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Characteristic Energy Loss Spectra and Optical Constants 

               of Some Solid Hydrocarbons 

                 Toshio OKABE 

      Department of Physics, Faculty of Science, 

                 Kyoto University

     Characteristic electron energy loss measurements on some 

solid hydrocarbons,  I3-carotene, diphenyl-polyenes and paraffins 

applying  40 keV electrons are reported. From the energy loss 

 function  -Im[l/e(AE)] the dielectric constant  e(AE) is calculated 

by means of a Kramers-Kronig transformation. It is possible to 

 i d
ivide the optical properties of these compounds into three 

spectral regions. The low-lying losses below 8 eV observed in 

 -carotene and diphenyl-polyenes are interpreted by the single 

excitation of  n-electrons. In the range 8 to 16 eV the excita-

tions of a-electrons are observed. The electron loss at 21 eV 

is due to the plasma oscillations of  ii- and  a-electrons.
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§1. Introduction 

      The electronic structures of organic compounds have been 

studied by the optical absorption methods in the VUV region up 

to about 7  eVl) and recently their excited electronic states in 

higher energy region have been made clear with the optical 

reflectivity measurements and also with the characteristic electron 

energy loss experiments. 

      The electron energy loss experiments have been widely adopted 

to investigate the aromatic hydrocarbons and some polymers. 

 Jager2) interpreted the loss peak at about 6 eV in the energy 

loss spectra of the aromatic hydrocarbons as a hybrid resonance 

effected both by single  7-electron excitations and collective 

interactions, while Otto and  coworkers3q-,5) identified the loss 

as a  7-7* single-electron transition in comparison with optical 

absorption measurements. In polystyrene the existence of the 

collective effect at about 7 eV was confirmed in terms of the 

energy dependent dielectric constant derived from the energy loss 

 spectra,6) which was supported later in the optical reflectivity 

 measurements.7) 

      In the case of long chain compounds, the investigations have 

been carried optically only in the low energy region. Much 

attentions have been paid on the convergence of the wavelengh of 

optical absorption maxima observed in this region for polyenes and 

asymmetric cyanines as the number of carbon atoms increased and 

this has been interpreted in terms of the single excitation of 

 7-electrons.8) 

     This paper reports the characteristic electron energy loss
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spectra of some long chain hydrocarbons having carbon conjugated 

double bonds;  0-carotene, diphenyl-polyenes and those of normal 

paraffins. Then the loss spectra are transformed into the optical 

constants by applying the Kramers-Kronig dispersion relation. 

From both the electron loss spectra and the optical constants the 

excitations of  R- and a-electrons are discussed. 

§2. Experimental 

      Specimen films were prepared from  0-carotene  C40/156,  diphenyl= 

polyenes  C6H5(-CH=CH-)nC6H5 for n=2, 3,  4 and 26-, 36-normal= 

 paraffins. Diphenyl-polyenes and  paraffins were vacuum evaporated 

onto mica, then the thin films were floated on the water and scooped 

with copper mesh. Another technique was used for  0-carotene; the 

benzene  solUtion of about one per cent by weight was dropped on 

the water by glass squirt to form thin film and the film was scoop-

ed with the mesh for specimen holder- This procedure was done in 

argon atmosphere in the dark box to prevent the oxidization of 

 0-carotene. To examine the change of specimens during the prepara-

tion of thin films, the optical absorptions of thin films dissolved 

in organic solutions were measured. It was  found. that the specimen 

chemical structres were unchanged during the preparations of thin 

films. 

     The energy loss spectra were obtained by the  M011enstedt type 

energy analyzer attached to an electron microscope. The incident 

electron energy was  40 keV and the energy resolution of the analyzer 

was about 1 eV. The energy analysis was made by forming the 

electron microscope image with the objective aperture which accepted
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the electrons scattered in the angle less than 3 mrad. The energy 

spectra were recorded on the photographical plates and the intensity 

was measured by the microphotometry. Energy calibration was made 

by employing the plasma loss of aluminum for 15.0 eV, and the line-

arity check of the energy scale was made folowing the procedure by 

Swanson and  Powell.9) 

     Also the optical absorption spectra of the solid films of the 

materials evaporated onto mica or quartz were measured in the low 

energy region below 6 eV in order to compare with the optical 

constants derived from the energy loss spectra. 

§3. Results 

      Some of the observed electron energy loss spectra are shown 

in Fig. 1 and the loss values are tabulated in Table I. Also the 

errors of the loss values are estimated in Table I. The accuracy 

of the profiles of the loss spectra are observed better than 10 % 

for each energy values. The electron loss spectra of the compounds 

studied show a similar profile in the energy region higher than 

about 8 eV; a very broad peak at about 21 eV and a shoulder or a 

peak at about 10 eV. Carotene and diphenyl-polyenes, which have 

carbon conjugated double bonds, show peaks at lower energy region; 

a peak at 3 eV  fi  f3-carotene and two peaks at  4 eV and 7 eV for 
diphenyl-polyenes. However, paraffins which have only carbon linear 

single chains indicate no remarkable peak in this energy region. 

     The observed loss spectra can be correlated with the optical 

properties. The differential cross section of the incoming 

electrons for the transfer of  momentum  .tk (scattering angle 0) and
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energy  -Kw=AE into the solid angle  dO is proportional to the imaginary 

part of the inverse dielectric constant (the loss function)  as10) 

  d2a 1 1  -1 

  -    

                                              d(w)dQ  21T2a0nE0  02+enw/2E0)2Im c(k,w) (1) 

where E0 is the energy of the incident electrons,  ao is Bohr radius 

and n is the number of electrons per volume participating in the 

process. In the present experimental conditions the observed 

loss spectra were correlated to be proportional to the cross section 

integrated over the scattering angle as 

   da 1 fe^. 1 -1      -  dS-2 Im  
 Onw)  2rr2a0nE0  j002+(fiw/2E0)2  E(w) 

       1  2E04  -1 
 =  to{l+  )21Im (2) 

            27a0nE0-Irlwe(w) 

where  4 (the maximum angle of the scattered electrons captured 

by the objective aperture into the loss spectrum) is 3 mrad. 

Moreover, for the loss function there exists the f-sum rule; 

 fm-12ir2e2N 

    jowIm e(w)mdw =  no (3) 

where N is the density of atoms (or molecules) in the material, no 

is the number of electrons per atom (molecule);  Nno=n, and m is the 

free electron mass. Then the observed loss spectra give the loss 

 function  -Im[l/E(w)] according to eqs. (2) and (3). The real part 

of  1/E(w) are derived by employing the Kramers-Kronig dispersion 

integration as 

                1 2 

1012'  w'Im[l/E(w1)]                                               (4)       Re = 1+7P  dw'              E(w)                               w—w2
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where P indicates the principal-part integral. The integration 

was computed numerically over the energy range  045 eV dividing 

0.1 eV width. For the integration the energy loss spectra were 

corrected as shown by dashed lines in Fig. 1 to avoid the effects 

on no-loss electrons and those of multiple scattering above 30 eV. 

Also in the present work to normalize the loss function the value 

no was chosen so that the one of the resultant dielectric constants 

 62 agree qualitatively with the optical absorption measurements in 

the range below 6 eV (Fig. 3). It was found that the agreement 

between the calculated values and the optical measurements is good 

in the case when only carbon atoms should participate in the inter-

action. Some of these optical constants  61,  62  and  -Im(l/c) are 

shown in Fig. 2. The behaviors of the imaginary parts of the 

dielectric constants correspond well with their energy loss spectra 

or their loss functions in the region below 8 eV and the peaks of 

 62 at approximately 10 eV correspond to the shoulders in the electron 

loss spectra. The imaginary parts of the dielectric constants show 

peaks in the low energy region for  (3-carotene and diphenyl-polyenes. 

On the other hand there is no peak for paraffins in this region. 

 §4. Discussion 

     The low-lying electron energy loss peaks of  s-carotene at 3.0 

eV and diphenyl-polyenes at  4 eV can be corresponded to the optical 

absorption peaks arising from the single excitation of  7-electrons.8' 

The dielectric constants £2 derived here have peaks at 2.7 eV for 

 13-carotene and 3.6 eV for diphenyl-hexatriene, whose values are 

in good agreement with the optical absorption measurements of  these 

solid films as 2.77 eV and 3.83 eV respectively (Fig. 3). The
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interpretation of thse losses from the standpoint of the collective 

excitations of  Tr-electrons13) cannot be accepted since the dielectric 

constants  ci and  62 are too large to satisfy the condition for the 

excitation of plasma oscillations;  6ae0. It seems that the only 

example in which the plasma oscillation of  Tr-electrons has been 

established is the 7 eV loss of  graphite-14'15) 

     Two peaks observed between 8 to 16 eV on the curves of 62 in 

Fig. 2 may be ascribed to the excitations a-electrons;  (CH)-(CH)* 

excitations and  a-a* excitations involving the C-C bonds. The 

lower peaks in this energy region give approximately the same energy 

values through the series. The location of the higher peaks, 

however, moves upwards in energy as the distance of C-C bonds 

decreases. Therefore we expect the  a-a* excitations to lie at 

higher energy than  (CH)-(CH)* excitations.  Honig16) showed that 

the ionization potentials (the highest occupied levels) of a-electrons 

were observed from propane to decane as 11.21 eV to 10.19 eV, which 

are consistent with the present experiment. 

      In the region above 16 eV the dielectric constants  61 and  62 

are monotonously increasing and decreasing respectively similar to 

the Drude's formula for the free electron gas. Therefore we may 

expect the free electron like behavior of the systems in this region. 

So the broad peaks at 21 eV in the loss functions can be interpret-

ed as those due to the excitations of plasmon as in the case of 

metals. In fact the behaviors of the dielectric constants in this 

region confirm this mode of excitations where  El and  E2 are small. 

In graphite the loss at 25 eV are assigned as plasma loss of the 

Tr-Fa-electrons (4 per atoms).14)                                       However, the loss values in the 

present work do not coincide well with the values calculated from



                                                    8 

the free-electron model according  todflw  =,ni47Nnoe2/m. These 

values are shown in Table II. The observed loss values are in 

the second column. The values in the third and the forth columns 

are calculated ones which count all the valence electrons and do 

only the valence electrons of carbons as  no respectively. The 

observed energies of plasma oscillations are higher than the calcu-

lated ones. It is known that the displacement of the plasma 

frequency to higher values is caused by a low-lying interband 

 transitions.17)                      Therefore the shift is ascribed to the interband 

transitions of a-electrons in the range 8 to 16 eV and also this 

has been observed in the aromatic  hydrocarbons.2) 

     The losses at 7 eV in the electron energy loss spectra which 

correspond to 6.1 eV peaks in  62 are observed only in diphenyl= 

polyenes. The UV absorption spectra of benzene and its derivatives 

have been extensively measured and an intense absorption peak 

observed in the vicinity of 6 eV has been ascribed to  7-7* single 

electron excitation of the benzene ring 7-electrons.18,19) 

Therefore these losses can be interpreted as the excitation of 

 7-electrons on the benzene rings at both ends of the carbon chains. 

      In the present electron loss experiments we only utilized 

the relative cross sections. Therefore to get the loss  function 

 -Im(1/E) it was necessary to normalize the observed energy spectrum 

according to eq. (3). The profile of the dielectric constants 

obtained by employing the Kramers-Kronig relation is very sensitive 

to the choice of the value  no. Only in the case that we used the 

number of electrons of carbon atoms without hydrogen atoms the 

derived  E2 were in good agreement with the one from the optical 

absorption measurements. The same situation has been recognized
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for polystyrene in the works of Lavilla and  Mendlowitz.6)                                                                 The 

reason why only carbon atoms should participate in the excitations, 

however, has not been yet understood. Another method for the 

normalization of the loss function employed by  Creuzburg,20) where 

the measurements of the thickness of the specimen films are used 

for this purpose, will be useful for the comparison with the present 

work. Furthermore it is necessary to compare the calculated dielectri 

constants from the electron energy loss spectrum with the optical 

measurements over the wide energy region. 
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Figure Captions 

Fig. 1. Characteristic energy loss spectra. a)  (3-carotene; 

        b) diphenyl-hexatriene; c) 26-n-paraffin. The dotted 

         curves indicate the  profiles of the major energy loss. 

Fig. 2. Dielectric constants  El, £2 and the energy loss  functions 

 -Im(1/0  of a)  (3-carotene , b) diphenyl-hexatriene and c) 

         26-n-paraffin obtained by Kramers-Kronig analysis of the 

        corrected curves (dashed lines) in Fig. 1. 

Fig. 3. Optical absorption spectra of solid hydrocarbons. a) 

         8-carotene, dried on LiF fromthe chloroform solution (solid 

         line); b) diphenyl-hexatriene, vacuum evaporated on quartz 

         (solid line). The dashed lines are the spectra of the 

         chloroform solutions of the materials.
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Table I. Characteristic energy loss values (in eV).

substance

 6-carotene 

Diphenyl-butadiene 

Diphenyl-hexatriene 

Diphenyl-octatetraene 

26-n-paraffin 

36-n-paraffin

loss values (in eV)

 3.0+0.2 

 4.1±0.1 

 3.9+0.1 

 3.7+0 1

 7.0±0.1 

7.0±0.1 

 6.5±0.1

 10.5±0.2 

 11.1±0.2 

 11.0±0.2 

 10.4±0.1 

 9.8±0.2 

9  6±0.2

 20.6±0.4 

 21.0±0.5 

 21.4±0.2 

 20.5±0.2 

 20.2±0.4 

 20.4±0.5

Table II. Free electron plasmon energy  -nw
p cal compared with the 

           observed -nw
p obs (in  eV).

substance

 6-carotene 

Diphenyl-butadiene 

Diphenyl-hexatriene 

Diphenyl-octatetraene 

 26-n-paraffin 

36-n-paraffin

 /nu)
n obs

 20.6±0.4 

 21.0±0.5 

 21.4±0.2 

 20.5±0.2 

 20.?±0.)I 

 20.4±0.5

aw
n cal*

18.2 

 17.4 

17.6

17 7 

18.8 

18.8

•rao** 
  p cal

15.7 

15.8 

 16.0 

16.0 

 15.? 

15.3

* All valence electrons are taken 

 excitation of plasmon. 

** Only the valence electrons of 

 on this excitation.

into account to participate the

carbon atoms are taken into account
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