular solid [81E] gas phase, [80B2]: Fig. 115.
9: Theoretical assignment of the observed ion states: Table 40.
10: Polarization energies of some ion states: see Table 40.
11: Ion state cross-sections as a function of photon energies of solid pyridine [84E1]: 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. NC,H;. Assignment of valence ion states of gaseous and solid pyridine on the basis of many-body-
ab-initio calculations [79N1]. Energy values in eV.

Assignment Experiment MO calculation
Gas Solid E,., [79N1]
[82R1] [84F1]
E, E, E,
7a,(n) 9.66 9.59
1a,(n) 9.85 } 96 A 9.57
2b, (m) 10.51 10.24
5b, 12.45 } 12.87
1b,(n) 132 1343
6a, 13.8 } B 14.18
4b, 145 15.11
5a, 16.32
3b, } e : 153 0.54 16.31 and 16.05
4a, 17.1 16.8 | 03 17.94 and 18.40
3a, } 21.32 and 21.16
2b, 194 C 21.29
1b, } 26.1 and 26.2%)
2a, B3 D 27.50)
la, 278 E 32.3%)

*) Values are taken from a figure in [79N1].

‘/
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NC5H5(QGS) NCSHS (SO[ld)
LH j‘/&
Fig. 111. NCsH;. Schematic structure of gaseous pyridine

with bond lengths and bond angles as determined by micro-
wave spectra [S8B].

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)y-C(5): 118°20
N-C(2)-H(2): 115°53°
C4)-C(3yr-H(3): 121°18".

Fig. 113. NC4H;.
to basis [81M].

Crystal structure of solid pyridine down

1 1
36 ev 3 32 30 28 26 24

Fig. 112. NCsHs.

N[:SHS (gos) 231 sz 3b2 4b, 5b1 701(n) 102(1)
1o, %,/ sy |50, |60y | oyt | 2/
{goc]
[79N1]
[73A]
[68P]
104 20, b, 30\ Loy 5t 4by [1by(x)| 7ay(n) | 10;(%)
2b, b, 60, Sb, zb,(x)
1 i 1 1 1 1 1 1 1 1
12 10 8

‘-———-ED

Molecular orbital diagrams of pyridine according to various calculations [80C, 79N1, 73A, 68P].

22 20 8 16 |3
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[84F1].

L 1 1
20 15 10 0
1 ' 1 1 4
0 eV 5 20 15 10
ek Evac=0

Fig. 114. NCsHs. Comparison of the valence photoelectron spectrum of solid pyridine (hw=170 eV) with the gas phase
spectrum (hw =21.21 eV) [84F1, 82R1].

NCsHs (solid )

406 eV

1
402

<—-——-Eh

398

394

Fig. 115. NCsHs. N(1s) X-ray photoelectron spectrum of solid pyridine (hw =1253.4 eV) [81E].

NE5H5 (SOlld)

hw =170 e¥

L hew = 140 eV
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| 1
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1
30 eV
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J
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Fig. 116. NCsH;. Angle integrated photoelectron spectra of solid pyridine at 120 K for photon energies 70, 140, 170 eV

‘_’/

Freund

Landolit- Bornsies
New Series 111/23#




Ref. p. 273] 2.3.18 Naphthalene (C,,Hg) 241

e

2.3.18 Naphthalene (C,,Hj)
(For further data on naphthalene, see also [85K1])

Isolated molecule

1: Point group: D,,

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

Molecular solid
Monoclinic naphthalene [49S, 71W, 85K 1]

4: Space group: C3,(P2,/a)
§: Structure of the solid:

unit cell: a=8.2606 A, b=59872 A, c=8.6816 A, B=122.67° (T=296 K) [85K 1]

Atomic positions:

Atom x y z

C(A) 0.0856 0.0186 0.3251
C(B) 0.1148 0.1588 0.2200
C@©) 0.0472 0.1025 0.0351
C(D) 0.0749 0.02471 —0.0784
C(E) 0.0116 0.1869 —0.2541

See also Fig. 119.

6: Outer valence photoelectron spectra of the molecular solid [79G] in comparison with the gas phase
[74B, 72B2]: 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 [78A1] 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.
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242 2.3.18 Naphthalene (C, H,) [Ref. p. 273

Table 41. C,oHg. Theoretical assignment of some ion states of gaseous naphthalene [82Vv].

Level E,[eV]
a, (m) 8.56
b, (%) 9.26
b;, (1) 11.05
by, () 12.61
by, 12.80
a, 13.30
bs, 14.89
by, (m) 15.64
by, 15.94
b,y 16.17
1e 16.95

CigHg

Fi 11846’ | 119°43° 11956

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

Fig. 118. C,oHg. n-electron orbitals of naphthalene. The
a-orbitals have been omitted [84R1].

Fig. 119. C,,H,. Packing drawing of the unit cell of solid
naphthalene [71W, 49S].

I
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—

solid
£
1 |
gos
1 | 1 A1 1 | 1
0 ev 18 i 14 12 10 8 [} 4 2 0
-—F = e

Fig. 120. C,oHg. Outer valence photoelectron spectrum of solid naphthalene (HeI) [79G] in comparison with the gas
phase (HeI) [72B2].

[:mHg (solid)

- ~ § 25
—_—  ~
- 1 1 1 =~
30 eV 20 10 0 30 eV 20 10 0
ED ‘_——Er

Fig. 121. C;oHs. Complete valence clectron spectrum  Fig. 122. CyoHs. Core photoelectron spectra of solid
taken with Aw = 1457 eV in solid naphthalene [77R]. naphthalene [77R]. E,: binding energy relative to C(ls)
mainpeak.
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CioHg

1 ll .I g ! 1 1 1 1A 1 n 1

B, By, 'A By 'Ag 'Byg 'Ag'A;  'B,'8,'8, B,
1 1 1
82u B!u Blu

1BZu ]BZUWBZu

1 | L 1
S 77 4 P TP T
I | (

-Lﬂy
Blu
1Blu ‘W

UV [72K2]
UV [686)
- energy loss —
1 l 1 1 i 1
4 5 6 7 8 g e 10

Ay ——e

Fig. 123. C,oH;. Valence electron excitation spectrum of naphthalene including a theoretical assignment [68G, 72H,
72K2, 78A1].

2.3.19 Anthracene (C,H,,)

(Data on physical properties (also photoemission) are given in great detail in [85K1])

Isolated molecule

1: Point group: D,

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

Molecular solid
Monoclinic solid anthracene [50S], [85K 1]

4: Space group: C3,(P2,/a)
5: Structure of the solid

unit cell: a=8.562 A, b=6.038 A, c=11.184 A; f=124° 42'(T=290K)
a=8443 A, b=6002 A, c=11.123 A; p=125° 36'(T=95 K)

Atomic positions: Table 42 and Fig. 126

6: Outer valence photoelectron spectra of the molecular solid [79G] 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.
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—

not reported.

not reported.

the gas phase:
not reported.

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

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:

15: Electronic excitation spectra in the valence electron region [79G], [71K]: Figs. 133, 134.
16: Electronic excitation spectrum in the core electron region of the molecular solid in comparison with

Table 42. C, H ,. Atomic positions of solid anthracene [84R1].

Atom x y z
C(1)(A) 0.0873(6) 0.0271(10) 0.3656(5)
C(2)(B) 0.1187(6) 0.1578(8) 0.2807(4)
C3)(©) 0.0586(5) 0.0803(7) 0.1382(4)
C4)(D) 0.0879(5) 0.2094(8) 0.0474(4)
C(S)(E) 0.0304(5) 0.1307(7) —0.0899(4)
C(6)(F) 0.0606(6) 0.2594(8) —0.1835(4)
C()(G) 0.0034(6) 0.1806(9) —0.3166(5)
H(1) 0.131(6) 0.108(8) 0.472(4)
H(2) 0.196(6) 0.325(8) 0.317(4)
H(@4) 0.155(6) 0.376(8) 0.085(4)
H(6) 0.121(6) 0.430(8) —0.143(4)
H(7) 0.024(6) 0.324(9) —-0.379(4)

Table 43. C, H,,. Calculated vertical binding energies E, of some ion states of gaseous anthracene [82V].

Level E, [eV]
by, (™) 7.83
by, (1) 9.47
a, (m) 9.93
by, () 11.50
by, (m) 11.62
by, 12.24
a, 13.19
bs, 13.86
b,, (m) 14.19
by 14.74
by, 15.04
a, 15.64
by, (m) 16.14

Fig. 124. C;(H,,. Schematic drawing of the molecular structure. Distances in A [84R1].

Landolt-Bornstein
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BES 559 .
. - Fig. 126. C; H,o. Packing drawing of the unit cell of solid

anthracene [50S]. See also [71W].
— w £O0)
— e L0I3

Fig 125. C,H,,. n-electron orbi-
tals of anthracene. The g-orbitals
have been omitted [84R1].

CieHig

949

gas

1 ! L ] M 1 | 1
20 eV 18 16 1% 12 10 8 b ¢ 2 0
4——-&'h =Em

Fig. 127. C,,H;o. Outer valence photoelectron spectrum of solid anthracene (HeI) [79G] in comparison with the gas
phase (He I) [74B].
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CieHig
o /l gos
B
fiew = 40,8 6V
i
solid

single crystal

<--—--—[b

in the unit cell.

|
e PO l [ »
hw = 026V / I' [
,l/
d 1 i 1 1
- 2% eV 20 16 12 8 4

=Fac

Fig. 128. C,,H,;o. Hel and Hell 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]. M, ,, L, ,: short and long axes of the two crystallographic equivalent molecules
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2.3.19 Anthracene (C,,H,,)

[Ref. p. 273

C.Hyo (s0lid)

Fig. 129. CI‘HIO'

£
Hel 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].

4,(1)=E . E,wr. to E,,.

Cy.Hyg (solid) OO

AN,

anthracene [77R].

Fig 131. C,.H,o.

AN ;;',k\\:‘ﬂ‘ < \‘v‘-.
* - 10 \-‘\. |~.
A\ o
\ r e
-~ .J.'_\ﬂ.,\:‘l" L
:1,"
—_—
i I 1 1 ~—
L0 eV 30 20 10

‘_—Er

Core photoelectron spectra of solid

' 7 // A ¢
- AN 1
/ \ ~ "“~./
- ~ -
| B ;
/ ‘ o
/ [ \\ ..
q0s 4 AN\ 6 =200 i
80°
~
4, (1)= %
~
A4, (2)—= A
A 1 ! L 1 1 i 1
g eV 8 7 6 5 4 30 ev 20 10 0

4—————[0

Fig. 130. C,H,o,. Complete valence electron spectrum
taken with hw=1457 eV in the solid anthracene [77R].

CnHm (solid)

12 eV

Fig. 132. C,,H;o. Photoelectron spectra of solid anthra-
cene at different photon energies [82K]. E,=0at E,,. Verti-

cal line: photoemission threshold.
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_—
50 L L T T ]
CiHyo v Cy, Hig(solid) 15
A '1[]
- = \\ - . :\/’/ (molcm)”
COGI. A |1
2 A S —
‘ J ] [\ ,U\ I
| 1 N A L
0 Kj\‘\)\ — 0
30 35 40 45 50 55 60eV6S
145 he) ——

Fig. 133. C,(H;0. Unpolarized absorption and quantum
yield of crystalline anthracene in the valence electron region

[79G].
1
" N
rS - \‘\ S
~ ~ TN =
A e N s
o | T N AN ;]
Y N, |2
oJv N E
€
- 5
£
5
=
£
& <
Jo Fig. 134. C,,H;,. Electron energy loss spectra of 30 eV
] ; L ) y 1 electrons in anthracene vapour (top) and solid (bottom)
0 5 10 15 20 25 ev 30 [71K].

2.3.20 Naphthacene or tetracene (C,gH,,)
(For data on physical properties, see also [85K1])

Isolated molecule

1: Point group: D,,

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!(P1)

S: Structure of the solid:

unit cell: a=7.90A,b=6.03 A, c=13.53 A
«=100.3%, f=113.2°, y=86.3°(RT)

Atomic positions: Table 44 and Fig. 137.

6: Outer valence photoelectron spectra of the molecular solid [79G, 8182] in comparison with the gas

phase [74B]: Fig. 138.
7: Inner valence photoelectron spectra of the molecular solid [77R, 75U]J: Figs. 139, 140.
8: Core photoelectron spectra of the molecular solid [77R]: Fig. 141.
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2.3.20 Napthacene or tetracene (C,gH,,) [Ref. p. 273

10:
11:
12:

13:
14:

15:
16:

Table 44. C,gH,,. (Tetracene). Atomic positions and deviations (4) from the mean planes of the molecules

[61S, 7TIW].
Atom x y z 4[A]
C(1) 0.1194 0.0331 0.3890 —0.002
C(2) 0.1494 0.1564 0.3219 +0.011
C(3) 0.0811 0.0724 0.2040 —-0.017
C4) 0.1094 0.1899 0.1360 +0.002
C(5) 0.0467 0.1089 0.0211 —0.002
C(6) —0.0691 —0.2228 0.0516 +0.006
C() —0.0035 —0.1405 0.1637 +0.032
C(8) —0.0378 —0.2646 0.2355 -0.019
C(9) 0.0267 —0.1832 0.3483 —0.001
C(1") 0.5428 0.5680 0.3787 +0.036
C(2) 0.4799 0.6861 0.2930 —0.011
C(3) 0.4997 0.5864 0.1947 —0.008
C@) 0.4425 0.7007 0.1048 —0.022
C(5) 0.4638 0.6140 0.0052 +0.025
C(6) 0.5948 0.2758 0.0832 +0.010
C((™) 0.5758 0.3649 0.1811 —0.012
C(8) 0.6306 0.2568 0.2685 +0.002
C(©9) 0.6148 0.3374 0.3645 —-0.017

Table 45. C,3H, ,. Theoretical assignment of some ion states in gaseous tetracene [82V].

Theoretical assignment of the observed ion state [82V]: Table 4S.

Polarization energies of some ion states [73S]: Table 46.

Ion state cross-sections as a function of photon energies of solid tetracene [73S]: Fig. 142,

Table of resonance structures in the cross-sections:

not reported.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

Penning ionization electron spectrum of the molecular solid in comparison with the gas phase: Fig. 143.
Electronic excitation spectra in the valence electron region [75U]: Fig. 144.

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

not reported.

o(x)=0(y)=0(2)=0.020 A (mean value).

Level E, [eV]

a, (m) 7.39
by, () 9.12
by, (1) 9.38
a, (n) 10.66
by, () 11.00
bs, (%) 11.71
by 11.93
a, 13.07
b, . (m) 13.13
b, 13.46
bs. 13.79
a, 14.43
bs, 14.57

e
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Table 46. C,gH ,. Vertical binding energies and polarization energies of some ion states of tetracene.

structure of tetracene. Distances in

CigHyz

Fig. 135. C,gH;,. Schematic drawing of the molecular
Anmwi.

Fig. 137. C,gH,,. Packing drawing of the unit cell of solid
tetracene along [010]. Fractional b coordinates of the car-
bon atoms are indicated ( x 100) [71W].

Vertical binding energies [eV] E,, [eV]
Solid Gas
[738] [(73H2] [722] [72C2]

59 5.83 5.76 7.01 1.1

73 7.28 7.15 841 1.1

8.29 8.25 9.56

8.7 8.70 8.60 9.7 1.0

9.2 9.40 9.50 10.25 1.1
10.0 11.1 1.1
10.9 10.7 120 1.1
12.3 11.9 134 1.1
13.2 14.1 0.9
144 15.7 1.3
15.3
16.2

CigH

— m, OO

— . COO0Y

— m COCD)

— my CICLT
— » GO0

Fig. 136. C,gH,,. n-electron
orbitals of tetracene. The o-or-
bitals have been omitted
[84R1].

N
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2.3.20 Napthacene or tetracene (C,gH,,)

[Ref. p. 273

: S I
LygHiz
= = e
x,,l = solid
gas
1 1 | 1 1 i i
20 v 18 16 % 12 10 8 6 A 2 0
<-—-£h

Fig. 138. C,gH;,. Outer valence photoelectron spectrum of solid tetracene (HeI) [79G] in comparison

phase (He I) [74B].
C1gHyz (solid)
999¢
arb.
1 units
~
0 1 1 i 1
20 25 30 eV 35

Fig. 140. C,gH,,. Photoelectron spectrum of tetracene polycrystal excited with He II radiation [75U].

with the gas

Ey
Fig 139. C,gH;,. Complete valence electron spectrum of
tetracene taken with hw =1457 eV in the solid [77R].

tracene [77R]. hw =1457 eV.

C13H12 (solid)
~ OGO | EET |
B «10 £
..‘ :. . ~-_\. ‘r_v-'. A
~ -‘,-f..,e:“ .:,‘_.:\‘J;a: : ;
o n'.ln
's\‘ ‘
~, T MR S ./
L Ry~ ) I 1 L~
30 eV 20 10 0 0 eV 20 10 0
Y EI'
Fig. 141. C,gH,,. Core photoelectron spectra of solid te-

I
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2.3.20 Napthacene or tetracene (C,gH,,)

253

—

CigHy, (solid)

4
Fig. 142. C,gH,,. The energy distri- :
bution curves for solid tetracene taken A
with different photon energies. 4:
21.22 eV, B: 16.67 eV and 16.85¢V, C:
11.62 eV and 11.83 eV, D: 10.33 eV 1 ] ! | | 1 ! 1 |
[73S]. 23 eV 2 19 17 15 13 1 9 7 5 3
C13 H12 (solid) .
¥ C1gHy, (solid) £ = T0eV
5L
10
counts
= S
x10
1 1 1 1 I
6 8 0 ev 122
[k — -
Fig. 143. C,gH,,. Penning ionization spectra of tetracene
excited by Ne* [85H].
0 L 1 1 k
£, =50ev
sk
10
counts
S
x5
\ \/\/\M
B
Fig. 144. CygH,,. Electron energy loss spectra of solid. w L
tetracene in the valence electron region measured with 50 eV 0 i | 1
and 70 eV primary energy (E,;) [75U]. 5 e 10 5 0
-——AF
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2.3.21 Glycine (HOOC—-CH,—NH,) [Ref. p. 273

1:
2:

4:
S:

4.
S:

4:
5:

Isolated molecule

Ground state configuration: Fig. 146

Molecular solid
a) Monoclinic a-glycine [72S2, 66W]

unit cell: a=5.1054 &, b=11.9688 A, c=5.4645 A, B=111.697°(T=298 K)
Atomic positions: Table 47 and Fig. 147.
b) Monoclinic B-glycine [60S2, 66W]

unit cell: a=5077 A, b=6.268 A, c=5.380 A, B=113° 12’
Atomic positions: Table 48 and Figs. 148, 149.
c) trigonal I'-glycine [66W]

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

Atomic positions:

See also Fig. 150.

: Polarization energies of some ion states:

: Ton state cross-sections as a function of photon energies of solid glycine:

12:

13:
14:

2.3.21 Glycine (HOOC—-CH,—NH,)

Point group: C,
Bond lengths and bond angles: Fig. 145

Space group: C3,(P2,/n)
Structure of the solid:

Space group: C2(P2,)
Structure of the solid:

Space group: C3(P3,)
Structure of the solid:

Atom X y z
N 0.3522 —0.0440 -0.2619
o(1) 0.3772 0.0270 0.2420
0(Q) —0.0896 0.0773 0.0970
C(1) 0.1378 0.0532 0.0633
C(2) 0.1145 0.0719 —0.2265
H(N, 1) 0.540 0.012 —0.135
H(N, 2) 0.340 —0.031 -0.449
H(N, 3) 0.337 -0.203 -0216
H(C, 1) 0.125 0.241 -0.274
H(C, 2) —0.091 0.008 —0.362

Outer valence photoelectron spectra of the molecular solid [82B2] in comparison with the gas phase
[74D]: Fig. 151.

Inner valence photoelectron spectra of the molecular solid [84S1]: Fig. 152.

Core photoelectron spectra of the molecular solid [84S1, 76C]: Fig. 153.

Theoretical assignment of the observed ion state: (see Fig. 146 and Fig. 151).

not reported.

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

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

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

]
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not reported.

the gas phase:
not reported.

15: Electronic excitation spectra in the valence electron region:

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

Table 47. Atomic positions in z-glycine [725, 66W].

Atom x ¥ z Atom X ¥ z
c(1) 0.07542 0.12478 0.06603 H{1}{N) 0286 0.100 0.570
C(2) 0.06536 0.14499 0.78711 H{2)(N) 0.457 0.119 0837
N 0.30135 0.08980 0.74113 H{3}{N) 0.293 0.020 0.763
Of1) 0.30583 0.09427 0.23553 H{4)(C) 0.080 0.220 0.771
0(2) 0.85224 0.14154 0.10711 H{S){C) 0.898 o118 0.671

Table 48. Atomic positions in B-glycine [6052, 66W].

HUOE _EHZ - NHZ
(Glycine)

Fig. 145. Glycine
(HOOC—CH,—NH;). Schematic
drawing of the molecular structure of
glycine. Distances in A [66W].

Atom X ¥ z Atom X ¥ z
N 0.3522 —0.0440 —0.2619 Hi{1)(NHz) 0.540 0.012 ~0.135
(1) 0.3772 0.0270 0.2420 H{2}(NHJ) 0340 —0.031 —0.449
0(2) -0.0896 0.0773 0.0970 H{3}{(NH3) 0.337 —0.203 —0216
) 0.1378 0.0532 0.0633 H{1}{CH,) 0.125 0.241 0.274
C{2) 0.1145 0.0719 0.2265 | H(ZW{CH,) —0.091 0.008 —0.362
8- Glycine
of- i
ldo & A/ A
b~ ~ \ - o
M W

7
s g /v\\ -
\\\\ N v/ //‘ \\\\\/ ‘Elatog
i TR K b
16 ~ Vs -
NG f‘\ \\ e
d \l \ ):_-:__
~ // ﬁ\ /y\ _______
18} S—r X
eV Iwitterion Free neutral
0t (solid state) molecule
(undissociated)
Iwitterion

Fig. 146. Glycine. Orbital energy diagram [82B].
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Fig. 148. Glycine. (a) The monoclinic structure of the B- »
glycine modification projected along its b axis. Fractional
coordinates of the atoms are indicated ( x 100). (b) A packing
drawing of the monoclinic B-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].

oc— Glycine

sk

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 CH,; those that are some-
what smaller are NH,. 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], [7252].

p-Glycine

Fig. 150. Glycine. Two packing
drawings of the hexagonal I'-modifica-
tion of glycine along two different pro-
jection directions. Fractional coordi-
nates of the atoms are indicated

(x 100) [66W], [72S2].

For Fig. 149, see next page.
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Ref. p. 273] 2.321 Glycine (HOOC—CH,—~NH,)
3-Glycine X .
[ 5 | Glycine (solid)

4 I/
\ ) a
I\ ez
b
asinfB
Fig. 149. Glycine. Intermolecular contacts in B-glycine.
Distances in A [60S1].
Glycine =
TEE
gas, 7 =130°C I %
(740] ‘
CNDO/S
(undissociated)
FWHM = 0.25¢V

solid, 7=-50°C
[8282)

CNDO/S (zwitterion

solid stote)
FWHM =10eV
LT |
| 1 A
25 eV 20 5 10 5

LN
Fig. 151. Glycine. Outer valence photoelectron spectrum

phase (He I) [74D] and calculated results (CNDO/S method)
for the isolated molecule and a model for the solid state.
E,: binding energy of solid phase spectrum, relative to E,,..

of solid glycine (HeI) [82B2] in comparison with the gas -

20 10

30 eV

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

Glycine (solid)
x 173
t 0(1s)
il 1 1 { 1
540 & 538 536 534 532 530 528
N(1s)
| 1 1 1 1
408 eV 406 404 402 400 398 396
-—F
293 v 291 289 287 285 283 281

Ea—T
Fig. 153. Glycine. Core photoelectron spectra of solid gly-
cine [76C]. :
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258 2.3.22 p-Oligophenyls (C¢Hs—(CeHy)a—CeHs; n=0, 1,2(3,4)) [Ref. p. 273
2.3.22 p-Oligophenyls (C¢Hs — (C¢H,), — C¢Hg; n=0, 1, 2(3, 4))
(For physical properties see also [85K1])
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 (C¢Hs), [85L, 71L2, 71W]
4: Space group: C3,(P2,/a)
5: Structure of the solid:
unit cell: a=8.12 A, b=5.63 A, c=9.51 A; f=95.1°(RT)
Atomic positions:
Atom x y F4
C(1) 0.0355 —0.0042 0.0759
C(2) —0.0093 0.1694 0.1707
C@3) 0.0592 0.1636 0.3130
C@4) 0.1665 —0.0161 0.3569
C(5) 0.2119 —0.1825 0.2666
C(6) 0.1420 —0.1792 0.1241
See also Fig. 157.
b) monoclinic terphenyl C¢Hs—C¢H,—CgH [70S], [85K1]
4: Space group: C3,(P2,/a)
5: Structure of the solid:
unit cell: a=8.119 A, b=5615 A, c=13.618 A; f=92.07°(RT) [85K1].
Atomic positions:
Atom X y z
c() 0.059 0.182 0.064
C(2) —0.046 0.000 0.100
C(3) —0.105 —0.182 0.036
C@) —0.094 0.000 0.204
C(5 —0.036 0.182 0.268
C(6) —0.082 0.182 0.368
C( —0.187 0.000 0.402
C(8) —0.246 —0.182 0.339
(of()] —0.200 —0.182 0.239
See also Fig. 158.
¢) monoclinic quaterphenyl CgHs—(CgH,),—C¢Hs [71L2]
4: Space group: C3,(P2,/a)
5: Structure of the solid:
unit cell: a=805A, b=555A, c=17.81 A; p=95°(RT) [71L2]
e
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——
Atomic positions:

Atom x y z

C(1) —0.018 0.000 0.040
CQ) 0.043 0.186 0.089
C(Q3) 0.009 0.186 0.165
C@) —0.087 0.000 0.192
C(5) —0.149 —0.186 0.144
C(6) —0.115 —0.186 0.067
C®) —0.123 0.000 0.272
C(8) —0.061 0.186 0.321
C©) —0.096 . 0.186 0.398
C(10) —0.192 0.000 0.425
c(11) —0.254 —0.186 0.376
C(12) —0.220 —0.186 0.300

See also Fig. 159.

6: Outer valence photoelectron spectra of the molecular solids [81R] in comparison with the gas phase

[84S2]: Figs. 160---163.

Inner valence photoelectron spectra of the molecular solids: see Figs. 160, 161.

Core photoelectron spectra of the molecular solids [81R]: Figs. 164(a, b).

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 [7SH2]: 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: [82H1]: Fig. 167.

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

O 00

Biphenyl

Fig. 154. Biphenyl. Bond lengths and bond angles in the isolated biphenyl molecule [71W]. Distances in A.

Terphenyl

Fig. 155. Terphenyl. Bond lengths and bond angles in the isolated terphenyl molecule [71W]. Distances in A.

Landolt-BSrnstein

New Series [11/23a Freund



260 2.3.22 p-Oligophenyls (CeH;s —(CeHy)a—CsHs; n=0, 1,2(3,4)) [Ref. p. 273

8
O, Bipheny! Terphenyl Quaterphenyl
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i 10205 ‘\
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n-orbitals are shown.

Fig. 157. Biphenyl. The mon

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

Biphenyl g

atoms are indicated ( x 100) [7IW].

oclinic structure of biphenyl projected along its b axis. Fractional coordinates of the C

B
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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-Oligophcnyls (C6HS _(C6H4)n - C6H5 , =0, l, 2(3, 4))

[Ref. p. 273

@ : QO{}:@ [|;|-:|-s.1

16

g
i -
-] A i i 1 I
g W 12 10 8 B 16 e X 12 0 B b
£ ——
Ly [

Fig. 160, p-Oligophenyl compounds. Gas-phase He | photocleciron spectra [8452].
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e

For Fig. 161, —

o OO0

solid { hew = 358V)

——=—gas (hw=21.2¢V)
A (1.0eV shifted)
~ \\ﬂ
\
\
\
\ b
\\,/ e
1 . T
0 o 9 8 7 b ;
<—Eb = Erac

Fig. 1‘62.. Sexiphenyl. Comparison between gas and solid phase spectra in the suter valence electron region [84S2].
E,: binding energy for solid; E, = photoemission threshold.

0 0
= —pB=10ev = Foac
——p=08eV
a n=6(s)
exp.{® n=6(g)
o n=<5(g)

8 |
Lo =
> ' »
S ' 3
' } o
o .l Sei
l 1 8 l
|
|
I
o +
9
eV eV
n
| 10
a
0 x/a

k

Fig 163. Polyphenylenes. Experimental and theoretical E=E(k) energy band-dispersion relation for polyphenylenes.
(a) Comparison of the experimental data with a simple model [84S2]. Parameters a=9.1 eV and f=10¢eV (gas) are
used. (b) CNDO/S3 calculation for the polyparaphenylene (PPP) polymer and a biphenyl molecule [81D, 83F2]. (c) Compari-
son of the experimental data with the valence electron Hamiltonian (VEH) calculation for PPP chain [82B1].
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2.3.22 p-Oligophenyls (C¢H; —(CgH,)a—CeHs ; =0, 1,2(3,4)) [Ref. p. 273

4 Fig. 161. p-Oligophenyl compounds. X-ray induced outer

and inner valence electron spectra of bi-, ter-, and quater-
phenyl in the solid phase [81R]. Polyphenyl is shown for

comparison.
{salid)
freo = 1173 6V e -

salid

(solid)

(solid)

175 a¥
1 il (i !
8 e 6 A 2 0
& E=61eV
A A E 10 0 Fig. 165. p-Terphenyl. The energy distribution curves as
b a function of photon energy [75H2). E,: photoemission
threshold energy.
R ["' ¥
“V\ | -’1| Clts)
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\ s |
\L 3.4 ‘?. : J ]
atog ';2 'l 1
~ 1..‘“ ‘.‘I 1
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! | I
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£
Fig. 164. Quaterphenyl. Core (C(1s)) photoelectron spectra of solid quaterphenyl including the complete shake up spec

trum (a); (b) detailed view of the low energy shake up spectrum [81R].
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« Fig 166. p-Terphenyl (solid). Energy distribution curves
obtained by photoemission with line sources in comparison
Q Q Q with gaseous terphenyl [75H2]). The spectra have been lined
he = 10,69 &V up artificially.
solid -/\/—\«o\’\w
| Ne = e
15 300 nm 250 200 150
. T T T T
arb.
units
10}
=
0S
0 l 1 1 L i
5 6 7 8 e 10
V. —
: : 1 A\ Fig. 167. p-Terphenyl. Absorption of solid p-terphenyl in

length.

2.3.23 Saturated hydrocarbons (C,H,, ,,; n=2---10, 13, 36)

Isolated molecules

a) ethane (C,H) [68S1], [87L]

1: Point group: D,y

2: Bond lengths and bond angles [87L]: C—C: 1.5351 A
C—H: 1.0940 A

C—C—H: 111.17°

3: Ground state electron configuration:

(1a,)? (125, | 22,)% (22,)* (1e,)* (32, )* (1e)* |
C(ls) C(2s),C(2p), H(1s)
1 o
At | (32,0026
empty

b) propane (C;Hg) [60S1], [76L]
1: Point group: C,,

2: Bond lengths and bond angles: C—C: 1.526 A C—C—C: 112.4°
C—H: 1.096 A (CH, group) H—C—H: 106.1°
C—H: 1.091 A (CH, group) H—C—H: 107.7°

3: Ground state electron configuration:

the valence electron region (solid line) in comparison with
the gas phase (dashed line) [82H1]. 4,,.: excitation wave-

(1a,)?(1b,)* (2a,)* | (32,)*(2by)* (4a,)*
C(ls) C(2s)
1 .
At ) (1b,)2 (52,) (3b,)? (12,)? (2b,)? (62,)* (4b,)? | (3b,)°(T2,)°
I C(2p), H(ls) empty
Landolt-Bdmstein Freund
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¢) n-Butane (C,H,,), n-Pentane (CsH, ,),

n-H«?xane (C6H,4), n-Heptane (C,H, ¢), n-Octane (CgH 18) [59S], [87L], [76L]
1: Point groups: CyH,o: C,,(trans), C,(gauche) [87L]
2: Bond lengths and bond angles (see also [87L] and [76L]):

n-Butane n-Pentane n-Hexane n-Heptane n-Octane
C—H[A] 1.108 1.118 1.118 1.121 -
C-C[A] 1.533 1.531 1.533 1.534 1.525
C-C-C 112.4° 112.9° 111.9° 112.6° 113.3°
C-C-H 110.5° 110.4° 109.5° 109.8° -
3: Ground state electron configuration:

not reported.

Molecular solids

a) hexagonal ethane [66W]

4: Space group: D¢, (P6;/mmc)
S: Structure of the solid:

unit cell: a=4.46 A, c=8.19 A(T= — 185 °C)

Atomic positions:
carbon atoms: 4(f), +(1/3, 2/3, u; 2/3,1/3, u+1/2)
with u between 0.15 and 0.16
CH, — CH, 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: D}§(Pbcn)
n-octane: C}(PI)or C}(P1)
S: Structure of the solids:
unit cells: n-pentane: a=4.10 A, b=9.076 A, c=14.859 A

n-octane: a=422A, b=479A, c=11024,
=94.7°, B=843° y=1058°

Atomic positions:

n-pentane:

x y z
c() —0.1959 0.1325 0.0878
cQ —0.0923 0.0374 0.1685
c) 0.0 0.1313 0.25
n-octane:

x y z
c(1) 0.2998 0.2462 0.3803
cQ) 0.1717 0.0183 0.2781
CE) 0.1378 0.1548 0.1618
C(4) 0.0182 —0.0687 0.0576

6: Outer valence photoelectron spectra of the molecular solids in comparison with the gas phase [77P2,

82S1]: Figs. 169---174.
Inner valence photoelectron spectra of the molecular solids: see Figs. 169---175.

7:
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.
e
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11:
12:

13:
14:
15:

16:

Table 49. Vertical binding energies and polarization energies of saturated hydrocarbons. G: gas, S: solid
[74P2, 76P, 77P2, 77P3, 77P4].

Ion state cross-sections as a function of photon energies of solid alkanes [77S3]: Figs. 177, 178.
Table of resonance structures in the cross-sections:

not reported.

Auger spectrum of the molecular solid in comparison with the gas phase:

not reported.

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

Electronic excitation spectra in the valence electron region:

not reported.

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

not reported.

Vertical binding energies [eV]
C(ls) C(2s)-derived levels C(2p)-derived levels
CH, G 290.76 2293 (15.0) 14.45 (13.6)
S - 2270 14.01
E 0.2 0.3
C,H, G 29064 2391 20.42 15.35 12.69
S - - -
C;Hg G 290.52  24.60 22.08 19.57 15.64 13.70 12.04
S - - =
C.H,o G 29044 2473 23.00 20.81 19.11 (15.72) 15.0 (14.46)
(12.67) 12.1 (11.36)
S < - -
E y - - -
CsH,, G 29036 250 23.6 21.79
19.9 18.7 15.7 14.1 124
S 28470 195 18.2 16.6 14.2 broad
E,, 5.72 5.5 5.4 5.2 5.1 -
CgH,4 G 290.31 - broad
S 284.58 200 18.5 16.4 149 broad
J 5.78 - -
C,;H,¢ G - - broad
S - 19.5 16.4 14.1 broad
Epol - s =
CgH,s G 290.23 - broad
S 28447 200 17.8 16.1 14.2
E, g 5.72 - . =
CyH,o G - 24.5 22.7 214 20.2 18.8 broad
S 284.60 19.6 18.1 16.8 15.2 14.2 broad
E,, - 49 4.6 4.6 50 46 -
C 1 OH 22 G 290. l 9 - =
S 284.47 - broad
Eq 5.80 - =
C,;H G 290.15 243 18.7 broad
gl S 28460 19.5 14.0 broad
E o 5.66 48 47 -
Ci6Hae S 212 15.1 broad
Landolt-Bornstein Freund
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2.3.23 Saturated hydrocarbons (CoHza425;n=2-.-10, 13, 36)

IRef n 277

|
Fig. 168. C,H,. (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].
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For Figs. 169, 170,
see pages 269, 270.
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Fig. 171. C,H,,+,. Complete elec-
tron spectrum taken with

hw=1457 eV of several saturated hy-
drocarbons (from C, to C3) in the
solid phase [77P2].
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2.3.23 Saturated hydrocarbons (C,H,,4,;n=2---10, 13, 36)

[Ref. p. 273

Methane (CH,) CaHane2
(gas)

b

n-Pentane(n-CsHyy)
{gas)

n-Nonane (n-CqHy )
(gas)

l I n=1
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Fig. 170. C,H;,+;. Complete valence electron spectrum
taken with hw = 1457 eV of several saturated hydrocarbons
(up to Cq4, C,;) in the gas phase (Fig. (a)) [76P]. Calculated
orbital energy diagrams are given for comparison (Fig. (b)).
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ly. The intensity of the spectra in (a) is normalized at peak
B. Arrow without letter: photoemission threshold.

Fig. 174. n-C”H“.
n-C;¢H,, in comparison with data from Langmuir-Blod-
gett-films and theoretical calculations [86S and literature

therein]. Energy in eV.

Measured band structure E(k) of P

Ref. p. 273] 2.3.23 Saturated hydrocarbons (C,H,, . ,; n=2-..10, 13, 36) m
Fig. 173. n-C3¢H,,. Normal emission spectra of n-C36H, P
as a function of photon energy in valence region [86S]. E, n-CiHy b a
w.r.to E,,.. o = 70°
6= 0°
] B UPS
He £ | { B 9
1 | 54 eV
1 l 1 1 1
He 30 eV 25 20‘—15 . 10 5 0
-]
‘ 0
=,
c 1 1 L 1 ol 2
28 eV 25 22 19 16 13 10 7 o n-CyuHy
Eb 5 v o a LB-film
E§ calculation
Fig. 172. n-C;¢H,,. Comparison of the photoelectron by Korpr:n
spectra in the solid and gaseous phases [82S1]. (a) He Il
spectrum of the solid. (b) XPS valence electron spectrum
of the solid. (c) He Il spectrum of the gas. Peaks assigned -
to He* are due to the ionization of He gas from the light ! o _g0a So R %° A
source by He II B (48.4 V) and He Il « (40.8 eV), respective- v * P !%‘h \0.;{>

=/a
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Fig. 175. C,H;.+,. Binding energies from core photoelectron spectra of saturated hydrocarbons in the gas phase as
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a function of the number of C-atoms in the chain (n) [76P].
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C(1s) For Fig. 177, see next page.
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Fig. 176. C,H;.+,. Core photoelectron spectra of gaseous
alkanes [76P]. L.S.: contribution from inelastic scattering.
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Fig. 178. C;sH,. Comparison of the results of Fig. 177
with the XPS results of Fig. 171 [77P2, 77S3].
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2.1.24 References for 2.3 273

49S
50S
S8B
58C
59S
60S1
60S2
61L
61S
63S
65W
66W
67S
68G
68P
68S1

[]EH”[SEIHU} I - |

T

b D i I_‘.___-_!-‘__ =

e Tr—
—

5 S
2ev 10

-2

Fig. 177. Cs¢H4. The photoclectron spectra of hexatriacontane evaporated film. A-D show the features from the conduc-
tion bands. (a) Series of measurements from the C;¢ alkane using the following photon energies: 1: 11.7¢V, 2: 168 ¢V,
3: 21.22 eV. (b) Series of measurements for the same compound using the following photon energies: 1: 114eV, 2:125¢eV,
3:134eV, 4: 149 ¢V, 5: 163 eV, 6: 17.3eV, 7: 18.1 eV, 8: 185¢eV, 9: 193 ¢V. The spectra are normalized by the incident
photon intensity [7783]. E; w.r. to E,,. of collector.
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