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. Introduction

Reliable information about vibrational states and the lower energy electronic
excitations of organic compounds has been obtained from detailed spectroscopic
studies in the infrared and visible range of the spectrum (e.g. Ref. 1,2,3).
Comparatively little is known about the higher excited states of such molecules.
Although the importance of these states was discussed quite early*, investiga-
tions for the spectral range 10 eV to 40 eV, where the absorption process has
its maximum cross section for a large number of organic compounds, are scarce.
This is partly due to the inherent experimental difficulties of spectroscopic
work in the vacuum ultraviolet (VUV), such as light source and monochromator
design problems in optical experiments or the comparatively low resolution in
electron loss spectroscopy. Only recently some of the experimental difficul-
ties have been solved for instance by using synchrotron radiation as an intense
source of polarized light or by the introduction of electron spectrometers

with high performance monochromators and analyzers. It is anticipated that more
studies within the near future will use these tools, stimulating the investigation
of higher excited states of many organic compounds, and thereby complementing

the results obtained by photoelectron spectroscopy (PES)>»5.

This review is limited in scope primarily to those results obtained by the
authors during the last few years from optical and electron loss studies of a
number of molecules. Where recent, up—to-date reviews or discussions are avail-
able we have tried to avoid duplication of arguments and simply have given
appropriate references. We have discussed only those problems which seem most
interesting to us. Necessarily this is an arbitrary selection, which reflects
our personal interests. The reader interested in more exhaustive reviews is re-—

ferred to the recent books by Robin’ and the summary of lectures given in Ref. 8.



Our experimental arrangement is briefly described in Chapter 2. In Chapter 3

we consider various theoretical aspects and give the rationale for our studies.
In particular we discuss the relation between optical absorption and electron
loss spectroscopy and comment on the existence of collective excitations in
large organic molecules. The following chapters are devoted to a presentation
of and some comments on the experimental results obtained for alkames (Chap. 4),
benzene (Chap. 5), naphthalene (Chap. 6), anthracene (Chap. 7) and some more

complex molecules (Chap. 8).

Some recent experimental results for VUV excitations in organic molecular cry-
stals, studied by reflection and electron loss spectroscopy, have been in-
cluded. These experiments were undertaken in order to study the influence of
the solid environment on the molecular excitations in weakly-bound van der
Waals crystals. In particular, anthracene single crystals have been studied
extensively both experimentally and theoretically as prototypes for a large

group of molecular crystals.



2. Experimental Methods

2.1 Optical Experiments

In all our optical experiments, the results of which will be discussed in
the following sections,synchrotron radiation® from the electron accelerator
DESY served as intense polarized light. Its spectral distribution is con-
tinuous. Since experimental aspects of vacuum ultraviolet spectroscopy in
general have been described in text books!?>1l, and general aspects of prac-
12—16,

tical work with synchrotron radiation have been reviewed previously

only a brief description of the apparatus used in our studies is given here.

The continuous spectrum of synchrotron radiation, which is emitted from the
electrons within the accelerator, is monochromatized by near normal inci-
dence (visible to 45 eV range) or grazing incidence (25 eV to 500 eV range)
monochromators, depending on the spectral range of interest. Valence
electron excitations in organic molecules and molecular crystals can be
studied conveniently with normal incidence monochromators. An instrument ex-
pecially suited for work with synchrotron light is sketched in Fig. 1 and
Fig. 217, It opperates without entrance slits in a modified Wadsworth mount18’
faking advantage of a dispersion plane perpendicular to the synchrotron
plane. Since the vertical extension of the electron beam in the synchrotron
is smaller (%2 mm) than the horizontal extension (X¥10 mm), the resolution

in the vertical Wadsworth mounting is better than that obtained with a hori-
zontal dispersion plane. Furthermore since the planes of incidence of the
premirror as well as that of the grating are perpendicular to the synchro-
tron plane (see Fig. 2), this arrangement yields an even higher degree of
polarization. With a 2 400 lines/mm grating and 250 u slit width of the

exit slit, a spectral resolution of better than ! 'S (30 mV at 20 eV) over the
whole spectral range from 5 to 45 eV is obtained. Behind the exit slit a pho-

ton flux of 2x10% photons/&:sec, as measured by a double ionization chamber!?, is



obtained at 600 & (& 20.66 eV) under typical working conditions of the

accelerator (4.5 GeV, 30 mA).

Either a windowless absorption chamber for gas phase work (Fig. 1) or an
ultrahigh vacuum chamber for reflection experiments on solid samples (Fig. 2)
may be attached at the exit arm of the instrument. Reflection spectro-—

scopy 1is employed for the study of the optical properties of solid samples

in the VUV range, because even with intense light sources and very thin
crystals the absorption of almost all substances in this range is too strong.
This is not a severe restriction, because one can obtain the same infor-—
mation via Kramers-Kronig analysis of reflectance spectra. It has been shown
recently?? that even for anisotropic momoclinic crystals normal incidence
reflectance measurements for a small number of particular polarization di=-

rections suffice to deduce the full information about the dielectric tensor.

Polycrystalline films, vacuum-deposited on a cooled substrate can be investigated
in slightly modified experimental arrangements. In such reflection experiments the
optical properties of solid samples of compounds volatile at room temperature
(rare gases®!723 atmospheric gases?“»25, alkanes?®) have been studied. The
synchrotron "light bulb" is very well suited for all these experiments.?’

The high intensity allows for photoelectric recording of absorption spec-
tra; the high degree of polarization makes it an excellent source for measure-
ments on anisotropic single crystals,and the low base pressure within the
accelerator minimizes problems of differential pumping in cryocexperiments

in order to avoid surface contamination.

In connection with grazing incidence instruments,it i1s possible to extend

the studies to core level excitations. In particular,investigations of the

carbon Kls edge (290 eV) of organic compounds seem desirable. However,



except for a pilot experiment on methane?® practically no work has been done

so far in this range.

2.2 Electron energy loss experiments

In electron energy loss spectroscopy,electrons rather than photons are used to
excite the electronic transitions. Electrons with fixed initial energy, mono-
chromatized by an electron monochromator or with an energy spread characteristic
of the thermal emission from the cathode, are scattered inelastically in the
target chamber or in the sample foil. The characteristic energy loss of the
electron scattered in a particular direction is detected with an electron ana-
lyser, the electron energy loss AE being equal to an excitation energy of the
scatterer. In this type of experiment the direction and magnitude of the wave
vector k for the excitation may be chosen nearly independently from the exci-

tation energy. This is an advantage over optical experiments where |EJ%O.

The experimental and theoretical aspects of molecular spectroscopy with elec—
trons of moderate kinetic energy (several 100 eV) have been reviewed by
Lassettre and coworkers?2:30. For the investigation of solid films, higher
kinetic energies are necessary in order to penetrate the sample. Aspects

of this particular kind of electron loss spectroscopy on solids with fast

electrons (30 - 60 keV) have been described in several reviews 31733,

Again only the apparatus used for studies on organic compounds in our labora-
tory (Fig. 3) will be described34—39, 1t is adequate for studies of electron
loss spectra of fast electrons (30 keV) from both vapor phase and solid samples.
A severe limitation is its low energy resolution, because no electron monochro-
mator is employed. The electron beam is focused onto the entrance slit of the

analyser. The target holder (0S) for investigations of thin foils can be



cooled to 170 K. Furthermore it is adjustable by displacement in a plane
perpendicular to the electron beam and by rotation around axes perpendicular
and parallel to the beam. The adjustment of the crystal axes into definit
positions with respect to the beam is controlled by the recognition of

the known electron diffraction patterns3“. The electron loss spectra from
this target or from vapours enclosed in the bakeable collision chamber (OV)
are observed in transmission with a Méllenstedt analyser. The energy reso-
lution is about 0.7 eV, the angular resolution AO=%1.5°10"" rad. For spec-—
troscopy on single crystals, spectra were measured for different scattering
angles O using the calibrated angular deflection system (ESA). Electron
detection is either accomplished by a fluorescence screen with photomulti-
plier and DC-recording or by a Si-surface barrier detector and registration

with a multichannel analyser3?.



3. Theoretical aspects

3.1 Cross section in optical absorption and electron energy loss experiments

Within the first Born approximation the cross section c(w,k) for inelastic

electron scattering with energy loss fiw and momentum transfer ‘hk=hk ~hgi,

£

wherehgi andhgf denote the momentum of the incomming and scattered electron

respectively, is given by equation (1), when exchange effects are neglected.“?,%!

2me" 'Ef' 1
— — ‘ 1
el Il (1)

o(w,k) =

Here f(w,k) is the generalized oscillator strengthhz.

The optical absorption coefficient u due to dipole excitations is given
by (P_ef. 42)!

2
(w) = 27222 L Neg(w,0) (2)

where N is the density of the absorbing molecules. Some comments are in order
on the dependence of the oscillator strength on the relative orientation of
the molecules with respect to the electric vector of the incident radiation

E and to the direction of k in electron energy loss. For experiments on solids
these directions are of importance, since the highly anisotropic molecules

are fixed in the crystalline array. In a zero order approximation such a

crystal may be considered as an oriented gas“a.

For optical absorption f(w,0) is given by(Ref. 42):

£(w,0) = 22 <y |] (r;8) |u(0)> |2 (3)

A E . ] . .
where §_=TET-1S the direction of the electric field vector and Iw(o)> and
¥(w)> are the ground and excited state of the molecule respectively. The

orientation of the molecule is contained in [w(o)> and |y(w)>.



For inelastic electron scattering the cross section f(w,k) is given by

{Ref. 41):

flw,k) = -2-2—” K (w) | Zeikri [ y(0)> |2 (4)

For k »~ o this yields

£wo) = F W | Fa0ive»]? (5)

From equation (3) and (5) 1t follows that the direction E_of the electric

field in optical absorption corresponds to the direction of momentum trans—

R k
fer k = Tﬁ+ in inelastic electron scattering. For forward scattering of the
. w . .
electrons, k is very small (k = — v, where v is the velocity of the
= x 5 = x
v

scattered electron). In this case the cross section eq. (1) contains the
same f(w,0) - spectrum as the optical absorption spectrum (eq. 2). This is

the so-called "optical approximation" in inelastic electron scattering.

For a comparison of the forward scattering spectra of(u) with optical ab-
sorption spectra y(w), we proceeded in the following way:

The spectrum Uf(w) has to be corrected by the frequency dependent factor

2an2 B
F(w) = (2n(1+ HEDBE7 4=

(fw) 2

(6)

where AQ is the halfwidth of the experimental angular spread of the electron
beam and E is the kinetic energy of the incident electrons. Spectra corrected

in this way should be proportional to u(w) spectra.

As an example, the optical absorption cross section and the corrected in-
elastic electron scattering cross section of(m) for benzene are compared
in Fig. 4. A prescription for obtaining the generalized oscillator strength

from energy loss spectra has been given by Lassettre??,30,



3.2 Collective effects

Some authors have argued that inelastic electron scattering would be the appro-
priate method to probe for collective effects in molecules"™. The argument is
essentially the following. Plasmons in metals are detected as maxima in inelastic
electron scattering spectra, whereas they do not couple to mormal incidence ra-—
diation. In analogy one should probe for collective effects in molecules by in;

elastic electron scattering.

However, this analogy to solids does not exist. According to the previous section,
the absorption and inelastic forward scattering spectra for gaseous samples are
equivalent. Therefore one cannot assign collective excitations in molecules by
looking for structures in inelastic energy loss spectra, which one expects to be

missing in optical absorption.

The reason for the different behaviour of molecules and solids in this re-
gard is the following. In solids, the long raﬂge collective effects are due

to long range interactions. On a small molecule there are, because of the
small extension, a priori no long range interactions. Only for molecules,
which are kept in crystalline order, do long range intermolecular interactions
occur, and subsequently, electron loss spectra with small k and optical ab-
sorption spectra, both measured for the crystal, become different, as dis-—

cussed in the next section.

There is, on the other hand, a gradual transition between collective excita-
tions and single particle excitations for solids. For aluminum plasmon like
resonances may be monitored up to k = 2 21 %5 which corresponds to

2 . . .
i§-= 3.14 X. This resonance is very highly damped. From both facts one

N o=
may conclude that only a few meighbouring electrons are involved in this type

of collective excitation. The X value as well as the small number of electrons

are within the dimensions of a larger organic molecule.



Therefore we conjecture that collective excitations should show up as re-
sonances in the generalized oscillator strength at large k. Experimentally,
this will be difficult to observe, since o(w,k) decreases quadratically with
k (equation (1)). No experimental results relevant to this problem are known

to the authors.

Theoretical work on collective effects in atoms and molecules has to consider
electron correlation effects. Whereas a large number of studies has been de-
voted to electron correlation effects in atoms“®7 %8, less work has been done
for the same effects in molecules.

Herzenberg et al."? considered the influence of dipole-dipole interactions on
the excitation spectrum of ethylene. According to their calculations the

n—w* singlet and triplet states are shifted in energy and an isolated collec-—
tive singlet state is predicted at 50 eV. However, spectra obtained by Lee

et al.%0 for this energy range provide no evidence for this state.

In contrast to the conclusions in Ref. 49 Gutfreund and Little""* predicted
that the highest excitation due to the m—electrons in hexabenzocoronene is
only 0.5 eV above the highest Hiickel excitation energy. Rather than giving
rise to an isolated collective excitation, the electron electron interaction
strongly enhances the oscillator strength at the upper edge of the band of
single particle excitations®!. These collective eéffects,not concentrated in
a single excitation, lower the single particle excitations by screening®?:°3,
Theories for the collective excitations of m— electrons of conjugated linear

chains have been presented by Araki®“ and for m-electrons on annulene mole-

cules by Chang and Drummond. >°




3.3 Assignment of absorption structures

Since we shall present the spectra in the following sections without going
into the details of the particular assignments, some general comments seem :
to be in order here. At least three different excitation mechanisms can

contribute to the absorption cross section in the VUV which, within the MO 1

concept, may be roughly described as:

l. Excitations of electrons from occupied to unoccupied valence orbitals
with vibronic structure (normal to valence'N+V, transitions). Large
configuration interaction is the reason for a large spread in energy
for the resulting transitions from one particular configurationm, e.g.

; 2 L4y 2(1e 3 e 1
for benzene the states resulting from "'(aZu) (lelg) (aZu) ( ]g) ( 2u)

cover the spectral region from ~ 3 to 7.5 evl1,56,57,

2. In many spectra,absorption bands can be arranged in a Rydberg series
according to the Rydberg formula E =E_ - R/(n-$§)?, where E_ denotes the
excitation energy of the nth band, E_ the ionization potential, R the
Rydberg constant, and n and § the main quantum number and quantum defect
respectively.>8,3% The 1last is a measure for the penetration of the

excited electron into the ion core.

From the analysis of Rydberg series the ionization potential (IP) towards
which the series is converging may be determined. This is easy in most

cases only for the lowest IP, where the determination from absorption data

is more accurate than from photoelectron spectra. For higher IP's the complex
absorption pattern of overlapping bands normally makes such an analysis diffi-
cult and the IP's as determined by PES are used. When all the complex absorp-—
tion structures can be arranged into various Rydberg series plus their vibra-
tional sattelites one gets unambiguous information on the number of different
Rydberg series converging to one particular IP. From this, even without quan-

titative theoretical information on the magnitude of the quantum defects




the degeneracy of the originating orbitals can be determined. The quantum
defect may help for a group theoretical assignment of a series. For

se¢l, 680.5 and SM0.1 the series is probably s—, p-, or d-type respectively.
The ecomparison of quantum defects for a homologous series of molecules may
reveal trends and regularities, which help in the assignment®®. It is worth
noting, that a complete analysis of Rydberg bands, as sketched above, gives
information about the originating orbital (e.g. its degeneracy and symmetry)

which is difficult to obtain otherwise.

If vibrational structure is resolved and compared with the absorption pattern
of the deuterated molecule and with the vibrational structure in its ground
state, i.e. its infrared and Raman spectra, the binding character of the

originating MO can be determined.

3. Absorption structure of the kind described above is observed for energies
in excess of the first IP on top of the continuous absorption due to photo-
ionization. This large background and the overlap of different transitions
makes it quite difficult to obtain a comprehensive analysis of a particular

spectrum in the VUV.

3.4 Aspects of optical reflection and electron spectroscopy on organic

molecular crystals

Optical reflection spectroscopy and the electromn spectroscopy with fast elec—
trons31733 probes for the singlet dipole excitations of the organic crystal.
In both techniques, only long wavelength excitations of the crystal are in-
volved, provided, the k-transfer in the inelastic electron scattering is

small in comparison with the extension of the Brillouin zone. Therefore, the



experiments are well described within the dielectric theory. The crystal

is characterized by the dielectric tensor g(w,k). No reflection experi-
ment on organic crystals has been reported as yet, which gives conclusive
evidence for spatial dispersion effects, i.e. the dependency of g om k.

In the following it is assumed that g(w,k) may be replaced by g(w). For
monoclinic erystlas, the tensor components are evaluated by Kramers—Kronig
analysis of normal incidence reflection spectra from the (001) and (010)

planes, as discussed in detail in reference?(.

For anthracene as an example g(w) may be considered as diagonal in the
carthesian system xyz (see Fig. 16) which is defined by the monoclinic
axis b and the projection L of the long molecular axis on the (010) plane.
Electron spectroscopic results3® and detailed reflection measurements®0
prove, that the nondiagonal elements of ¢ in the xyz system may be neg-

lected in first order of approximation below the excitation energy of

10 eV.

Once the complete dielectric tensor has been evaluated, one may analyze
the physical origin of all the structures, observed in the reflectance
from particular crystal planes — for instance for the natural cleavage
plane (001) and the electric vector perpendicular to the b axis39:60,
The long range dipole-dipole interaction of the molecules gives rise to
the so-called directional dispersion of the excitons20s39:60  which is a
macroscopic effect. It may be either analyzed by calculating excitation
energies within a lattice of interacting dipoles®! or by calculating
reflectance spectra and electron energy loss spectra from the dielectric

tensor?0232,€0,



Directional dispersion manifests itself as shown qualitatively in Fig. 6.

The lower edge of the shaded area is the directional dispersion curve of

the exciton with the direction of wave vector E in a crystal with only one
molecular excitation polarized in direction é, P(w,g) is the electron loss
spectrum for energy loss 4w and direction of momentum transfer E, The height
of the peaks for P(m,E) is proportional to the magnitude of the longitudinal
component of the dielectric polarization of the exciton. The shaded area shows
the extension of the normal incidence reflection band due to the exciton for
a given angle o . between t and the normal of the reflecting plane39:60. TIts
breadth, which varies from the full transverse — longitudinal splitting for

o

ref = 90° to zero for U of = 0° is proportional to the transverse component

of the dielectric polarization of the exciton, which has its wavevector in

the direction n.

The oscillator strength of a particular electronic dipole transition in the
free molecule may be directly compared with the oscillator strength f

exclton

of the corresponding exciton in the crystal:

i p
exciton

B 3vz 2 (, Z Qf@ Imﬁi(w)dw)2)1/2 )
p

i=x,yz

with
w_ 2 = 4mNe?/m

P

Here, N is the number of molecules per unit cell, and the integral is over

the exciton band. The polarization direction of the electronic molecular exci-
tation is obtained®? from the distribution of the oscillator strength among

the 3 tensor components.

The molecular short range interactions between nearest neighbours involve
higher multipole components, e.g. Ref. 43 and 61. Their contribution to the

crystal field splitting is usually small compared to the one due to dipole



dipole interaction, which causes the directional dispersion.

This macroscopic effect is minimized for pure transverse excitations. There-
fore it is the Davydov splitting of the transverse excitons which contains
the experimental information on the molecular short range interaction. Since
the only transverse excitations of the crystal are the ones described above
in connection with the evaluation of the dielectric tensor?? the transverse
Davydov splitting is the energy difference of exciton peak positions between

[m: and Im-. or Imc .
y X z



4. Alkanes

The electronic spectra of alkanes are of interest because transitions of the
g-electrons are not masked in these completely saturated hydrocarbons by tran-
sitions of m—electrons. Their spectra have been extensively studied during the
last years for photon energies below 11 eV for the gaseous®3,8% and solid
phase®°»66, For a review on the discussion of these spectra, in particular the
question whether the observed structures are due to N-V transitions or Rydberg

excitations, we refer to’»8.

For photon energies up to 35 eV the absorption spectra of methane, ethane,
propane and butane have been measured with synchrotron radiation (Fig. 7, 8)26.
For all alkanes the first two strong bands are followed by a large increase

of the absorption cross section. This increase up to approximately 15 eV is

not entirely structureless as was concluded from measurements with line sources.
Above 16.5 eV the cross sections for all four molecules decrease smoothly

to higher energies. Similar results have been obtained from electron impact
spectra®®,68=70 and conventional optical experiments (see the references given

in Ref. 26).

It now seems to be widely accepted’>7% that almost all the observed discrete
structures superimposed on the continuum absorption at higher energies are

due to Rydberg type excitations, although only in very few cases more than

one member of a "series'" can be assigned with any certainty. We have indicated
in Table 1 such tentative assignments mainly based on the interpretation of
the spectra as given by Robin’. The problem how to identify any N-V transition
underlying the Rydberg excitationé still remains. For the interpretation of

the vibrational bands observed for ethane, we refer to Ref. 72 and 73.



The spectra of methane, ethane and butane have been remeasured recently in
the extreme VUV®0, Again synchrotron radiation served as a light source. In
this experiment the absolute cross section in the range 17.5 to 69 eV were
determined with a double ionization chamber. As expected from the electronic
structure as determined by photoelectron spectroscopy and ESCA (e.g. Ref. 5
and 6) no new structure was detected. A similar decrease with increasing
photon energy had already been observed for methane in the range 20 to 120 eV
with conventional techniques’“. The hump observed at around 35 eV in Ref. 74

is not confirmed by the new experiments0,

Structure due to transitions from the ls electrons of the carbon K-shell at
around 290 eV has been observed by Chun?®, This threshold region of the carbon
K-absorption edge has received considerable interest recently from a theore-—
tical point of view’?:7®, Judging from the term values for the absorption
features at 287.2 eV (weak) and 288.3 eV (strong)28 relative to the carbon

s ionization potential at 290.8 eV® an assignment of the structure as being
due to Is+3s and ls»3p Rydberg excitations seems most plausible75. Similar
experiments on related hydrocarbons, which are feasible with synchrotron ra-
diation in this spectral range, would be very useful for a systematic com—

parison of Rydberg transitions, in particular their term values, originating

at different shells.

Reflectance spectra from polycrystalline films from solid methane and ethane
at 30 K which for the observed low reflectivities of max. 10 Z resemble the
absorption of the films quite accurately, are compared with the gaseous
absorption for photon energies 5 to 35 eV in Fig. 826 (gsee also Table 1).
The shapes and the positions of the bands are in good agreement with ab-

sorption spectra obtained by Lombos et al.®® for energies up to 11 eV. The



optical constants obtained for solid methane by Daniels and Kriiger®® from
electron energy loss measurements corroborated the results of the optical

experiment in the whole spectral range up to 35 eV.

The positions of the first.bands do not shift appreciably on solidification
and the spectra from the gas and solid phase do look similar. However, a
detailed understanding of these spectra from polycrystalline films is still
missing. One would, for instance,expect a change in the optical spectrum for
solid methane on changing its temperature, since the lattice constant shows
small anomalies at 20 K and 65 K77, Such detailed experiments still remain

to be done.
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5. Benzene

A thorough understanding of the electrbnic structure of benzene serves as
the basis for an investigation of more complex organic molecules. In spite
of many optical and energy loss experiments as well as photoelectron spec-
troscopic studies (for references seels»?55,7,84) gsome obvious questions and
puzzles remained’®»79, Especially the energetic ordering of the second and
third uppermost occupied MO is under discussion, as well as the assignment

of the ionization potentials at 15.5 and 16.84 eV,

The main features of the benzene absorption in the VUV have been inferred

from electron energy loss experiments36:80 (see Fig. 4, 5). Electron loss
spectra for a number of ring compounds related to the benzene molecule have
recently been obtained by Killat®l»82, Quite a few conclusions were derived
from the electron impact spectrum measured by Lassettre et al.®% in a detailed
discussion by Johnsson and Lindholm®3. However, the resolution in all the

electron energy loss spectra was comparatively low.

A survey of the optical absorption spectra obtained with synchrotron radi-
ation®%s8% is shown in Fig. 9 covering the photon energy range 5 to 35 eV.
Following the intense ﬂ“ﬂ* transition at about 6.9 eV,a broad and contin-
uous absorption with a maximum at about 17.8 eV is observed. Here the cross
section reaches values of about 150 Mb (see Ref. 86 and Fig. 4). It decreases
smoothly for higher photon energies. The main features of the absorption
cross section except,for additional details revealed by the synchrotron light

experiment, are in good agreement with those of Ref. 86-88.

The spectral range up to 9.2 eV has been extensively discussed in Ref. 1.

Ab initio SCF MO and CI calculations have been carried out for benzene in
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different approximations®6s°7s:8% and the calculated transition energies
have been compared with experiment. Unfortunately the assignments can be
made with confidence only for excitation energies below “8 eV. Above this
energy the spectrum is heavily overlapping and, although the c-w* and

the U-O* transitions must fall in this energy region, little else can

be said.

In Fig. 10 the spectral region between 10 and 15 eV is shown on an expanded
scale®>, For the detailed discussion of the complex absorption structure

we refer to Ref. 84 and 85. The result of our assignment is indicated in
Fig. 10, where the absorption bands are assigned to Rydberg series converg-
ing to the ionization potentials at 11.49 and 11.71 eV. Our analysis of the
spectrum implies the following ordering of the occupied valence MO's with

decreasing binding energy:

(Zalg)(ze]u)(zeZg)(salg)(2blu)(leu)(Belu)(]a2u)(382g)(lelg)

This ordering is in accordance with most of the recent MO calculations,
e.g. Ref. 90, 91. Thus the second ionization potential at 11.49 eV corre-

sponds to the uppermost c-3e_, orbital and only p-type series are expected.

Zg
This implies that the third ionization potential is la2u (r-type) and only
one s—type series should be observed. This series is seen in Fig. 10 leading

to the ionization potential at 11.71 eV,

These conclusions have not been obtained from the analysis of the benzene
spectrum alone. Recent measurements on perdeutero-benzene and fluorinated
benzenes and pyridene in the same spectral region®® gave further support
for the assignments,In particular, the weak s—type series, which could not
be found in earlier absorption spectra because of the lower experimental

accuracy, can be assigned clearly in the spectra from C6H5F and CﬁFe where
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it is not overlapping the p-type series. Furthermore this assignment is

in accordance with the results from photoelectron spectra®s%2, It requires,
however, placement of the second IP at 11,71 eV rather than "12.2 eV, the.
value adopted in most interpretations. Thus the unassigned maximum at

1.71 eV in the photoelectron spectrum of &sbrink et al.®3 which show the

best resolution so far obtained, gets a natural explanation.

Recently there was some debate on the correct assignment of the IP at
around 15.40 and 16.85 eV’8, The absorption spectra in the range 14 to

18 eV for benzene and perdeuterobenzene are shown in Fig. 1185, In both
spectra a p-type series leading to an IP at 16.84 and 16.85 eV respectively
can be assigned (see also Ref. 84). Thus the originating orbital must be
3a1g. This result agrees with the conclusion drawn from recent high reso-

lution ESCA work on benzene®®.

The investigation of the excited states of liquid and solid benzene in the
VUV is still in its beginning. Williams et al.%€, Sowers et al.?”7, and
Inagaki?® reported on the optical propefties of liquid benzene up to V10 eV.
For photon energies below 8 eV the excited states of solid polycrystalline
benzene have been studied by optical spectrosc0py99s100. Only recently
studies of the 2000 & system of benzene single crystals became availablel01,102,
For higher energies, polycrystalline benzene films have been studied in elec-
tron energy loss8!»103 and reflectance experiments (see Fig. 12)17. The data
obtained from the energy loss function®l are in good agreement with the

reflectance measurements. However, a detailed understanding of the structured

reflectance bands or loss function is still missing.
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6. Naphthalene

For the naphthalene (C ) molecule with a total of 48 valence electrons

1078
the problem of overlapping bands is even worse. Its absorption spectrum

in the visible and near UV has been discussed ard compared to MO-calculations
{(for references see lOA).VElectron loss spectra for excitation energies up
to 30 eV revealed intense absorption at higher energies with a maximum at
about 17.5 eV3%, Recently Huebner et a1,105 reported on loss spectra with
100 eV incident electrons and increased resolution (0.04 eV compared to

~0.7 eV) from which a summed oscillator strength below 8.12 eV for £=2.,25 was

deduced.

The results from optical absorption experiments in the range 5 to 30 eV

with comparatively high resolution have been discussed in detail in Ref. 104.
From comparision with photoelectron spectra, e.g. Ref. 5, and MO assignments
based on the calculations of Ref. 106, tentative assignments for a number

of Rydberg series could be given.

One interesting point of the discussion is the possibility that Fano~Beutler
resonances %7 occur. Some of the absorption profiles observed in the naph-
thalene vapour spectrum at around 7.5 eV (see Fig. 13) have been ascribed
to such antiresonancesl1?8,109 cayged by interference of energetically dege-
nerate Rydberg states with the quasi continuous ﬁ—w* band. Spectra with

improved resolution would clarify this point.



7. Anthracene

In organic solid state physics anthracene plays an important role both for.
the investigation of semiconducting properties and for the study of molecular
excitons, e.g.%1s110, Qur work is concerned with the investigation of the
electronic transitions of the moleculel!ll and the excitons they give rise

to in the crystal3®,60,62, In view of the need to use polarized light for
the'investigation of the optical anisotropy of single crystals, the spectral
range above the first singlet exciton (23,1 eV) is not easily accessible

with conventional spectroscopic techniques.

The starting point of our considerations are the electronic transitions of
the free molecule in the ultraviolet, about which only little was known.
Relevant results on solid anthracene will be presented in the following

section.

7.1 Absorption spectrum of the anthracene molecule

The optical absorption spectrum for energies from 5 to 8.5 evlll ig shown

in Fig. 14. It differs quite markedly from those spectra reported earlier

for parts of this spectral rangell?s113, Thege differences are discussed

in detail in Ref. 111 and are thought to be mainly due to some radiation

or clogging effects on the LiF windows in the earlier experiments. Compared
with the spectrum obtained by Kitagawall", there is fair agreement for photon
energies up to 7.5 eV, which is the upper limit of the older experiment,

Our interpretation of the sharp absorption bands (see below) differs,how-
ever, from that proposed in Ref. 114. The results obtained by Clark!!5 are

in excellent agreement with our spectrum.
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The sharp maxima at 6.26, 6.43 and 6.53 eV and the bands superimposed on the
broad 6.9 eV band (Fig. l4) belong to Rydberg series. Angus and Morrisl!3
assigned 5 series. From these they deduced a value of 7.15 eV for the first
ionization potential. We are unable to confirm this assignment .on the basis
of our spectra. Recent photoelectron spectra show that the first four
ionization potentials associated with the removal of the outer n-elec-
trons fall at 7.47 eV (2b2g), 8.57 eV (2blg), 9,23 eV (lau) and 10.26 eV
(2b3u)116=117. The notation is in accordance with the convention as given
in Ref. 118. As for benzene and naphthalene, the presence of Rydberg

series with higher ionization potentials as well as the occurence of
additional vibrational bands makes an unequivocal assigmment difficult. In
Fig. 14 two series accompanied by vibrational bands with quantum defects

§=0.64 and 6=0.2 which account for several of the most prominent bands are

indicated. They both lead to the first ionization potential at 7.47 eV.

Some information about the transitions of the free molecule at higher exci-
tation energies can be obtained from studies of electron energy loss spectra3®,38,
Although these experiments (Fig. 15) were limited by a comparatively low re-
solution one obtains from Fig. 15 a good general overview on the spectrum

above the LiF cut off. The most prominent absorption bands are a broad

shoulder at 11,3 eV and a maximum of the cross section at about 17 eV.

7.2 Dielectric properties and singlet excitons of solid anthracene

The dielectric tensor elements within the x,y,z~system (see Fig. 16) at
room temperature are displayed in Fig. 170, Experimental details and the
accuracy of the Kramers-Kronig analysis of the reflection spectra have been
discussed in Ref. 62. Reflection spectra from the (201) and 610)-planes

and a2 set of artificially cut planes containing the (010) axis have been

reported by Clark and coworkers!l9-122,



_26-
As mentioned in section 3.4 the distribution of the oscillator strength of
an exciton over the directions x,y,z allows the assignment of the corre-
sponding molecular excitations to (i) the transitions !B, <lA

2u Ig

polarization vector lies along the long axis of the molecule, (ii) to tran

, Wwhere the

sitions 1Blu*lAlg, where the polarization vector lies along the short axis

of the molecule and (iii) to transitioms !B lAlg where it lies perpendi-

3u”
cular to the molecular plane. A compilation of the exciton energies of an-

thracene in the single crystal, the vapour phase, and in solution is pre-—

sented in Table 2.

A comparison of the oscillator strength of the long axis polarized leu tran-
sition at 4 to 5.5 eV is given in Table 3. Following the usual practice,
Lorentz-Lorenz corrections have been neglected. In Fig. 18 LY is shown for
the three tensor components, as calculated from the optical constants in Fig. 17

using the relation??: (spectra for Ejlg and E_l_é are, within the experimental

accuracy. the same)
w

m
n (w) = —— f Ime(w')w'dw' (8)
eff 2m2Ne?

As allows from the comparison with equation 7 in section 3.4, Noge is closely

related to the oscillator strength of the molecular transitions.

A comparison of the Davydov splitting of the most intenmse exciton at about

4.56 eV with theoretical calculations of Philpott!?% allows a check on the
microscopic interaction of molecules, as discussed in section 3.4. The experi-
mental Davydov splitting of this exciton taken as the difference in €, peak
positions from the (010) and (001) planes is -0.02+0.03 eV. When this splitting
is calculated within the dipole approximation!??, the result is 0.3! eV. The
agreement becomes excellent when higher multipole terms calculated from the
resonance interaction of Pariser Parr molecular wavefunctions are included.

130

Philpott!2? rescaled the corresponding lattice sums of Silbey et al. and
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found a Davydov splitting of 0.01 eV.

The reflection spectra from planes parallel to the b-axis and the electric
vector l'g_have been measured by Hymowitz and Clarki2? in order to probe

for the directional dispersion of the strong exciton (see Fig. 19). There

is a rough correspondence to the simple case discussed in section 3.4 in
connection with Fig. 6. All the structure is well reproduced without any
fitting by calculating the reflection spectra with the help of the dielectric
tensor components € 2€5" In this way, also the origin of the double struc-
ture in the reflection from the (00!) plane and E.l.h (6=29.5° in Fig. 19)
may be explained®?. The lower peak at about 5.67 eV originatesfrom an exci-
ton of a molecular !B «!A  transition, the upper near 6.08 from the long

lu lg

axis polarized exciton of the molecular 1B2u+lAlg transition (see Table 2).
Information on the exciton structure of organic soids is also obtained from
electron loss spectroscopy. Venghaus!3! evaluated the energy loss function
Im(¢~!) for the three directions x,y,z for anthracene. In Fig. 20 these data
are compared to the loss function as calculated from the optical data from

Fig. 17. The better resolution of the optical spectra is obvious.

Kunstreich and Otto3® probed for the directional dispersion of the excitons,
which may be measured for one thin crystalline flake rather than.on many
artificially prepared faces (Fig. 19). In Fig. 21 characteristic energy loss
spectra for various directions of k are displayed. The directional dispersion
of the excitons, as given by the peak positions in these spectra is plotted

in Fig. 22. For comparison see the simple model as described by Fig. 6. For
the excitons with excitation energies below 10 eV, which have been discussed

above (Table 2), the directional dispersion is symmetric with respect to the
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directions x and z. Above 10 eV this symmetry no longer exists. This

indicates axial dispersion of the dielectric tensor2?,
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8. Aromatic hydrocarbons and related compounds

8.1 Higher aromatic hydrocarbons

Energy loss spectra for gaseous polyacenes up to tetracene, for phenanthrene,
chrysene, pyrene and coronene 3% as well as for triphenylene and perylene37
have been obtained in our laboraotry. For these molecules,comparison with
optical absorption measurements, e.g. Ref. 132 and MO-calculations, e.g.
Ref. 133, 134, lead to an assignment of several losses as being due to -7
one electron transitioms. In Fig. 23 calculated excitation energies for the
ZB]u and 1B2u n—w* transition in the polyacene molecules are compared with
the measured energy losses. The interpretation of loss maxima at higher
excitation energies, where a broad absorption with maximum cross section
between 15 and 18 eV is observed for all molecules, is still tentative. In
this energy range, not yet covered by optical measurements, a large number

# i

of o-1" and ¢-o’ N-V transitions is expected, as well as a manifold of
Rydberg transitions. Recently photoelectron spectra have become available
for a number of these molecules!®,135,136, Although they are helpful for
labeling the ionization potentials of the weakly bound rm—orbitals, even

photoelectron spectra do not permit a decomposition of the broad bands

corresponding to o-electron binding energies in the range 10 - 30 eV.

For polycrystalline films energy loss spectra have been obtained for a

37, The loss spectrum for such films of

number of hydrocarbons by Jéger1
hexabenzocoronene has been measured by Gutfreund and Little®!. The dielec-
tric tensor elements for phenanthrene (CIAH]O)’ chrysene (C18H12)138 and

pyrene (016H10)139 have been derived from electron energy loss experiments
in the range O to 40 eV on single crystals. The results obtained were dis-

cussed in comparison with excited molecular states as regards excitation

energy and polarization.
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For a synopsis of the main results from optical and electron energy loss
measurements on the gaseous and solid phase of aromatic hydrocarbons we
refer to table 4. In addition values taken from solution spectra are given
for comparison. Only values for maxima of the most prominent ﬂ—ﬂ* transi-
tions where an assignment is not controversial, are cited. For details of
the assignments the original papers should be consulted. These data make
possible quantitative statements about the interesting problem of gas to
solid shifts, i.e. the differences in the excitation energies between vapour
phase and the solid for those excitations, where a common origin is ob-

vious.

In those cases where a comparison between the optical and energy loss measure-
ments for the vapour phase is possible (benzene, naphthalene and anthracene)
there is an excellent agreement as regards the peak positions. For all sub-
Stances there occurs an appreciable vapour to liquid shift,in some cases of

the order of 0.4 eV.

Whereas in the case of the electron energy loss experiments it is only
possible to give a qualitative measure for the gas to solid shifts (in the
order of 0.3 eV) due to the comparatively poore resolution for both the
vapour and the crystal measurements, there is more detailed information
available from the optical experiments, which in addition show vibrational
fine structure. However, a definite determination of peak positions and
assignment has to be made with caution, since there might occur strong
shifts and splittings due to the directional dispersion as for instance

for the case E || a on (001) for anthracene®? (see section 7.2).

1t is hoped that such data as compiled in this table is of some help for
an understanding of the gas to solid shifts, which are obviously not "dis-

agreements" in experimental results as stated in Ref. 139. A satisfactory
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quantitative theoretical account of these shifts, is presently still missing.

8.2 Related experiments on other organic compounds

The number of optical and energy loss experiments on more complicated organic
compounds for excitation energies in the VUV is steadily increasing. The

37

energy loss spectrum for the sandwich type molecule ferrocene is shown as

an example in Fig. 24 and compared to the optical absorption spectrum!“3

Except for the strong absorption at about 6.6 eV which can be assigned to a

=1 # g «lA  transition (point group D_.!“") the absorption structures at

lu lg 5d

higher energies are as yet unassigned.

Similar experiments as for the single crystals of aromatic hydrocarbons where
done by Venghaus in order to determine the dielectric temsor for monoclinic

crystals of p-terphenyl (CIBHIG) and orthorobic crystals of fluoren (C yLus,

1380

Okabel“® recently reported on energy loss spectra for polycrystalline films
of B-carotene, diphenylpolyenes and paraffins applying 40 keV electrons, from
which spectra of the dielectric functions via a Kramers-Kronig analysis could

be derived.

A group of important biological materials, the nucleic acid bases adenine,
thymine and uracil has been studied by Isaacsonl!“7:1%8 for outer and inner

shell excitations by means of electron loss measurements.

In a later experiment it was tried to obtain optical constants from biological
compounds by reflectance measurements for photon energies 5 to 25 eV with a

149, However, due to the diffuse reflectance from

synchrotron light source
most samples only the measurements on cytosine have been successful. They
yielded roughly the same results as the emnergy loss experiments, with more

sharply defined peaks and some additional structure above 10 eV.
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This list of experiments on compounds of biological importance is by far
not complete. The few examples just illustrate the experimental problems
and the present understanding of the higher electronic states of such
compounds. Once the difficulties in sample preparation can be overcome

the next future will bring more results and information on similar systems.
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9, Final remarks

As mentioned in the introduction, only some experimental results have been
described, and often a more complete analysis would have been desirable. In
this regard several comments about our present understanding and the necessity
of future studies on the excited states of organic molecules and molecular

crystals seem to be in place here.

The VUV spectra above 7 eV of larger organic compounds are often complex and
diffuse, since they are composed of a large number of overlapping valence
shell and Rydberg transitions. Nevertheless it is felt, that future efforts
will help to obtain more quantitative results. For instance, the Rydberg na-
ture of several absorption bands links optical VUV and photoelectron spectro-

scopy closely, and work in one area will stimulate progress in the other.

The determination of absolute cross sections and f-values, the analysis of

absorption band shapes and vibrational fine structure in spectra with improved
resolution seems rewarding, and has hardly been attempted. The possibility of
finding collective modes in electron energy loss spectra with large momentum

transfer has already been mentioned.

Additionally one might hope to have the chance to compare the experimental
results with improved MO-calculations. Such a comparison is not yet possible
on a large scale due to the absence of accurate calculations for molecules
with a total of more than approximately 30 valence electrons. However, several
semiempirical (e.g. Ref. 150) and ab initio (e.g. Ref. 106) calculations are

in progress, which go beyond this limit.

Optical and electron-impact spectroscopy covering the whole range of valence
electron excitations will be stimulated by recent developments in photochemistry,

where fragmentation and reaction processes are being studied via mass-spectro-
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scopy, fluorescence,and its time dependence (e.g. Ref. 8). Thus a chemistry

of molecules in their excited states seems possible.

As far as the comparison of vapour and solid state spectra is concerned,
valuable future contributions along the lines indicated above are expected
from both optical and energy loss spectroscopy. In addition, interesting new
phenomena, such as the occurence of surface excitonsI>!»152 and an investi-
gation of dynamical properties of excitons with higher excitation energies
in the VUV will be investigated. Generally such studies will be stimulated

by the growing interest in organic solid state phenomena.

g
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Table 1: Excitation energies in eV for gaseous and solid alkanes and
some tentative assignments (Ref.7)

Sh: shoulder, a: Ref. 26, b: Ref. 66, c: E.E. Koch, unpublished

Table 2: Position of maxima in the absorption spectrum (in eV) of the
anthracene molecule, of anthracene in n~heptane solution and of
£, and reflection spectra from anthracene single crystals for
various directions of polarization

Sh: shoulder, B corresponds to short, B2u to long axis polarized

Iu
transitions, a: Ref. 111, b: Ref. 38, c: Ref. 123, d: Ref. 62,

e: Ref. 119, f: Ref. 60

Table 3: Oscillator strength of the IB2u long axis polarized transition in
anthracene at 4 to 5.5 eV
a: Ref. 124, b: Ref. 125, c: Ref. 112, d: Ref. 114, e: Ref. 123,

f: Ref. 126, g: Ref. 127, h: Ref. 128, i: taken from Fig. 19

Table 4: Excitation energies in eV for some aromatic hydrocarbons in the
vapour phase, in solution and in solid phase. For details see text.
a: Ref., 36,38, b: Ref. 84, c: Ref. 104,111, d: Ref. 98, e: Ref. 123,
f: Ref. 140, g: Ref. 100, h: Ref. 62, i: Ref. 141, j: Ref. 131,

k: Ref. 138, 1: Ref. 139, m: Ref. 8!, n: Ref. 142,




Table |

Methane Ethane Propane Butane
Symmetry: T, D3p»D3q Cav C2h
vapour {a) solid(a) vapour{a) | solid(a) vapour (a) solid vapour(a)
9.7 1t2+35 9.6 9.4 'leg+3p 9.6 7.93 2b243s 8.65
{Balg—>3p 8.85 2b2—>3p
4a1—>3s 9.4(b)
10. 4 lt2+3s 11.0sh 9.65 4af93p 9.8(b)
10.2 { =~ 4p 10.3(b)
11.7 1t >4s 11.8 1.0 lay>3p 11.2sh
2bl+3s
13.7 13.8 12.70 3a]+3p 13.2
14.7 14.5 14.5 14.20 14,7
16.7 16.4 16.4 15.60 ZaI*SS 15.6(c) }16.5
18.9 19.0sh




Tabelle 2

Molecule Single Crystal (d,f)
vapour (a) Solution in (¢} E [} b (001) E| L (010) E 1 L (010) E{{M (010)
n~heptane
absorption R () £, R €, R 62 R
‘B, 3-4540.1 (8) | 3.277L, 3.14 + 0,03 €) | - . 3.13sh 3.1540.03 3.13
3,32 3,31 3.30 not 3.27 3.29
3.51 3.52 3.50 measured - 3.48 3,45
& (d)
B, 5.241 4.8y B, 4,58£0.03 4.55 4.56+0.03 4.70 4.85sh 4.7 | 4.9340.03 4.75
5.2810.16 .71 4.70 4,80
5.40 4.90 .
0.16 ? 7
5.56
g, 5.8 5.627C, 5.4840.05 5.48 °+53£0.055.5 | 5.560.05 5.55
5.94
~6.0 5.90sh
1B1u~6.9 6.66113&l 6.33+0.1  6.40 6.3040.1 6.33 | 6.30+0.1 6.33
By, 7.05¢0.1 7.1 | ~7.0 7.05sh
1 .
Byyv8.1 7.6+01 7.74 7.80 7.6%0.1 7.65| 7.540.1 7.63
9.25 9.70
~9.6
10. 4 10.65



Table 3

Oscillator strength of the 1Bzu long axis polarized transition in

anthracene at 4 to 5.5 eV

Vapour Solution Solid
£ =0.93 {a) £f=2.28 (e £ % 5/3 (i)
£=1.66 (b) £=1.60 (£
£f=1.6 (c) f=1.2-1.4 (g
£=1.4 (a) f=1.51.6 (h)




Table 4

Compound vapour solution solid
energy loss optical optical energy loss
polycrystalline films| polycrystalline films
1 1
benzene 6.2 B}u (a) 6.02 Blu (be) h.5.87 pure liquid (d) 5.77 (£)
. +v1bri 6 33
o 6.92 Ely 6.94 Ely 6.5 6.26 (g) . (m)
+vibr.
1 1 1 s
naphthalene 4.8 sh Biu 4,45 Blu (b,c) 4.45 La %)
o 6.09 1B 5.89 !B 5,70 1B
2u . b
+vibr.
anthracene in n-heptane € x Syy €, g (g)
3.45 B 3.433 1B, (n) 3.27 L (e) 3.13 || b (001) (h) 3.3 3.3
1 1
5.2 B, 5.24 B, (b.c) [4.84 1B 4.56 | b (010) 4.65
+v1bri .
5.8 B 5.62 C, 5.56 | M (010) 5.7
6.9 'B 6.66 lBu 6.30 || M (010) 6.6 6.6
8.2 7.9
8.1 Blu 7.5 M (010) 10.2 10.8
15.3 15.3 15.0
tetracene 2.7 1B, 2.6 (e) 2.46 |la, 2.39 |Ib (1)
1
loees 4.65 1B, 4.7 4.6 | b
6.07 5.9 - 5.71 ||a, 5.64 |[b




Table 4 continued

phenanthrene .20 4.88 Bb (e) 4.7 5.1 (k)
P .6 sh 6.62 B_ 7.0
chrysene .80 !B 4.61 B (e) 4.56 |la, || b (001) 4.6 4.6 (k)
(1)
P .9 6.73 ¢, 6.5
byrene .04 3.7-3.8 'L_ (e) 3.67 ||b (1) 3.7
@ .28 4.6 'B, 4.60 |la, 4.54] b 4.6 (1)
5.2 1Bb 5.2 |a 5.2
.59 6.3 6.55



Figure Captions

Fig. |
Fig. 2
Fig. 3
Fig. 4
Fig. 5

Sketch of the monochromator with absorption cell cut perpen-
dicular to the synchrotron plane (Ref. 17)

(TMP turbo molecular pump, DP diffusion pump, VP fore pump,

V valve, DV needle valve, RV reduction valve, TV gate valve,

SR beam pipe, SY synchrotron radiation, SB apertures, G grating,
DA excentric pivot, WLT wavelength drive, Fi filter, AS exit slit,

A absorption cell, S sample, M M2 pressure gauges, LS sodium

l’

salycilat screen, F window, PM photomultiplier)

Sketch of the monochromator with reflectometer cut perpen-

dicular to the synchrotron plane (Ref. 17)

Sketch of the electron energy loss spectrometer

(K cathode, HV high voltage power supply, AN anode, AP aperture,
FL focusing lens, 0S target solid samples, OV targét gaseous
samples, ESA electrostatic deflection field, A Mdllenstedt

type analyzer, S slit, M magnetic deflection field, PM photo-
multiplier, W window, SBD surface barrier detector, DCR DC-re-

cording, R recorder, MCA Multi chamnel analyzer)

Comparison of the energy loss spectrum of 30 keV electrons
(solid line and dashed 1ine3®) and the optical absorption

8

spectrum®® of gaseous benzene for excitation energies 4 to 30 eV.

Comparison of the optical absorption spectrum (solid line®" )
and the energy loss spectrum of 100 eV electrons (dashed 1ine®?)

of gaseous benzene for photon energies 7.5 to 14.5 eV.




Fig. 6 Qualitative description of directional dispersion of a single
exciton, as probed by electron spectroscopy and normal incidence
reflection spectroscopy. The shaded area corresponds to the re-

flection bands (see text).

Fig. 7 Absorption spectra of methane, ethane, propane and butane for the
range of excitations from the o-valence shell electrons (solid
lineze). Results from Ref. 50 for methane, ethane, and butane are

given too (dashed line).

Fig. 8 Absolute absorption cross sections for methane and ethane (solid
line) and reflectance for solid films of methane and ethane?®,

Dots: Ref. 71
Fig. 9 Absorption spectrum of benzene vapour from 5 to 35 eV (Ref. 85)

Fig. 10 Absorption spectrum of benzene vapour in the spectral range -

9 to 14 eV (Ref. 85)

Fig. 11 Absorption spectrum of benzene and perdeuterobenzene in the

spectral range 14 to 18 eV (Ref. 85)

Fig. 12 Reflectance from polycrystalline films of benzene (solid line,
Ref. 17). results from Ref. 00 and the vapour spectrum are shown

by dashed lines.

Fig. 13 Densitometer trace of the naphthalene absorption spectrum in
the 7.5 eV range. Position of absorption bands are given in eV.
The incomming intensity is constant over this range. Arrows in-

dicate structures assigned to antiresomances in Ref. 109.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

14

15

16

18

Densitometer trace of the absorption spectrum of anthracene

vapour from 5 to 8.5 eV. The incoming intensity is nearly con-
stant over this range. Indicated Rydberg series have been cal-
culated with the given quantum defects, values for the ioniza-

tion potentials are taken from Ref. 116.

Electron energy loss spectrum of 30 keV electrons in anthracene
vapour (dashed line). The solid line gives the normalized

spectrum.

Projection of the anthracene unit cell onto the ac-and ab=plane
and the projections of the normalized transition moments for

long (L],Lz) and short (M},MZJ axes polarized transitions lying
in the molecular plane and for the normal axes (NI’NZ) together

with the projections of the sum and differences of these.

Reflectance of anthracene single crystals for s-polarized light
at near normal incidence (7.59) from the (001)-plane for EJ|E
and for the (0l10)-plane for E_H L and E | L and dielectric

functions deduced from it.%Y

Spectra for n £ of anthracene single crystals for three polari-
e
zation directions, as obtained from a Kramers—Kronig analysis

of reflectance data.

Normal incidence reflectance spectra (© = 0%) of anthracene

single crystals for various artificially prepared planes with

k122

E_l b according to Hymowitz and Clar (solid line) compared

to calculated reflectance using e-values derived from (010) re-
flectance data (broken line). The orientations of the reflecting

. . 60
planes are given as 1nserts.



Fig. 20 Comparison of the energy loss function |Im £”!| as obtained from
the optical data (solid line) and from energy loss experiments

by Venghaus !31(dashed line).

Fig. 21 Several electron energy loss spectra in the lower energy range

for different k directions in the ac-plane (Ref. 39)

Fig. 22 Experimental dependence of the loss energy AE on the g_direction
in the ac-plane. For the direction of axis, see Fig. 16. Full
circles, full squares, circles and rectangles show qualitatively
the variation of the loss intensity, going from pronounced peaks
over weaker peaks to shoulders and weak shoulders, respectively.
Values AE(k) belonging to the same peak have been connected for
a better general view, error limits are indicated in the left

side of the figure (Ref. 39).

Fig. 23 Experimental (a: Ref. 36) and calculated (b: Ref. 133 c: Ref. 133
d: Ref.l34) values for the ren? excitation energies for the
lB]u short axis and leu-long axis polarized transition in poly-
acenes. Ionization potentials (e: Ref.l16) as determined by photo-

electron spectroscopy are shown too.

Fig. 24 Energy loss spectrum of 30 keV electrons in vapour of ferrocene
(dashed line). The solid line is the normalized spectrum®’. The
black area shows the main structure of the optical absorption

in solution!™?
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